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Limits to Wind Power Utilization

The extraction of energy from the
wind is receiving increasing attention as
a self-renewing energy source (/). As-
sessment of how important wind energy
may become requires answers to some
key questions. How much can wind en-
ergy contribute if it is fully exploited?
What are the technology requirements,

M. R. Gustavson

The Source

The ultimate source of wind energy is
the sun, but the conversion of this radi-
ant energy into the kinetic energy of
moving air is a very complex process in-
volving many interacting energy transfer
paths. The computation of wind patterns

Summary. As wind energy receives increasing attention it is important to under-
stand the noneconomic factors limiting the total power that can be extracted from the
wind. These factors are examined here with a macroscopic approach. An upper glob-
al limit of 1.3 x 104 watts is arrived at with a sublimit of 2 x 102 watts for the conti-
nental United States. Some general conclusions are also reached regarding the sites
that would have to be utilized to achieve these levels. Even within these limits, wind
energy is seen to offer a potential far larger than many other self-renewing energy

sources.

limitations on siting, and possible side ef-
fects of wind utilization? Considering the
peculiarities of local wind conditions,
can anything that is of both general valid-
ity and practical utility be said?

By using a macroscopic approach that
focuses first upon the source, one can
derive useful answers to all of these
questions. Indeed, this top-down ap-
proach draws attention to some poten-
tially grave environmental consequences
and avoids some difficulties and misun-
derstandings that can arise out of gener-
alizing from specific details. When
source strength estimates are combined
with practical and environmental limita-
tions, the potential contribution that
wind energy extraction systems could
make to our energy needs is less than
some enthusiastic advocates have
claimed; but is still appealingly large. As
a potential source of energy it exceeds in
magnitude many other self-renewing
sources such as tidal energy capture,
geothermal energy, or hydropower.
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directly, even with the use of highly
idealized earth models, is made practi-
cally intractable by the presence of ad-
vection—the displacement of the fields
of motion and temperature by the field of
motion itself. Because the motion is not
uniform, different portions of the ad-
vected fields undergo different dis-
placements, and the fields become dis-
torted. The complexity of the nonlinear
processes taking place precludes direct
calculation of the consequences. There-
fore, a mixture of theory and experimen-
tal data and some judicious estimating is
required (2).

The solar flux at the earth’s distance
from the sun is 1400 watts per square me-
ter resulting in a total intercepted flux of
1.8 x 10" W or 350 W/m? when aver-
aged over the earth’s surface. It is the in-
teraction of this radiant flux with the at-
mosphere, waters, and land surface of
the earth which give rise to the winds.
Thus, 1.8 x 10" W constitutes an upper
limit on solar energy-based processes,
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but far exceeds that available from the
wind alone (3).

Energy must be continually fed into
the earth’s atmosphere to maintain the
wind by offsetting the dissipative effects
of turbulence and friction in the atmo-
sphere and at the earth’s surface. The ra-
tio of this rate of wind energy dissipation
loss to the total solar flux, both taken on
a unit area basis, is usually labeled 7.
This quantity can not be measured di-
rectly but must be inferred by using the
available data within the framework of a
general theory. The several approaches
that can be made to estimating 7 general-
ly concur in indicating 0.02 as a best val-
ue 4).

Application of this 2 percent figure
gives an average for the total rate of solar
input to wind energy over an earth ele-
ment of 7 W/m2, For the whole earth this
amounts to 3.6 x 10 W.

Wind energy machines interact direct-
ly, of course, not with the totality of en-
ergy in the atmosphere but rather with
that available within the boundary layer
at the earth’s surface. The focus of most
meteorological studies, however, is not
how much energy can be extracted but
rather how much energy is dissipated as
a function of altitude.

