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[1] This is a study to quantify U.S. wind power at 80 m (the hub height of large wind
turbines) and to investigate whether winds from a network of farms can provide a steady and
reliable source of electric power. Data from 1327 surface stations and 87 soundings in the
United States for the year 2000 were used. Several methods were tested to extrapolate 10-m
wind measurements to 80 m. The most accurate, a least squares fit based on twice-a-day
wind profiles from the soundings, resulted in 80-m wind speeds that are, on average, 1.3—1.7
m/s faster than those obtained from the most common methods previously used to obtain
elevated data for U.S. wind power maps, a logarithmic law and a power law, both with
constant coefficients. The results suggest that U.S. wind power at 80 m may be substantially
greater than previously estimated. It was found that 24% of all stations (and 37% of all
coastal/offshore stations) are characterized by mean annual speeds >6.9 m/s at 80 m,
implying that the winds over possibly one quarter of the United States are strong enough to
provide electric power at a direct cost equal to that of a new natural gas or coal power plant.
The greatest previously uncharted reservoir of wind power in the continental United States is
offshore and nearshore along the southeastern and southern coasts. When multiple wind
sites are considered, the number of days with no wind power and the standard deviation of
the wind speed, integrated across all sites, are substantially reduced in comparison with
when one wind site is considered. Therefore a network of wind farms in locations with high
annual mean wind speeds may provide a reliable and abundant source of electric
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1. Introduction

[2] In 1999, coal (50.8%) and natural gas (15.4%) gen-
erated about 66.2% of electric power in the United States.
Wind generated only 0.12% of electric power [Energy
Information Administration (EIA), 2001] (available at
http://www.eia.doe.gov/cneaf/electricity/epav2/epav2t].txt).

[3] The direct cost of energy from a large (1.5 MW, 77-m
blade) modern wind turbine in the presence of mean
annual Rayleigh-distributed winds of speed 7-7.5 m/s
appears to have decreased to 2.9-3.9 cents/’kWh [Jacob-
son and Masters, 2001; Bolinger and Wiser, 2001]. This
compares with 3.5—-4 cents’kWh from a new pulverized
coal-fired power plant and 3.3-3.6 cents’kWh from a new
natural gas combined cycle power plant [Office of Fossil
Energy, 2001] (available at http://www.fe.doe.gov/coal
power/special_rpts/market _systems/market _sys.html). The
one-tail Rayleigh wind speed distribution is often used
for calculating wind speed statistics and will be discussed
in detail in section 2.4.
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[4] Coal and natural gas both emit CO,, CHy, SO,, NOj,
CO, NHs;, reactive organic gases, particulate black carbon,
particulate organic matter, and other particulate compo-
nents. The emissions from coal and natural gas enhance
global warming, respiratory and cardiovascular disease, air-
pollution-related mortality, urban smog, acid deposition,
and visibility degradation. Coal mining also results in
black-lung disease, land-surface stripping, water pollution,
and mercury emissions. Wind energy causes no air pollution
past the manufacturing and scrapping process.

[s] Despite the relatively even direct cost of new wind
turbines versus new coal and natural gas power plants,
subsidies to both, and the high health/environmental costs
of coal and natural gas versus wind, many still argue that an
advantage of coal and natural gas power plants is that they
are more reliable sources of energy because winds are
intermittent. They argue that the intermittency results in
two costs. The first is the cost of “regulation ancillary
service,” which is the cost incurred when grid operators
must instantaneously switch to another power source when
the first source does not produce power temporarily.
Hirst [2001] (available at http://www.EHirst.com/PDF/
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(a—d) Observed (large filled squares) and interpolated profiles of wind speed (triangles:

power law with 1/7 friction coefficient; squares: logarithmic law with 0.01 roughness length; solid
line: power law with LS friction coefficient; dashed line: logarithmic law with LS roughness length;
diamonds: 2-parameter logarithmic law; thick line with “+”” mark: linear regression) for various sounding
locations. The LS power law and the LS logarithmic law curves are indistinguishable in Figure 1d.

WindIntegration.pdf), and Hudson et al. [2001] showed that
this cost is relatively trivial, 0.005 to 0.030 cents/’kWh (<1%
the direct cost of wind energy), when wind is a small
fraction of the total energy supply. The second is the cost
of maintaining and using backup (contingency) reserves
(usually in the form of “peaker” fossil-fuel power plants)
when wind is a large fraction (e.g., 30%) of the total energy
supply and wind’s output is low for a given hour.

[6] The real issue in the second case is not the intermit-
tency cost to wind, if any, but the difference between the
intermittency cost to wind and that to coal or natural gas.
Coal and natural gas have their own intermittency problems.

For example, the forced outage rate of fossil-fuel power
plants is about 8% [North American Electric Reliability
Council, 2000], whereas the forced plus unforced outage
rate of modern turbines is about 2% (Danish Windturbine
Manufacturers Association, 21 frequently asked questions
about wind energy, updated 16 April 2001, available at
http://www.windpower.dk/fags.htm). In addition, the varia-
tion of natural gas supplies results in monthly to yearly price
fluctuations of electric power of 50—100% (T. McFeat, The
unnatural price of natural gas, CBC News Online, Jan. 2001,
available at http://www.cbc.ca/news/indepth/background/
gas_hikes.html).
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Table 1. Location and Elevations at the 16 Sites Selected by
Sandusky et al. [1982]

Lower Level,

Middle Level,  Upper Level,

Site Location m m m
Augspurger Mt. (WA) 9.1 - 45.7
Amarillo (TX) 9.1 - 45.7
Block Island (RI) 9.1 30.0 45.7
Boardman (OR) 9.1 39.6 70.1
Boone (NC) 18.2 45.7 76.2
Clayton (NM) 9.1 30.0 45.7
Cold Bay (AK) 9.1 - 21.8
Culebra (PR) 9.1 - 45.7
Holyoke (MA) 18.2 - 45.7
Huron (SD) 9.1 - 45.7
Kingsley Dam (NE) 9.1 - 45.7
Ludington (MI) 18.2 - 45.7
Montaulk (NY) 18.2 - 45.7
Point Arena (CA) 9.1 - 45.7
Russell (KS) 9.1 - 45.7
San Gorgonio (CA) 9.1 30.0 45.7

[7] In addition, even though contingency reserves may be
required for wind, they do not always need to result in an
extra cost. For example, one source of contingency reserves
is hydroelectric power, which supplies about 10% of the
electric power in the United States (mostly in California,
Oregon, and Washington). This source does not incur a cost
if its output must be increased on short notice. Additional
hydroelectric power used when wind power is low can be
balanced by less hydroelectric power used when wind
power is high, stabilizing the summed energy supplied by
hydroelectric power and wind.

