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decarbonization of the energy sector. High-resolution numerical simulations are
performed to quantify power production (capacity factors [CFs]) and the spatial
scale and effects of downstream wakes (areas of disturbed flow) from lease areas
that are under development along the U.S. east coast. Descriptions of wake extent
and power as a function of prevailing meteorology and wind-farm layout (installed
capacity density [ICD]) are presented.
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Wind power production from very
large offshore wind farms

Sara C. Pryor,'-** Rebecca J. Barthelmie,” and Tristan J. Shepherd'

SUMMARY

We provide the first quantitative assessment of power production and
wake generation from offshore wind energy lease areas along the U.S.
east coast. Deploying 15-MW wind turbines, with spacing equal to the
European average, yields electricity production of 116 TWh/year or 3%
of current national supply. However, power production is reduced by
one-third due to wakes caused by upwind wind turbines and wind
farms. Under some flow conditions whole wind-farm wakes can extend
up to 90 km downwind of the largest lease areas, and the frequency-
weighted average area with a 5% velocity deficit is 2.6 times the
footprint of the lease areas. Simulations including maritime corridors
demonstrate reduction in the wake effects leading to power-efficiency
gains and may offer contingent benefits. First-order scaling rules are
developed that describe how “wake shadows” from large offshore
wind farms scale with prevailing meteorology and wind turbine
installed densities.

INTRODUCTION

The move to reduce energy-related greenhouse gas emissions is gathering interna-
tional momentum fueled by both the urgent need to reduce anthropogenic forcing
of climate’~® and rapid declines in the cost of renewable generation sources.” The
government of the United Kingdom has committed to net zero greenhouse gas
emissions by 2030. A critical part of that commitment is to deploy 40 GW of offshore
wind, sufficient to power every home in the United Kingdom by 2030.° The European
Commission’s long-term strategy for decarbonization assumes the installation of
400 to 450 GW of offshore wind capacity within European waters by 2050.° In March
2021, the White House made a commitment to deploy 30 GW of offshore wind as
part of a move to reduce U.S. greenhouse gas emissions by 50% from 2005 levels
in 2030 and a carbon-pollution-free power sector by 2035 (see White House briefing
at; https://www.whitehouse.gov/briefing-room/). China has also committed to
increasing the installed capacity of wind and solar power to over 1,200 GW by
2030 from 414 GW in 2019 (see press coverage at https://www.reuters.com/
article/climate-change-un-china/chinas-xi-targets-steeper-cut-in-carbon-intensity-
by-2030-idUSKBN28MOND). This unprecedented and rapid expansion of offshore
wind energy deployments affords opportunities to reduce anthropogenic climate
forcing. It also raises challenges in terms of how to optimally locate wind turbines
offshore at the scale required to achieve electricity-generation goals. This article
provides timely and critical information to guide both U.S. and global offshore
wind-energy deployments.

Estimated technically feasible potential electricity generation from U.S. offshore wind re-

sources exceeds 7,000 Terra-Watt hours per year (TWh/year).” This surpasses current
total national electricity generation of ~4,000 TWh/year.® As of May 2021, the U.S.
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Context & scale

Massive upscaling of wind turbine
deployments offshore is critical to
achieving global and national
goals to decarbonize the
electricity supply. The excellent
wind resource and proximity to
large markets along the U.S. east
coast mean it is the focus of
America’s first-phase offshore-
wind projects. Thousands of
physically larger and higher
capacity wind turbines will be
deployed over areas of
unprecedented scale. The scale of
these installations and those
planned by other countries raises
questions regarding potential
reductions of electrical-power-
production efficiency due to the
operation of wind turbines in
disturbed flow (wakes) from
upwind wind turbines and wind
farms. In this work, guidance is
provided regarding the optimal
layout of this new generation of
wind farms to harness offshore
wind resources in a manner that
maximizes electricity production
and minimizes the levelized cost
of energy.
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Figure 1. Overview of the simulations with the Weather Research and Forecasting (WRF) model
and the locations of offshore wind-farm lease areas (LAs) along the U.S. east coast

(A) The outer WRF simulation domain (d01) has a grid resolution of 16.67 km. The second domain
(d02) has a grid resolution of 5.56 km. Two inner domains (d03 and d04) comprise 340 x 361 grid
cells and use a grid resolution of 1.85 km. The 15 offshore lease areas analyzed herein are shown by
the magenta shading.

(B) The inner-most domain (d03 and d04) showing the lease area (LA) clusters.

(C) Proximity of the offshore lease areas to major demand centers as illustrated by the population
density per km? according to the 2010 census (https://www.census.gov/data/tables/time-series/
demo/popest/2010s-state-total.html) and the location of the 15 offshore lease areas (magenta).
(D) Mean height of the lowest 20 wind-speed levels computed for all water grid cells within d03.
(E) Wind turbine power and thrust coefficients as a function of wind speed (WS) for the IEA 15-MW
reference turbine used in this analysis. This wind turbine has a HH of 150 m and rotor diameter of

240 m."? Power production begins at 4 ms™' and ceases at WSs > 25 ms™', thus no power

production or thrust coefficients are plotted for WSs outside of the range of 4-25 ms "

had one 30-MW offshore wind farm operating at Block Island, Rhode Island, and two
research turbines in Virginia.” However, the current total U.S. offshore wind pipeline
(to 2030) is over 26 GW, much of which is focused on 16 lease areas (LAs) along the
east coast'® (Figures 1A and 1B). Realizing this pipeline would increase current U.S.
wind turbine installed capacity (IC) by over 20% and almost double total global offshore
installed capacity, which was 28 GW at the end of 2019.""

Expansion of the U.S. offshore wind industry represents a substantial financial invest-
ment. Data from Germany indicate the total installed project cost for offshore wind
turbines of US$ 1,910 per kilo-Watt (kW) during 2019." Projections for fixed bottom
offshore wind turbines in the U.S. made in 2019 indicate total capital expenditure of
US$ 4,077 per kW."* Using these cost estimates, installation of 26-29 GW in the 16
LAs off the U.S. east coast, equates to a direct investment of ~US$ 50 to 120 billion.

The global trend toward increased deployment of wind turbines offshore is associ-

ated with declining levelized cost of energy (LCoE), and offshore projects in the
mature markets of Germany and the Netherlands are now subsidy free.”® The
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transition to offshore deployments is driven by multiple factors. First, wind speeds
are generally higher and more persistent than over land surfaces, leading to higher
efficiency of electrical-power production.’’ The variation of electrical-power pro-
duction from wind turbines with wind speed is described using a power curve (Fig-
ure 1E). Power production increases as wind speeds increase from cut-in when power
production begins (commonly about 4 ms™") to a threshold at which the power pro-
duction reaches the rated power and no longer continues to increase with increasing
wind speed. This rated power thus describes the amount of electrical power in watts
(i.e., joules per second) a wind turbine generates if it is operating at optimal wind
speeds. Due to factors such as lower surface roughness and the absence of
orographic barriers, wind turbines deployed offshore generally operate more
frequently at rated power than those located onshore. Second, many major urban
areas are located in coastal areas, providing nearby load centers for the electricity
generated by offshore wind farms. For example, the Boston-Washington corridor,
encompassing New York City, has a population over 50 million and is located close
to the U.S. east coast offshore LAs (Figure 1C).

A major source of uncertainty in designing offshore wind turbine arrays (wind farms) and
optimal spacing between wind farms derives from power-production losses'*'® and
enhanced fatigue loading'’ caused by operation of a wind turbine or wind farm in the
wake of an upstream wind turbine or wind farm.'® Wakes are flow regions behind
wind turbines and wind farms that are characterized by lower wind speeds and higher
turbulence levels and are caused by the extraction of momentum by wind turbines.
The magnitude of these wakes and the downstream distance necessary for them to
be eroded by mixing with surrounding high-momentum air is primarily determined
by: (1) wind speed across the wind turbine rotor. This determines the efficiency of
momentum extraction. The wind turbine thrust coefficient describes the magnitude of
the wind-speed reduction and amount of turbulence introduced by the rotor as a
nonlinear function of the incident wind speed (Figure 1 E)."® (2) Turbulence from mechan-
ical and thermal sources. The turbulence intensity and the depth of the planetary bound-
ary layer dictate the rate at which kinetic energy can be transferred down the velocity
gradient into the wind turbine wake. For a given wind turbine or wind farm, as shown
herein, these three atmospheric variables; wind speed, turbulence intensity, and bound-
ary layer depth are largely responsible for dictating the downwind distance necessary for
the flow to return to its undisturbed condition, i.e., for the wake to recover.'*'*'? The
rate at which kinetic energy can be transferred in the atmosphere limits the amount of
energy that can be extracted by wind turbines per unit of surface area.””** Low transfer
rates can reduce power production from wind turbines in the interior of large offshore
wind farms to approximately 60% of what would be achievable if all wind turbines expe-
rienced undisturbed air flow.">'® Low turbulence and planetary boundary layer depths
offshore also mean that cumulative wind-farm wakes persist over longer downwind dis-
tances”*** and that wake-induced power loss within wind farms are also larger than in
onshore wind farms."*"® (3) Wind turbine spacing: closer spacing means more wind tur-
bines operate in the wake of upstream turbines and thus experience lower wind speeds
and generate less electrical power. For example, the Horns Rev | offshore wind farm in
Denmark has an IC of 166 MW, a turbine spacing of 7 X 7 rotor diameters (D) and mean
reduction in power production due to wakes from upstream turbines impinging on
downstream wind turbines (wake losses) of 12.4%.7> Conversely, Lillgrund, in the coastal
waters of Sweden, which has a similar IC (of 110 MW) but uses a smaller distance be-
tween wind turbines (a spacing of 3.3 to 4.3 D), exhibits wake losses of 23%.%° (4)
Wind direction: wind direction determines the likelihood that wind turbine wakes within
an array interact with each other and whether the wake from one wind turbine array will

be advected over another.?*%
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The number of global offshore wind farms, the size and rated capacity of the wind
turbines, and the total IC within individual arrays are increasing. For example, the
mean IC of European offshore wind farms doubled from 321 to 621 MW between
2010 and 2019.”” The largest operating offshore wind array is Hornsea Project
One. It has a total IC of 1.2 GW over a deployment area of 630 km?.?® Despite the
growth in installed capacities, the most recently built European offshore wind farms
continued to employ wind turbine spacing of 4 to 11 rotor diameters (D) with a mean
of 7.7D.?? Offshore wind farms operating in Europe have installed capacity densities
(ICDs), i.e., the rated power of the installed wind turbines per square kilometer of
ground area) of 2.5 to 12 MWkm 2> An additional analysis of data from offshore
wind farms in Europe indicates mean ICDs of 3 to 7.2 MWkm ™2, depending on the
definition of wind farm areal extent.”’ There has also been a pronounced trend to-
ward deployment of physically larger and higher-rated power wind turbines.?” These
industry trends are causing an increased probability of large wake losses within indi-
vidual wind farms and an increased probability of wake interactions between
offshore wind-turbine arrays.>*** Further, a recent meta-analysis identified wake-
induced power losses as the primary source of uncertainty in preconstruction esti-
mates of annual energy production from wind turbine arrays and a major contributor
to excess project financing costs.* Improved understanding of wind turbine and
wind-farm wakes is thus essential to ensuring the planned global investments in
offshore wind achieve the electricity-generation goals and do so at the lowest
possible cost.

The objective of this work is to characterize power production, wind-farm wake in-
tensity and extent, and wake-induced power losses from planned very large offshore
wind farms. This work is focused on much larger offshore wind turbine arrays than are
currently operational but have a scale equal to those that are anticipated to be
developedinthe U.S., Europe, and China. It thus extends the literature that has pre-
viously focused primarily on smaller wind turbine arrays or has considered the limit
case of nearly infinite wind farms. This work also includes an analysis of the sensitivity
of power production and wake effects to both wind-farm ICD and meteorology for a
wide range of atmospheric conditions that prevail offshore. Two methodological in-
novations are presented. A flow-scenario method is introduced to efficiently
develop robust assessments of power production, wake extent and intensity, and
wake-induced power losses. The concept of the normalized wake extent is also intro-
duced and statistical models of this property as a function of prevailing meteorology
are developed. The numerical simulations are performed for the existing offshore
LAs along the U.S. east coast but the study findings have relevance to the global
offshore wind-energy industry.

Offshore wind LAs along the U.S. east coast

LAs for possible offshore wind development in the U.S. are auctioned and managed by
the Bureau of Ocean Energy Management (BOEM). The 15 offshore LAs considered here
lie along the coasts of the Northeast and Atlantic U.S. states (Figures 1A and 1B'%). Each
has a unique alpha-numeric identifier; OCS-A-NNNN, where NNNN is unique to the
LAs. LAs 1-7 are treated as a LA cluster herein. All seven lie within a coherent area along
the coast of Massachusetts and Rhode Island and collectively cover 3,675 km?2. These
include OCS-A 0487, 0500, 0501, 0520, 0521, 0522 (listed west to east) that are adjacent
to one another, while OCS-A 0486 is separated from 0487 by a channel that is 2.4 km
wide. LA 8 (0512) is located off the coast of New York state and covers an area of
321 km?. LAs 9-13 cover a total area of 2,105 km?. Two of these LAs are adjacent and
are offshore from New Jersey (OCS-A 0499 and 0498). They are 23 km north of two
LAs east of Delaware (OCS-A 0482 and 0519), that are 11 km north and east of the
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sole Maryland LA (OCS-A 0490). These five LAs are not all adjacent but are treated as a
cluster here because, as shown herein, under certain flow conditions the wake from these
LAs exhibit substantial overlap. LAs 14 and 15 (OCS-A 0483 and 0497) are adjacent,
cover an area of 465 km? and are located off the coast of Virginia. The final LA, OCS-
A 0508, lies further south off the coast of North Carolina. It is not included in the inner-
most simulation domain and is thus excluded from consideration in this analysis.

The total extent of the LAs considered here is 6,566 km?. This, and the spatial scale of
the individual and contiguous offshore LAs along the U.S. east coast, greatly ex-
ceeds that of current European offshore wind farms. However, they are representa-
tive of the scale of future wind turbine deployments needed to meet the expressed
goals of the United Kingdom, the European Union, the United States of America, and
China. Quantifying power losses due to wakes as a function of atmospheric condi-
tions (e.g., wind speed, planetary boundary layer height, and ambient turbulent
kinetic energy) and ICD will inform wind turbine array layouts, and aid power-pro-
duction forecasting and grid-integration planning in both the U.S. and beyond.
The close proximity of these current LAs (Figures 1A and 1B) and prospective future
LA offerings along the U.S. east coast™ and the planned expansion of wind turbine
deployments in the North Sea® further emphasize the need to quantify possible
array-array interactions, particularly as adjacent LAs are owned and operated by
different companies or consortia.

Simulations with the Weather Research and Forecasting (WRF) model are performed
using nested domains resolved with high horizontal and vertical resolution (Figures
1A, 1B, and 1D). The modified Fitch wind-farm parameterization is used to quantify
power production and wakes.*’** Wind-farm parameterizations such as Fitch seek
to treat the bulk aerodynamic effects caused by wind turbines within and downwind
of the grid cell(s) in which they are located. An estimate of the power produced by
the wind turbine(s) in each grid cell and model time step is computed from the
wind turbine power curve (Figure 1E) and the grid-cell-averaged incident wind-
speed profile across the rotor plane. The wind turbine(s) within a given grid cell
impose a drag force across the rotor plane that is determined by the wind turbine
thrust coefficient (Figure 1E) and the incident wind-speed profile. This drag force re-
moves kinetic energy from the flow resulting in a modified wind-speed profile that is
advected to adjacent grid cells. Turbulent kinetic energy is added to the flow at a
rate proportional to the fraction of kinetic energy extracted by the wind turbine
and not converted into electrical power. It too is advected into adjacent grid cells.
The wind-farm parameterization thus requires information regarding wind turbine
physical dimensions, along with power and thrust coefficients that are often held
confidential by wind turbine manufacturers. Therefore, the International Energy
Agency (IEA) reference turbine'? is employed, having a similar hub height (HH)
and rotor diameter (D) to the G.E. Haliade-X 13-MW wind turbine (HH ~ 140 m, D
~ 220 m) that has been selected for LA 1.

The methodology used to efficiently generate a robust assessment of likely power
production and wake losses from the U.S. east coast LAs is derived from earlier
work on wind-resource assessment.>” We identify dominant modes of relevant
atmospheric flow conditions and then perform simulations for real 5-day periods
that reflect those flow scenarios (Figure 2). The results from these simulations are
weighted by the frequency with which each flow scenario occurs to derive climato-
logically representative power-production and wake statistics. The flow scenarios
are abbreviated using the following nomenclature: WDWS (where WD is the wind
direction and WS is the wind speed e.g., NE4-10 for northeasterly flow in the
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Figure 2. Overview of hourly wind speeds and directions at 100 m height in lease area 8 and the
aggregation approach used to define the flow scenarios and characterize their frequency and
seasonality

(A) Wind rose of all ERAS hourly observations from 1979-2018 for the grid cell containing lease area
8 (Figures 1A and 1B) wherein the wind speeds (WSs) are discretized into 3 ms
values above 4 ms™', and wind directions (WDs) are discretized into 10° classes.
(B) As in (A) but using 30° wind direction sectors.

(C) As in (A) but for WSs in 6 ms™' classes.

(D) As in (A) but using 90° wind direction sectors.

In each (A-D), the radial axis denotes the percentage of hours with wind speeds between 4 and
25 ms™" that fall into the specified flow class. The ten most frequently observed combinations of
wind direction and speed (denoted by WDWS) are (in rank order); SW4-10, SW10-16, NW4-10,
NW4-10, NE4-10, SE4-10, NE10-16, SE10-16, SW16-25 and NW16-25.

(E) Frequency of the flow scenarios by calendar month as a percentage of hours in each month. The
flow scenarios are ordered by frequency with the most frequent at the bottom. Red shading
denotes northwesterly (NW) flow, blue for southwesterly (SW), black for northeasterly (NE), and
yellow for southeasterly (SE) flow. Crosshatching indicates wind speeds (WS) of 4 to 10 ms~,
vertical lines denote WS between 10 and 16 ms™', and the solid shading indicates WS between 16
and 25 ms™.

classes for all
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Figure 3. lllustration of the three wind-turbine deployment layouts for the lease areas 1-7 cluster
(see location in Figure 1)

The black squares denote the placement of wind turbines within this cluster of lease areas in the
control deployment layout with wind turbine separation of 1.85 km (for a mean installed capacity
density of 4.34 MWkm ~2). The yellow circles denote placement of wind turbines in this cluster of
lease areas in the maritime-corridor deployment layout (i.e., where the sixth north-south row of
wind turbines from the control are removed). The red squares denote placement of wind turbines in
this cluster of lease areas in the half-density deployment layout.

wind-speed class 4-10 ms™"). The simulation periods are referred to here use the
date; YYYY-MM-DD (i.e., year-month-day) of the first day of each 5-day period.

Simulations are performed for three different wind turbine layouts and ICD (Figure 3):
(1) a control layout using the average wind turbine spacing from Europe (i.e., 7.7
wind- urbine rotor diameters), which means that the distance between each wind tur-
bineis 1.85 km. This spacing has been selected for LAs 1 through 7. It yields a total IC
of 28.8 GW from 1922 wind turbines of 15 MW each. For this wind turbine layout the
mean ICD across the four clusters of LAs is 4.34 MWkm™2. (2) A maritime-corridor
layout where the sixth north-south “column” of wind turbines in each LA is removed.
This reduces the total IC to 24.1 GW. (3) A half-density layout for a total installed of
14.5 GW. The ICD for this layout (~2.1 MWkm~2) is at the lower end of current
offshore wind farms in Europe.

The distribution of wind turbines between the LA clusters are as follows. In the con-
trol simulations there are 1,073 wind turbines deployed in LAs 1 through 7, 89 in LA
8, 624 in LAs 9 through 13, and 136 in LAs 14 and 15. When the maritime corridors
areintroduced, the total number of wind turbines in each LA cluster drops to 900, 74,
521, and 109, respectively. In the half-density layout the wind turbines are separated
by ~2.8 km, and the equivalent wind turbine numbers deployed in each LA cluster
are, respectively, 532, 47, 318, and 71.

Output from each of the eleven, 5-day simulations of the control layout is weighted
using the relative frequency of the flow conditions it represents to derive robust es-
timates of expected power production and a wake climatology from the U.S. east
coast LAs. The same analysis is performed for simulations of the other wind-farm lay-
outs. Model output for the control and half-density wind-farm layouts are also used
to develop first-order scaling rules that describe how the area influenced by wakes
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from an offshore wind farm depends on the prevailing atmospheric conditions and
the density of wind turbines within the wind farm.