A detailed examination of a paper by
Ellsaesser (5), which makes major use of
earlier work by Kung, reveals that 35
percent of the total wind energy dis-
sipation occurs on the average within 1
kilometer of the earth’s surface. The ki-
netic energy dissipation rates given as a
function of altitude by Ellsaesser can be
used to go one step further (6). Extrapo-
lation and integration to ground level
from an altitude of 1 km gives an in-
crement in 7 that is small compared to
the surface boundary contribution calcu-
lated by Kung (7). Indeed, effects at the
boundary (resulting only in part from
surface roughness) constitute a major
portion of the total dissipation; that is,
more than 90 percent of the 35 percent
figure quoted (8, 9).

Application of this near-earth factor of
35 percent to the total dissipation rate of
7 W/m?gives 2.5 W/m? On a global basis
this amounts to 1.3 x 10" W (10).
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key values noted above. Integrated over
1 year, the solar flux value shown equals
5.7 X 10* joules (5.4 million quads) and
even the much smaller boundary layer
value equals 4 x 10*2 J (39,000 quads)
(11). The annual world energy consump-
tion, for comparison, is approximately
2 X 10%°J (200 quads) (/2).

Content Versus Replenishment

A distinction must be made between
the amount of kinetic energy in the wind
and the rate at which energy can be con-
tinually extracted. This is essential not
only as an antecedent to the conclusions
reached herein, but also because of the
confusion surrounding this topic.

Brunt (/3) provides an estimate of 3 X
1020 J for the total global kinetic energy
of the wind which, when combined with
the estimated 5.2 x 10*' grams’ weight
of the earth’s atmosphere implies a glob-
al average wind velocity of 11 meters per
second (38 km/hour) (/2). Brunt finds ap-
proximately this velocity to be justified
on the basis of observed pressure dif-
ferences.

Another and more revealing result fol-
lows from dividing this total wind energy
content of 3 x 10> J by the previously
calculated global rate of solar input to
wind energy of 3.6 x 10" W. The result,
8.3 x 10* seconds, indicates that ap-
proximately 1 day’s worth of input solar
energy is typically stored as kinetic ener-
gy at any given time. Or, conversely,
since at equilibrium the input rate and
dissipation rates are equal, in the ab-
sence of input the earth’s wind energy
would be largely dissipated within days,
if one assumes that the dissipation
rate varies linearly with energy content
(14).

A More direct comparison with the
dissipation rate or driving force can be
made by examining the energy content of
the winds per unit area of earth’s sur-
face. Dividing the total wind energy con-
tent of 3 X 10?* J by the globe’s surface
area of 5 x 10 m? gives 6 x 10° J/m?2
Comparison of this with the 7 W/m? rate
of solar input to wind- energy gives an
idea of the enormous size of the *‘fly-
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earth’s winds provides. Of course, it is
not the size or speed of the flywheel but
the rate at which energy is supplied to
drive it that determines the rate at which
energy can be extracted on a continuous
basis.

Envirenmental Consequences

Knowing the rate at which energy is
fed into the earth’s wind system still
leaves open the question of the rate at
which man can safely extract energy
from the system. Aside from the practi-
cal factors and economic incentives, the
only general limitation would appear to
be a reluctance to significantly modify
the earth’s climate. That is, if wind en-
ergy extraction were pursued with enor-
mous diligence, the level of energy cap-
ture might be so large as to significant-
ly perturb the natural global processes.
What fraction or percentage of the near-
surface dissipation energy can be ex-
tracted safely?

An allowable level cannot be calcu-
lated on the basis of current knowledge.
It is not even clear that it is correct to
talk about a percentage level because
there may be great differences in impact
depending on where on the earth’s sur-
face the energy is extracted. It is, after
all, the uneven heating of the earth’s at-
mosphere, more intense near the equator
and less in the polar regions, which is the
primary driving force that creates the
winds. These forces, modified by the
earth’s declination and orthographic fea-
tures and coupled with the Coriolis
force, give rise to the familiar gross fea-
tures of the global winds and their sea-
sonal fluctuations. This means, of
course, that wind energy is distributed
quite differently over the globe than is
the input solar energy. Then too, the en-
ergy once extracted from the wind would
at some time be returned to the earth’s
near-surface environment (usually as
waste heat) as the energy is used. How
and where this is done would also deter-
mine the impact on global climate.