[8] Finally, if wind becomes 30% of the energy supply,
wind farms would be distributed over greater areas, and grid
interconnections would expand, enabling easier transmis-
sion of excess wind, solar, hydroelectric, fossil, and nuclear
energy from outside the local grid to the local grid, thereby
reducing the need for contingency reserves. Yet, the main
issue that has not been resolved is whether wind’s instanta-
neous intermittency at a given location translates into
intermittency of hourly-averaged electric power, summed
over wind farms on a larger scale. If, indeed, wind can
provide a stable amount of electric power when all turbines
over a large number of farms are considered, then backup
requirements and associated costs can be minimized.

[¢] For this study, wind data from the United States for
the year 2000 were used to examine whether a large
network of wind farms can provide electric power more
or less reliably than a small network or a single farm. The
paper also provides an analysis of the time of peak wind
production during the day, a map of the mean-annual wind
speeds at 80 m at all wind measurement sites in the United
States for the year 2000, an analysis of the Rayleigh nature
of wind speeds, and other wind-related statistics.

2. Methodology

[10] For this study, year 2000 wind speed data from
NCDC [National Climatic Data Center, 2001] and FSL
(Forecast Systems Laboratory, Radiosonde data archive,
2001, available at http://raob.fsl.noaa.gov/) were used to
generate maps and statistics to examine U.S. wind power.
Two types of data were considered: surface measurements
from 1327 stations and sounding measurements from 87
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stations. Sounding measurements were generally available
at “mandatory levels,” i.e., vertical levels characterized by
prescribed atmospheric pressures. Typical mandatory levels
were 1000, 950, 925, 900, 800 mb, etc. Depending on
station altitude and weather conditions, the elevations of
some of these levels varied. Approximately 20% of the
sounding stations reported measurements at an elevation of
80 m =20 m (i.e., between 60 and 100 m above the ground).
Surface stations provide wind speed measurements only at a
standard elevation of 10 m above the ground (sometimes at
a non-standard elevation of 20 feet). In the next sections, a
new methodology of interpolating sounding data and
extrapolating surface data to 80 m (the hub height of
modern, large turbines) is developed.

2.1. Methodology for 80-m Wind Speed Determination

[11] Two approaches are commonly used to extrapolate
10-m wind speed data to 80-m. The first one is the power-
law relation [e.g., Elliott et al., 1986; Arya, 1988] (the
former is available at http://rredc.nrel.gov/wind/pubs/atlas),

V() =V (—) 1)

ZR

where V(z) is wind speed at elevation z above the
topographical surface (80 m in this case, i.e., V(80)), Vy is
wind speed at the reference elevation zz (10 m above the
topographical surface in the rest of this paper), and «
(typically 1/7) is the friction coefficient. The second one is
the logarithmic law [e.g., Arya, 1988; Jacobson, 1999],

In (%)
V(z) =TVg : (2)
In (;—’;)

where z, (typically 0.01 m) is the roughness length. Note
that both curves must pass through Vy (i.e., atz=zz=10m,
they return the value ¥(10) = V%) and they both require one
fitting parameter, either o or z,. The logarithmic law is
theoretically valid for neutral atmospheric conditions only
(i.e., when vertical motions are neither inhibited nor
supported by the atmosphere). It can be obtained by
similarity theory after assuming no Coriolis effect and a flat,
uniform surface [4rya, 1988]. The power law does not have
a theoretical basis, but it often provides a reasonable fit to
observed vertical wind profiles [Arya, 1988]. The advantage
of these two approaches is their simplicity (only one,
constant parameter is required). However, atmospheric
conditions are rarely neutral and diurnal, seasonal or
stability-dependant variations cannot be taken into account
by using one constant parameter.

[12] Given these limitations, a new methodology of
extrapolating wind speed above a surface station measure-

Table 2. Wind Speeds Corresponding to Different Power Classes
at 10 m and 80 m

Class Wind Speed at 10 m, m/s Wind Speed at 80 m, m/s

1 <4.4 <5.9

2 44-5.1 5.9-6.9
3 5.1-5.6 6.9-7.5
4 5.6—-6.0 7.5-8.1
5 6.0-6.4 8.1-8.6
6 6.4-7.0 8.6-9.4
7 >7.0 >9.4
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Figure 2. (a—f) Examples of application of the hourly trend methodology (described in section 2.2) to
three sites of the data set of Sandusky et al. [1982]: Russell (KS) and Amarillo (TX), with measurements
at 9 and 45 m, and Boone (NC), with measurements at 9 and 76 m. Figures 2a—2¢ show the hourly trend
of 80-m wind speed, observed (diamonds) and extrapolated after assuming different sine curves: with
observed parameters in equation (10) (crosses), with minimum at fixed time (1300) and amplification
factor fixed to 1.2 (circles), with minimum at fixed time (1300) and amplification factor giving the lowest
total error (dashed), and several similar sine curves with minimum at fixed time (1300) and various
values of the amplification factor (color-coded). Figures 2d—2f show the observed (diamonds) ratio p and
several sine curves corresponding to the above assumptions.

ment was developed. The methodology is referred to here as
the least squares fitting approach (LS hereafter), and it
involves three steps:

[13] 1. For each sounding station, four fitting parameters
are calculated for each hour (typically at 0000 and 1200
UTC) of each day to reproduce empirically the wind speed

variation with height at the sounding. Of the four parame-
ters, the “best” fitting parameter, calculated as the one
giving the lowest residual (described shortly) is saved.

[14] 2. For each surface station, the five nearest-in-space
sounding stations are selected. Then, V' from the surface
station and the “best” fitting parameter from each sounding
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Figure 3. Map of wind speed extrapolated to 80 m, averaged over all hours of the year 2000, for the
continental United States, obtained as described in the text. The 10 stations selected for additional
statistics are marked with a plus sign. The map gives speeds only at the specific locations where

measurements were taken.

station are used to calculate a new V(80) at each of the five
sounding stations. Note that the average distance between
sounding stations in the contiguous United States is approx-
imately 300 km [Steurer, 1996].

[15] 3. Finally, /(80) at the surface station is calculated as
the weighted average of the five new F(80)s from the
sounding stations, where the weighting is the inverse square
of the distance between the surface station and each sound-
ing station.