RESULTS

Estimated power production from the U.S. offshore LAs

After applying frequency weighting to output from the 5-day simulations of each of
the 11 flow scenarios, the expected electric-power production for the control layout
is 116 TWh/year or 3% of current national supply. Electric-power production from
wind turbines is summarized using capacity factors (CFs) computed as the ratio of
the amount of power produced normalized by the potential power produced if all
wind turbines run at their rated capacity (in this case, 15 MW). The mean CF for
the control layout, where the wind turbines are spaced at the mean value from oper-
ating offshore wind farms in Europe, is 45.8% (Table 1). Power losses due to trans-
mission, curtailment for grid operation, and operations and maintenance actions
for onshore wind farms decrease CFs in the U.S. by an average of 4 percentage
points.*” Assuming that this estimate is also appropriate for offshore wind turbine
arrays, the resulting estimated net-CF for these U.S. east coast offshore LAs is
~42%. This is comparable with, or better than, values reported for European (38%
during 2019*" and 40.8% cited in a meta-analysis®') and global (40% to 42%"'")
offshore wind farms. Thus, this modeling suggests that if the U.S. LAs are developed
using wind turbines similar to the IEA 15-MW reference wind turbine laid out at a
spacing equal to the mean in European offshore wind farms, they would operate
with the same, or higher, CFs than those in smaller offshore wind farms in Europe
that have been shown to be highly viable economically.

There is substantial variability in power production across the flow scenarios with, as
expected, higher freestream wind speeds being associated with higher CFs (Fig-
ure 4A; Table 1). The higher CFs for the northern LAs (LA cluster 1-7 and LAs 8; Fig-
ures 4A and 5A) are due to: (1) higher wind speeds and thus better wind resources
(Figure 5B) and (2) smaller wake losses in the smallest contiguous LA of wind turbine
deployments (lease area 8, LA8) (Figures 4B and 5A). The south-north gradient of
increasing wind-resource magnitude implied in the 11 simulations of the individual
flow scenarios is consistent with wind-resource estimations from long-term reanaly-
ses,'’ mesoscale simulations, and satellite-derived wind climates.*” The most
northern and largest cluster of LAs (1 through 7; see Figure 1B) exhibit a fre-
quency-weighted mean CF of 46%, while in LA 8 it is 56%, in lease areas 9-13 it is
45% and lease areas 14 and 15 have a mean CF of 40% (Table 1; Figures 4B and 5).

Each of the LA clusters exhibits different CFs for the diverse flow scenarios due in
part to variations in wind direction, and hence the over-water fetch and the resulting
levels of turbulent kinetic energy (TKE) and wind speeds at the wind turbine HH (Fig-
ure 4C). For example, LAs 14 and 15 exhibit the highest mean CFs for the northeast-
erly flow scenarios (NE10-16 and NE4-10, represented by simulation periods that
commence on 1985-11-28 and 2012-11-17) and lowest mean CFs for flow directions
that are from land (NW4-10 and SW4-10, represented by simulation periods that
commence on 1988-07-04 and 1998-06-04) (Figure 4B).

Two sets of sensitivity simulations for different wind turbine layouts are performed
for a subset of atmospheric flow conditions. Implementation of maritime corridors
reduces overall power production due to the decrease in the number of wind
turbines (from 1,922 to 1,604) but increases mean CFs by 2 percentage points due
to the reduction in wake losses (Figure 4A; Table 1). Reducing the wind turbine
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Figure 4. Capacity factors (CFs, in %) and wake extents for each of the 5-day periods that
represent the 11 flow scenarios

(A) Mean, median (p50), and interquartile range (p25-75) of 10-min systemwide CFs (i.e., all lease
areas) for each flow scenario in the control simulations (black). Also shown are mean capacity
factors for simulations of wind turbine layouts including maritime corridors (blue stars) and half
wind turbine density (red diamonds). Labels on the bottom axis indicate the flow scenario and start
date of each 5-day simulation period.

(B) A heat map of mean capacity factors (CFs, in %) in each lease-area (LA) cluster for each flow scenario from
the control simulations. Note: two cases are simulated for the most common flow scenario; northwesterly
flow with WSs from 4 to 10 ms ™' (NW4-10), one in fall and one in summer (denoted by the r). The first lease
area cluster (LA1-7) is located south of Massachusetts. Lease area 8 (LA8) is located off the coast of New York
state. Lease areas 9-13 (LA9-13) are located offshore of New Jersey, Delaware, and Maryland. Lease areas 14
and 15 (LA14&15) are located off the coast of Virginia (Figures 1A and 1B).

(C) Normalized wake extent (NWE) calculated as the area covered by a mean velocity deficits of over
5% (vqg < —0.05) divided by the spatial extent of the lease-area cluster that generates the wake
using Equation 6) for the control simulations plotted as a function of the mean freestream wind
speed (WS) and turbulent kinetic energy (TKE) at 150 m in height over each lease-area cluster. There
are 11 simulations and 4 lease-area clusters, thus 44 data points are plotted. The symbol size and
color denote the normalized wake extent (NWE), and the markerin each NWE estimate denotes the
lease-area cluster for which it is derived.

(D) (Inset to C) Difference in NWE (ANWE, Equation 7) plotted as a function of the mean freestream
WS and TKE at 150 m over each lease-area cluster. Symbol size scales with the magnitude of ANWE
between the control layout and half-density simulations (range 0.15-0.95), while the color denotes
normalized wake extent (NWE) in the control simulations.

installed density to half of that used in the control simulations (968 wind turbines)
further reduces power production but again increases mean CFs (Figure 4A; Table
1). Frequency-weighted mean CFs based on this subset of five flow scenarios in-
creases from 45% in the control, to 46.9% in the corridor layout, and to 51.4% in
the half-density layout (Table 1). This demonstrates the highly nonlinear depen-
dence of power production and wake losses on atmospheric conditions and wind
turbine spacing. Simulations such as those presented herein, which consider
different wind turbine layouts, have high value in guiding development of large
offshore wind farms in spatially limited LAs, particularly when they address other
stakeholder interests (e.g., corridors to enable fishing and shipping) and can
contribute to life-cycle financial analyses.**
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Figure 5. Capacity factors and wind speed probability distributions for the U.S. east coast lease
area clusters

(A) Mean capacity factor (CFs in %) versus installed capacity density (ICD in MWkm~2) for varying
wind turbine deployment layouts and across the four lease-area (LA) clusters. The symbol diameter
in (A) scales with the area over which the wind turbines are deployed (see legend, upper right).
Results from this study are shown accumulated over all four lease-area clusters (cyan) for the three
wind-turbine deployments—control, maritime corridors, and half-installed capacity density—
(ICD), and for each the four lease-area (LA) clusters (colors as in B) from the control deployment
(ICD ~ 4.34 MWkm~?) with the numbers indicating the lease-area clusters (LAs 1-7, 8, 9-13, and 14
and 15) (see Figures 1A and 1B). Also shown are results of a study for projected developments in the
German Bight area of the North Sea from the Agora study.® Both analyses are based on simulations
with the Weather Research and Forecasting (WRF) model, but use different wind-farm
parameterizations; Fitch®’*® is shown here and the Explicit Wake Parameterization (EWP)*? in the
Agora study. Results from the Agora study are shown for 12-MW wind turbines deployed at an
installed capacity density (ICD) of 5 MWkm ™2 over an area of 2,767 km?, with an installed capacity
(IC) of 13.8 GW, and in two large arrays covering areas of 2,767 km? and 4,473 km? (total IC of 36.2
GW), and for those two deployment areas at ICD of 7.5 MWkm 2 (total IC of 54.3 GW) and of 10
MWkm 2 (total IC of 72.4 GW).

(B) Probability distributions from a two-parameter Weibull fit to modeled freestream wind speeds
(WSs) at a height of 153 m a.s.l. in the center of each lease-area (LA) cluster. The numbers in the
legend in (B) indicate the Weibull A and Weibull k parameters derived using maximum likelihood
estimation and Equation 3.

Estimated wake intensity and spatial extent

Despite the relatively high CFs that measure the actual energy output relative to the
maximum possible, these model simulations also indicate substantial loss of
potential power production due to the impingement of wakes on downstream
wind turbines within individual LAs and between LAs (Figure 6). Individual LAs,
and not only those that are immediately adjacent, are projected to be frequently
operating in the “wind shadow” of upstream wind farms (Figure 6). This not only
reduces power production but will be associated with increased mechanical loading
on the wind turbines.

Frequency-weighted wake-induced power losses averaged over all LAs are 35.3%

(Table 1). Thus, over a third of potential electrical-power production that could be
achieved if all wind turbines operated in freestream (undisturbed) flow is lost due
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Figure 6. Mean velocity deficit (v4) in each grid cell for each of the 5-day flow-scenario simulations (Table 1)

(A-K) The title of each panel denotes the flow scenario (the first two letters denote the wind direction and the digits indicate the WS class) and first day of
each 5-day simulation period (date is written as year-month-day). The mean velocity deficit is the mean normalized difference in WS in each grid cell at
each time step (i) in output from simulation domain d04 (operating wind turbines) to output from simulation domain d03 (no wind turbines) (see
Equation 4). The overlying quivers are the mean WS and direction computed using output from the simulation domain d03 that describes the freestream
conditions. For legibility, the quivers are plotted at the 12" grid cell in both the latitude and longitude positions and are scaled to prevent overlap. The
maximum length of each quiver in each panelis set to the maximum mean WS plot for each case (shown in the upper right of the panel and expressed
inms ).

(L) Composite of all grid cells that have a mean velocity deficit of 5% or more (v4 < —0.05) in one or more of the flow cases (cyan) and the location of grid
cells containing wind turbines (magenta).

to their operation within wakes from upstream wind turbines and wind farms. This

value greatly exceeds wake losses from current European offshore wind farms?® in
part because of the very large extent of the wind-farm clusters and unprecedented

number of wind turbines deployed.

Velocity deficits (vq) are used here as a metric of wake intensity and extent. They
represent the reduction in wind speed relative to what would be observed if no up-
stream wind turbines are present. These velocity deficits are calculated using wind
speeds at the wind turbine HH from simulation domain d04 output with the action
of wind turbines included (WSw) and output from simulation domain d03 where
no wind turbines are included (WSnowr) (see methods). The concept of the normal-
ized wake extent (NWE) is introduced to describe the areal extent of disturbed flow
caused by a given wind farm. It is the ratio of the spatial extent of the wind shadow
generated by a wind farm to the area of the wind farm. The NWE is naturally a
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function of the threshold of velocity deficit used to define the wake. The area
covered by mean velocity deficits of 2% (i.e., vg < —0.02, Equation 4) for the 11
flow scenarios with the control layout ranges from 2.8% to 14.1% of the innermost
model domain where wind turbines are operating (d04), while the area covered by
wind turbines is 1.5% (Table 1). Thus, the mean NWE using this velocity deficit
threshold varies depending on the prevailing atmospheric conditions but is between
two times and nearly ten times the spatial extent of the wind farms. Similar mean
NWEs computed for the different flow scenarios using a velocity deficit (vy) of 5%
range from one to four, with a weighted mean of 2.6. Using a velocity deficit (vg)
of 10% to define the area covered by a wake, the mean NWE in each 5-day simulation
ranges from 0.15 to nearly three (Table 1). These values indicate that, consistent with
expectations, wind turbine deployments within these LAs will generate substantial
downstream “wind shadows"” (Figure 6). As discussed further below, large, NWEs
are associated with simulations of flow conditions characterized by moderate wind
speeds, low ambient turbulence, and low planetary boundary layer depths.

The NWE is substantially smaller in the half-density simulations for all LA clusters and
all values of freestream wind speed, planetary boundary layer height, and TKE (Fig-
ure 7). The mean difference in normalized spatial wake extents in the control and
half-density simulations (ANWE, computed using Equation 7) is 0.48. Thus, the
area covered by mean velocity deficit of at least 5% reduces to half the value from
the control simulations when a half-density wind turbine layout is simulated. Thus,
on average, there is a systemwide benefit from minimizing wind shadows from
upstream LAs by locating wind turbines with greater spacing. However, the range
of ANWE extends from 0.12 to 0.96, indicating that under some atmospheric flow
conditions the NWE is only modestly influenced by the density of wind turbine
deployments in the LAs. The difference in NWE in the half-density simulations rela-
tive to the control is maximized for periods with high ambient turbulence (Figure 4D).
Thus, the decrease in wake extent due to the reduction in ICD is disproportionately
weighted toward periods with relatively small, NWEs in the control simulations. The
BOEM intends to auction additional LAs close to these existing LAs. While adoption
of lower ICD will reduce revenues to individual LA operators, it may have benefits in
terms of reducing systemwide power losses and wind turbine fatigue loading due to
wakes within wind farms and between wind farms.

An alternative metric of the wind-farm wake extent is the maximum distance
downwind from LA clusters aligned with the mean wind direction to which a
mean velocity deficit of at least 5% (vq < —0.05) extends (Figure 6L). For the con-
trol simulations, the minimum downwind wake extent from the largest LA cluster
(LAs 1-7) is 14 km. It is associated with northwesterly flow scenarios (represented
by simulations commencing on 1979-10-26 and 2007-02-05) (Figure 6A-6K). These
simulations exhibit flow from over land to this LA cluster with relatively low free-
stream wind speeds (5-8 ms~" at the center of these LAs at ~150 m in height)
and moderate freestream TKE of ~1 m?s™2. The maximum wake extent from the
LAs 1-7 of 90 km is found for the SW10-16 flow scenario (the simulation starting
on 1986-03-26) and the NE4-10 flow scenario (represented by the simulation
that starts on 2012-11-17) (Figure 6). The SW10-16 case exhibits higher wind
speeds (freestream wind speed at ~150 m at the center of the LA cluster of
~10 ms™") but has a long over-water fetch, which results in low freestream
TKE < 0.07 m?s~2 that contributes to slow wake recovery and large wake-propaga-
tion distances. By contrast, the NE4-10 case exhibits higher TKE < 0.4 m?s~2, but
lower wind speeds (WSs ~7.8 ms™") and higher thrust coefficients, which also lead
to larger wake extents. For cases with southerly, southwesterly mean flow, i.e.,
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Figure 7. Spatial extent of disturbed flow (wakes) from offshore wind farms shown as a function
of prevailing meteorology

(A and C) 3D bubble plots of the normalized wake extent (NWE, for a velocity deficit threshold 5%,
i.e., vg < —0.05) from each of the four lease-area clusters as a function of freestream wind speed
(WS) and turbulent kinetic energy (TKE, shown in logyg scale) close to the wind-turbine HH of 150 m,
and the freestream planetary boundary layer height (PBLH) in the centroid of the lease-area cluster.
(A) Results from the simulations of the control layouts, where wind turbines are installed with the
mean separation of 7.7 times the wind-turbine rotor diameter. The installed capacity density for
these control simulations is approximately 4.34 MWkm ™2,

(C) Results from the simulations of the half-density layouts, where the density of wind turbines is reduced to
half that used in the control layout and represents the lowest densities used in European offshore wind
farms. The associated installed capacity density is ~2.2 MWkm ™2,

(B and D) Scatterplots of the normalized wake extent (NWE) for each combined WS, PBLH, and TKE class
derived directly from the WRF-Fitch output versus those predicted from the regression models.

(B) Results for an installed capacity density of 4.34 MWkm 2 (i.e., the control simulations) where the
regression model has the form, NWE = 3.52 —0.093 X WS —0.73 X logio(TKE) — 6.3 x 10~ x PBLH.
(D) Results for an installed capacity density of ~2.2 MWkm 2 (i.e., the half-density simulations)
where the regression model has the form, NWE = 3.00 — 0.056 x WS — 0.57 X logio(TKE) — 11 X
10~* x PBLH.

SW4-10 (1988-07-04), SW10-16 (1986-03-26), SW16-25 (1981-04-04) or northeast-
erly flow, NE4-10 (2012-11-17), velocity deficits above 5% fully encompass all of
the mid-Atlantic LA clusters (LAs 9-13) indicating substantial array-array interac-
tions, despite separation distances of up to ~23 km (Figure 6).

The SW4-10 flow scenario is observed for 12.5% of hours (Table 1) and is associated
with the largest systemwide wake losses, and hence the smallest CFs (Table 1; Fig-
ure 4A). The 5-day simulation period starting 1988-07-04 has a freestream modal
wind direction of ~210°, median WS of 6.3 ms™', and TKE below 0.01 m?s~" in LA
8. Mean CFs for LAs 1-7 for this flow scenario are particularly small (Figure 4B)
due to low freestream WSs and a clear deep array wake effect. Fewer than 6% of
wind turbines, all of which are located on the edge of the array, exhibit power pro-
duction above 10% of rated power. Mean CFs for LAs 9-13 are also low for this flow
scenario (14%) (Figure 4B), and the contour enclosing mean velocity deficits above
5% (vg < —0.05) over the mid-Atlantic LA cluster for this flow scenario extends
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over a 210-km distance aligned along a south-southwest to north-northeast axis
(Figure 6).

This variability in wake extents and CFs between the flow scenarios emphasizes the
importance of simulating a wide array of atmospheric conditions and affirms the
scenario construction used herein encompasses examples of maximum and
minimum wake intensity and extent (Table 1). The composite overlay of areas with
mean velocity deficits of over 5% (i.e., vy < —0.05) under one or more of the flow
scenarios (Figure 6L) provides important guidance for the selection of future LAs
in order to avoid places with substantial wind shadowing from existing lease areas.

These thorough analyses of the power production and wake behavior across the
different LA clusters along the U.S. east coast and their dependence on wind turbine
layout and prevailing meteorology provides context that is critical to developing a
generalized model for wind-farm wake extents that is presented in the next section.

A generalized model of wind farm wake extent

As illustrated in the previous discussion, the time or distance downstream required
for a wind turbine wake to be eroded due to mixing with surrounding, higher-mo-
mentum air, is determined by the original intensity of the wake and the mixing state
of the atmosphere. The wake intensity is, in large part, dictated by the freestream WS
and the wind turbine thrust coefficient (Figure 1E). The mixing state of the
atmosphere and ability to transfer higher-momentum air into the wake is determined
by the ambient TKE and the planetary boundary layer height. Accordingly, the mean
normalized spatial extent of wakes from each LA cluster scales primarily according to
both mean freestream TKE and WS at HH (Figure 4C). Large, NWEs are most evident
at low WSs and low TKE (Figure 4C). Conversely, for mean TKE above 0.5 m?s~2, the
NWE is almost uniformly less than twice the area of the LA clusters (Figure 4C). A
weaker but still important third control on wake extent is the planetary boundary
layer height (Figure 7A).

Under the hypothesis that wind-farm intensity, areal extent, and recovery are largely
controlled by three variables—freestream WS, TKE, and planetary boundary layer
height—a generalized model of NWE is derived. The predictand is the NWE, i.e.,
the area covered by a mean velocity deficit [vq] < —0.05). The predictors are
freestream WS, TKE, and planetary boundary layer height (PBLH) for the center of
each LA cluster from the domain in which no wind turbine effects are simulated.
Two models are derived (see details in methods). The first uses model output from
simulations of the control layout that employ a wind turbine spacing equal to that
agreed for some of the LAs and that typifies the European offshore wind energy
industry (ICD of 4.34 MWkm™2). The second model uses output from half-density
layouts where the wind turbines are installed over the same area but with greater
separation leading to an ICD of approximately 2.2 MWkm~2. The NWE model for
the control layouts has the following form:

NWE = 3.52 — 0.093 x WS — 0.73 X logio(TKE) — 6.3 x 107 x PBLH (Equation 1)

All of the coefficients are statistically different from zero at a confidence level of 99%
and variance explanation (R?), adjusted for the number of |oredictors,45 is 0.72
(Figure 7).

The form of this linear model (Equation 1) indicates that the areal extent of the wake
from a large offshore wind farm exhibits a statistically significant negative depen-
dence on freestream WS close to the wind turbine HH, with larger wake generation
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atlower WSs. There is also a negative dependence on the base-10 logarithm of tur-
bulence intensity (log1o[TKE]) at wind turbine HH. Weaker ambient turbulence leads
both to slower wake recovery and to larger wake extent. Both findings are consistent
with analyses of operational data from offshore wind farms that have indicated below
average power production, and larger wake effects, under moderate WSs and low
turbulence intensity.'® The model also indicates evidence of a negative dependence
of NWE on freestream PBLH at the center of each LA cluster. For very large wind tur-
bine arrays wake recovery is largely dictated by the rate at which momentum can be
transferred from aloft. Mixing of high-momentum air from the free troposphere
across the temperature inversion that typifies the top of the boundary layer into
the boundary layer is very slow. Thus, under low PBLH the volume of air from which
momentum can be extracted to recover the wake is smaller than under higher PBLH.

Using the half-density layout, the coefficients in the linear model are of the same sign
for each of the predictors:

NWE = 3.00 — 0.056 X WS — 0.57 X logso(TKE) — 11 x 104 x PBLH  (Equation 2)

Again, all of the coefficients are statistically different from zero at a confidence level
0f 99% and variance explanation (R?), adjusted for the number of preolictors,45 is0.70
(Figure 7).