It is also important to realize, in con-
sidering the effects on the world’s cli-
mate, that what is involved is not a

simple system in which the result will
necessarily be proportional to the change
in input (/5). Analogous questions have
been raised concerning the impact on the
world’s climate because of other changes
caused by humans. Kellogg (/6) has de-
lineated a broad range of related and in-
teracting variations which might follow
from a change in the earth’s atmosphere.
Some of these, such as a permanent
melting of the Arctic Ocean ice, seem
likely to involve a stepwise change of
great significance once some now un-
known threshold level of input change
has been exceeded.

In view of these uncertainties, a judg-
ment must be made in estimating what
fraction of the near-earth dissipation rate
can be safely extracted. The issues noted
above suggest considerable caution may
be necessary. But one can also argue
that in some areas humans will simply be
substituting their own turbulence-gener-
ating structures for those already present
in the form of mountains, trees, and oth-
er natural features. Also, the system may
have some elasticity in that artificially in-
duced losses (that is, removal of energy
by humans) may be partially replenished
by shifts in the natural processes or in
the level of the boundary layer interface.

As a compromise between caution and
imprudence in the face of inadequate
knowledge, 10 percent of the near-sur-
face dissipation will be taken here as a
limiting value. Certainly many will see
this figure as being too generous by far.
In this sense it would clearly seem to be
an upper limit that could not safely be
exceeded. It would, indeed, be desirable
for this and many other purposes if mete-
orological studies could elucidate the re-
lations between climate and man-made
changes, but such an elucidation seems
to be well beyond current knowledge.

This 10 percent limitation is, of
course, not applicable to small areas
considered individually. For example,
since there are some areas, such as mid-
ocean areas, that may never be ex-
ploited, on-land use could be increased
proportionally.

Applying this 10 percent to the num-
bers previously calculated gives 0.25
W/m?, On a global basis this amounts to
1.3 X 10* W.

Recommended Values

It is clear that the wind energy in the
atmosphere varies widely depending on
global zone (2, 8). Furthermore, at every
scale down to those of the micro-
climatologists there are variations in the
local wind energy. The rate of dis-
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sipation also appears to vary from area
to area, although there is much less
knowledge about these variations. Kung
(I7) concluded that despite land and
ocean differences in surface roughness,
the dissipation rates in the boundary lay-
er are about the same over land masses
and over the oceans. Ellsaesser (5) has
provided global maps of the dissipation
for various altitudes. These maps sug-
gest that the area covered by the United
States (/8) closely approaches the global
average. That it is identical to the global
average is assumed in what follows.

The 3 million square miles or 8 X 102
m? of the United States therefore involve
a near-surface dissipation rate of 2 X
101 W (19). Application of the 10 per-
cent limitation suggested in the preced-
ing section would set a limit of 2 X 102 W
on the capturable energy, a value not dis-
similar from that estimated by others (/5,
20, 21). Most of these estimates, how-
ever, do not incorporate any explicit
concern for impacts on climate (22).

Table 1 lists the values estimated
above. In alternate units the annual ex-
traction rate limits derived here are 4 X
10%1 J (3900 quads) globally and 6.3 x 10"
J (60 quads) for the United States (/7).
As noted previously, any application of
the extraction rate limit per unit area
must be made with due consideration for
the particular geographic area involved.
For example, it might reasonably be ar-
gued that since so much of the earth’s
surface is open ocean where wind energy
extraction may not occur, then the limit-
ing areal value for the United States
could be increased at least threefold.
Others, who think that the 10 percent fig-
ure suggested is too high, may find some
comfort in the fact that no such increase
has been included here.