[16] The four fitting parameters for each hour of available
data (typically twice a day) at each sounding station were
determined as follows. An equation for the residual R of the
squares of the error in wind speed was written as

N
R= Z V=), 3)

where N is a selected number of points in the bottom part of
a sounding (N = 3 in this case), V; is the wind speed
observed at vertical point 7 in the sounding (the first vertical
point is at 10 m, i.e., z; = zz = 10 m), and ¥(z,) is the wind
speed calculated by one of several possible equations, such
as equations (1) or (2). Setting the partial derivative of R
with respect to the fitting parameter in equations (1) and (2)
(o and z, respectively) to zero and solving for the fitting
parameter gives two LS fitting parameters,

1 [In(z;)]*— In(zg) f ln(z[)} - ln(zR)gl <V1n<_)) |
{VR_ZN; In(z) -3 [Vln(—)] — NV ln(zR)}

(5)

[17] Note that o and zy, acquire different values for each
observed wind profile. Figures 1a and 1b show an example
of curves interpolated with LS parameters obtained from
equation (4) and equation (5) for N = 3. For comparison,
curves with o = 1/7 and zy = 0.01 m are plotted too. In
this study, curves with o = 1/7 and z5 = 0.01 m under-
estimated the value of V(80) (as in Figure la) in about
60% of the cases tested, but the opposite occurred in less
than 40% of the cases (e.g., Figure 1b). The power law
with o = 1/7 led to an average underestimate of annual
mean 80-m wind speed of 1.3 m/s. The logarithmic law
with zy = 0.01 m underestimated the annual mean 80-m
wind speed by 1.7 m/s on average. Both the power law
with oo = 1/7 and the logarithmic law with zo = 0.01 m led
to greater underestimates at night (i.e., 1200 UTC) than
during the day (i.e., 0000 UTC), averaging 2.5 and 2.8 m/s
(respectively) below the LS mean 80-m wind speed at
night, and 0.1 and 0.5 m/s (respectively) during the day.

[18] Some unusual weather conditions cause wind speed
either to decrease with height (Figure 1d) or to be zero at 10
m (Figure 1c). For these special cases, the two remaining
fitting parameters were determined.

[19] Since equation (1) and equation (2) have Vy as a
multiplying factor, they unrealistically predict zero wind
speed for all vertical points when Vz = 0. The solution is to
use a two-parameter logarithmic law of the form
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Table 3. U.S. States With the Highest Number of Stations in Classes >3 at 80 m, With Emphasis on the Number of Offshore/Coastal Sites

Percent of
Total Number of Percent of Number of Number of Percent of Class >3 Stations
Number Class Class Coastal/Offshore Coastal/Offshore Coastal/Offshore That Are

State of Stations >3 Stations >3 Stations Stations Class >3 Stations  Class >3 Stations Coastal/Offshore
Texas 83 35 42.2 9 8 88.9 229
Alaska 120 33 27.5 44 18 40.9 54.5
Kansas 29 24 82.8 0 0 0 0
Nebraska 29 23 79.3 0 0 0 0
Minnesota 64 20 31.3 0 0 0 0
Oklahoma 23 20 87.0 0 0 0 0
Towa 46 18 39.1 0 0 0 0
Florida 65 11 16.9 37 7 18.9 63.6
South Dakota 15 13 86.7 0 0 0 0
California 101 10 9.9 21 4 19.0 40.0
New York 34 9 26.5 7 4 57.1 44.4
Ohio 24 10 41.7 0 0 0 0
Missouri 20 9 45.0 0 0 0 0
North Dakota 11 9 81.8 0 0 0 0
North Carolina 29 8 27.6 10 6 60.0 75.0
Louisiana 26 6 23.1 8 4 50.0 66.7
Virginia 37 8 21.6 7 4 57.1 50.0
Massachusetts 20 6 30.0 8 4 50.0 66.7
Connecticut 8 3 37.5 3 3 100 100
Hawaii 19 2 10.5 18 2 11.1 100
New Jersey 12 6 50.0 3 2 66.7 333
Washington 40 3 7.5 5 2 40.0 66.7
Alabama 18 1 5.6 2 1 50.0 100
South Carolina 14 1 7.1 5 1 20.0 100
Maryland 9 2 222 2 1 50.0 50.0
Delaware 3 2 66.7 2 1 50.0 50.0
Rhode Island 5 2 40.0 2 1 50.0 50.0
Pacific 8 2 25.0 8 2 25.0 100
Other states 502 46 9.2 0 0 0 0
Total United States 1414 342 24.2 201 75 37.3 21.9

V;=A+ B*In(z), (6) Figure 1d shows an example of this fit. Note that the

where coefficients A and B, derived by replacing equation
(6) in equation (3), are

N N N
N3 [Fiin(z)] ~ 713 ()

N

N N
2 Vi—B) In(z)
= i=

[ln(z,»)z} - (é ln(z,»))z N

B=

N

i=1

()
An example of equation (6) is shown in Figure lc. Note that
the fitting curve obtained with equation (6) is not forced to
pass through V5.

[20] If wind speed decreases with height for the lowest N
points, then both the power and logarithmic curves show a
wrong concavity, due to the fact that either the LS friction
coefficient would become negative or the LS roughness
length would become too large. In this case, both the 1/7
friction coefficient curve and the 0.01 roughness length
curve overestimate V(80) substantially. A solution to this
problem is to extrapolate V(80) with a linear regression,

Vi = C + D*z;, (8)

where C and D, obtained from equation (3) by replacing V;
with equation (8), are

interpolation line is forced to pass through V.

[21] In sum, the four fitting parameters calculated for
each of the two soundings per day at each sounding station
were o® from equation (4), z,"® from equation (5), A and B
from equation (6), C and D from equation (8). The “best”
fitting parameter, used for step 1 in the LS procedure, was
calculated as the one associated with the lowest residual R.

2.2. Methodology for Hourly Pattern Determination

[22] At surface stations for which hourly data were
available, it was necessary to introduce a methodology
for determining the hourly trend of 7(80) given only the
values calculated at 0000 and 1200 UTC, hereafter referred
to as Vo(80) and V1,(80), obtained with the LS method-
ology described above. Depending on the time zone of the
surface stations, Vpo(80) and V7,(80) were valid within
1500-1900 LST (Local Standard Time) and 0300—0700
LST respectively.

[23] In general, surface (and 10-m) wind speed peaks in
the early afternoon, due to the turbulent vertical mixing of
horizontal momentum from the upper levels, which is
strongest during the afternoon due to the increased thermal
instability of the Planetary Boundary Layer (PBL) [4rya,
1988; Riehl, 1972]. Conversely, at some upper level z,.,, this
trend is reversed, as higher momentum is transferred down-
ward to the surface in the early afternoon by the same
mechanism. The elevation of z,., depends on turbulent
mixing efficiency, atmospheric thermal stability, and PBL
height. It is located at a level far enough from the surface
not to be influenced by friction but low enough to be



ARCHER AND JACOBSON: FEASIBILITY OF U.S. WIND POWER ACL 10 - 7
Table 4. Number (and Percent With Respect to Each Region) of U.S. Stations Falling Into Each Wind Power Class at 80 m*
Wind Class at 80 m