The high variance explanation for Equations 1 and 2 indicate that these models are
relatively good representations of the model output on which they are based.
Further, there are robust relationships between the areal extent of a wake generated
by very large offshore wind farms and the freestream WS and TKE near the wind tur-
bine HH and the freestream PBLH. Consistent with expectations, for the same
freestream WS, turbulence intensity, and PBLH the area covered by a wake from
each wind farm is smaller for wind farms that have lower ICD, or greater wind turbine
spacing. For example, for a WS of 7 ms~', TKE of 0.001 ms~2 and a PBLH of 500 m,
the area covered by a 5% velocity deficit will be an average of 4.74 times the areal
footprint of the wind farm if the wind turbines are installed with a spacing equal to
that of current offshore wind farms in Europe. Conversely, for the half density of
wind turbine deployments, the areal extent of the wind shadow is estimated to be
3.78 the area of the offshore wind farm.

In addition to demonstrating the functional dependence of wake extent on key
meteorological drivers, these equations could provisionally be used with output
from WRF simulations of other global regions to provide first-order estimates of
likely wind shadows from proposed offshore wind farms. Naturally, caution should
be used in extrapolating to atmospheric conditions beyond those sampled in this
analysis and/or to scales of wind deployments dissimilar to those addressed here.
Further, it is important to note that other modeling approaches are available to
#4647 and different wind-farm parameter-
izations for use within the WRF model.*> No assessment can currently be made

describe wind turbine and wind-farm wakes,

regarding how results presented herein may differ from those generated using other
modeling frameworks.

DISCUSSION

Expansion of offshore wind is a key component of global efforts to reduce the carbon
intensity of the energy sector. Deeper understanding of the atmospheric physics of
large wind farms is critical to optimal, cost-effective exploitation of the substantial
offshore wind resource. Our research addresses this need and is unique in several
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regards. First, we present a computationally efficient and robust method to derive
representative power production and wake projections for large offshore wind
farms. Second, we demonstrate the approach and the concept of NWEs by applying
our method to offshore wind LAs along that U.S. east coast. Last, we quantify the
sensitivity of power production and wake-induced power losses to both wind-farm
ICD and prevailing meteorology for a wide range of meteorological conditions
that prevail offshore.

Our results indicate that power production of 116 TWh/year and mean CFs of ~ 50% can
be achieved from the 15 U.S. east coast offshore wind energy LAs by employing 15-MW
wind turbines at the anticipated spacing of 1.85 km (Table 1; Figure 4). CFs calculated for
all three wind turbine layouts we considered meet or exceed those of currently operating
offshore wind farms in Europe. They are consistent with, and indeed slightly higher than,
those from an analogous WRF modeling study for projected installed wind energy ca-
pacity in 2050 for the German Bight region of the North Sea® (Figure 5). However, for
wind turbine layouts similar to those from smaller offshore wind farms in Europe, a sub-
stantial fraction of these wind turbines will operate in wakes from upstream turbines and
wind farms. These wake effects will reduce power production by over one-third (Figure 6;
Table 1). There is clear evidence for substantial array-array interactions (i.e., power losses
at downwind wind farms caused by wind turbines operating upwind) even for LAs
separated by 23 km. These results emphasize the critical importance of evaluating
potential wake losses from upstream wind farms as the BOEM moves forward with
tendering additional LAs along the U.S. east coast.*

Using a low estimate of revenues from electricity production of $62 per MWh there
are clear and substantial potential financial benefits from improved array layouts and
careful siting of new wind turbine developments to reduce wake-induced power los-
ses and increase CFs. At this scale of development (28.8 GW), a 1% increase in the
CF would increase electricity output by about 2.5 TWh per year, leading to addi-
tional annual revenues of over US$150 million. Introduction of maritime corridors
in the wind turbine layouts decreases estimated annual electrical-power production
from 116 to 99 TWh/year. Thus, a reduction of total IC by 16.5% yields a reduction in
projected power production of 14.7% because the increase in wind turbine spacing
reduces wake-induced power losses and increases the efficiency of power produc-
tion from the wind turbines. To provide an economic assessment of the maritime cor-
ridors scenario, we assume an installation cost of US$ 3 million per MW (the average
of those projected for the U.S."* and realized in Germany'®) and a power purchase
price of US$ 62 per MWh of electricity produced (the average bid prices for Euro-
pean offshore wind farms'®). Excluding any resulting additional cabling costs, intro-
duction of the maritime corridors will decrease initial investment costs by ~US$ 14.3
billion but will also lower annual revenues by ~US$ 1.06 billion. Thus, the ultimate
system-wide benefits of introducing maritime corridors and/or using higher or lower
ICD merits detailed analyses, including all internal and external costs and benefits.

Projected power production, wake extent, and intensity are a nonlinear function of
prevailing meteorology, e.g., wind resource and turbulence intensity (Figures 4C
and 7), wind turbine layouts, e.g., ICD and areal extent (Figures 5 and 7), and model
assumptions (e.g., wind-farm |oarameterization).Zé"“s'49 The statistical models devel-
oped here show the extent of wakes from large offshore wind farms can be explained
by three atmospheric variables that are commonly available from meteorological
models and/or can be measured using existing in situ and remote sensing technol-
ogies. The areal extent of disturbed flow normalized to the area of the wind farm that
generates the wake is maximized under conditions of low turbulence intensity,
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moderate WSs, and low boundary layer heights (Figure 7). Thus, offshore wind farms
are most likely to experience lower power production due to the presence of up-
stream wind farms under relatively low WSs and when warmer air moves over a
colder sea. Under these conditions, the lower atmosphere will become stably strat-
ified resulting in low ambient turbulence and low boundary layer heights.

Given the scale of the financial investment and the critical importance of offshore
wind energy to the zero-carbon-emissions economy, further work is warranted.
This should include a diversity of wind turbine layouts, inclusion of alternative
windfarm parameterizations and additional atmospheric flow scenarios to ensure
optimal design of individual offshore wind farms and management of the large-scale
global expansion of offshore wind energy.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Requests for further information should be directed to the lead contact, Sara C. Pryor

- o nell.cdu).

Materials availability
No materials were used in this study.

Data and code availability

Source code for WRF v3.8.1 including the wind-farm parameterization patch is available
from http://www2.mmm.ucar.edu/wrf/users/download/get_sources.html. ERAS5 data
are available from https://climate.copernicus.eu/climate-reanalysis. Shapefiles of the
lease areas are available from the BOEM at; https://www.boem.gov/renewable-energy/
mapping-and-data/renewable-energy-gis-data. The population density in the contiguous
U.S. according to the 2010 census is available from; https://www.census.gov/data/tables/
time-series/demo/popest/2010s-state-total.html. Qutput from the WRF simulations pre-
sented in figures and analyses herein is available for download from ZENODO
(10.5281/zenodo.5137547) access to the full suite of WRF output are available via the
DoE tape archive. Output from simulations of the control layouts is available from:
https://portal.nersc.gov/archive/home/projects/m2645/www/public_data_NY_lease_
fitch_full_density. Output from simulations of the layouts with maritime corridors is avail-
able from: https://portal.nersc.gov/archive/home/projects/m2645/www/public_data_
NY_lease_fitch_recovery_corridors. Qutput from simulations of the half-density layouts
is available from: https://portal.nersc.gov/archive/home/projects/m2645/www/
public_data_NY_lease_fitch_half_density. MATLAB is a proprietary software pro-
gram developed and available for purchase from MathWorks. MATLAB code used
to perform the analyses is available for download from ZENODO (10.5281/zenodo.
5137547).

Methods

Selecting the flow scenarios

The simulation and analysis framework presented here is designed to optimally quantify
wake impacts on power production while reducing the computational cost and redun-
dancy inherent in long-term continuous simulations. It further avoids limitations associ-
ated with use of idealized flow scenarios or individual case studies. The scenario
approach ensures timely production of actionable information to those responsible for
progressing development of offshore resources at the lowest LCoE. Details of the
computational approach and costs are given in supplemental information.
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The ERAS reanalysis®® is used to derive representative flow scenarios and the initial and
lateral boundary conditions (LBC) for simulations with the WRF model. The ERA5 rean-
alysis model ingests an unprecedented suite of assimilated in situ and remote sensing
observations.’ ERA5 exhibits relatively high fidelity for 100-m wind speeds*®>'~*
has been used as LBC in a range of WRF-based regional simulations including those
performed for the New European Wind Atlas.>* The periods for which WRF simulations
are performed are selected based on analyses of WS and direction at 100 m a.g.l. for
1979-2018 from the ERAS5 grid cell (30 x 30 km) containing the center of the New York
LA (LA 8, Figures 1A and 1B). They are selected to represent commonly occurring flow

and

conditions of relevance to power production and wake generation from wind turbines.
Accordingly, the flow scenarios focus on the following WS classes; 4-10 ms~" (high
thrust coefficients causing relatively large wake magnitudes, Figure 1E), 10-16 ms~"
(moderate thrust coefficients and wakes) and 16-25 ms™" (low thrust coefficients
with small wake magnitude). The wind directions (WD) are also clustered into physically
meaningful groups that represent differentiable modes of over-water fetch to the
offshore LAs (Figure 2). Four directional classes are defined: 270°-360°, 180°-270°,
0°-90° and 90°-180° (listed in decreasing frequency). These directional classes repre-
sent flow that has a relatively short fetch over water to LA 8 (of the order tens rather than
hundreds of km) for the two west sectors (SW: 180-270°, NW: 270-360°) versus those
for the two easterly sectors (NE: 0-90°, SE: 90-180°) with hundreds to thousands of km
of over-water fetch (Figures 1A and 1B). Ten combined WS and direction classes are
required to capture 75% of the total 40 years of hourly observations. The flow scenarios
are described using the nomenclature; WDWS, where WD is NE, SE, SW or NW, and
WS is 4-10, 10-16 or 16-25.

Once the flow scenarios are identified, the 40 year record of hourly ERA5 derived
WSs and directions at 100 m over the center of LA 8 is scanned to identify 5 day
periods with the maximum number of hours that conform to each flow scenario
(Table 1). Variation in atmospheric stability, turbulence intensity and PBLH offshore
is dominated by the seasonal timescale due to the low frequency variability in sea
surface temperatures.®® Thus, in selecting the 5-day periods to represent the flow
scenarios consideration is also given to ensuring the seasonal representation (Fig-
ure 2E). For the most frequent flow scenario (NW4-10), two cases; one in later
autumn and one in summer are selected. Hence, 11 5-day periods are selected for
the WRF model simulations (Table 1).

Simulation settings

Simulations are performed with WRF v3.8.1 and use the Fitch wind-farm parameteriza-
tion.”® This parameterization works such that every wind turbine in a grid cell
contributes to estimated power production (in watts) as a function of the incident
WS and the wind-turbine power curve (Figure 1E). Each wind turbine also induces
wakes by applying a local drag force that reduces WSs and adds TKE to all model ver-
tical levels that intersect the turbine rotor. Drag applied and TKE introduced are func-
tions of the thrust coefficient (Figure 1E) and thus are determined by the incident WS
and wind-turbine specifications.”® Simulations performed here employ a modified
version of the Fitch parameterization corrected for an earlier coding error that pre-
vented advection of wind turbine induced TKE and that employs an updated algorithm
for wind turbine added TKE.?” Key physics setting are as in previous research? and
shown in supplemental information. Each simulation employs a é-h spin up and then
runs for 5 days. All variables presented herein are output at 10-min intervals.

Wind resources and wind turbine wake effects are a function of model resolu-
tion.”**® Power density estimates from mesoscale models with a 10-km grid spacing
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can be 50% lower than those from higher-resolution modeling.*® Here, four simula-
tion domains are employed (Figure 1A). The outer domain comprises 150 x 150 grid
cells with a grid resolution of 16.67 km (d01). This is nested down to the middle
domain (d02) comprising 250 x 250 grid cells resolved at 5.56 km. Two inner
domains of 340 X 361 grid cells resolved using a 1.85 km resolution are run
sequentially. The first (d03) is operated without the action of wind turbines to
provide a freestream WS. A second identical innermost domain (d04) is run with
the wind-farm parameterization turned on. The resolution used for d03 and d04 is
selected to match the expected wind-turbine separation of 1.85 km.

There are 57 layers in the vertical, 20 levels at which WSs are output are below 370 m
and 14 are within the rotor plane. The nineth level has a mean height of 143 m and is
taken as equivalent to that at the nominal wind turbine HH = 150 m (Figure 1D).

As of early 2021 wind-turbine selections and locations for the different U.S. offshore
LAs are not available. Thus, simulations are performed for three plausible wind-farm
layouts. The control employs a wind-turbine spacing of 1.85 km. For the IEA 15 MW
reference turbine used herein has a HH ~ 150 m and a rotor diameter (D) ~ 240 m.'?
Thus, the spacing between wind turbine of 1.85 km is equal to a spacing of 7.7D. It is
equal to the average wind-turbine spacing from operating wind farms in Europe. In
this set of simulations all LAs are fully covered by a total of 1922 wind turbines (Fig-
ure 3). The mean wind turbine ICD for these control simulations is 4.34 MWkm 2.
Two sets of sensitivity simulations are also performed for a subset of atmospheric
flow conditions. In the corridor simulations, a maritime corridor is inserted by
removing the sixth north-south “column” of wind turbines in each wind-turbine clus-
ter, reducing the number of wind turbines to 1,604 (Figure 3). Such corridors have
been proposed to accommodate shipping safety considerations and enable fish-
ing,® and may also mitigate wildlife impacts.®” In the half-density sensitivity simula-
tions, the density of wind turbines in each LA is halved reducing the total number of
wind turbines to 968. The resulting ICD (~2.1 MWkm ) is at the lower end of cur-
rent-generation European offshore wind farms.

Statistical methods

Power production reported here derives directly from the WRF wind-farm parame-
trization and is determined by the WS across the rotor plane and the wind-turbine
power curve (Figure 1E).

Wind regimes in the LA clusters are compared by fitting time series of modeled free-
stream WS at the nominal wind-turbine HH of 150 m from the centroids of each LA
cluster to a two-parameter Weibull distribution:

(%)

where the two parameters in this probability distribution are the scale parameter, A

p(WS) =1 —exp (Equation 3)

(units of ms ") that describes the peak in the WS distribution and shape parameter, k,
that describes the dispersion around that peak. These parameters are fitted using
maximum likelihood methods.*

The wake intensity and spatial extent is characterized using the mean fractional
velocity deficit (vq) that describes the difference in WS due to the action of wind
turbines. The mean vq in each grid cell is computed using all output from each
5-day simulation (i.e., after the 6-h spin-up period is concluded) as:
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Vy (Equation 4)

n i=1

1 i {WS"VT(x.yJ) = Wonowrey
WSNowT (x,y.i)

The fractional velocity deficit is calculated using wind speeds at the wind-turbine HH
using output from simulation domain d04 with the action of wind turbines included
(WSwr) and output from simulation domain d03 where no wind turbines are included
(WSnowT)- V4 is the mean of normalized difference in WS in each grid cell (x, y) at each
of the 720 10-min timesteps in each 5-day period (i = 1 to n = 720). A two-sample
t-test with a threshold p value of 0.01 is applied to assign statistical significance to
the mean pairwise differences in WS. Results are corrected for multiplicity by ranking
the p values from each grid cell (where j = 1 is allocated to the smallest p value and kk
is the total number of grid cells) and then selecting as statistically significant only
those for which the following condition is realized*":

j ,
ijHp (Equation 5)

The concept of NWE is introduced to characterize the region of disturbed flow
generated by a wind farm that is colloquially referred to as the “wind shadow.”
NWEs are calculated for each LA cluster in each 5-day simulation as the area covered
by a mean vy < —0.05 (Area,, <_0.0s5) divided by the spatial extent of the LA cluster
(i.e., group of adjacent LAs, Areajacluster) that generates the wake:

Al’eavdgfo.os

NWE = (Equation 6)

AreaLAc/uster

The difference in NWE (ANWE) from each LA cluster in simulations with the control
layout and the half-density layout is given by:

NWEcontrol - NWEhalf

ANWE = NWEcontro/

(Equation 7)

Statistical models are constructed that describe the NWE, (i.e., the area covered by a 5%
velocity deficit relative to the freestream WS normalized by the areal extent of the wind-
turbine deployment) as a function of prevailing meteorology. Separate models are
developed using output from the control layout simulations and using output from
the half-density wind-farm layouts. In these analyses the NWE from each cluster of LAs
is computed for each 10-min period along with the freestream WS, logo(TKE) and
PBLH at the center of that LA cluster. To build stable regression models output from
each LA cluster and each 10-min time stamp are first composited into combined classes
of wind speed, turbulence and planetary boundary layer heights using seven WS classes
(4-7,7-10, 10-13, 13-16, 16-19, 19-22, 22-25 ms™ "), five logo(TKE) classes (5 x 107>
t05%107%,5% 10 *t05x 107%,5x 10 °to5% 107%,5x 10 ?t05%x 10°",5%x 10~
to 5 m?s™?) and six PBLH classes (0-400, 400-800, 800-1,200, 1,200-1,600, 1,600-
2,000, 2,000-2,400 m). The calculations are performed separately for each LA cluster
(Figure 7) and then combined for the model generation. For each combined class of
wind speed, turbulent kinetic energy and planetary boundary layer heights that has >
4 members, mean values of NWE, WS, logo(TKE) and PBLH are computed. The result-
ing regression equations describe NWE as a function of these predictors (see Figure 7).
The regression coefficients are deemed statistically significant if they differ from zero at
the 99% confidence level and the goodness of fitis evaluated using the R? value adjusted
for the number of predictors.*®

An estimate of wake-induced power production loss is made by computing the
maximum possible power production in each 10-min period if each wind turbine
experienced undisturbed flow. This estimate is derived by applying the IEA
reference turbine power curve (Figure 1E) to freestream WSs from the third
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simulation domain (d03) at a model height of ~150 m in each grid cell where a wind
turbine is present in simulation domain d04. The difference between the power
derived using the wind-farm parameterization and this maximum possible power
from the freestream WS is the wake loss:

2:n< ﬁﬁZizﬁPCO/VS(XNoWT7YNOWT7i)))— 2::1( ﬁﬁZiiﬁPmmh(anywni))
n

wakeloss =

(Equation 8)

where | denotes the time stamps and ranges from 1 to n, where n = 720 for 10-min
output over 5 days. PC is the power production as a function of WS computed from
the power curve for the IEA 15 MW reference wind turbine (Figure 1E). P is the
power production from those same grid cells in simulation domain d04 computed
by the modified Fitch scheme. The grid cells considered y1:y2 and x1:x2 are those
that contain wind turbines in d04 for the control simulation.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2021.09.002.
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Abstract. As a consequence of the rapid growth of the globally installed offshore wind energy capacity, the
size of individual wind farms is increasing. This poses a challenge to models that predict energy production.
For instance, the current generation of wake models has mostly been calibrated on existing wind farms of much
smaller size. This work analyzes annual energy production and wake losses for future, multi-gigawatt wind farms
with atmospheric large-eddy simulation. To that end, 1 year of actual weather has been simulated for a suite of
hypothetical 4 GW offshore wind farm scenarios. The scenarios differ in terms of applied turbine type, installed
capacity density, and layout. The results suggest that production numbers increase significantly when the rated
power of the individual turbines is larger while keeping the total installed capacity the same. Even for turbine
types with similar rated power but slightly different power curves, significant differences in production were
found. Although wind speed was identified as the most dominant factor determining the aerodynamic losses, a
clear impact of atmospheric stability and boundary layer height has been identified. By analyzing losses of the
first-row turbines, the yearly average global-blockage effect is estimated to between 2 and 3 %, but it can reach
levels over 10 % for stably stratified conditions and wind speeds around 8 ms~!. Using a high-fidelity modeling
technique, the present work provides insights into the performance of future, multi-gigawatt wind farms for a
full year of realistic weather conditions.

As part of the transition to renewable energy sources, the Eu-
ropean offshore wind energy capacity is expanding rapidly.
For example, the offshore wind energy capacity in Dutch,
Belgian, Danish, and German parts of the North Sea is an-
ticipated to reach the 65 GW mark in the year 2030 and
150 GW in the year 2050 (The Esbjerg Declaration, 2022),
whereas the European-wide target for offshore wind in 2050
is 300 GW (European Commission, 2020).

Ten years ago, the largest offshore wind farms had a ca-
pacity of around 500 MW. Nowadays this number has in-

creased to 1500 MW, and before the year 2030, wind farms
of 4000 MW will be no exception. In fact, already today clus-
ters of wind farms with a joint capacity of several gigawatts
exist. In parallel, the wind turbines themselves have been in-
creasing in size. The current generation of offshore wind tur-
bines have a nominal power of 10 to 12 MW, but this could
increase to as much as 20 MW for the year 2030. Offshore
wind energy is thus entering a new phase on three levels: the
total installed capacity, the size of the wind farms, and the
size of the individual wind turbines.

Veers et al. (2019), among others, have pointed out the
need for a better understanding of atmospheric flows through
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wind farms. In particular the growth of wind farm size poses
a challenge for models that predict energy production. The
current generation of wake models has been extensively val-
idated on wind farms in the 100-to-500 MW range. Using
these model to make predictions for the future generation of
multi-gigawatt wind farms forces them to operate well out-
side their validation range. This could at least add significant
uncertainty to their predictions. It could therefore be argued
that more physics-based models have higher fidelity in this
“terra incognita”.