Limitations on Extraction Machines

Given a particular site, numerous fac-
tors limit the extent to which it is either
feasible or economic to extract energy
from the wind. Speed and constancy of
the wind are the site characteristics of
primary importance. But before such
site-specific attributes are discussed,
some more general nonsite-specific fac-
tors such as conversion efficiencies, de-
sign velocity limits, the Betz coefficient,
and degradation arising from close pack-
ing deserve consideration.

The most obvious limitation on ex-
tracting energy from the wind is the in-
efficiency associated both with the fric-
tional processes in rotating machinery
and in the conversion, when required, of
mechanical energy to some other form
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Table 1. Summary of recommended values.

Area of interest (values in watts)

Quantity United
2
Per m Global States*
Solar input rate 350.0 1.8 x 107 2.8 x 101
Dissipation rate (at 2 percent of solar input) 7.0 3.6 x 10" 5.6 x 10
Near-surface dissipation (at 35 percent of total) 2.5 1.3 x 10 2.0 x 103
Extraction rate limit (at 10 percent of near- 0.25 1.3 x 10 2.0 x 102
surface dissipation)
*For the 48 contiguous states.
Table 2. Unit efficiency as a function of array size and spacing (26).
Spacing Array size, N by N
parameter
A Infinite 50 x 50 10 X 10 5x5
0.001 0.89 0.95 0.98 0.99
0.003 0.73 0.87 0.96 0.98
0.010 0.38 0.62 0.86 0.94
0.030 0.10 0.29 0.70 0.85

such as electricity. Although improved
designs can reduce these losses, such im-
provements are unlikely to prove eco-
nomical beyond some level. Today, an
overall efficiency of 80 percent for con-
version to electrical energy would be
considered a rather demanding goal (20,
21, 23).

Since it is never economical to con-
struct a wind machine so that it is able to
extract the full energy from the maxi-
mum wind velocity likely to be encoun-
tered at a given site, less than the full po-
tential of a site will be realized in prac-
tice. Furthermore, because the energy
contained in the wind varies as the cube
of the velocity, this loss could be signifi-
cant. For a given site, speed-duration
data can be used to calculate the fraction
of the available energy that would be
captured as a function of the maximum
usable speed, and the most attractive
limit then selected. More generally,
many workers have observed that the
speed-duration curves for most sites
have a rough similarity when the wind
speed is scaled to the mean speed for the
site. Lapin’s (24) calculations, as well as
other data (25), indicate that, if the maxi-
mum usable speed is set at twice the
mean wind speed then for many sites the
loss thus incurred is unlikely to be great-
er than 15 percent. This represents an ec-
onomically attractive situation (26).

Another limitation on wind energy ex-
traction by means of a rotor system
arises from optimizing the relation be-
tween pressure drop and flow rate. The
goal is to maximize the product of these
two closely related quantities—that is,
where increasing the pressure drop in-
variably reduces the flow rate. The rela-
tionships involved were first elucidated

by Betz (27). He demonstrated that, at
most, 16/27 or 0.593 of the energy in a
windstream can be extracted by a tur-
bine or rotor-type device.

If the problem faced is that of fully de-
veloping the energy production potential
of a fixed geographic site, then another
factor comes into play; namely, a limita-
tion imposed by using sufficiently sparse
spacing that the performance of individ-
ual units is not significantly degraded by
the presence of other units. That is, suf-
ficient space must be allowed between
units to permit smearing out of upstream
wakes by turbulent processes and verti-
cal or horizontal replenishment of the ki-
netic energy (28).

A typical rule of thumb for avoiding in-
teraction among wind energy extraction
machines is to allow 5 to 15 times the ro-
tor diameter for intermachine spacing
(20, 21, 25). This limitation has been ex-
plored to some extent in scaled wind-
tunnel experiments and in several theo-
retical studies (29-31). These studies in-
dicate that the critical parameter is the
ratio of the rotor-swept area to the land
surface area, usually denoted as A. That
is, the power that can be extracted is
very nearly directly proportional to the
swept area and is a much weaker func-
tion of rotor height (32).