1 2 3 4 5 6 7 >3
Total 0<V< 59<V< 69 <V< 75<V< 81<V< 8.6 <V< V>94 V>69

Region Number 5.9 m/s 6.9 m/s 7.5 m/s 8.1 m/s 8.6 m/s 9.4 m/s m/s m/s
Northwest 131 105 (80.2) 14 (10.7) 6 (4.6) 1(0.8) 2 (1.5) 2(13) 1(0.8) 12 (9.2)
North-Central 165 33 (20.0) 49 (29.7) 36 (21.8) 29 (17.6) 14 (8.5) 4 (2.4) 0 (0.0) 83 (50.3)
Great Lakes 134 56 (41.8) 49 (36.6) 21 (15.7) 322) 3(2.2) 1(0.7) 1(0.7) 29 (21.6)
Northeast 140 62 (44.3) 43 (30.7) 14 (10.0) 9 (6.4) 8 (5.7) 2 (1.4) 2 (1.4) 35 (25.0)
East-Central 114 71 (62.3) 23 (20.2) 7(6.1) 8 (7.0) 2(1.8) 0 (0.0) 3 (2.6) 20 (17.5)
Southeast 137 98 (71.5) 26 (19.0) 6 (4.4) 1(0.7) 2(1.5) 3(2.2) 1(0.7) 13 (9.5)
South-Central 203 63 (31.0) 45 (222)  27(13.3) 25 (12.3) 18 (8.9) 14 (6.9) 11 (5.4) 95 (46.8)
Southern Rocky 105 80 (76.2) 17 (16.2) 2 (1.9) 1 (1.0) 4 (3.8) 1 (1.0) 0 (0.0) 8 (7.6)
Southwest 119 100 (84.0) 9 (7.6) 6 (5.0) 2(1.7) 1(0.8) 0 (0.0) 1(0.8) 10 (8.4)
Alaska 139 85 (61.2) 21 (15.1) 5 (3.6) 6 (4.3) 7 (5.0) 7 (5.0) 8 (5.8) 33 (23.7)
Hawaii 19 12 (63.2) 5(26.3) 1(5.3) 0 (0.0) 1(5.3) 0 (0.0) 0 (0.0) 2 (10.5)
Others 8 1(12.5) 5(62.5) 1 (12.5) 0 (0.0) 0 (0.0) 1 (12.5) 0 (0.0) 2 (25.0)
United States 1414 766 (54.2) 306 (21.6) 132 (9.3) 85 (6.0) 62 (4.4) 35 (2.5) 28 (2.0) 342 (24.2)

“Number of stations is given, with percent with respect to each region in parentheses. Stations are grouped into 11 regions as follows: Northwest: Idaho,
Montana, Oregon, Washington, Wyoming. North-Central: Nebraska, lowa, Minnesota, North Dakota, South Dakota. Great Lakes: Illinois, Indiana,
Michigan, Ohio, Wisconsin. Northeast: Connecticut, Massachusetts, Rhode Island, Maine, New Hampshire, Vermont, New Jersey, New York,
Pennsylvania. East-Central: Delaware, Kentucky, Maryland, North Carolina, Tennessee, Virginia, West Virginia. Southeast: Alabama, Florida, Georgia,
Mississippi, South Carolina. South-Central: Arkansas, Kansas, Louisiana, Missouri, Oklahoma, Texas. Southern Rocky: Arizona, Colorado, New Mexico,

Utah. Southwest: California, Nevada.

affected by PBL mixing. Without high-resolution sounding
data in the vertical and in time, though, it is difficult to
estimate exactly whether each 80-m level is above or below
Z,er» and consequently whether the 80-m hourly trend would
follow the surface trend or a reversed pattern.

[24] A more useful parameter is the ratio of ¥(80) over
V(10), since it reaches its minimum in the early afternoon and
is greater at night, even when z,,, is above 80 m. This ratio
will be hereafter referred to as p(h), where h is the hour of the
day in LST. To find the best fitting curve for p(h), given only
its two values at 0000 and 1200 UTC (pgo and p;, respec-
tively), an independent observational data set was used,
obtained from the Pacific Northwest Laboratory (PNL) and
described by Sandusky et al. [1982]. These data were
collected at several heights (e.g., 9 m, 45 m, and 76 m) at
16 sites for the years 1976—1981 (Table 1), with hourly
frequency both at the surface and aloft. A good approxima-
tion for p(h) appeared to be a sinusoidal curve of the form:

o(h) = A x sin[(h —5) %] +5, (10)

where p is the observed mean value of p, 4 is the amplitude
(equal t0 (Pmax — Pmin)/2, Where ppax and pp, are the

Table 5. List of Selected Stations®

maximum and minimum observed values of p), and ¢ is the
time shift necessary for the time of the sine minimum to
coincide with the observed time of pip.

[25] Figures 2d—2f show examples of observed (“‘Ratio
(obs.)”) versus sinusoidal (““Sine (obs.)””) p curves obtained
from the PNL data at three different locations. Equation (10)
appears to be a satisfactory approximation for the observed
ratio p. Note that p is defined as either V(45)//(9) or V(76)/
7(9) in these examples.

[26] Since hourly trends of /(80) were not available in the
2000 data set used in the rest of the paper, several assump-
tions were necessary to estimate the three parameters 4, 0,
and p, given only the LS extrapolated values of p at 0000
UTC (pgo) and 1200 UTC (p;,). Note that pgg is generally
greater than py,;,, and conversely p;, is generally smaller
than pyay. First, the time of the minimum varied between
0800 and 1400 LST, being in average at about 1300 LST. It
was thus assumed that the minimum occurs at 1300 LST,
giving an estimated value of 6 equal to —5. Second, since pyin
generally occurs at about 1300 LST, but the closest value py
is at 0000 UTC (i.e., 1500—1900 LST), and analogously ppax
does not occur at 1200 UTC (i.e., 0300—0700 LST), an
amplification factor o is needed to correctly estimate the
amplitude 4, such that 4= a(p;> — poo). Several values of «

Station Station Elevation, Annual Mean Annual Wind Wind Power Annual Mean Annual Power
1D Name State m Speed, m/s  Standard Deviation, m/s Class Wind Power, W/m®>  Standard Deviation, W/m?>
AMA  Amarillo TX 1099 10.3 4.9 7 1169 1899
CAO Clayton NM 1515 10.1 5.9 7 1437 4093
CDB Cold Bay AK 30 13.6 8.5 7 3766 7607
CSM Clinton OK 586 10.8 5.5 7 1463 2455
DDC Dodge City KS 790 10.1 5.4 7 1242 2414
GCK Garden City  KS 881 9.9 5.6 7 1304 3297
GDP Pine Springs  TX 1662 14.8 8.7 7 4476 8804
HBR Hobart OK 477 10.8 5.6 7 1461 2233
RSL Russell KS 568 10.3 5.6 7 1379 3057
SDB Sandberg CA 1377 11.2 6.3 7 1900 4410

*Wind speed and power data are calculated at 80 m.