One such modeling technique is large-eddy simulation
(LES). By numerically integrating the filtered conservation
equations of mass, momentum, temperature, and moisture,
LES is able to capture the essential aspects of wind farm flow
dynamics in a physically sound way. The “global-blockage”
phenomenon is a fitting example: the presence of a wind farm
induces spatial gradients in the modeled pressure field, lead-
ing to forces upwind of the wind farm, thus “informing” the
flow about the “obstacle” ahead and causing the flow to de-
flect (around and/or over the wind farm).

LES has been at the forefront of wind farm flow physics
research for some time; see for example the reviews in Mehta
et al. (2014), Stevens and Meneveau (2017), and Porté-Agel
et al. (2020). Owing to the increase in wind turbine and wind
farm scales, a number of recent studies have explored atmo-
spheric flows through large wind farms. Maas and Raasch
(2022) have studied the wake effects of a cluster of offshore
wind farms in the German Bight, exploring aspects like (far-
)wake effects, boundary layer structure, turbulence, and en-
trainment of kinetic energy for a selection of cases with dif-
ferent atmospheric stabilities. Verzijlbergh (2021) discussed
some aspects of modeling flows through large wind farms
with illustrative LES results of a 4 GW wind farm in the
North Sea.

The present work aims to explore the energy production
and internal wake effects for a suite of hypothetical 4 GW
offshore wind farm scenarios. The scenarios differ in terms
of applied turbine type, capacity density, and layout. Fur-
thermore, we study how wake losses depend on atmospheric
stability and we discuss the global-blockage phenomenon.
Amongst others, we address questions like the following:
how large are wake and blockage losses in 4 GW wind farms
and how do these depend on wind speed, wind direction,
and atmospheric stability? What is the impact of turbine size
and power density? How are losses distributed over the wind
farms for different layouts and geometries?

To this end, for a total of six hypothetical wind farm
scenarios we simulate 1 year of actual weather with the
GRASP (GPU-Resident Atmospheric Simulation Platform)
LES model. This is done by driving the LES with data from
ECMWEF’s ERAS reanalysis dataset (Hersbach et al., 2020).
In this way, we obtain representative distributions of, for ex-
ample, wind speed, stability, and baroclinicity in a natural
way (Schalkwijk et al., 2015b). The resulting dataset can be
regarded as a consistent, three-dimensional, 1-year dataset
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of pseudo-observations of meteorological variables (includ-
ing wake effects) and power production (at turbine level).
As such, the present work allows for a more statistical ap-
proach to studying wind farm dynamics compared to other
LES studies that have mostly considered a set of idealized
case studies.

This paper is organized as follows. In Sect. 2 the model is
introduced. The different scenarios are described in Sect. 3.
Section 4 presents the results. After a discussion in Sect. 5,
the conclusions are summarized in Sect. 6.

2 Model description and simulation strategy

The model simulations are carried out with the GPU-
Resident Atmospheric Simulation Platform (GRASP).
GRASP is an LES code that runs almost entirely on GPUs;
see Schalkwijk et al. (2012). The origin of GRASP can be
traced back to the Dutch Atmospheric Large-Eddy Simula-
tion (DALES) model, which is extensively described in Heus
et al. (2010).

2.1 Governing equations

We present the most important governing equations below.
More details can be found in Heus et al. (2010), Boing
(2014), and Schalkwijk et al. (2015a). We follow Einstein’s
summation notation, with xp, x2, x3 = x, y, z for the coordi-
nates and u1, u2, u3 = u, v, w for the wind components. The
continuity equation reads

a .

KL} (D
ax j

In the anelastic approximation employed in GRASP, the den-

sity p, = pp(z) represents a base density profile depending

on height only.

ou; dppujuj 9t; dp
— = — — — — 4+ ;3B
T ox; | dx; oy o
apbu'
+€ij3fc(”j_”geo,j)+< 91 1) 2)
sources

In the Navier—Stokes equation above, we denote buoyancy
with B. In the buoyancy calculation a height-dependent ref-
erence temperature is used. The large-scale pressure gradient
term has been written as a geostrophic wind ugeo. Further,
f denotes the Coriolis parameter and p’ the pressure fluc-
tuations. The subgrid-scale turbulent stress, 7;;, needs to be
modeled with an appropriate turbulence closure. In this study
we apply the Rozema model (Rozema et al., 2015), which is
a minimum-dissipation eddy-viscosity model specifically de-
veloped for anisotropic grids. As such, t;; is modeled as

Tij = —2KuSij, 3

https://doi.org/10.5194/wes-8-787-2023



P. Baas et al.: Energy production of multi-gigawatt offshore wind farms 789

where

1 [(du;  u,
Sii==—+— 4
Y 2<8xj+3x,'> @

is (the symmetric part of) the velocity-gradient tensor. The
eddy viscosity/diffusivity, K,,, is given by

K = (5D £ (Si)), 5)

with a term containing the grid resolution, A; a prefactor, cg;
and some function of the velocity-gradient tensor. The pref-
actor ¢ is named after the so-called Smagorinsky constant in
the traditional Smagorinsky subgrid model.

Transport of heat is described by

. aF?
pb@=—M——"+Sﬁ,. (©6)
at ax j ax j
Sources/sinks of temperature are, e.g., related to diabatic pro-
cesses such as radiative transfer. Radiative transfer calcula-
tions are carried out offline based on the ERAS input profiles
of the relevant variables.
We use a temperature,

h

h=—, (N
p

which is based on moist static energy Ap:

h=cpT +8z— Lvq1 — Ligi. ®

This is a conserved variable for moist adiabatic ascent. Here
cp = 1005KkJ kg~! K~! denotes the specific heat capacity of
air (at constant pressure), L, = 2.25 x 10® Tkg~! the latent
heat of vaporization of water, and L; = 2.84x10° Tkg~! K~!
the latent heat of sublimation of ice.

Transport of moisture is described by

q

gt d bt jqi aFj
e —— 45, 9
ot ox;  ox; o ©

where g; = gv + g1 +¢i denotes the conserved variable to-
tal specific humidity, being the sum of vapor, liquid, and
ice water. Subgrid fluxes of humidity are denoted F]q Lo-
cal sources/sinks of humidity, denoted by S, are related to
microphysics.

An “all-or-nothing” cloud adjustment scheme is used that
assumes that no cloud water/ice is present in unsaturated grid
boxes, while all moisture exceeding the local saturated vapor
pressure is considered liquid water or ice. In addition, the
Grabowski (1998) ice microphysics scheme is used. A single
precipitating prognostic variable, g,, is used. The partitioning
towards water, snow, and graupel is diagnosed with a temper-
ature criterion. Autoconversion, the initial stage of raindrop
formation, is modeled according the Kessler—Lin formulation
(Khairoutdinov and Randall, 2003).

https://doi.org/10.5194/wes-8-787-2023

2.2 Boundary conditions
2.2.1 Large-scale meteorological conditions

In this study, the LES is coupled to ECMWEF’s ERAS reanal-
ysis dataset. As we apply periodic lateral boundary condi-
tions, no large-scale gradients can be resolved by the LES
(a model version with open boundary conditions is currently
being developed). Initial conditions and large-scale (LS) ten-
dencies are extracted from ERAS by means of spatial and
temporal interpolation and prescribed to GRASP as a func-
tion of height only (i.e., homogeneous over the domain). To
account for the large-scale tendencies, several model terms
are adjusted and/or added:

LS
duj LS 150U
Po—0r = ... +6ij3f<”j_” ,-)—Pbu» o
ot 8e0.J L oox;
du; 1
—wSS (S - (10)
And for any scalar ¢;,
LS
Ao, 0; 9 1 _
Pt = ...—pbu%sﬁ—wLSa—Z’+;< ,-Ls—qbi). (11)
J

The final terms of Eqs. (10) and (11) represent nudging to the
large-scale model: the slab-averaged model fields (;, ¢;) are
nudged to ERAS with a nudging timescale, t, of 6h. This
timescale is long enough to give the LES physics enough
freedom to establish its own unique state but short enough
to make the simulation follow slow large-scale disturbances
such as weather fronts (Neggers et al., 2012). In the upper
quarter of the domain, the nudging timescale to ERAS is
gradually decreased (i.e., stronger nudging) towards a value
of 60 s at the domain top.

2.2.2 Lower-boundary conditions

Over water surfaces (as in the present study), GRASP uses a
prescribed surface temperature Ts. At the surface, saturation
is assumed:

qts = qsat (T, ps). (12)

The surface roughness lengths for momentum and heat,
Zom,h. are parameterized following the ECMWF IFS docu-
mentation (ECMWF, 2017):

u2

% *
Z0m = Om— t+a—, (13)
Ux 8
v
20h = Oh—, (14)
Uy
where « is the Charnock parameter, taken as 0.0185. Fur-
thermore, g = 9.81 ms2 is the gravitational constant; v =
1.5x 109 m?s~! is the kinematic viscosity of air, o, =
0.11, and ap = 0.4. For momentum, this parameterization
follows Charnock (1955) with viscous effects for light wind

conditions added.
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LES with wind farms and
boundaries from precursor

Precursor LES without wind farms
and periodic boundary conditions

ERA 5 initial conditions
ERA 5 dynamic tendencies

Figure 1. Schematic view of ERAS boundary conditions, a precur-
sor simulation, and a nested domain with turbines.

2.2.3 Upper-boundary conditions
At the top of the domain, we take
u ov _

a .
—=—=0, w=0, ﬂ = constant in time. (15)
dz 0z Z
Fluctuations of velocity and scalars are damped out in the up-
per part of the domain by a sponge layer through additional
forcing/source terms added to the right-hand side of the gov-

erning equations:

314,'

Pomy = e =Py (i — ), (16)
aP; s -
pba_‘f; = =Py (P — ). (17)

with o*P being a height-dependent relaxation rate (units s~')
that varies from 2.75 x 1073 s~! at the top of the domain to 0
at the height where the sponge layer starts, which is at 75 %
of the domain height (i.e., the sponge layer comprises the
upper quarter of the domain).

2.2.4 Lateral boundary conditions

In the present setup we apply periodic boundary conditions.
To prevent the recirculation of wind farm wakes, we make
use of a concurrent-precursor simulation (Stevens et al.,
2014). This is a simulation without wind turbines that runs
in parallel with the “actual” simulation. Over a boundary re-
gion, the values of the actual simulation are strongly nudged
towards the precursor simulation (with an adaptive nudging
timescale on the order of the model time step). A schematic
overview of this setup is shown in Fig. 1.

2.3 Wind turbine parameterization

Wind turbines are modeled by a so-called actuator-disk
model. This models each turbine as a semi-permeable disk
that exerts forces on the flow that are consistent with the
thrust curve of the wind turbine. In this way, wind farm wake
effects are taken into account. In addition, using the turbine
power curve, the turbine parameterization allows us to di-
rectly model power output per turbine at a high temporal res-
olution. The actuator-disk model is implemented following
Meyers and Meneveau (2010) and Calaf et al. (2010). Within
this parameterization, the total drag force exerted on the flow
by a wind turbine is modeled as

Wind Energ. Sci., 8, 787-805, 2023

T
F= —EpAC{MDZ, (18)

where p is the disk-averaged air density, A = 7 R? the frontal
area of the rotor, and C{ the thrust coefficient based on the
disk-averaged wind speed Mp. Wind turbine power is given
by

1 ,——3
PtZ—EpACpMD , (19)

with Cl; being the disk-based power coefficient. The disk-
based power and thrust coefficients are determined from the
manufacturer’s power and thrust curves by means of an of-
fline simulation. This additional step is required, since the
manufacturer curves are based on a free-stream wind speed,
Mo; a reference density, pp; and a reference turbulent in-
tensity, Tler. An additional advantage of this approach is
that the turbines by definition produce the correct power and
thrust for the given grid configuration. The present imple-
mentation of the actuator-disk model has been tested exten-
sively in operational practice and shows good performance
for a wide range of numerical grid settings.

In order to quantify aerodynamic losses, we compare the
energy production of the wind turbines with the production
of so-called thrustless turbines. These thrustless turbines are
embedded in the concurrent-precursor simulation. The disk-
based power coefficients for the thrustless turbines are ob-
tained by means of a separate offline simulation with the
thrust coefficients set to 0. As a result, a power production
of the thrustless turbines can be determined, but they do not
exert drag on the flow. Thus, each thrustless turbine produces
power as if it were a single isolated turbine. Furthermore, the
simulations with thrustless turbines and those with the active
turbines experience exactly the same turbulent wind fields
at the boundaries. As such, the difference between the pro-
duction of the thrustless turbines and the active turbines is a
measure of the aerodynamic loss.

2.4 Simulation strategy

For each of the wind farm scenarios (Sect. 3.1), the year 2015
was simulated. For this year, observations from the meteoro-
logical mast (metmast) “Meteomast [Jmuiden” were avail-
able for basic validation. The year-long simulations consist
of concatenated daily simulations with a spin-up of 2h. For
each day, GRASP is initialized at 22:00 UTC the previous
day. Model output valid between 00:00 and 24:00 (UTC) is
used for the analysis.

The model domain consists of 640 x 640 x 48 grid points.
The horizontal grid spacing is 120m; the lowest grid box
has a height of 30 m. The horizontal domain size extends
to 76 800 m. Vertical grid stretching was applied to obtain
a domain height of 3000 m (i.e., a uniform growth factor of
2.845 %). Sensitivity experiments discussed in Sect. 5 indi-
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cate that this domain size is sufficiently large. The model do-
main is centered around 52.8659° N, 3.5364° E. This corre-
sponds to a location in the North Sea, roughly 100 km from
the Dutch coast within the planned 4000 MW wind farm 1J-
muiden Ver.

Compared to other LES studies (Wu and Porté-Agel, 2017;
Maas and Raasch, 2022; Strickland et al., 2022), the horizon-
tal resolution of 120 m is relatively coarse. This choice re-
sults from a trade-off between computational cost and accu-
racy and has been tested extensively in an operational setting.
As such, it follows from our ambition to simulate a full year
of realistic weather conditions, rather than the common ap-
proach of running a suite of targeted (idealized) case studies.
To provide insights into the effect of the applied resolution,
the sensitivity of the results to the grid spacing is discussed
in Sect. 5.

As a basic validation of the model’s capability to represent
the local wind conditions, Fig. 2a compares modeled versus
observed wind speed at a height of 92m. In this case, the
modeled (horizontal) wind speed is taken from a virtual met-
mast placed at the location of the actual metmast. The cor-
respondence between model and tower observations is sat-
isfactory, with error metrics within the expected range for
wind resource assessments. Figure 2b shows the distribution
of the modeled 92 m wind speed, with a Weibull function fit-
ted to the data. For comparison, grey dots indicate the distri-
bution of the observations. Figure 2c presents the (modeled)
wind rose, indicating that southwesterly winds have the high-
est frequency of occurrence and are generally stronger than
winds from other sectors.

3 Wind farm scenarios and turbine characteristics

In this section, the six hypothetical 4000 MW wind farm sce-
narios and details of the applied turbine types will be intro-
duced.

3.1 Scenarios

Layouts of the six considered scenarios are given in Fig. 3.
The rationale for the first five scenarios is the same: each
layout consists of four sites of roughly 10km by 10km,
separated by 3km wide corridors. Each of the four sites
within each scenario has an installed capacity of approxi-
mately 1000 MW (Scenario 1 to 4). The number of turbines
depends on the rated power of the applied turbine. As Sce-
nario 5 has only half the capacity density of the other sce-
narios (5 MW km™2 instead of 10 MW km~2), each of its
four sites has only half the installed capacity (i.e., 500 MW).
Scenario 6 is based on the actual site boundaries of the
planned IJmuiden Ver wind farm for which a tender is ex-
pected to open in 2023 (RVO, 2022). The installed capacity
of 4000 MW corresponds to the actual plans.
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3.2 Turbine types

To study the impact of using different turbine types while
keeping the total installed power approximately the same,
four different turbine types have been applied. Three
reference wind turbines were used with data taken from
https://nrel.github.io/turbine-models/Offshore.html (last
access: 18 May 2023;the DTU_10MW_178_RWT turbine
(10.6 MW, labeled as DTU10), the IEA_10OMW_198_RWT
turbine  (10.6 MW, labeled as IEAI10), and the
IEA_15MW_240_ RWT turbine (15MW, labeled as
IEA15)). In addition, a 21.4 MW turbine was constructed by
using the power and thrust curves from the IEA15 turbine
but increasing the rotor diameter to obtain the desired rated
power. Power and thrust curves for the four wind turbines
are given in Fig. 4. The rated wind speed of the IEA10 is
lower than that of the DTU10. Instead, the latter produces
lower thrust. Differences between the ¢, and ¢; curves of the
IEA10 and IEA1S turbines are small.

An overview of the scenarios and turbine characteristics is
given in Table 1. The installed capacity of the first four sce-
narios is close to 4200 MW. For Scenario 5, with half the ca-
pacity density, this is 2100 MW. The installed capacity for the
IJmuiden Ver scenario (Scenario 6) is a little lower than for
the other scenarios. Turbine spacing is between 5.6 and 6.2 D
for the 10 MW km~2 scenarios and 8.3 D for the S MW km~>
scenario. These values are in the range of values that occur in
existing offshore wind farms. The baseline capacity density
of 10 MW km™2 corresponds to the target set for future wind
farms in the Dutch part of the North Sea. In the following,
we consider Scenario 3 a reference, for which more detailed
analyses will be presented.

4 Results

In this section we discuss the differences in energy produc-
tion between the six scenarios. We distinguish between pro-
duction of the thrustless turbines (also called “free-stream
production” or “gross power”) and the actual production
(“net power”). We designate the difference between the two
as the “aerodynamic losses”. Depending on the application,
we present either absolute aerodynamic losses (in MW or
MW h) or relative aerodynamic losses (dimensionless) where
the absolute losses are normalized with the free-stream pro-
duction.

After analyzing the dependence of the aerodynamic losses
on the wind speed, we discuss the impact of atmospheric sta-
bility and boundary layer height. Next, losses of the first-
row turbines (i.e., turbines which have no other turbines up-
stream) will be considered, which gives an indication of the
impact of blockage effects. We will also break down our re-
sults for bins of wind direction. Apart from showing the im-
pact of wind farm layout, this illustrates that for understand-
ing directional differences, a proper separation of the wind
speed effect and the stability effect is crucial. Finally, we il-
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Figure 2. Validation results of GRASP versus offshore tall mast IJmuiden. (a) Modeled versus observed wind speed at 92 m. (b) Weibull
plot of GRASP 92 m wind speed. Grey dots represent the observations. (¢) Modeled wind rose at 92 m. Colors indicate 5 m s~L intervals.
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Figure 3. Layouts of the six wind farm scenarios. Panel titles refer to the scenario labels in Table 1. For each scenario the number and type

of the applied turbine are indicated.

lustrate the results with a selection of composite maps show-
ing spatial variations in wind speed and aerodynamic losses
over the wind farms.

Figure 5 presents the overall energy production and the
aerodynamic losses for each of the six scenarios. The aero-
dynamic losses vary between 12 % and 18 % for the 4 GW
wind farms, whereas the 2 GW variant has losses of around
6 %. Several noticeable differences between the scenarios be-
come apparent.

First, although the DTU10 and IEA10 turbine have the
same rated power, the actual production of the IEA10 tur-
bine is 7.7 % larger. This significant difference is the result of
higher “free-stream” production numbers. These more than
compensate for the slightly higher aerodynamic losses. Both
the higher production and the higher aerodynamic losses for
the IEA10 scenario can be related to a difference in the ro-
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tor diameter and a different behavior of the respective power
curves (see Fig. 4).

Second, while keeping the same installed power, it appears
to pay off to apply fewer but more powerful turbines. This is
shown by comparing the IEA10, IEA1S, and Scaled21 sce-
narios. While these three scenarios have similar free-stream
production, their actual production varies significantly: for
IEA10, production is 5.3 % less than for IEA1S5, and for
Scaled21, the production is 2.8 % more. In terms of aerody-
namic losses, this implies a reduction from 18.4 % for IEA10
to 11.8 % for Scaled21. At the same time, Table 1 indicates
that the turbine spacing in terms of rotor diameters is ap-
proximately the same for these three scenarios. This suggests
that the (relative) reduction in the number of turbines that is
hampered by wakes of other turbines is a major factor con-
tributing to higher production (for instance, the ratio of the

https://doi.org/10.5194/wes-8-787-2023
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Table 1. Overview of the six scenarios, including turbines characteristics. Turbine radius is denoted by r, turbine rated power by Prated,
the wind farm installed capacity by Pjpstalled, and the number of installed turbines by N. Turbine spacing is given in number of rotor

diameters, D.