For very extensive arrays, where only
vertical energy replenishment can be ef-
fective, losses can be substantial if A val-
ues exceed 0.001. The magnitude of this
effect is suggested by the first column of
Table 2 which shows the decreased (< 1)
unit efficiency for each element of an in-
finite array of wind energy extraction
machines as a function of A 33). In ex-
ploiting a given land area, closer spacing
results in reduced unit output but, up to
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Fig. 2. Energy available for capture and mini-
mum power density as a function of U.S. land
area (for A = 0.02 and 40 percent capture frac-
tion).

some level of crowding, a higher total
output. However, the decreased output
per unit of capital investment which re-
sults with more than minimal crowding
weighs strongly against achieving maxi-
mum energy capture at the expense of
unit performance.

The rule of thumb of 5 to 15 rotor di-
ameters corresponds to \'s of 0.003 to
0.03. Such values are quite reasonable
for limited arrays in which horizontal as
well as vertical replenishment can be sig-
nificant. This is well illustrated by the
unit efficiency values shown in Table 2;
that is, for arrays involving tens of units,
the per unit performance is still high for A
values as high as 0.03. In actual practice,
such small arrays are most likely to be
used to take advantage of local high-
quality sites and valuable topographic
channeling. Further experimentation and
calculation would be required to eluci-
date the full situation, particularly in
complex topographies.

Siting Opportunities

Considerations of wind energy extrac-
tion will naturally tend to focus first on
the exploitation of areas of high-speed
and persistent winds (34). Two general
questions of importance are: how large a
geographic area must be exploited and
how poor a quality site must be used to
achieve the allowable limit previously
established? Consideration of these
questions can also serve to correct some
misunderstandings about isodyn maps:
those showing the contours of equal
power density perpendicular to the wind.

Some of the data most pertinent to
wind energy extraction have been as-
sembled by Reed and his co-workers (35,
36). Of special interest here are Reed’s
contour maps which show the average
annual power density in watts per square
meter over the United States (I8). Al-
though Reed notes that these data are for
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airport and city locations rather than
having been selected with wind power
collection in mind, and that severe
smoothing was required to generate
these maps, they appear to provide an
adequate basis for the considerations
which follow (37).

One can compute the minimum quality
site that would have to be used to
achieve a given level of total wind energy
extraction in the United States by using a
A =0.02 limit on close packing and
Reed’s isodyn maps and, to allow for the
Betz coefficient limitation and other col-
lection inefficiencies, by assuming that
only 40 percent of the energy intercepted
by the rotor area is actually extracted.
The results of such a computation are
shown in Fig. 2. These values have been
calculated without reference to any envi-
ronmental limitations, but the previously
established extraction limit of 2 x 102
W is indicated by a dashed line (left
axis). The pertinent curve shows that un-
der the assumptions made here, 12.4 per-
cent of the land area must be exploited to
reach this limit. Actual land usage will,
of course, be very much smaller. For ex-
ample, if one assumes (on the high side)
that each extraction device requires a
land area equal to five times the rotor
area, the used area will be slightly more
than 1 percent of the land surface (38).
This percentage is small (albeit large in
absolute terms) because of two factors:
There is an abundance of good sites and
most of the exploited area need not, in-
deed cannot effectively, be dedicated to
wind energy machines.

Figure 2 also permits one to deduce
the minimum quality site in terms of av-
erage annual power density which will
have to be exploited to achieve the 2 X
102 W limit. The dashed line indicates
(right axis) that the minimum site will
have a power density of 220 W/m?2. This
corresponds to an average wind speed of
7 m per second (25 km per hour), a speed
that is quite adequate to achieve good
operating efficiencies. Thus, presuming
that there is full freedom to develop the
highest power density sites, the answers
to the earlier questions are that there are
an adequate number of very good sites
and that full exploitation would require
the use of only a small percentage of the
land area of the United States.