ACL 10 -8
Amarillo (TX) - Year 2000
20 25
18
T A DT"\ [T
16 =" + 2
@ 14 e /
5 12 < + == 1.5
3 10 [ T T T TN~ TLLLT ;
510 YN 8
:g LT >
R 28 2 2
4 0.5
2
0 T T T T T T T T T T T T T T T T T T T T T 0
0 2 4 6 8 10 12 14 16 18 20 22
Hour (LST)
[——V(80) ——V(10) ® V(80)L.S. — — — V(80)V(10)]
Cold Bay (AK) - Year 2000
30 3
25 < 25
A Il R
0 ! S\ ’T \‘;‘R
EZO T \\ T ~ 2 3
5 o x ’/J T et
3 L X< ~
) L S~ L [}
2 \/‘i/ - \\"\~——/2 Silkn d
£ 10 [ T oo !
LS s oathd TTTTee
5 +—— 05
0 +—r—r—r—r—r—r—-r-r—r——-——""""0
0 2 4 6 8 10 12 14 16 18 20 22
Hour (LST)
[——V(80) ——V(10) ® V(80)L.S. — — — V(80)NV(10)]
Dodge City (KS) - Year 2000
18 25
16 t=—=— - ETTT
TT N T _ /| \\\ 1
4 e S — / N~
] N\
E 12 N Xars 158
- NN 1 N 1o
8 10 [ Sz s
Qo o
w 8 ®©
° T L T S
S 6 3 & W
H 44 >
4 105
2
o +—r—r—r—r—+—r-r-r—-r—————""""0
0 2 4 6 8 10 12 14 16 18 20 22
Hour (LST)
[——V(80) ——V(10) ® V(80)L.S. — — — V(80)V(10)]

ARCHER AND JACOBSON: FEASIBILITY OF U.S. WIND POWER

Clayton (NM) - Year 2000

18 2.5
16 1+ — —
14 TR , : Fri 2
0 N TI
E 12 \~\ 4 )
g 10 e — L LT~ T+~ LT Nl T15Z
8 L | ~ T i
o 8 e
o T - T1 5
£ 6 n P 22 VTS
; ‘7 r = i \ o 2
4 105
2
0 T T T T T T T T T T T T T T T T T T T T 0
0 2 4 6 8 10 12 14 16 18 20 22
Hour (LST)
‘—V(SO) ——V(10) ® V(80)L.S.—— —V(80)N(10)‘

Clinton (OK) - Year 2000

20 25
18 = === 1
A I

16 7 2
—_ ™
T L —_ o _
A » L =
5 12 = S = e 1.55,
] N
210 - >
5 8 13
Z 5! ¥t >
s 6 = s

4 0.5

2

0 T T T T T T T T T T T T T T T T T T T T T 0

0 2 4 6 8 10 12 14 16 18 20 22
Hour (LST)
[——V(80) ——V(10) ® V(80)L.S. — — — V(80)N(10)]
Garden City (KS) - Year 2000
18 25
16 T T
B G T

JREVRMINIEE 4\0 S S M2
£ 12 T [
‘.g \\ p //\\\\” 1.5?_,
] 10 = N ;
Q o
o 8 o
2, I
s >

4 105

2

0 T T T T T T T T T T T T T T T T T T T T T 0

0 2 4 6 8 10 12 14 16 18 20 22
Hour (LST)
[——V(80) ——V(10) ® V(80)L.S. — — — V(80)NV(10)]

Figure 4. Mean and standard deviation of wind speed extrapolated to 80 m at the 10 selected sites,
averaged over all days of the year 2000 for each hour of the day. The 10-m mean wind speed and the ratio
of 80-m over 10-m mean wind speeds are also shown.

were tested and the corresponding total errors were calcu-
lated. It was found that the value of « associated with the
lowest total error can vary between 0.9 and 5 at 45 m, and
between 0.9 and 1.5 at 76 m, therefore suggesting that cv is not
as important at ~80 m as it is at 45 m. Since the goal is to find
the best 4 for 80 m, a value of 1.2 was chosen as the best

estimate of the amplification factor c. Finally, p was esti-
mated as (p1o + poo)/(2 x 0.95), where 0.95 is the average
ratio between (p;»> + poo)/2 and p, based on the PNL data set.

[27] In Figure 2, the curves obtained with the three
parameters estimated as described are named “fixed”, to
remind that both the time of the minimum and the
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Figure 4.

amplification factor were assumed constant and equal to
1300 LST and 1.2 respectively. Note that this methodology
consents to correctly create both hourly trends at 45 m
with afternoon peaks (such as Russell, Figure 2a) and
hourly trends at 45 m with nighttime maxima (such as
Amarillo, Figure 2b), given surface trends with peaks in
the afternoon. The figures also show curves (color-coded)
obtained with several values of o, but the same 4 and . It
appears that, the greater o, the more likely a surface trend
with a maximum during the day will result in a reversed
trend at 80 m.

[28] These findings were applied to the 2000 database as
follows. For each surface station reporting hourly data, the
L.S. values of V(80) were calculated only for those hours for
which sounding data were available, i.e., typically at 0000
and 1200 UTC. The corresponding values of pgg and p;»
were calculated and the corresponding sinusoidal curve p
with “fixed” parameters (determined as described above)
was calculated as well. The hourly trend of /(80) was then
estimated by multiplying, at each hour, (10) by p.

3. Data Analysis

[20] The above methodology was applied to the year
2000 database to generate spatial and temporal distributions
and statistics of 80-m wind speeds. For the spatial distribu-
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(continued)

tion, daily averages were used, whereas hourly averages
were used for studying the temporal evolutions.

3.1. Spatial Distribution

[30] The first step in the data analysis was to calculate
yearly mean wind speeds at 80 m for all U.S. sounding and
surface stations. Previously, the Pacific Northwest Labora-
tory produced an annual-average map of U.S. wind power
(at 10 or 50 m), by interpolating data from about 3500
stations [Elliott et al., 1986]. Data were obtained from
several sources, including the National Climatic Data Cen-
ter and the U.S. Forest Service, and for a variety of years,
depending on station data availability. In mountainous
regions (elevation greater than 300 m), interpolations were
performed based on upper-air climatologies from 1959 for
the 850-, 700-, and 500-mb levels [Elliott et al., 1986]. For
most locations, vertical interpolations to 10 or 50 m were
obtained with the 1/7 friction coefficient power law (i.c.,
equation (1)). That map represents so far the most complete
work on yearly-averaged wind power in the United States.

[31] Although the climatological approach used by Elliott
et al. [1986] is necessary to evaluate wind potential, it is also
useful to look at more recent data (some of which are
obtained by newer, more reliable instruments), at raw data
(without any horizontal interpolation or assumption), at 80-m
rather than 50-m data since wind turbines are now larger,
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Figure 5. Mean and standard deviation of wind speeds extrapolated to 80 m at Amarillo, Texas (AMA),
averaged over all days of each month of the year 2000 for each hour of the day. The 10-m mean wind
speed and the ratio of 80-m over 10-m mean wind speeds are also shown.

and at elevated winds derived from a combination of
soundings and surface measurements. For these reasons, a
map with annual mean 80-m wind speeds from U.S. sound-
ing and surface stations was derived here. Figure 3 shows the
resulting map for the continental U.S. and offshore sites.
Mean speeds at 80 m were separated into seven wind power
classes, as defined in Table 1. Figures for Alaska and Hawaii
are given in supplemental information available at http://
www.stanford.edu/group/efmh/winds.html.