Scenario  Label Turb. type Hub r Prated N Pigstalled  Spacing Density

height [m] [MW] [-] [MW] [MW km~2]

[m]
1 DTU10 DTU_10MW_178_RWT 119 8 106 39 4198 6.2D 10.5
2 IEA10 IEA_1OMW_198_RWT 119 98 10.6 396 4198 56D 10.5
3 IEA15 IEA_15MW_240_RWT 150 120 150 280 4200 56D 10.5
4 Scaled21 Scaled_21.4MW_WT 173 143 214 196 4194 58D 10.5
5 SMW/km2 IEA_15SMW_240_RWT 150 120 150 140 2100 83D 5.4
6 1JVer IEA_15MW_240_RWT 150 120 150 268 4020 53D 104
(a) (b)

=20

. ' v v ; ' . : . \
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Figure 4. Power and thrust curves for the applied turbine types.

Production [TWh]

= Free-stream production

= Actual production  EEE Loss

Figure 5. Total free-stream and actual production (a) and aerody-
namic losses (b) for the six scenarios.

number of first-row turbines over “wake-impacted” turbines
will increase (beneficially) when the total number of turbines
becomes smaller).

Third, Fig. 5 illustrates the impact of varying the in-
stalled capacity per square kilometer. As expected, in the
5MW km ™2 scenario, the free-stream production is reduced
by 50 % compared to the reference IEA1S scenario. How-
ever, the actual production decreases only by 45.2 %. The
aerodynamic losses decrease drastically from 14.3% to
6.5 %.

https://doi.org/10.5194/wes-8-787-2023

Fourth, the results of the IJVer scenario are comparable to
the IEA 1S5 scenario. Its free-stream production is a bit less,
because the installed capacity is slightly lower. Also, its aero-
dynamic losses are slightly higher, which is mainly related to
the absence of the 3 km wide corridors (see Fig. 3).

In summary, the present results indicate that expected
aerodynamic losses for a 4 GW offshore wind farm are in the
range of 12 % to 18 %, where the exact value is determined
by the rated power of the applied turbines (or, the number of
installed turbines). Moreover, turbines of the same rated ca-
pacity but different power curves may give significantly dif-
ferent production numbers. We emphasize that absolute num-
bers are related to the prevalent wind conditions in the sim-
ulated year 2015. To obtain annual energy production (AEP)
estimates that are representative of a longer period, additional
statistical postprocessing of the data is required, but this is
out of the scope of the present work.

4.1 Wind speed dependence of production and losses

Figure 6 considers energy production and aerodynamic loss
as a function of the free-stream disk-averaged wind speed
(i.e., the disk-averaged wind speed from the thrustless tur-
bines in the concurrent-precursor simulation). From left to
right, the top panels represent averaged instantaneous wind
farm production over the year, total energy production, and
normalized cumulative production, respectively. The bottom
panels show the equivalent aerodynamic losses. The results
presented here are representative of the wind climate and the
specific turbine design choices. A few interesting observa-
tions can be made.

First, Fig. 6a indicates that for wind speeds stronger than
14ms™!, all scenarios operate at rated power. For these
strong wind conditions, which generate 50 % of the total en-
ergy production (Fig. 6¢), the energy content of the flow is so
large that aerodynamic losses are negligible.

Second, Fig. 6d—f illustrate that 80 % of all aerodynamic
losses occur within a narrow wind speed range of 8 to
12ms~!. For lower wind speeds, production and losses are
low anyway; for higher wind speeds, all turbines operate

Wind Energ. Sci., 8, 787-805, 2023
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Figure 6. (a—c) Year-averaged wind farm power production (a), total energy production for 1 ms~! bins (b), and normalized cumulative
production (c) as a function of the free-stream disk-averaged wind speed. (d—f) Year-averaged wind farm power losses (d), total aerodynamic
losses for I ms™! bins (e), and normalized cumulative losses (f) as a function of the free-stream disk-averaged wind speed.

at (or close to) rated power. Around cut-out wind speeds,
substantial instantaneous negative losses occur (Fig. 6d).
This remarkable feature is caused by the fact that for these
wind speeds, as a result of subtle wake effects, the number
of power-producing turbines in the simulations with actual
(thrust-generating) turbines is larger than in the simulations
with the thrustless turbines. As the frequency of occurrence
of these specific wind conditions is low, the impact of this
effect on the integrated losses is small (Fig. 6e).

Third, the total energy production peaks around a wind
speeds of approximately 12ms~'. This can be understood
by interpreting the total energy production as a function of
wind speed as a multiplication of the wind speed probability
density (Fig. 2b) and the power curves.

Differences between the six scenarios are small. They are
consistent with the total production numbers of Fig. 5 and
can be explained by the differences in the turbine power
curves (Fig. 4).

4.2 Impact of stability and boundary layer height

In this sub-section, we attempt to isolate the impact of sta-
bility and boundary layer height from the impact of the wind
speed itself. For clarity reasons, mainly results for the IEA15
reference scenario are presented.

The impact of atmospheric stability on wake losses of
wind farms has been widely reported in the scientific liter-
ature; see, e.g., Stevens and Meneveau (2017). As a stability
parameter, we choose the bulk Richardson number, Ry, over
the rotor blade of the IEA1S5 turbine, i.e., between heights of
270 and 30 m:

g AzAY

=5 Bt (AR 20

Ry
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Values of Ry are taken from the precursor simulation. As
such, they represent free-stream (or undisturbed) conditions.
We consider three classes of stability, separated by the per-
centiles 33.3 and 66.6 of the year-round distribution of Ry,
which have values of —0.04 and 0.44, respectively. As such,
the stability class with the 33.3 % of lowest R}, values repre-
sents convective conditions, while the class with the 33.3 %
of highest Ry, values represents significantly stable condi-
tions. The class of intermediate stability contains neutral con-
ditions but is dominated by weakly stratified conditions.

Figure 7 presents the aerodynamic losses as a function of
the free-stream disk-averaged wind speed for the three sta-
bility classes for the IEA1S5 scenario. For a wide range of
wind conditions, the impact of stability is small. However,
just in the wind speed range where most of the actual losses
occur, a clear impact of stability is observed. Here, for the
most stably stratified conditions, relative losses are roughly
10 percentage points larger than for convective conditions.
For higher wind speeds, losses quickly reduce to zero, irre-
spective of stability. For lower wind speeds, absolute losses
(and production) are small.

The strong dependency of aerodynamic losses on the wind
speed may easily obscure an analysis of the impact of stabil-
ity. The relevant wind speed range for considering the impact
of stability seems to be between 6 and 10 m s~ !. This narrow
range of wind speeds is characterized by near-constant rela-
tive losses, which allows for a fair comparison between sta-
bility conditions. As can be seen in Fig. 4, this specific wind
speed range coincides with the power and thrust curves being
at their maximum. In the following, to indicate any impact of
stability, we include only data for which the wind speed is

between 6 and 10ms™!.
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P. Baas et al.: Energy production of multi-gigawatt offshore wind farms

(a) (b)

795

1400 .
1200
1000
800
600
400

200 —/
0

0.7
0.6
0.5
204

]
3
503

Loss [MW]

0.2

A
"~

> 7

Occurrence [%]
N

200 0.1

—-400

\

-

0.0

0 5 10 15 20 30 0 5

Md [m/s]

25

—— Unstable

10

Md

—— Near-neutral

15

0

20 30 0 5

[m/s]

25 10 15 20

Md [m/s]

25 30

—— Stable

Figure 7. Combined effect of wind speed and stability on wind farm aerodynamic losses. (a) Power losses in megawatts (MW). (b) Relative
aerodynamic losses. (¢) Frequency of occurrence of the three stability classes. Dashed lines at 6 and 10 m s~1 indicate the wind speed interval
for which the aerodynamic losses are relatively constant. The horizontal dashed line in (b) indicates the overall aerodynamic loss.

Table 2. Relative aerodynamic losses per scenario for free-stream
disk-averaged wind speeds between 6 and 10 m s, for the three
stability classes.

Scenario Unstable Neutral Stable
DTU10 0.29 0.37 0.45
IEA10 0.34 0.41 0.48
1IEA1S 0.29 0.35 0.38
Scaled21 0.26 0.29 0.32
MW km™—2 0.14 0.18 0.20
IJVer 0.32 0.36 0.41

Table 2 summarizes the relative aerodynamic losses for all
six scenarios for disk-averaged wind speeds between 6 and
10ms~!. Considerable differences between scenarios exist:
the higher the overall aerodynamic losses (cf. Fig. 5), the
larger the impact of stability. For example, the impact of
stability is clearly smaller for the Scaled21 and 5 MW km >
scenarios.

To summarize, the impact of stability is only significant
for a small range of wind speed conditions. However, it is
exactly this range that is also most relevant for aerodynamic
losses.

Apart from stability, other LES wind farm studies indi-
cate that the boundary layer height, 4, may have substantial
impact on wakes and wind farm production (e.g., Maas and
Raasch, 2022). Here, we examine the influence of the bound-
ary layer height on the aerodynamic losses for the IEA15 sce-
nario. To that end, we diagnosed the boundary layer height
from model output of the precursor simulation (undisturbed
conditions). We take % as the height at which the magnitude
of the momentum flux becomes less than 5 % of its surface
value.

We distinguish three classes of &, separated by the per-
centiles 33.3 and 66.6 of the year-round distribution of 4,
which have values of 341 and 955 m, respectively. Figure 8
presents the aerodynamic losses as a function of the free-
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Table 3. Contingency table showing the simultaneous frequency of
occurrence (in %) of the three classes of stability (unstable, neutral,
stable) and boundary layer height (low, medium, high).

Low Medium High  Total
Unstable 03 139 19.1 333
Neutral 6.1 158 114 333
Stable 24.6 52 3.6 333
Total 31.0 349 341 1000

stream disk-averaged wind speed for the three classes of
boundary layer height. The results show remarkable resem-
blance with the stability analysis (Fig. 7). Also here, the im-
pact is mostly confined to the wind speed range between
6 and 10ms~!. Within this range, aerodynamic losses for
shallow boundary layers are clearly (around 10 percentage
points) higher than for deep boundary layers.

Obviously, stability and boundary layer height are related.
This is illustrated in Table 3, which shows the simultane-
ous occurrence of the three classes of stability and boundary
layer height. Especially the shallow boundary layers clearly
coincide with stably stratified conditions.

4.3 First-row losses

As with any obstacle placed in a flow, wind farms will have
an impact on the flow itself. The air will tend to flow around
and over the obstacle, and in front of the wind farm a re-
duction in wind speed is expected. This will lead to a reduc-
tion in power production of the turbines that are not in the
wake of other turbines (i.e., located in the “first row”). This
phenomenon is know as the global-blockage effect (Bleeg
et al., 2018). As the wind speed reduction will propagate to
downstream (“waked”) turbines, separating the blockage ef-
fect from wake effects is virtually impossible. This is espe-
cially true for observations and physically based modeling
studies like LES. Therefore, in this study we focus on losses

Wind Energ. Sci., 8, 787-805, 2023
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of the first-row turbines, which can be interpreted as a con-
servative estimate for the blockage effect.

We determine the first-row losses as follows: given the
wind direction, for each time step we verify if any other tur-
bines are located within a 60° wide sector opposite to the
flow direction. If this is not the case, a turbine is classified as
a first-row turbine for that particular time step.

Figure 9 presents the year-round production numbers and
relative aerodynamic losses for the first-row turbines and all
other (waked) turbines. The actual production of the first-
row turbines is between 2 % and 3 % lower than their cor-
responding thrustless (or free-stream) production. Although
the applied definitions and metrics can be discussed, these
values are not inconsistent with values of the blockage ef-
fect reported in the literature (e.g., Wu and Porté-Agel, 2017;
Allaerts et al., 2018; Bleeg et al., 2018; Schneemann et al.,
2021). Consistently, the losses of the non-first-row, or other,
turbines are a bit higher than the overall losses.

As with the overall aerodynamic losses above, we can
also assess the impact of both wind speed and stability on
the first-row losses. Figure 10 shows that, consistently with
the above results (e.g., Fig. 6), also the first-row losses are
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Figure 10. The reduction in the first-row 140 m wind speed com-
pared to the free-stream wind speed (a) and the relative aerody-
namic losses of first-row turbines (b) as a function of wind speed
and stability.

negligible for wind speeds over 12ms~!. Interestingly, the
first-row wind speed deficit with respect to free-stream con-
ditions continues towards much higher wind speeds. The ma-
jority of the first-row losses occur for wind speeds between
6 and 10ms~!. Values range from 4 % in convective condi-
tions to 8 % in the most stable conditions. The corresponding
first-row wind speed deficits vary from approximately 0.12 to
0.30ms~!. Relative first-row losses are even higher for wind
speeds below 6 ms™!, but these are less relevant in an abso-
lute sense (not shown).

We conclude that first-row losses are on average between
2 % and 3 %. However, for the wind speed range where most
of the losses occur these numbers can be more than twice as
high. Also, first-row losses are significantly larger for stably
stratified conditions (cf. Strickland et al., 2022).

4.4 Directional effects

An analysis of aerodynamic losses per wind direction reveals
how the respective impacts of wind speed and stability are

https://doi.org/10.5194/wes-8-787-2023
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Figure 11. Directional dependence of total energy production (a), absolute aerodynamic losses (b), and relative losses (c¢) for the six scenar-

10S.

entangled. Moreover, it shows the impact of difference in the
layout and geometry of the wind farm scenarios.

Figure 11 shows energy production and aerodynamic
losses as a function of the wind direction. The first element
that stands out is the overwhelming dominance of the contri-
bution of southwesterly winds to the total energy production.
This is the cumulative effect of both the higher frequency
of occurrence and the generally stronger wind speeds (see
Fig. 2¢), in combination with a strongly non-linear character
of the turbine power curves.

Figure 11b and c show that while the absolute losses are
largest for the southwesterly direction, the relative losses are
much higher for easterly directions. From this figure, it can-
not be determined if the difference in relative losses is mainly
a wind speed effect or if stability is important here. Interest-
ingly, the five hypothetical layouts closely follow the same
pattern, but the IJVer scenario behaves differently. Compari-
son with Fig. 3 suggests that this difference is related to the
different layout of the IJVer scenario: while other scenarios
form north—south- and west—east-facing squares, the 1JVer
layout is significantly rotated (but still resembling a clear
“square-like” shape). Inspection of Fig. 11b and c indicates
that aerodynamic losses are higher/lower when the flow is
directed towards the faces/corners of the wind farm layouts.

For two of the scenarios, IEA15 and 1J Ver, Fig. 12 breaks
down the directional losses into stability and wind speed.
Figure 12a and b present the relative aerodynamic losses for
the three stability classes defined above, irrespective of the
wind speed. Losses for stably stratified conditions are the
largest, but the losses for convective conditions are also large.
Because of generally higher wind speeds (i.e., lower thrust
coefficients), the losses for the near-neutral class are much
smaller, even when omni-direction numbers are considered
(not shown).

As a next step, the bottom panels of Fig. 12 present
stability-dependent losses like before but now only including
wind speeds between 6 and 10ms™!. By doing so, a clear
organization of the data occurs, with the lowest losses oc-
curring for convective conditions and the highest losses for
the most stably stratified conditions. Moreover, a clear di-
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Figure 12. Directional dependence of total aerodynamic losses for
different stability classes for the IEA1S (a, ¢) and 1JVer (b, d) sce-
narios. The top panels (a, b) are based on all data; the bottom panels
(¢, d) only include wind speeds between 6 and 10 m s—L

rectional pattern is revealed, in particular for the IEA15 sce-
nario, with much higher losses when the flow is directed to
the sides of the wind farm and lower losses when the flow
faces the corners of the wind farm. This pattern is clearly
visible for all three stability classes. For the IJVer scenario
the directional pattern is more obscured.

In summary, Fig. 12 demonstrates that an assessment of
the impact of stability on wind farm losses is not straightfor-
ward. It can only be isolated if the data are also conditioned
over a particular, carefully selected wind speed range. This
is because both the turbine thrust curves and the stability de-
pend on the wind speed but in different ways. To avoid the
impact of wind speed as much as possible, this range should
not be too broad, as small differences in wind speed can have
a large impact on both absolute and relative aerodynamic
losses (Fig. 7).

4.5 Spatial patterns

So far, we have only considered power production and aero-
dynamic losses for the wind farms as a whole. In the fol-
lowing section, we consider spatial variations in wind speed,
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Figure 14. Same as Fig. 13 but for the 5 MW km—2 scenario (including all data).

power production, and aerodynamic losses over the wind
farms. By breaking down the dataset into bins of wind di-
rection, wind speed, and stability classes, the impact of dif-
ferent atmospheric conditions can be examined. A selection
of composite maps of aerodynamic losses, wind speed, and
the ratio of actual to free-stream wind speed (taken from the
precursor simulation) are presented.

Figure 13 shows aerodynamic losses, mean wind speed,
and velocity deficit compared to the free-stream flow for the
IEA1S5 scenario, averaged over the entire year and all wind
directions. Losses vary from around 6 % for turbines located
at the outer parts of the wind farm to 20 % for turbines in the
interior of the wind farm. The dominance of stronger south-
westerly winds is reflected in lower losses in the southwest-
ern part of the wind farm and a clear asymmetry in the com-
posite wind fields. The impact of the wind farm on the year-
round, omni-directional wind field is on the order of 20 km,
after which a velocity deficit of less than 1 % is observed.

For comparison, Fig. 14 shows the results for the
5SMW km~2 scenario. As expected, losses are much lower
compared to IEA15, which has a capacity density of around
10 MW km~2. This is the combined effect of larger distance
between the turbines and the fact that only half the number of
turbines is involved. The impact on the mean wind field and
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the corresponding velocity deficit is smaller as well: in the
center of the wind farm the velocity deficit is 6 %, compared
to 12 % in the 10 MW km~2 case.

Figure 15 presents composite maps for the IEA15 sce-
nario again but now only including data with a wind direc-
tion between 15 and 45°. In this case, a clear wake is visible,
which is still present as the flow reaches the southern edge of
the domain. Clearly, for studying wake lengths behind wind
farms of this size, much larger domains are required than
the present 80 km. Upstream, the wind speed is already re-
duced before the flow reaches the wind farm, which signals
the presence of blockage. Along the sides, a clear flow ac-
celeration is visible. The distribution of aerodynamic losses
over the wind farm shows interesting patterns. Although not
in the wake of any other turbines, the first-row turbines in
the northeastern corner of the wind farm produce 10 % less
power than their “thrustless” equivalents. On the other hand,
the turbines in the southeastern part profit from the flow ac-
celeration around the wind farm and produce up to 5 % more
power than if they had operated in isolation.

Comparison of Fig. 15 with Fig. 16 clearly illustrates the
difference in the flow being oriented to the corner of the wind
farm or directly towards the one of the sides. In the case of
the latter, the numbers of turbines that are facing undisturbed
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Figure 15. Same as Fig. 13 but only including wind directions between 15 and 45°.

conditions (apart from blockage effects) is much less, result-
ing in larger aerodynamic losses (cf. Fig. 12).

The different layout of the IJVer scenario results in rel-
atively low aerodynamic losses for easterly flow (Fig. 17).
Also here, flow acceleration around the wind farm leads to
increased production for, in this particular case, the north-
ernmost turbines.

Finally, Figs. 18 and 19 illustrate the impact of convec-
tive and stable conditions, respectively. To enable a “fair”
comparison, only conditions with wind speeds between 6 and
10ms~! are included. As shown before, in this wind speed
range the aerodynamic losses are much higher than average.
In stably stratified conditions, deeper wakes occur that ex-
tend further downstream. Also, the wind speed reduction up-
stream of the wind farm is larger in stable conditions. This
is reflected in larger first-row losses compared to convec-
tive conditions. Moreover, going deeper into the wind farm,
losses increase faster for stable than for convective condi-
tions: near the southern edge of the wind farm, turbine losses
increase to around 60 % for stable conditions, while they are
confined to approximately 40 % in convective conditions.

5 Discussion and sensitivity study

To assess production numbers and aerodynamic losses for a
suite of hypothetical 4 GW offshore wind farms, a full year
of simulations with the LES model GRASP have been per-
formed. Even though GRASP has a relatively high computa-
tional performance due to its implementation on GPUs, the
computational costs of the simulations are significant. That
is to say, in order to enable the atmospheric simulations of
large wind farms covering an entire year, the configuration
of both the model grid and the domain needs to be carefully
selected to limit computational cost while maintaining phys-
ically sound results.

Because the applied horizontal grid spacing of 120m
might be considered coarse for an atmospheric LES model
and/or for the actuator-disk model that is used, we consider
an assessment of the sensitivity of the modeling results ap-
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propriate. Therefore, additional simulations have been per-
formed in which we varied the resolution, the prefactor of
the subgrid model (governing the magnitude of the subgrid-
scale diffusion), and the domain size (both height and hor-
izontal extent). The sensitivity experiments were performed
on a smaller domain of 30720 m. A wind farm of around
770 MW was included. To assess if relative differences be-
tween scenarios remained the same, each sensitivity experi-
ment was carried out twice: once with 72 of the IEA10 tur-
bines (regular 9 by 8 array, spacing of 5.6 D) and once with
36 of the Scaled21 turbines (regular 6 by 6 array, spacing of
5.8 D). The sensitivity experiments were not run for the en-
tire year but for a representative subset of 100d. The 100d
was selected by a k-means clustering method based on the
daily mean of the longitudinal and latitudinal components of
the ERAS 100 m wind.