The estimates given here for both the
area required and the minimum quality
sites are at best first approximations.
These calculations are based on wind
speeds close to the ground, most often
an elevation of approximately 10 m; no
attempt was made to identify particularly
good sites for wind energy extraction.

Table 3. Usable energy potentials on a global
basis.

Energy potential

Resource Watts  Quad/
X 10712 year
Wind extraction limit 130 3900
Potential useful
hydropower 2.9 86
Usable geothermal heat 0.13 4
Usable tidal energy 0.06 1.9

Since wind speed generally increases
with altitide the use of large rotors or
tower mounts will result in more energy
being captured per unit rotor area, de-
creased land area requirements, and en-
hanced site quality (37). Careful selec-
tion of sites on the basis of their merit for
wind energy extraction would have simi-
lar effects. Movement in these directions
may, at least in part, be balanced by the
undesirability for other reasons of using
some of the best sites. On balance, the
estimates given here are likely to be con-
servative; that is, land requirements are
likely to be lower and minimum site qual-
ity higher than indicated.

Isodyn maps are valuable for recogniz-
ing those areas in which prevalent brisk
winds offer the greatest opportunity for
practical capture and for estimating the
maximum levels of extraction achievable
with isolated wind machines. However,
as Reed points out, ‘‘wind power pat-
terns do not show how much power can
be extracted from the wind” (36). It
would not be correct to integrate over
the whole area depicted to arrive at a to-
tal for the wind energy that might be ex-
tracted (I5). Indeed, were one to do this
using Reed’s map, the indicated average
for the United States is 140 W/m?2, which
exceeds by 20-fold the 7 W/m? rate at
which energy is supplied to maintain the
winds. Simply put, the energy extracted
in 1 m? will not appear in another square
meter to be extracted again. Rather,
these power density numbers should be
visualized as the rate at which energy is
passing, as kinetic energy of mass mo-
tion, over a specified ground element
39).

In some ways the volume occupied by
the earth’s atmosphere can be looked on
as an enormously large and complex
duct. Examined at specific points an esti-
mate can be made of the energy which
could be extracted locally by a suitable
wind energy machine. But all of the sites
thus identified cannot be simultaneously
occupied without regard for the solar in-
put which is the “‘engine” that causes
the air to flow through this ‘‘duct.”
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Comparisons

The extraction rate limit of 2 X 102 W
set for the United States is roughly 75
percent of the current national total ener-
gy consumption rate, whereas the global
limit of 1.3 x 10 W is about 20 times
the worldwide energy consumption rate.
These figures suggest the enormous po-
tential contribution that wind energy ex-
traction could make to global energy re-
sources. In the United States alone, 2
million 1-megawatt installations would
be required to attain the suggested rate —
far beyond anything likely to be done in
the foreseeable future.

Tidal, hydro-, and geothermal power
are also self-renewing resources. They
also have another similarity to wind
power in that nature provides for some
concentration in sites where capture is
more readily effected. The global total
hydrologic runoff energy amounts to 9 x
102 W, while that which can be usefully
collected has been estimated at just over
30 percent of this amount. A similar situ-
ation exists for tidal power, with the total
being 3 X 102 W, but here the portion
usefully collectible appears to be about 2
percent of this value. Finally, for geo-
thermal power the spread is even wider,
running from a total geothermal flux of
2.7 x 10 W down to a usefully collect-
able level of 1.3 X 10 W or 0.5 percent
(12, 40).

The usable energy potentials on a
global basis for these renewable re-
sources are summarized in Table 3.
Should the large-scale capture of wind
energy prove economically rewarding
and otherwise acceptable, this tabulation
makes it clear that wind energy has a
magnificent potential.
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