[32] Figure 3 shows statistics only for locations at which
measurements were available. Since wind speeds can change
over relatively short distances, a fast wind speed at one
location does not necessarily mean the wind speed will be
fast a few kilometers away. Likewise, the lack of wind
measurements in, for example, Maine, does not mean that
wind speeds in Maine are generally slow. Wind-farm devel-
opers may be able to use Figure 3 to search for general areas
where winds may be fast, but additional measurements at the
individual site of the proposed farm are necessary to deter-
mine better the wind conditions there. However, for analysis
purposes, it is assumed here that each station is representative
of an area comparable with that of a wind farm.

[33] Figure 3 shows that most of the continental United
States experienced wind speeds <6.9 m/s at 80 m (classes

1-2 at 80 m, not suitable for wind farms). Wind power
classes at 10 and 80 m are described in Table 2. However,
several areas offer appreciable wind power potential.
Approximately 24% of the U.S. stations were characterized
by mean annual wind speeds >6.9 m/s (class 3 or higher at
80 m). At these speeds, the direct cost of electric power
from a large 1.5 MW, 77-m modern wind turbine compares
with those from a new natural gas or coal power plant (see
section 1). As such, the unexploited electric power potential
from winds in the United States appears enormous.

[34] Of the class 3 or higher wind stations, 22% (Table 3)
were coastal/offshore, distributed mainly along the south-
eastern and southern coasts. In fact of all coastal/offshore
wind stations in North Carolina, Louisiana, and Texas, 60%,
50%, and 89% were in class 3 or higher, respectively. This
great reservoir of wind power was not previously identified
by Elliott et al. [1986], who show winds in these regions
(except off the coast of Texas and the northern part of North
Carolina), entirely in class 2 (5.9—6.9 m/s at 80 m). Overall,
37% of the U.S. coastal/offshore sites were in class 3 or
higher.

[35] The five states with the highest percentage of class 3
or higher stations were Oklahoma, South Dakota, North
Dakota, Kansas, and Nebraska (Table 3). Those with the
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highest number of class 3 or higher stations were Texas,
Alaska, Kansas, Nebraska, Oklahoma, and Minnesota. Elliott
et al. [1986] found that North Dakota was almost entirely in
class 4 (7.5—8.1 m/s at 80 m) or higher. Here, it is found that
64% of stations in North Dakota are in class 4 or higher and
82% are in class 3 or higher. In a recent re-mapping study of
the Midwest, Schwartz and Elliott [2001] similarly found
somewhat less wind power in North Dakota than originally
found by Elliott et al. [1986]. The highest mean speed at 80 m
(23.3 m/s) was at Mount Washington (NH). In Alaska, eight
stations had annual mean winds >9.4 m/s (class 7), three of
which were on small islands or oil platforms. Hawaii had one
station (Lahaina) with winds in class 5.

[36] Surface and sounding stations were also grouped into
eleven regions, described by Elliott et al. [1986].

[37] Table 4 lists the number of stations falling into each
wind speed class for each region. The North-Central region
(Nebraska, Iowa, Minnesota, South and North Dakota), had
the highest percent (50.3%) of stations in class 3 or higher,
followed closely by the South-Central region (Arkansas,
Kansas, Louisiana, Oklahoma, Texas, and Missouri)
(46.8%). If it can be assumed that the stations in each
region are representative of the region, then these two
regions have the greatest wind power potential in the United
States in terms of land area.

[38] Figure 3 also shows an area of relatively high mean
speeds in the Great Plains region (comprising Texas, Kan-
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(a—d) Same as Figure 5, but for Dodge City, Kansas (DDC).

sas, and Oklahoma), one of the greatest land-based sources
of wind energy. This area will be analyzed in greater detail
in the next sections, to evaluate diurnal and monthly
variations of wind speeds and wind speeds and power
averaged over different areas.

3.2. Means and Standard Deviations

[39] Ten stations were selected for a detailed statistical
analysis. They were chosen based on two criteria: avail-
ability of hourly data in the NCDC data set and high wind
speed potential (i.e., mean-annual 80-m wind speeds at least
in class 3, the minimum recommended for operational wind
farms). Surface raw data generally included hourly wind
speeds, but in some cases a station reported more than one
measurement in an hour, increasing the number of obser-
vations in a day to more than 24. In such cases, an average
of all values reported for the same hour was used. In
addition, hourly raw data were reported in knots (1 knot =
0.515 m/s), and wind speeds of 2 knots (1.03 m/s) or less
were generally reported as zero. A value of 1 knot, i.e., an
average between 0 and 2 knots, was used to replace all
hourly wind speed values reported as zero when extrapola-
tions to 80 m were performed. No such substitution was
applied when 10-m wind speed statistics were calculated.

[40] Table 5 lists the stations, their mean-annual 80-m
speeds and power output, and the standard deviations of
their mean-annual wind speeds and power output. Since
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Figure 7. Measured (blocks) and Rayleigh (line) wind speed frequency distributions (at 10 m)
calculated for all hours of the year 2000 for the 10 selected stations.

these values were calculated from hourly data, some incon-
sistencies may be found while comparing them with Figure
3, in which values were obtained from daily averages (e.g.,
CAO is in class 7 in Table 5 but in class 6 in Figure 3). For
each station, the 80-m mean-annual wind speed and its

standard deviation were calculated for each hour of the day
(Figure 4). Since in the rest of the paper all hours will refer
to Local Standard Time (LST), the specification “LST”
will be omitted hereafter. The 80-m monthly mean wind
speed and its standard deviation were also calculated for
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each hour of the day (e.g., Figures 5 and 6 for two selected
stations).

[41] The statistics suggest that the wind speed at a given
hour, averaged over either a year or a month, is a fairly
steady parameter. Figures 4 and 5 show that the monthly
mean for a given hour was within —45% and +60% of the
annual mean for that hour. For example, the mean-annual
80-m wind speed at Amarillo (AMA) at 1700 was 9.8 m/s
(Figure 4, first graph). Figure 5 shows that the lowest mean
speed at 1700 was 6.7 m/s in January, 32% less than the
annual mean at that hour. The highest mean speed at that
hour was 12.9 m/s in April (32% greater than the annual
mean). High variability of the monthly mean at Amarillo
occurred in March (Figure 5), when the monthly mean wind
speed was 10.0 m/s. The highest mean speed for an
individual hour during that month was 12.6 m/s at 1900
(26% greater than the monthly mean), and the lowest mean
was 6.7 m/s at 1100 (33% lower than the monthly mean).
For Dodge City (DDC), the greatest variability occurred in
July (Figure 6), when the monthly mean speed was 10.2 m/s,
the highest mean was 14.7 m/s at 2300 (44% of the monthly
mean), and the lowest mean was 7.2 m/s at 1300 (29% lower
than the monthly mean).