Specifically, the following sensitivity experiments have
been performed:

— REF. This is a reference simulation on a 30 720 m do-
main of 3000 m height. The horizontal grid spacing was
120 m and the height of the lowest grid box 30 m (as in
the main simulations). The number of grid points was
256 in the horizontal and 48 in the vertical.

— HR. This is the same as REF but with the horizontal
grid spacing set to 60 m. To keep the domain size the
same, the number of grid points in the horizontal was
increased to 512.

— Cs. This is the same as REF but with the ¢g prefactor
of the subgrid-scale eddy diffusivity increased by 50 %
(see Eq. 5).

— 2L,. This is the same as REF but with a twice as large
horizontal domain of 61 440 m using 512 grid points in
both horizontal directions.

— 2L.. This is the same as REF but with the domain height
increased to 6000 m using 68 vertical levels.

Wind Energ. Sci., 8, 787-805, 2023
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Figure 17. Same as Fig. 13 but for the IJVer scenario, only including wind directions between 75 and 105°.

— 5L;. This is the same as REF but with the domain height
increased to 14 500 m using 96 vertical levels.

Modifying the modeling setup may impact both the am-
bient conditions (which will change the thrustless produc-
tion numbers) and the interaction between the turbines of
the wind farm (changing the aerodynamic losses). Figure 20
presents the relative differences between each sensitivity ex-
periment and the REF experiment. Differences in free-stream
(thrustless) production are mostly less than 1 %. The same is
true for the actual production numbers. Naturally, the aero-
dynamic losses of the sensitivity experiment are smaller than
in the main simulations as the installed capacity is smaller.

Increasing the resolution from 120 to 60 m leads to slightly
lower aerodynamic losses. This is expected as at finer reso-
lutions, turbine wakes are more accurately resolved and less
smeared out over the grid. Still, the impact is relatively small,
especially given the factor-of-8 difference in computational
cost (number of points in the domain and a 50 % reduction in
the model time step). Increasing the prefactor of the subgrid-
scale eddy diffusivity cs by 50 % increases the subgrid-scale
diffusion, logically leading to a decrease in resolved fluctu-
ations. As shown by the c¢g experiment, the impact on the
aerodynamic losses is small. A common way to assess the
validity of a large-eddy simulation is to consider the fraction
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of resolved turbulence. In our main simulation, the resolved
fraction of the momentum flux is larger than 80 % for 70 % of
the time (at a height of 150 m, which is the hub height of the
IEA1S turbine). For stably stratified conditions the contribu-
tion of the subgrid-scale fluxes is larger, but situations where
all turbulent fluctuations disappear are rare. In practice, a rel-
atively large (fractional) subgrid-scale contribution may have
limited effect, as the absolute values of the turbulent fluxes
are small.

The sensitivity experiments were performed for two con-
trasting wind farm scenarios in order to verify the robustness
of the relative differences between the scenarios. Figure 20b
indicates that while the aerodynamic losses may change a bit
between the sensitivity experiments, the two scenarios show
similar patterns. This gives confidence in the comparison be-
tween different scenarios in Sect. 4.

It can be argued that the impact of the sensitivity experi-
ments as discussed above is masked by the fact that for wind
speed above 14ms~! (related to 50% of the production),
losses are negligible anyway (cf. Fig. 6). Therefore, Fig. 21
presents relative aerodynamic losses for disk-averaged wind
speeds between 6 and 10ms~!. As expected, aerodynamic
losses for this specific wind speed range are higher than the
overall losses, as are the differences between the scenarios.
Still, differences with the REF simulations remain within
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Figure 21. Stability-dependent aerodynamic losses for disk-
averaged wind speeds between 6 and 10 m s~1 for the IEA10 (a)
and Scaled21 (b) sensitivity experiments.

reasonable limits. Presented numbers are for the three sta-
bility classes defined above. The differences between the sta-
bility classes are similar for the different sensitivity experi-
ments. This gives confidence in the analysis on the impact of
stability in the main Results section.

Increasing the horizontal and increasing the vertical ex-
tent of the domain both have a modest impact on the produc-
tion numbers and aerodynamic losses. With a twice-as-large
horizontal domain, the aerodynamic losses become slightly
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Figure 22. Ratio of actual to free-stream 142 m wind speed for the REF (a), the 2L (b), the 2L; (c), and the 5L, (d) IEA10 sensitivity

experiments for wind directions between 15 and 45°.

higher. This may be related to the additional space around
the wind farms, reducing the tendency of the flow to acceler-
ate along the wind farm’s edges.

Recently, several LES wind farm studies have argued that
for a proper modeling of flow through large wind farms,
large domain heights (usually more than 10 km) are required.
In particular, these large domain heights would be needed
for a proper modeling of wind-farm-induced gravity waves
and their impact on blockage effects and production num-
bers (e.g., Allaerts and Meyers, 2017; Lanzilao and Mey-
ers, 2022). Therefore, we performed two sensitivity simu-
lations with increased domain height: one with a height of
6km (2L ;) and one with a height of 14.5km (5L;). The re-
sults presented in Figs. 20 and 21 do not indicate a significant
sensitivity of our results to the domain height (in contrast, ex-
plorative model simulations in the early stages of the present
study indicated that reducing the domain height to, for in-
stance, 2000 m does have a clear impact on the results).

In addition, Fig. 22 shows the impact of the domain con-
figuration on the ratio of actual to free-stream 140 m wind
speeds for wind directions between 15 and 45°. For com-

Wind Energ. Sci., 8, 787-805, 2023

parison, the results of the 2L, simulation are cropped to the
extent of the REF domain. While the evolution of the wake is
comparable to the REF simulation, in the 2L, simulation the
flow acceleration along the edges of the wind farm is weaker.
The same effect can be seen when the domain height is in-
creased from 3000 to 6000 m (2L;). Increasing the domain
height even further, to 14 500m (5L;), has a negligible ef-
fect on the flow field. This is true for both the downstream
evolution of the wake and the reduction in the wind speed
upstream of the wind farm.

The relatively small impact of the domain height reported
here may be somewhat surprising given the findings of the
studies cited above. However, it could well be that in our
study the impact of, for instance, gravity waves is masked
by the large variety of synoptic forcings and boundary layer
conditions associated with 1 year of actual weather.

The sensitivity experiments discussed in this section give
a clear indication of the robustness of the presented results:
modifying grid spacing, settings of the subgrid model, and
the extent of the domain within reasonable margins will
likely change the results to several percent at maximum.
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Overall, we argue that the sensitivity experiments presented
here do not invalidate the reasoning and conclusions dis-
cussed in the Results section.

Also, from a broader perspective, the sensitivities de-
scribed here are not larger than, for instance, sensitivities that
are reported in studies with mesoscale models that use wind
farm parameterizations like the Fitch et al. (2012) parameter-
ization and/or the explicit wake parameterization of Volker
et al. (2015) as discussed in, for example, Pryor et al. (2019)
and Fischereit et al. (2022). In addition, engineering models
rely on calibration on wind farms with much smaller installed
capacities as discussed in the present work, and extrapola-
tion to large wind farms is not straightforward. For exam-
ple, Maas and Raasch (2022) demonstrate that flow dynamics
for multi-gigawatt wind farms may differ significantly from
those for smaller-scale wind farms.

6 Conclusions

In this work we studied production numbers and aerody-
namic losses for six hypothetical 4 GW offshore wind farm
scenarios using the GRASP large-eddy simulation model.
The six scenarios differed in terms of applied turbine type
(e.g., 2n x 10 MW turbines versus n x 20 MW turbines), in-
stalled capacity density (5SMW km™?2 versus 10 MW km™2),
and layout. For each scenario, a 1-year GRASP simulation
was performed using 2015 meteorological large-scale condi-
tions taken from ECMWEF’s ERAS reanalysis dataset.

The results suggest that, for the simulated year, aerody-
namic losses for a 4 GW offshore wind farm vary from 12 %
for 21 MW turbines to 18 % for 10 MW turbines. Moreover,
even for turbine types with similar rated capacity but slightly
different power and thrust curves, energy production may
vary by as much as 7.7 %.

For all considered scenarios, 80 % of the aerodynamic
losses occur in a narrow wind speed range of 8 to 12ms~!.
On the other hand, 50 % of the energy production occurs
without any aerodynamic losses when all turbines operate
at rated capacity. Naturally, these specific numbers should
be viewed in the context of the wind speed probability den-
sity function considered and the wind turbine design choices
(power curves).

Although wind speed is identified as the most important
factor determining aerodynamic losses, we were able to iso-
late the impact of stability. A fair assessment of this impact
seemed possible by only considering wind speeds between
6 and 10m s~!. In this wind speed range, aerodynamic losses
may be 10 percentage points larger for stably stratified con-
ditions compared to convective conditions. Numbers vary
per scenario with larger differences for scenarios with higher
overall losses.

Losses of first-row turbines, which are related to the
global-blockage effect, were found to be 2 % to 3 % in gen-
eral. These values are consistent with values of the blockage

https://doi.org/10.5194/wes-8-787-2023

effect reported in the literature. As with the general losses,
also the first-row losses occur in a narrow range of disk-
averaged wind speeds. Also, a clear impact of stability is
identified. For example, for disk-averaged wind speeds be-
tween 6 and 10 m s™!, first-row losses may increase to almost
10 % in stably stratified conditions.

The complexity of disentangling the effect of wind speed
and stability is illustrated by considering direction-dependent
aerodynamic losses. Only when selecting proper wind speed
conditions does a clear impact of stability and of the geome-
try of the respective scenarios become apparent. For instance,
when the flow is facing the corners of a square-shaped wind
farm, losses are clearly lower than when the flow is directed
towards the faces of the wind farm.

Sensitivity experiments were carried out to better under-
stand the impact of various modeling choices such as resolu-
tion and domain height. Results suggest that overall energy
production varies with 1% to 2 % depending on model set-
tings and/or the domain configuration. Relative differences
between the IEA10 and Scaled21 turbine scenario are robust.

In summary, using a high-fidelity modeling technique, the
results presented in this explorative study provide a clear in-
dication of the performance of future, multi-gigawatt wind
farms for 1 year of realistic weather conditions. Further
research could address several open questions like the in-
fluence of the lateral boundary conditions, inter-wind-farm
wake effects, and more validation against meteorological ob-
servations and wind farm data. More elaborate validation
studies could also shed more light on the resolution depen-
dence of the aerodynamic losses.
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Abstract. Long wakes from offshore wind turbine clusters can extend tens of kilometers
downstream, affecting the wind resource of a large area. Given the ability of mesoscale numerical
weather prediction models to capture important atmospheric phenomena and mechanisms
relevant to wake evolution, they are often used to simulate wakes behind large wind turbine
clusters and their impact over a wider region. Yet, uncertainty persists regarding the accuracy
of representing cluster wakes via mesoscale models and their wind turbine parameterizations.
Here, we evaluate the accuracy of the Fitch wind farm parameterization in the Weather Research
and Forecasting model in capturing cluster-wake effects using two different options to represent
turbulent mixing in the planetary boundary layer. To this end, we compare operational data
from an offshore wind farm in the North Sea that is fully or partially waked by an upstream
array against high-resolution mesoscale simulations. In general, we find that mesoscale models
accurately represent the effect of cluster wakes on front-row turbines of a downstream wind
farm. However, the same models may not accurately capture cluster-wake effects on an entire
downstream wind farm, due to misrepresenting internal-wake effects.

1. Introduction

Wakes from offshore wind turbine clusters, also referred to as cluster wakes, can propagate
long distances, reducing the power production of downstream wind farms [1, 2]. Power losses
associated with the effect of cluster wakes have historically been underestimated, leading to
uncertainty in energy yield estimates [3].

Analytical and numerical models can be used to estimate losses from cluster wakes and reduce
uncertainty in wind farms’ energy production assessments. Due to their low computational
cost, engineering wake models are commonly used to quantify both wake and power losses.
However, these simplified models do not account for some key physical mechanisms that can
modify wake evolution in an offshore environment [4, 5]. High-fidelity simulations, like large-eddy
simulations (LES), can provide a more complete representation of wake physics [6]; however, at
a considerably higher computational cost. Mesoscale numerical weather prediction models, on
the other hand, represent well the physical conditions (such as atmospheric stability) that may
impact wake evolution—and at a lower computational cost than LES. Nevertheless, uncertainty
persists regarding the precision of mesoscale models in accurately representing the impact of
wind turbines in the atmospheric boundary layer [7, 8, 9, 10].

Content from this work may be used under the terms of the Creative Commons Attribution 4.0 licence. Any further distribution
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Mesoscale simulations rely on the assumption that the size of the most energetic turbulent
structures (1) is much smaller than the horizontal grid spacing (Ax) of the model (i.e., Az >>[);
as such, the effects of turbulence are parameterized. Vertical turbulence mixing at the subgrid
scale is typically modeled by assuming horizontal homogeneity using planetary boundary-layer
(PBL) parameterizations. In coarse mesoscale simulations (Axz ~ 10 km), the horizontal
gradients of momentum and heat are small compared to their vertical gradients. However,
in high-resolution mesoscale simulations (Az ~ [), commonly referred to as gray zone or
terra incognita simulations, the most energetic turbulent eddies are not fully parameterized
and horizontal gradients of mean quantities become important [11, 12, 13]. Wind turbine
and wind farm wakes are characterized by large horizontal and vertical momentum gradients.
Consequently, horizontal gradients of turbulence statistics become non-negligible and the three-
dimensional effects of turbulence should be considered. In addition, turbine-scale effects (i.e.,
momentum extraction and enhanced turbulence mixing), which are on the order of 100 m,
must also be parameterized. Wind turbines in mesoscale models are typically parameterized as
momentum sinks, such as in the Fitch Wind Farm Parameterization (WFP) [14] and the Explicit
Wake Parameterization (EWP) [15], or as enhanced surface roughness [16], which misrepresents
the wake structure downstream of the turbines [17].

In this study, we evaluate the ability of the Fitch WFP to represent wakes from offshore wind
turbines. In particular, we investigate its ability—when used in conjunction with two different
PBL schemes, namely the MYNN [18] and the three-dimensional (3D) PBL [13, 19] schemes—
to estimate power losses due to external and internal wakes as compared with operational data
from an offshore wind farm. The remainder of this paper is organized as follows. In Section 2,
we describe the wind farm operational data used to validate the mesoscale simulations. Section
3 provides an overview of the numerical methods employed herein. The climatology of winds
around the wind farms of interest is outlined in Section 4. The effects of cluster wakes on
downstream wind farms is detailed in Section 5, and a summary and next steps are provided in
Section 6.

2. Wind turbine power data

We use wind turbine operational data from offshore wind farms in the North Sea to validate
cluster-wake effects in mesoscale models. Specifically, we assess the interaction between
the Westermost Rough and Humber Gateway wind farms. Westermost Rough is located
approximately 19 km northwest of the Humber Gateway wind farm (Figure 1). The Westermost
Rough wind farm comprises 35 Siemens 6-MW wind turbines with hub height at 102 m and
154-m rotor diameter. The Humber Gateway wind farm comprises 73 Vestas 3-MW wind
turbines with hub height at 80 m and 112-m rotor diameter. Turbine power data from the
Supervisory Control and Data Acquisition system (SCADA) from Westermost Rough between
January and December, 2017, are used to validate power production estimates calculated by the
mesoscale model. Power production, nacelle wind speed, turbine yaw angle, and fault conditions
are provided by the wind farm operator for each turbine as 10-min averages. All turbines in
Humber Gateway are assumed to be operating normally for the analysis.

SCADA data filtering is performed using the FLOw Redirection and Induction in Steady State
(FLORIS)-based Analysis for SCADA data (FLASC) tool [20]. We filter out power outliers for
each turbine based on curtailment, mean-power-curve outliers, sensor-stuck faults, and non-
normal operations. On average for all turbines in the wind farm, 77.9% of the data remain valid
after discarding outliers. Furthermore, the yaw angle for each turbine is calibrated to true north
in FLASC using FLORIS with the Gaussian wake model.
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3. Numerical Models

We simulate atmospheric flow around these two wind farms in the North Sea using the Weather
Research and Forecasting (WRF) model (Version 4.4) using a two-domain, one-way nesting
setup (Figure 2). ERAS reanalysis [21] provides initial and boundary conditions to the outer
(Az = 3 km) mesoscale domain. For the nested mesoscale domain, we perform simulations using
two horizontal grid spacings, one with Az = 1 km (solid white line in Figure 2) and another
with Az = 0.5 km (dotted white line in Figure 2). The physical characteristics and modeling
options of the domains are provided in Table 1.

Two boundary-layer parameterizations are used to model turbulent mixing in the lowest
portion of the atmosphere. The one-dimensional 2.5-MYNN boundary-layer parameterization
(MYNN from hereafter) [18] is used with Az = 1 km, whereas a 3D boundary-layer
parameterization (3D PBL from hereafter) [13, 19] is employed with Az = 0.5 km. For
completeness, we also perform simulations using the 3D PBL for a nested domain with Az =1
km. The MYNN parameterization estimates vertical turbulent mixing using the vertical
turbulent stress divergence, whereas horizontal mixing is computed with a Smagorinsky-like
approach. In contrast, the 3D PBL explicitly computes both the vertical and horizontal
turbulent flux divergence for momentum, heat, and moisture. Here, we use the “boundary-layer
approximation” to the 3D PBL, where vertical turbulent fluxes are calculated like in MYNN,
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Domain Az [km] Azs [m] (ng,ny,n,) a [-] PBL Model
401 3.0 8 (241,241, 79) - MYNN
[0.0,0.5, 1.0] MYNN

02 1.0 8 (265,301, 79) o 2D DBL
0.5 8 (265,301, 79) 1.0 3D PBL

Table 1. Simulation setup, including horizontal grid resolution (Ax), vertical resolution at the
surface (Azg), number of grid cells along each direction (n;), correction factor for the fraction
of turbine-added TKE («), and boundary-layer parameterization for each domain.

and the horizontal turbulent fluxes are calculated analytically following [22], as in [23, 24]. We
found the full matrix solution to the turbulent fluxes to be numerically unstable in our test cases.
Model closure constants and the master length scale follow the original Mellor—Yamada model
[22]. Additional information on the “full” 3D PBL and its “boundary-layer approximation” can
be found in Juliano et al. [13].

We simulate the wind turbines exclusively in the nested domain (d02) using the Fitch WFP
[14, 25, 23]. The Fitch parameterization represents the effect of wind turbines through a
momentum sink and a source of turbulence kinetic energy (TKE). The drag from the turbines
on the flow is a function of the thrust coefficient, the number of turbines per grid cell, and the
turbine size (i.e., rotor diameter D). The Fitch wind farm parameterization postulates that a
fraction of the energy from the flow is converted into increased turbulent motions; thus, the
parameterization adds a source to the TKE tendency equation as well. Turbine-added TKE is
regulated in the model as Crxp = a(Cp — Cp), where « is a correction factor, and Cp and Cp
are the turbine’s thrust and power coefficients, respectively, which in turn are a function of inflow
wind speed. We explore the sensitivity to the turbine-added TKE in the MYNN simulations
by varying « between 0 and 1. Because the average turbine spacing in Westermost Rough and
Humber Gateway is 945 m and 580 m, respectively, multiple wind turbines are expected to
occupy one grid cell for the Az = 1 km domain (Figure 3a). Furthermore, due to the domain
discretization and because the effect of the turbines is placed at the grid cell center, the effective
wind farm layout of Westermost Rough and Humber Gateway in our simulations (Figure 3) may
differ from their physical location (Figure 1). A more accurate representation of each farm’s
layout is obtained with finer resolution (Figure 3b).

4. Climatology of winds in the region

We characterize the climatology of winds in the region using nacelle-anemometer wind speed and
turbine yaw angle (corrected to true north) recorded in SCADA for the turbines in Westermost
Rough. Cluster wakes from Humber Gateway are expected to impact Westermost Rough for
wind directions between 130° and 170° [26], when both wind farms are partially or fully aligned.
Consequently, we focus on these wind sectors. Furthermore, we focus our analysis on winds
above cut-in speed and below rated speed (4 m s~ and 13 m s~ 1, respectively, for the Siemens
6-MW turbine). Rather than replicating the observations on a case-by-case basis, which is
highly sensitive to accurately reproducing the temporal evolution of atmospheric conditions, we
use ERAD reanalysis to find times when the statistics of wind speed and direction are comparable
to SCADA and simulate those cases in WRF.