[42] Second, mean wind speed at 80 m was generally
lower in the early afternoon than during any other time of
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the day, for the reason explained in Section 2.2. At Dodge
City (DDC), for example, the minimum mean speed
occurred between 1100 and 1400 in ~60% of the cases,
whereas the maximum was more likely to occur either in the
evening (50%) or in the morning (42%) (Figure 6). Note,
however, that there are cases (such as January for Dodge
City in Figure 6a) when the 80-m wind speed trend follows
the 10-m wind speed trend, therefore showing a peak in the
afternoon. This is due to the non-uncommon case of z,,,
located below the 80-m level.

[43] Third, at each hour, the standard deviation of the
monthly-mean wind speed was generally within —54% and
+108% of the annual mean wind speed. The main implica-
tion of this result is that 80-m winds in class 3 or higher are
suitable for wind power. In fact, by taking 7.2 m/s as the
representative value of class 3, the value corresponding to
the mean minus the standard deviation is 3.31 m/s (i.e.,
7.2—0.54*7.2), which is above the limit for minimum wind
power production from most turbines (3 m/s). Another
implication is that wind speed (for high annual mean speed
stations) is not so intermittent. Under a Rayleigh distribu-
tion of winds (discussed in the next section) with standard
deviation equal to 54% of the mean, only 16% of the wind
speeds fall below 3.31 m/s. Standard deviations for the
annual means were, in the worst case, +68%, whereas
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Figure 8. Measured (blocks) and Rayleigh (line) wind speed frequency distributions (at 10 m)
calculated for all hours of each month of the year 2000 for Pine Springs, Texas (GDP).

standard deviations for the monthly means reached +94%.
This confirms that, the longer the averaging time, the more
consistent the wind, i.e., the lower the standard deviation.

3.3. Wind Speed Frequency Distributions

[44] In order to evaluate the prevalence of low wind speed
events, frequency distributions of winds speeds at 10 m were
calculated. Ten-meter distributions were preferred over 80-m
distributions for this analysis to eliminate uncertainties aris-
ing from vertical extrapolation. Furthermore, since the effect
of surface friction decreases rapidly with height, the proba-
bility of low speed events is lower at 80 m than it is at 10 m.
As a consequence, studying the frequency at 10 m instead of
80 m represents a conservative approach. Winds were
divided into 26 speed categories, from 0 to 25 m/s. If a speed
was less than 0.5 m/s, the datum was assigned 0 m/s. If it was
greater than or equal to 0.5 m/s and lower than 1.5 m/s, it was
assigned 1 m/s, and so on. The last category (25 m/s) included
all speeds that were greater than or equal to 24.5 m/s. The
frequency of each wind speed category was then calculated
(as a percentage of the total number of observations) for each
station and compared with a theoretical Rayleigh probability
density function, calculated as

70 =Few|-(2)]

(11)

where v is wind speed (m/s) and ¢ is 2v//w (where v is the
mean wind speed in m/s) (e.g., G. M. Masters, Wind power
systems, in FElectric Power: Renewables and Efficiency,
chap. 6, textbook in preparation, 2003). The Rayleigh
distribution is a special case of the more general Weibull
probability distribution function:

10 =5 () e ()]

where £ is the shape parameter and c is the scale parameter.
For k = 1, equation (12) looks like an exponential decay,
therefore suitable for low speed cases; for k£ = 2, it becomes
the Rayleigh distribution described in equation (11),
generally used for locations where winds are fairly consistent
but with periods of higher speeds (such as at the 10 selected
stations); for k£ = 3, the Weibull distribution looks like a bell-
shaped function, thus better suitable for locations where
winds blow all the time at a fairly constant speed.

[45s] Figure 7 compares the measured with theoretical
frequency distribution of the winds for all hours of the year
2000 at the 10 selected stations. The Rayleigh curves
closely follow the observed distributions for most stations,
especially for Dodge City and Pine Springs. Since all wind
speeds <3 knots (1.55 m/s) were classified as 0 in the
original data set, an unrealistic spike is present in all plots at

(12)
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Figure 9. Wind speed frequency distributions (at 10 m) calculated for all days of the year 2000 at
selected hours of the day for Garden City, Kansas (GCK).

0 wind speed. The frequency of calm winds (wind speeds
<2 m/s) ranged from 0.9% at Sandberg to 3.2% at Clinton.
The frequency of speeds <3 m/s ranged from 5.2% at Pine
Springs to 10.0% at Russell. Figure 8, which shows the
frequency distribution by month at Clayton, indicates that
low wind speed events tended to occur in the winter rather
than in the summer. The greatest frequency of wind speeds
<2 m/s at Clayton were in December (7.7%) and January
(5.3%).

[46] Hourly frequency distributions for the whole year
were calculated to determine if low wind speed events
occurred preferentially at specific hours. Results suggest
that such events could occur at any hour of the day, but with

a slightly higher frequency at night. Figure 9 shows that, at
Garden City, for example, the frequency of calm winds
varied from a minimum of 0.7% at 2200 to a maximum of
3.9% at 1700. The frequency of the fastest winds was
greatest from 1400 to 1600 in the afternoon.

[47] In summary, low wind speed events (<3 m/s at 10 m)
were infrequent, occurring less than 10.1% of the total hours
of the year in the worst case. Such events were more
frequent in winter than in summer.

3.4. Wind Power Distributions

[48] Although wind speed statistics are useful, wind
power statistics are more relevant for determining energy
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Figure 10. Calculated power (diamonds), Rayleigh power (squares), and mean wind speed (triangles)
extrapolated to 80 m, averaged over all days of the year 2000 for each hour of the day at the 10 selected sites.

production from wind turbines. Wind power (per rotor area)
was therefore calculated for all stations from:

1
P:EpAv3,

(13)
where p is the near-surface air density (estimated at 1.225
kg/m®) and A is the rotor area. Observed wind power was
compared with theoretical Rayleigh wind power. Figure 10
shows measured wind speed and wind power and Rayleigh
wind power at 80 m, averaged over all days of the year 2000
for each hour of the day at the 10 selected stations. As did

the maximum annual-averaged hourly wind speed, the
minimum annual-averaged hourly wind power occurred
during the day/afternoon rather than the night. Figure 10
shows that observed power curves followed the theoretical
curves closely, further suggesting that winds are intrinsi-
cally Rayleigh in nature. As a consequence, by assuming a
Rayleigh distribution, one can calculate the mean power P
produced at a station as a function of the mean wind speed v
only (i.e., without needing hourly data) as follows:

P =— —pAv.

7= (14)
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Figure 11 shows measured wind speed and wind power and
Rayleigh wind power at 80 m, averaged over all days of
selected months for each hour at Clinton (CSM). The
monthly average wind power was maximum in September
(1813 W/m?) and minimum in November (908 W/m?).
Three other stations (AM, DDC, and GCK) showed
maximum power in April and two (CAO, and CDB) had
maxima in February (not shown). Five stations out of ten
showed minimum power in January, and two in August.
Summer months were characterized by fewer low wind
speed events, but ironically also lower wind power output
than winter months. Late winter months, characterized by
more frequent low wind speed events, experienced higher
average wind speeds and therefore higher wind power
production than summer months. A generic explanation for
this is that, since the Northern Hemisphere winter is
characterized by a series of extra-tropical cyclones, periods
of stormy and windy weather followed by fair and calm
weather are common. Due to the greater frequency and
strength of synoptic high-pressure systems, fewer extra-
tropical storms occur in the summer than in winter.