To evaluate the capability of mesoscale models in representing cluster wakes, we perform
numerical simulations of 42 cases in 2017 that reproduce the statistics of wind speed and direction
near the Westermost Rough wind farm. For each case, the parent domain spins up for 14 hr
before initializing the nested domain. We discard the first 5 hr of simulation data for the
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nested domain. Three-dimensional wind speed and temperature fields, as well as turbine power
production, are output every 5 min for 10 hr after spinup of both domains is complete. Note that
winds in the mesoscale simulations are expected to be different from the ERAD reanalysis. ERAS
data is obtained from the ECMWE’s Integrated Forecasting System, which employs a different
dynamical core, grid resolution, and parameterizations of physical processes from WREF. Thus,
even though WRF is forced using ERA5 data, it will reach its own resolved state away from the
domain boundaries.

We use the Perkins Skill Score (PSS) [27] to determine a continuous range of wind speeds
and directions where wind statistics in the observations and simulations are similar. The PSS
is defined as the cumulative minimum value of two distributions of a binned value, measuring
the common area between two probability distributions. Here, we compare the conditional
probability distributions for wind speed (U;) and wind direction (¢;) bins from observations
(Z,) and model results (Z,,), as shown in Eq. 1. For the mesoscale simulations, we use wind
speed and direction for the grid points closest to the front-row turbines in Westermost Rough.

PSS =YY min{Zu (Ui, ¢)), Zo(Ui, $;)} (1)
Ui ¢;

The climatology of winds (i.e., wind speed and direction) near the Westermost Rough wind
farm is well represented in the WRF simulations for a range of wind speeds and directions.
We calculate the PSS score for different combinations of wind speed and wind direction bins,
then find the continuous range of wind speed and directions that maximize the correspondence
between the simulations and observations (i.e., PSS score). Note that variations in the cluster-
wake effect may influence the model’s ability to reproduce the climatology of this site. The
PSS score for the conditional probabilities from WRF and SCADA is 0.75 for wind speeds
between [6 m s7%,9.5 m s™!] and wind directions between [130°, 170°], suggesting simulations
capture about 75% of the observed probability density functions. Kolmogorov-Smirnov and Chi-
Squared tests indicate the statistics of winds in the MYNN and 3D PBL simulations match the
statistics of the SCADA data at a 95% confidence level. Moreover, even though the Az = 0.5 km
domain is smaller than the Az = 1 km domain, resulting in different boundary conditions, the
statistics of wind speed and direction are still well captured. Approximately 1900 data points of
filtered data from SCADA (10-min averages) lay within these wind speed and direction ranges.
Similarly, more than 1300 data points from the WREF simulations (data every 5 min) satisfy
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these wind conditions. Note that we use ERAb reanalysis to find cases when winds at 100 m are
between 4 m s~! and 13 m s~!. However, the mesoscale simulations only capture the statistics
accurately for wind speeds between 6 m s~! and 9.5 m s~!. The remaining analysis is restricted
to winds with a speed between 6 m s~! and 9.5 m s~! and direction between 130° and 170° only.

5. Cluster-wake effects

5.1. Front-row turbines

We quantify cluster-wake effects from Humber Gateway on downstream wind turbines using
the average of the ratio of power production from the edge-most, front-row turbines in the
Westermost Rough wind farm (turbines SW and NE in Figure 1). This power-ratio metric is
accurate for quantifying partially waked conditions for Westermost Rough [26]. The southwest
turbine in the front row of Westermost Rough (Psyy) is expected to generate more power than
the northeast turbine in the front row (Pyg) for wind directions around 145°, and vice versa
for wind directions around 165° [26].

Mesoscale simulations accurately represent cluster-wake effects on front-row turbines in the
Westermost Rough wind farm (Figure 4). In general, all mesoscale simulations display the
same trend in the power ratio when compared to SCADA data. The southwest turbine (SW)
in Westermost Rough is waked by Humber Gateway for wind direction sectors between 130°
and 155°, whereas the northeast turbine (NE) is waked by Humber Gateway for wind direction
sectors between 155° and 170°.

The MYNN (o = 1) and 3D PBL (Az = 1 km) model configurations show the best agreement
with the observational data (Figure 4). The power ratio obtained from SCADA is statistically
different (95% confidence) from the power ratio predicted using MYNN (o = 1) only when
the winds have a strong easterly component (¢ € [130°,134°]). Similarly, SCADA data are only
statistically different from the 3D PBL simulations (Az = 1 km) for wind sectors ¢ € [130°, 134°]
and ¢ = 161° £ 1°. Surprisingly, an increased grid resolution while using the 3D PBL (i.e.,
Az = 0.5 km) negatively impacts the ability of the mesoscale model to represent cluster-wake
effects on front-row turbines, displaying the least skill in reproducing observations. It is likely
that the horizontal gradients of the mean velocities become increasingly important for the wake
evolution with the finer grid spacing. Thus, the “full” 3D PBL model instead of its “boundary-
layer approximation” may be better suited for modeling the wake evolution downstream of a wind
farm using the smaller grid spacing. Despite some studies suggesting turbine-added TKE may
affect wind farm wake evolution [25, 23, 8], our data show that power losses due to cluster-wake
effects are minimally impacted by «, similar to previous results [28]. Nonetheless, neglecting
the turbine-added TKE (i.e., @ = 0) yields the largest differences between the mesoscale model
predictions with MYNN and the SCADA data.

Mesoscale simulations can represent differences in cluster-wake effects caused by different
atmospheric stability regimes (Figure 5). For the SCADA data, we quantify stability using
the bulk Richardson number between the surface and 150 m derived from ERAS5 reanalysis.
For WRF, stable conditions are defined using the surface heat flux. For the wind conditions
described in Section 4, about 60% (67%) of the cases in WRF (SCADA) are stable and 40%
(32%) are unstable. All simulations display increased power losses during stable conditions
compared to unstable conditions, just like the SCADA data. The 3D PBL (Az = 1 km)
better captures cluster-wake effects on front-row turbines for stable and unstable conditions
than the other model configurations. Conversely, the 3D PBL (Ax = 0.5 km) evidences the
least agreement with SCADA data for both stable and unstable conditions. Mean cluster-wake
effects are similar between the stable and unstable simulations for winds with a strong southerly
component (¢ ~ 165°). Winds from the south have a long fetch over land, where atmospheric
stability can be different (and in many cases opposite) from offshore, and so an internal boundary
layer develops with stably stratified winds aloft a weakly unstable surface layer that can persist
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Figure 5. Same as Figure 4 but for stable (left) and unstable (right) atmospheric stability
conditions.

for long distances and affect cluster-wake evolution.

5.2. Wind farm

Even though mesoscale simulations accurately represent cluster-wake effects on front-row
turbines (Section 5.1), they do not necessarily capture the effect on the entire downstream wind
farm. We quantify the model’s accuracy in representing the effect from internal and external
wakes using the error metric E defined in Eq. 2, where P, and P, are the average normalized
power production of each turbine from SCADA and WRF, respectively, for the wind speed
U; and direction ¢; sectors. The normalized power production of each turbine in Westermost
Rough for a combination of wind speed and direction (U;, ¢;) is estimated as P=P / Prr, where
Prpg is the average power production of the front-row turbines. E provides a measure of the
mismatch between WRF and SCADA for a set of inflow wind conditions. Based on Eq. 2, WRF
overestimates wake effects when E > 0, and underestimates wake effects when E < 0. Figure
6 illustrates the mismatch between WRF and SCADA for two sets of wind directions: when
the wind turbine columns are aligned with the incoming flow (Figure 6a-c), and when they are
staggered (Figure 6d-f). Note that we do not include results from MYNN for a = 0,0.5 in
Figure 6 because they are nearly identical to the results from MYNN with a = 1.
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Figure 6. Normalized difference between measured and simulated power production for
each wind turbine in Westermost Rough. Data are shown for wind speeds between
[6 m s~ 9.5 m s~!]. The top panels (a-c) correspond to wind directions within [140°, 150°], and
the bottom panels (d-f) to wind directions within [160°,170°]. Panels (a,d) show the difference
between SCADA and WRF with MYNN (« = 1), panels (b,e) the difference between SCADA
and WRF with the 3D PBL (Axz = 1km), and panels (c,f) the difference between SCADA and
WRF with the 3D PBL (Az = 0.5km). The arrows in the bottom right of each panel illustrate
the range of wind directions considered.
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Mesoscale simulations underestimate (overestimate) internal-wake effects when the wind
direction results in an aligned (staggered) array layout within Westermost Rough (Figure 6).
All model configurations display the same trend when compared to the observations. Power
production from WRF is generally larger than SCADA for aligned conditions (Figure 6a-c),
and consistently larger for the second turbine row in Westermost Rough, suggesting WRF
predicts smaller velocity deficits than the observations. Conversely, the simulations predict
larger internal-wake velocity deficits when the wind direction results in a staggered layout, as
depicted by reduced power production compared to SCADA (Figure 6d-f). Differences between
SCADA and WRF are minimal for front-row turbines, as shown in Section 5.1, suggesting cluster
wakes from Humber Gateway are accurately represented in the simulations.

Internal-wake effects are not accurately captured in the mesoscale simulations because the
velocity deficits are distributed over a grid cell that is much larger than the individual wakes. As
a result, the velocity deficit is reduced for aligned conditions (¢ ~ 146°), minimizing internal-
wake effects on downstream turbines. For the same reasons, power reductions from internal
wakes are overestimated in a staggered layout (¢ ~ 165°) because individual turbine wakes
affect a wider downstream area. Furthermore, turbines may occupy adjacent grid cells in the
staggered layout; thus, individual-turbine wakes can propagate to a nearby turbine even if it is
not immediately downstream. Given that internal-wake effects are not accurately captured in
mesoscale simulations, it can be argued that total wake-related power losses that includes both
internal- and cluster-wake effects can be misrepresented.

E(Ui, ¢5) = (2)
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6. Summary and Conclusions

Wakes from offshore wind turbine clusters can propagate long distances, reducing the power
production of downstream wind farms. Power losses from cluster wakes have historically been
underestimated, leading to uncertainty in energy yield estimates. Mesoscale numerical weather
prediction models can be used to estimate losses from cluster wakes and reduce uncertainty in
wind farms’ energy production assessments. However, there is still uncertainty regarding the
accuracy and calibration parameters of the wind turbine parameterizations within them. Here,
we investigate the ability of the mesoscale Fitch wind turbine parameterization to represent
offshore cluster wakes using two boundary-layer parameterizations. We perform high-resolution
mesoscale simulations of two offshore wind farms in the North Sea using the Weather Research
and Forecasting model. Wind turbine operational data from the downstream wind farm are
used to investigate the ability of the mesoscale model to capture internal- and external-wake
effects.

Mesoscale models accurately represent cluster-wake effects on the front-row turbines of the
downstream wind farm, but fail to capture the internal-wake effects. The one-dimensional
and three-dimensional boundary-layer parameterizations yield accurate estimates for cluster-
wake-induced power losses on the front-row turbines of a waked offshore wind farm (Figure 4).
Inherently, stable atmospheric conditions exhibit increased power losses compared to unstable
atmospheric stability regimes (Figure 5), a feature that is well-captured by the mesoscale
simulations. However, mesoscale models fail to capture the cumulative power reductions for
an entire wind farm when it is being waked by an upstream turbine cluster because internal
wakes are not well represented. Due to the numerical grid resolution used in the mesoscale
simulations, power losses due to internal wakes are overestimated (underestimated) when the
wind is staggered (aligned) with the turbine columns of the wind farm (Figure 6). It is likely that
an even finer grid spacing is required to accurately represent internal-wake effects in mesoscale
simulations. However, the horizontal gradients in the wake of the wind farm may become non-
negligible with the smaller grid spacing, highlighting the importance of further development
of the “full” 3D PBL for high-resolution mesoscale modeling of wind farms. Future studies
could use a hybrid approach and combine engineering models or large-eddy simulations with
mesoscale models to evaluate internal-wake effects on power production of the offshore wind
farm. Mesoscale models may also be used to estimate cluster-wake effects when observations are
not available or for planning purposes. To this end, mesoscale model results may be employed
to tune engineering wake models for farm-to-farm wakes for a variety of wind speeds, wind
directions, and atmospheric stability conditions that represent the climatology of a given site,
which is cost-prohibitive if only using large-eddy simulations.
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Estimating Long-Range External Wake Losses

ABSTRACT

ArcVera Renewables carried out a study of long-range (> 50 rotor diameters) external wakes,
with emphasis on the tendency of existing engineering wake models to greatly underpredict the
strength and longevity of external wind farm wake losses on other projects under some
atmospheric conditions. Three wind farm case studies are presented; two onshore in the
central United States, and one offshore in the New York Bight lease areas recently auctioned for
wind energy development. The first case study demonstrates the inadequacy of standard
engineering wake models to capture the magnitude of long-range external wake losses. With
that result as motivation, the second case study was used to demonstrate the utility of the WRF
mesoscale model with the Wind Farm Parameterization (WFP) to model the wake impacts of
distant external turbines more accurately than existing engineering wake models. WRF-WFP
produced average external wake losses much closer to, 16% higher than, that derived from
SCADA data. In contrast, two engineering wake loss models failed to come close to the actual
wake loss deficit; these models under-predicted external wake losses as a small fraction, ¥ or
less, of that derived from SCADA data.

As a further demonstration of the capabilities of WRF-WFP, and to give a view into the potential
for large project-to-project wake impacts in the recently auctioned New York Bight offshore
lease areas, ArcVera presented a third offshore wind energy case study. ArcVera Renewables
designed WRF-WFP simulations of hypothetical wind project turbine arrays that might be built
in those areas approximately 5-10 years from today. The simulations were run for a set of 16
days, with winds from the prevailing southwesterly wind direction, selected to maximize the
waking of arrays aligned in a southwest to northeast direction. The simulations produced
dramatic hub-height project-scale wake swaths that extended over 50 km downwind, with a
specific example showing a waked wind speed deficit of 7% extending 100 km downwind from
the array of turbines that produced it. When averaged over the selected 16 simulation days,
the energy loss at the target lease area due to external wakes from arrays to its southwest was
28.9%. While the 16-day result undoubtedly greatly exceeds the long-term external wake loss
for winds from all directions, it is nonetheless illustrative of the potential for much greater
external wake losses than have been accounted for in development planning for the New York
Bight lease areas; and, as in the two onshore long-distance wake loss case studies, are much
larger than engineering wake models predict for the same conditions.

The implications of this study of long-range wakes on the assessment of energy
production (or shortfalls thereof) of existing and anticipated future wind farms is material
and significant, as unexpectedly large impacts may well be present, and existing
non-WRF-WFP-based engineering long-range woke loss methods are shown to be
inadequate. The inadequacy of these models for long-distance wakes may be remedied in
the future with further validation time-series modeling and concomitantly accurate
assessment of time periods when atmospheric stability is high. Still larger implications are
clear for long-term project valuation risk, the analysis and assessment of hybrid projects,
battery usage risk, and around-the-clock reliable renewable energy power production.
Offshore wind farms are equally strongly affected, and the extensive global plans for
proximal deployment of offshore wind projects should account for such impacts.
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1 INTRODUCTION

When wind energy resource assessments are conducted for planned wind energy projects, one
of the most significant and uncertain contributors to that estimate is the energy loss due to
wind turbine wakes. Typically, the wake losses are calculated separately for those coming from
wakes generated within the project (internal wakes) and those generated by turbines outside
the project (external wakes). Until recently the same models have been used for both. These
models often predict negligible waked wind speed deficits just a few tens of rotor diameters
downwind of the waking turbines. Aggregate effects of wakes from a large array of turbines
acting in concert can extend this farm-scale wake effect, but, the general sense in the industry
was that wakes from external turbines more than roughly 50D (“D” refers to the rotor diameter
of the wake-generating turbine) from the project of interest could be ignored. In Brazil, for
example, local renewable energy regulations require compensation for lost energy from new
wind farms installed within 20 wind turbine tip-heights (~24D).

Historical work in the 1980’s (Nierenberg, 1989, Nierenberg and Kline, 1989) documented
significant wake effects 250D downwind in California’s passes. More recently, observational
evidence gathered over the last decade has begun to change this view. For onshore wakes, the
“far wake” region was thought to extend no more than about 15D downwind (McCay et al.
2012). Scanning Doppler radar revealed wakes from single turbines extending at least 30D
(Hirth et al. 2012). The offshore environment has always been understood to be more
conducive than onshore to wake longevity, because turbines tend to be larger (producing larger
wakes), atmospheric conditions tend to be more stable (which slows wake recovery), and the
wind flow is less disturbed by underlying surface irregularities. Offshore wakes were thought to
extend perhaps as far as 15 km (McCay et al. 2012), corresponding to approximately 125D.
However, recent evidence from satellite-based synthetic aperture radar (SAR) measurements
over the North Sea (Hasagar et al. 2015; Djath et al. 2018); as well as aircraft measurements in
the same region (Platis et al. 2018) have shown wind farm-scale wakes with wind speed deficits
of 5-10% extending 50 km or more (> 400D).

This white paper brings to light the significant impacts on energy production due to long-range
wakes. We present evidence from two pairs of wind farms in the central United States, in which
SCADA data from a downwind “target” wind farm is analyzed before and after a new upwind
project was built. We also show the insufficiency of existing wake models to capture the energy
losses caused by the distant upwind farm. We describe the accuracy potential of the Wind farm
Parameterization (WFP), designed and implemented in the Weather Research and Forecast
(WRF) model by Fitch et al. (2012), as a commercially viable tool for estimating the impacts of
long-range external wakes and external wake production risk. For the second pair of onshore
projects, we demonstrate that WRF-WFP predicts external wake losses much closer to the
SCADA-derived values than the conventional engineering models.

Finally, as in recent studies focused on the lease areas offshore of Massachusetts (Rosencrans et
al. 2022; Pryor et al. 2022), we apply the WRF-WFP to hypothetical future wind development in
the New York Bight Lease Areas recently auctioned in February 2022, to demonstrate the
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potential for strong, long-range wakes from these lease areas to negatively affect energy
production at neighboring wind farms, even those many tens of kilometers away. These
hypothetical simulations use the largest reference turbine defined in the IEA Wind reference
turbine family, assuming that turbines of this capacity (or larger) will eventually be installed
when construction begins in 5-10 years. The results are material to heretofore seldom
considered wind energy resource assessment production long-range wake loss risk; in terms of
distance downwind (50-100 km) wakes with speed deficits greater than 1 m/s persist and
directly impact other lease areas. These predictions are preliminary, considering there is no
operational history for these very large turbines with which to validate the long-range wakes
they produce within the WRF-WFP. However, confidence in the WRF-WFP has been
accumulating based on validation studies already conducted by the research community (see
below) and the onshore results presented in the first part of this report. ArcVera already
commercially utilizes this tool to assess and reduce risk, and anticipates that tools like the WFP,
or other wind farm-aware mesoscale model applications, will become a key part of the wind
energy resource assessment (WERA) wind farm-atmosphere interaction (WFAI)/wake loss
modeling toolbox.

2  CASE STUDY 1: THE PROBLEM

The challenge of correctly estimating long-range wake impacts can be illustrated with Case
Study 1, depicted schematically in Figure 1. Case Study 1 involves a smaller, new project being
built 13 km north of an existing larger project in the central United States. Details of the turbine
layouts, project capacities, and turbine models are withheld to maintain the projects’
anonymity. The existing project is the “target project” at which the impact of external wakes
from the new project is evaluated. Four years of SCADA data were available at the target
project, with the first two years occurring before the COD of the new project, and the second
two years after. While southerlies are the prevailing wind direction, northerlies occupy a
secondary frequency peak (see wind rose in Figure 1) and would lead to a project-scale wake
impinging upon the target project a substantial portion of the time.

An operational assessment was performed for the target project, using SCADA data from the
two separate periods, to determine the long-term energy yield based on the performance of
the target project during each period. Reasonable corrections for curtailment, availability, and
windiness were made during the period assessed, relative to the long-term, to assure
comparability of different periods of record. No other project development occurred within the
vicinity during the 4-year study period.

In addition to the operational assessment, wake model experiments were run in which the
same project wind climate was applied, but in one experiment, the new project was included,
and in the other, it was excluded, and the difference in energy yield at the target project
evaluated. This experiment was repeated with two wake models: The Eddy Viscosity /
Deep-Array Wake Model (EV-DAWM) available in OpenWind, and the ArcVera Wind
Farm-Atmosphere Interaction (WFAI) Model (Poulos et al. 2022). The WFAI model is an
empirical loss model built upon and validated against numerous data sets of energy production
and measured wind speeds before and after wind farm installations. It was originally developed
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under the auspices of U.S. Department of Energy scientific research (DOE 1987, 1990),
continually upgraded, and commercially used on numerous WERAs at ArcVera for many years.

Casel N
. I [0:5) m/s
New Project B (5 :10) m/s N-E
3 [10:15) m/s
=3 [15:20) m/s 5.4
I (20 : inf) m/s
Project-scale
wake in 13 km " &
northerly
wind
———
Target Project
(built first)
S
5 km —
=

Figure 1. Schematic of the two projects studied in Case Study 1. Ellipses indicate outlines and relative
locations of projects. The wind rose is derived from a hub-height met tower within the target project.

Table 1 provides the results of the before and after SCADA-based operational assessment, and
the wake model predictions. While the SCADA analysis indicated that the presence of the new
wind farm reduced production at the target wind farm by 3.6%, both the wake models indicated
a nearly negligible impact of the new wind farm. The wake models were unable to predict even
a small fraction of the observed wake loss from an external wind farm 13 km away.

Table 1. SCADA-derived and modeled long-range annual-average external wake losses at Target Project
for Case Study 1. Losses are expressed as the percent of gross energy.

Long-Range
Source of Estimate External Wake Loss
SCADA 3.6%
EV-DAWM 0.1%
WFAI Model <0.1%

While these engineering wake loss models have been well validated against internal wake and
WFAI losses of wind farms based on production data, they have been less well, or unvalidated,
at long-range. This long-range wake loss weakness is exposed in this case study.

3 A POTENTIAL SOLUTION: MESOSCALE MODELING WITH A WIND FARM PARAMETERIZATION

The Weather Research and Forecasting model (WRF, Skamarock et al. 2019) is a numerical
weather prediction model that has been in use globally by academic and national research
institutions, national weather prediction agencies, and private companies with weather and
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climate concerns since it was first developed and released in 2000. It is classified as a
“mesoscale model,” which means it is designed to simulate weather phenomena covering
spatial scales from 2 km to 2000 km (numerically resolved with grid spacing of 200 m to 200 km
Chapter 10, Pielke, 1984), but has been used successfully at both larger scales and smaller
scales, in the latter case as a “large eddy simulation” or LES model, with a grid spacing of 10 m
or less). It is used routinely in the wind energy industry for short-term energy forecasting and
retrospective energy assessment. ArcVera Renewables has over 45 years combined experience
using WRF and similar mesoscale models for various applications, including using WRF and
WRF-LES in wind energy forecasting and assessment for over a decade.

In 2012, in response to the increasing interest in wind energy development and the potential
physical interactions between wind farms and the weather and climate of the surrounding
region, Fitch et al. (2012) developed and implemented in WRF a capability referred to as the
Wind Farm Parameterization (WFP), which models the deceleration of winds by turbines within
a WRF model grid box, based on the turbine thrust characteristics. The kinetic energy removed
by the turbines is distributed between electric power generation and turbulence production.
The wind deceleration interacts with the full atmospheric dynamics simulated by WRF, allowing
for downwind transport of the waked wind speed deficits, and feedbacks to the flow such as
upwind blockage from the simulated combined induction zone effects of wind turbines, flow
deflection around wind farms, gravity wave development and impacts on wind flow patterns,,
and the complex movement and distortion of wake swaths within time-dependent curved or
sheared wind flows. Importantly, the roles of time-varying atmospheric stability, particularly
stable atmospheric conditions, and turbulence on wake recovery are realistically represented in
meteorological physics within WRF with WFP.

The waked wind speed deficits simulated by WRF-WFP have been validated in several research
studies, mostly at North Sea offshore wind projects, including Fitch et al. (2012), Hasagar et al.
(2015), Platis et al. (2018), and Siedersleben et al. (2018). In addition, many studies have
conducted sensitivity and other tests with WFP, leading to improvements and recommendations
for best use (Lee and Lundquist 2017; Archer et al. 2020; Siedersleben et al. 2020; Tomaszewski
and Lundquist 2020; and Larsen and Fischereit 2020). Based on these studies, the WFP has
been modified and improved and continues to be actively developed in the research
community. Therefore, the WFP should be considered a well-validated tool that continues to
improve as part of ongoing active research and development. ArcVera’s work and the research
cited above provides ample validating evidence that WRF-WFP captures the fundamental
physics of wind turbine interactions with the atmosphere.

4  CASE STUDY 2: ADEMONSTRATION OF WRF-WFP

Case Study 2 is similar to Case Study 1, in that it involves an existing project, and a new project
built to its north (Figure 2). Two key differences from Case Study 1 are that the new project is
much larger than the target project; and that the new project is closer to the target project
(only 5 km away, as opposed to 13 km in Case Study 1). The wind rose in Figure 2 indicates that
a project-scale wake from the new project would impinge on the target project a substantial
portion of the time. In Case Study 2, rather than performing a long-term-adjusted operational
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assessment for the before and after periods, we evaluated 10-minute SCADA energy production
data from the Target Project and ran model simulations only during a selection of days in which
maximum waking of the target project by the new project was expected. Maximum waking was
expected in northerly flow conditions, with wind speeds in the steep, non-linear section of the
target project’s power curve. Care was taken to select a set of times in which the wind speed
distributions in the before and after period matched, so as not to skew the result due to
different wind climates. A total of 1300 hours (~54 days) of SCADA production and simulated
winds were used.

Case 2 "
[0 :5)m/s
I [5:10)m/s
[ [10:15) m/s
3 [15:20) m/s
I [20:inf) m/s
New Project
w E
Project-scale
wake in 5 km
northerly
wind
Target Project s
(built first)
5 km
e

Figure 2. Schematic of the two projects studied in Case Study 2. Ellipses indicate approximate outlines and
relative locations of projects. The wind rose is derived from an ERA5 Reanalysis node within the target project.

For Case Study 2, wake model simulations were also performed for the “before” and “after”
periods (i.e., with and without wakes from the New Project), using both EV-DAWM and ArcVera
WEFAL. In addition, WRF-WFP was run for the same selected set of times, with three simulations
performed for each of the selected dates, one with no turbines, one with only the target project
turbines, and one with new project and target project turbines. We used WRF version 4.2.1,
which includes a key code correction for the WFP identified by Archer et al. (2020).

The study used WRF model grid with 1.0-km spacing and obtained initial and boundary
conditions from the ERA5 Reanalysis data set (Hersbach et al. 2020). Waked wind speed deficits
due to the new project were evaluated from the difference between the “new and target
turbines” run and the “only target turbines” run. For illustration, an example of waked wind
speed deficit simulated by WRF-WFP at one time is shown in Figure 3. It depicts all wakes from
both projects by showing the difference between the “new and target turbines” run and the “no
turbines” run during a time of north-northeasterly wind flow. Note that the project-scale wake
swath from the new project not only envelopes the smaller target project but continues with
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substantial magnitude (at least 1 m/s) to the domain boundary over 30 km south-southwest of
the new project.

New Project

10 km

-4 -3 -2 -1 0 1
Waked Wind Speed Deficit (m/s)

Figure 3. Waked wind speed deficit at hub height from the WRF-WFP, in m/s (color scale at bottom), at 10 pm
local time on a mid-summer day at the projects in Case Study 2. Ellipses indicate approximate outlines and
relative locations of projects. Hub height wind speed at this time was 9.5 m/s.

The average wake loss during the selected periods is shown in Table 2. Because the times were
selected to maximize the wake impacts of the new project on the target project, the loss
numbers are much higher than the long-term mean values shown for Case Study 1.
Additionally, the time points were segregated into unstable and stable categories based on
negative or positive values of the bulk Richardson number. The SCADA analysis indicates a large
external wake impact of 23.8% by the new project on the target project, averaged over the
selected time points. As expected, the SCADA analysis also shows wake impacts to be stronger
during stable periods than during unstable periods. The WRF-WFP model overpredicts the
external wake loss during the selected time points, but only by a factor of 1.16 (16%
overprediction). It also correctly identifies the stronger wake impact during stable conditions.
Meanwhile, as in Case Study 1, the engineering wake loss models underpredict the effect by a
large amount; they predict only a small fraction of the SCADA-derived wake loss in energy.
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Table 2. SCADA-derived and modeled long-range external wake losses at Target Project for Case 2 for the
selected 1300 hours of northerly wind direction, with separate results by stability class. Losses are expressed as
the percent of gross energy. Percent frequency of occurrence of stable and unstable conditions are shown in
column headings.

Long-Range External Wake Loss
Stable Unstable
Conditions Conditions
Source of Estimate All Times (67.5%) (32.5%)
SCADA 23.8% 29.1% 12.8%
EV-DAWM 5.7% not tested not tested
ArcVera WFAI Model 0.2% not tested not tested
WRF-WFP 27.7% 32.6% 17.5%

5 CASE STUDY 3: EXTERNAL WAKES FROM HYPOTHETICAL WIND FARMS IN THE NEW YORK BIGHT
LEASE AREAS

5.1 CONFIGURATION

As a further demonstration of the capabilities of WRF-WFP, and to give a view into the potential
for large project-to-project wake impacts in the recently auctioned New York Bight offshore
lease areas, ArcVera Renewables ran WRF-WFP simulations of hypothetical wind projects that
might be built in those areas perhaps 5-10 years from today. The hypothetical arrays, depicted
in Figure 4, were designed as follows. The turbine is the IEA Wind 15-MW Reference Turbine,
with a hub height of 150 m and a rotor diameter of 240 m. Turbines of this size and capacity are
now starting to be commercially marketed. In 5-10 years, offshore wind energy projects may
utilize turbines of this size or larger. We designed the arrays with a turbine spacing of 1.0
nautical miles (1.85 km) in the east-west direction, and 0.75 nautical miles (1.39 km) in the
north-south direction, based on our current understanding of what the relevant jurisdictional
agencies will require and the measured wind rose. 10 km (42D) gaps were enforced between
turbine arrays; there are 3 km gaps between lease areas. Prevailing winds are southwesterly.

Three arrays were designed:

o Northern Array

0 Lease Area 0538

o 85 turbines

o Treated as the target project
e Central Array

0 Lease Area 0539

o 118 turbines

o Treated as an external project
e Southern Array

o0 Lease Areas 0541 and 0542

o 157 turbines

o Treated as an external project
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The WRF model was configured similarly to Case Study 2, except with slightly finer horizontal
grid resolution (800 m). 16 case study dates were selectively chosen to provide maximum time
with winds from the 190°-240° sector and speed in the range of 6-11 m/s. Under these
conditions, the waking of the target array (0538) by areas 0539, 0541, and 0542 is maximum,
not only because they are directionally aligned with the wind, but because in southwesterly
flow (the prevailing direction, especially in the warm season), typically there is warm air moving
over colder water, resulting in stabilization of the flow and longer-lived wakes. The wind speed
range, positioned in the steepest part of the turbine power curve, was chosen to maximize the
energy sensitivity to the waked wind speed deficits. The annual wind rose at floating lidar E06
(Figure 4, right side) indicates that the conditions described above frequently occur, though the
chosen set of times have much higher wake losses than a long-term mean that accounts for the
entire wind rose. For each simulation day, the model was run for 24 h starting at 7:00 AM EST,
with a 6-h spin-up period from 1:00 AM to 7:00 AM EST. Model output was produced every 10
minutes.

For each chosen day, three simulations were run, which included the effects of:

1. No turbines (Simulation 1)
2. Turbines at the Southern (0541/0542) Array only (Simulation 2)
3. Turbines at both the Central (0539) and Southern Arrays (Simulation 3)

0512 i
0544 EO06 Wind Rose i

0537

N [0:7)m/s

B [7:14) m/fs
Atlantic Ocean I [14:21) mfs
3 [21:28)m/s
| |

[28 : inf) m/s

0 10 20 30 40 50km

Figure 4. Map of New York Bight offshore lease areas (orange outlines). New Jersey lease areas are also shown
(blue outlines). Orange dots indicate hypothetical turbine arrays in lease areas 0538, 0539, 0541, and 0542.
Green triangles indicate floating lidar sites EO5 and E06. The wind rose in the right panel is from lidar
measurements at site E06.

Wind speed deficits on the Northern Array (Lease Area 0538) due to external wakes from the
Southern Array only were evaluated from Simulation 2 minus Simulation 1. Wind speed deficits
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due to external wakes from the Central and Southern Arrays only were evaluated from
Simulation 3 minus Simulation 1.

5.2 RESULTS

An example of waked wind speed deficit from the WRF-WFP simulations is shown in Figure 5.
The left panel shows the effect of turbines in only the Southern Array, whereas the right panel
shows the effect of turbines in both the Southern and Central Arrays. The dominant feature of
these plots is the long-range project-scale wake swath extending from the arrays to the
north-northeast. Even at the northern edge of the domain, over 100 km downwind of the
Southern Array, the long-range wake from the Southern Array only (left panel) maintains a 0.7
m/s (or 7%) hub-height wind speed deficit; and 80 km downwind of the Central Array, the
long-range wake from the Southern and Central Arrays combined (right panel) maintains a 1.0
m/s (or 10%) wind speed deficit. The waked speed deficits within the target (0538, Northern)
array are 1.6 m/s (16%) from the Southern Array only, and 2.5 m/s (25%) from the combination
of the Southern and Central Arrays. Note that no turbines from the Northern Array were
included in the simulations, so the entire speed deficit within the Northern array is due to

external wakes from the Southern and Central Arrays.

Wakes from Areas 0541 and 0542 Wakes from Areas 0539, 0541 and 0542

5
5 5
2 <
0499 0499
e Ol Unwaked Speed at E06: 9.75 m/s

-5 -4 -3 -2 -1
Waked Wind Speed Deficit (m/s)

Figure 5. Waked wind speed deficit at hub height (m/s, color scale at bottom), from the WRF-WFP simulations of
the New York Bight lease areas, at 1530 EST, 24 Feb 2020. “x” symbols indicate the locations of floating lidars.

In addition to the project-scale wake, other prominent WFAI features emerge in these plots. A
region of speed deficit upwind of the projects indicates project-scale blockage, up to 0.5 m/s in
some locations, with wave-like structures embedded in it. Downwind, the wake swath is
flanked by areas of significant speed enhancement (> 0.5 m/s), which are a subject of future
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scientific study. Over the long term, when these flanking wind acceleration zones pass over
downwind projects, the accelerations partially offset the wake losses incurred at other times,
reducing the long-term mean external wake loss.

Energy-based losses at the Northern Array due to external wakes at the Central and Southern
Arrays for the 16 days of the simulation were calculated, along with corresponding predictions
from the EV-DAWM and ArcVera WFAI models. Results are shown in Table 3. No validation of
the results is possible due to the hypothetical nature of the turbine arrays. However, the results
illustrate the potential for large external wake losses. Even if the long-term mean external wake
loss at the Northern Array is, for example, one-quarter of the loss from this set of 16-days with
enhanced waking conditions, that still represents a very large loss due only to external wakes.
But equally important is the result, consistent with those of the first two case studies, that the
engineering wake models estimate only a small fraction of the external wake loss predicted by
the WRF-WFP.

Table 3. Modeled long-range external wake losses at New York Bight Lease Area 0538 for the 16 selected days of
primarily southwest wind direction, with separate results for wakes from Lease Area 0539 only, and from the
combination of Lease Areas 0539, 0541, and 0542. Losses are expressed as the percent of gross energy.

Long-Range External Wake Loss at Area 0538
Source of Estimate From 0539 only | From 0539, 0541, & 0542
EV-DAWM 0.5% 5.3%
ArcVera WFAI Model <0.1% 0.2%
WRF-WFP 13.0% 28.9%

5.3  SENSITIVITY TESTS

Considering the large magnitude and length of wakes predicted by WRF-WFP in the New York
Bight lease areas, and lack of validating data for the large hypothetical wind turbines used in the
simulations, ArcVera consulted with Professor Julie Lundquist’s research group at the University
of Colorado to consider the uncertainty in these model predictions of large, long-range wakes.
A suggestion that emerged was to test the sensitivity of the wakes to two configurable
parameters that recent studies have demonstrated are important for the magnitude of wakes
predicted by WRF-WFP: the number of vertical levels beneath the rotor layer, and the amount
of turbine-produced turbulence that is injected into the model simulation.

Tomaszewski and Lundquist (2020) found that using more vertical levels reduces mixing and
increases wake longevity (though they found the sensitivity modest). We used only 2 vertical
levels beneath the rotor, so we tested increasing that to 4 levels.

The turbulent kinetic energy (TKE) factor (a tunable parameter) scales the amount of
turbine-induced turbulence injected into the model flow. A value of 0.0 injects no
turbine-induced turbulence, whereas a value of 1.0 injects the full amount consistent with the
turbine power and thrust curves. The appropriate amount is not a settled matter, with the
original Fitch (2012) paper injecting the full amount (but testing sensitivity to half or double the
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full amount). Archer et al. (2020) recommended only one-quarter of the full amount be injected
to best match large-eddy simulations that they conducted, and Larsen and Fischereit (2021)
found that a value of 1.0 validated better than 0.25. Others have argued that none of the
turbine-induced turbulence should be injected into the model flow at the scales resolved by the
model (Jacobson and Archer 2012; Volker et al. 2015). In our simulations for both Case Studies 2
and 3, we used a TKE factor of 0.0, so we tested higher values, up to 1.0.

Table 4 shows the parameter values tested in the sensitivity experiments, and the resulting
relative change in wake strength compared to the control experiment (green highlight, 0.0%),
which used the configuration indicated in the upper left cell of the table (zero turbulence
injected, and two model vertical levels below the rotor layer). The wake strength was defined
as the area-integrated wind speed difference within the wind speed deficit swath north and
east of lease area 0539 . This definition yields a higher value if either the wake's magnitude or
areal size increases.

Table 4. Sensitivity test results. The control configuration (green highlight) is the upper left cell in the table, with
2 model levels beneath the rotor layer, and a TKE factor of 0.0%. The value in each cell represents the change in
wake strength relative to that of the control configuration. All values are positive, meaning that all sensitivity
tests produced stronger wakes than in the control configuration.

Turbine TKE Injection Factor
0.00 0.25 0.50 1.00
Number of 2 0.0% not tested | not tested 8.0%
model levels
beneath rotor 4 0.7% 6.6% 7.7% 8.4%

The increase in vertical levels beneath the rotor slightly increased the wake strength, consistent
with Tomaszewski and Lundquist (2020). The increase in turbulence also increased the wake
strength. The latter result is counterintuitive considering that greater turbulence would be
expected to enhance wake recovery, and this does occur within the waking turbine array, but
downwind of it the opposite occurs: the wake is enhanced. Fitch et al. (2012) and Rybchuk et
al. (2021) found the same counterintuitive result. In summary, the original configuration
actually produced the weakest wakes of all the configurations tested. A TKE injection factor of
0.0 was found to produce rather accurate results in Case Study 2, and an increase in TKE
injection factor could reduce accuracy based on these sensitivity tests.

6 CONCLUSIONS

ArcVera Renewables carried out a study of long-range (> 50 rotor diameters) external wakes,
with emphasis on the tendency of existing engineering wake models to greatly underpredict the
strength and longevity of external wind farm wake losses on other projects under some
atmospheric conditions. Three wind farm case studies are presented; two onshore in the
central United States, and one offshore in the New York Bight lease areas recently auctioned for
wind energy development. The first case study demonstrates the inadequacy of standard
engineering wake models to capture the magnitude of long-range external wake losses. With
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that result as motivation, the second case study was used to demonstrate the utility of the WRF
mesoscale model with the Wind Farm Parameterization (WFP) to model the wake impacts of
distant external turbines more accurately than existing engineering wake models. WRF-WFP
produced average external wake losses much closer to, 16% higher than, that derived from
SCADA data. In contrast, two engineering wake loss models failed to come close to the actual
wake loss deficit; these models under-predicted external wake losses as a small fraction, ¥ or
less, of that derived from SCADA data.

As a further demonstration of the capabilities of WRF-WFP, and to give a view into the potential
for large project-to-project wake impacts in the recently auctioned New York Bight offshore
lease areas, ArcVera presented a third offshore wind energy case study. ArcVera Renewables
designed WRF-WFP simulations of hypothetical wind project turbine arrays that might be built
in those areas approximately 5-10 years from today. The simulations were run for a set of 16
days, with winds from the prevailing southwesterly wind direction, selected to maximize the
waking of arrays aligned in a southwest to northeast direction. The simulations produced
dramatic hub-height project-scale wake swaths that extended over 50 km downwind, with a
specific example showing a waked wind speed deficit of 7% extending 100 km downwind from
the array of turbines that produced it. When averaged over the selected 16 simulation days,
the energy loss at the target lease area due to external wakes from arrays to its southwest was
28.9%. While the 16-day result undoubtedly greatly exceeds the long-term external wake loss
for winds from all directions, it is nonetheless illustrative of the potential for much greater
external wake losses than have been accounted for in development planning for the New York
Bight lease areas; and, as in the two onshore long-distance wake loss case studies, are much
larger than engineering wake models predict for the same conditions.

The implications of this study of long-range waokes on the assessment of energy
production (or shortfalls thereof) of existing and anticipated future wind farms is material
and significant, as unexpectedly large impacts may well be present, and existing
non-WRF-WFP-based engineering long-range woke loss methods are shown to be
inadequate. The inadequacy of these models for long-distance wakes may be remedied in
the future with further validation time-series modeling and concomitantly accurate
assessment of time periods when atmospheric stability is high. Still larger implications are
clear for long-term project valuation risk, the analysis and assessment of hybrid projects,
battery usage risk, and around-the-clock reliable renewable energy power production.
Offshore wind farms are equally strongly affected, and the extensive global plons for
proximal deployment of offshore wind projects should account for such impacts.
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