[49] Because wind power is proportional to the third
power of the wind speed, mean annual wind power varied
proportionately more than did the mean annual wind speed
at the 10 sites compared (Table 5). Figure 11, for example,
shows that, at Clinton, the 80-m monthly mean speed at a
given hour oscillated between a minimum of 7.3 m/s
(August at 1300) and a maximum of 15.9 m/s (August at
2300), corresponding to 67% and 147% of the yearly mean
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wind speed over all hours of all months (10.8 m/s),
respectively. The minimum and maximum wind powers
were 338 and 3716 W/m?, corresponding to 23% and
231% of the yearly mean power (1461 W/m?), respectively.

[s0] Table 5 shows that the standard deviation of the
annual wind power exceeded the annual mean wind power
at all sites shown. Since wind power can not be negative,
this result suggests that high wind speed tails of the
Rayleigh distribution (e.g., Figures 7—8) have a larger
influence on the standard deviation of wind power than
do calm wind events.

3.5. Variation of Wind Power With Number of Wind
Farms

[s1] Raw data for this study were measured at individual
stations. Wind farms contain many turbines spread over
large areas. When multiple turbines or multiple wind farms
are considered, the area of interest expands. Several studies
have shown that, with an increasing number of turbines at a
single wind farm, the stability of wind power generation
increases [e.g., Hirst, 2001; Hudson et al., 2001]. The same
should hold true if the number of wind farms increases. To
investigate this hypothesis, a comparison of power output
averaged over one, three, and eight stations was performed.
The first station was DDC, in Kansas. In the three-station
case, the stations were DDC, RSL, and GCK, all in Kansas
and spread over an area of about 160 x 120 km? In the
eight-station case, the stations were the previous three plus
AMA, GDP, CSM, HBR, and CAO, located in New
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Calculated power (diamonds), Rayleigh power (squares), and mean wind speed (triangles)

extrapolated to 80 m, averaged over all days of each month of the year 2000 for each hour of the day at

Clinton, Oklahoma (CSM).

Mexico, Texas, and Oklahoma. The area covered by the
eight stations was approximately 550 x 700 km?.

[52] Since 80-m wind turbines produce little or no power
at low wind speeds, care was taken to treat wind speeds
<3 m/s, the speed below which no wind power is produced
for many turbines. Even when the area-averaged wind speed
is lower than 3 m/s, the area-averaged wind power gener-
ated by all turbines is not necessarily zero because some
turbines may experience wind speeds above 3 m/s, whereas
others may experience no winds. To take this into account, a
different type of arca-averaged wind speed was introduced,
named ‘“area-averaged power wind speed” V. First, the
area-averaged power P at a given hour of a given day was
tabulated as

(15)

where v; is the 80-m wind speed at station 7 (set to zero if
<3 m/s) and N is the number of stations (i.e., 1, 3 or 8). The

area-averaged power wind speed V, at a given hour of a
given day was then calculated as:

p 1/3
-’
p

Figure 12 shows the frequency distribution of V,, for six
4-hour blocks, averaged over the year, for one, three, and
eight stations. Several conclusions can be drawn from the
figure. First, the larger the averaging area, the lower the
probability of a low area-averaged power wind speed.
When only one station was considered (Figure 12a), the
frequency of the area-averaged power wind speed <3 m/s
varied from 3.9% at 0800—1100 to 7.6% at 1200—1500.
When three stations were considered (Figure 12b), low
power wind speed frequency decreased to 0.4% at 0800—
1100 and to 2.6% at 1200—1500. When all eight stations
were considered (Figure 12c), the frequency of low-power
wind speed became zero. Second, the 2000—2300 and 0000—
0300 blocks, depicted with filled squares and circles in
Figure 12, had the highest mean and mode, which confirms

(16)
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4-hour blocks, for (a) one station, (b) three stations, and (c)
eight stations.
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the previous findings that the greatest wind power occurred
at night. The lowest area-averaged power wind speeds in
the eight-station case occurred in the morning and after-
noon, 0800—1100 and 1200—1500. Finally, the shape of
the power wind speed distribution narrowed as the
averaging area increased (see, for example, the thicker
line, representing an average over all hours, in Figure 12).
Therefore the standard deviation of the power wind speed
decreased with an increasing averaging area. Furthermore,
for the eight station case, a Weibull distribution with £ =3
fits the data better than one with £ = 2 (i.e., a Rayleigh
distribution), as expected for locations with constant and
high wind speeds.

4. Conclusions

[53] In this paper, a methodology for determining 80-m
wind speeds given 10-m wind speed measurements was
introduced and applied to the United States for the year
2000. The results were analyzed to judge the regularity and
spatial distribution of U.S. wind power at 80 m. Conclu-
sions of the study are as follows:

[54] 1.In the year 2000, mean-annual wind speeds at 80 m
may have exceeded 6.9 m/s at approximately 24% of the
measurement stations in the United States, implying that
possibly one quarter of the country is suitable for providing
electric power from wind at a direct cost equal to that from a
new natural gas or coal power plant.

[s5] 2. The greatest previously uncharted reservoir of
wind power in the continental United States is offshore
and onshore along the southeastern and southern coasts.

[s6] 3. The other great wind reservoirs are the north- and
south-central regions, charted previously.

[57] 4. The five states with the highest percentage of
stations with annual mean 80-m wind speed >6.9 m/s were
Oklahoma, South Dakota, North Dakota, Kansas, and
Nebraska.

[s8] 5. The standard deviation of the wind speed averaged
over multiple locations is less than that at any individual
location. As such, intermittency of wind energy from multi-
ple wind farms may be less than that from a single farm, and
contingency reserve requirements may decrease with
increasing spatial distribution of wind farms.

[s9] 6. The minimum wind speed during the year
increases when more wind sites are considered. Thus, the
probability of no wind power production due to low wind
speed events may be greatly reduced (if not eliminated) by a
network of wind farms.

[60] 7. Winds are Rayleigh in nature, and actual wind
power at any hour of the day during a year is close to
Rayleigh wind power.

[61] 8. Because winds, even at a given hour, are Rayleigh
in nature, the average wind power over a month at a given
hour at a location is a reliable quantity compared with wind
power at the same hour, but on any random day of the
month. Therefore, requiring turbine owners to produce a
summed quantity of energy over a month at a given hour of
the day entails little risk once monthly-averaged Rayleigh
wind speeds at the given hour and location are known.

[62] 9. Even when the standard deviation of the wind
speed is high, the total wind power during an averaging
period follows the mean wind speed.
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