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Abstract. The availability of wind power for renewable energy extraction is ultimately limited by how much kinetic energy is generated by natural processes within the Earth system and by fundamental limits of how much of the wind
power can be extracted. Here we use these considerations
to provide a maximum estimate of wind power availability
over land. We use several different methods. First, we outline the processes associated with wind power generation and
extraction with a simple power transfer hierarchy based on
the assumption that available wind power will not geographically vary with increased extraction for an estimate of 68 TW.
Second, we set up a simple momentum balance model to estimate maximum extractability which we then apply to reanalysis climate data, yielding an estimate of 21 TW. Third,
we perform general circulation model simulations in which
we extract different amounts of momentum from the atmospheric boundary layer to obtain a maximum estimate of how
much power can be extracted, yielding 18–34 TW. These
three methods consistently yield maximum estimates in the
range of 18–68 TW and are notably less than recent estimates
that claim abundant wind power availability. Furthermore,
we show with the general circulation model simulations that
some climatic effects at maximum wind power extraction are
similar in magnitude to those associated with a doubling of
atmospheric CO2 . We conclude that in order to understand
fundamental limits to renewable energy resources, as well as
the impacts of their utilization, it is imperative to use a “topdown” thermodynamic Earth system perspective, rather than
the more common “bottom-up” engineering approach.
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Introduction

Several recent studies (Archer and Jacobson, 2005; Santa
Maria and Jacobson, 2009; Lu et al., 2009; Jacobson and
Archer, 2010a) propose that wind power can easily meet
the current global human energy demand while also having negligible impacts on the Earth system. Archer and Jacobson (2005) quantified 72 TW of wind power extraction
potential over land utilizing only 13% of the most windy
land areas. Lu et al. (2009) increased this land-based quantification to 125 TW using an increased land area, larger
wind turbines, and additional wind velocity measurements.
Even more recently, Jacobson and Archer (2010a) stated that
should 11.5 TW of wind turbine derived electricity sustain
global power demand, “...[the required wind turbine] power
extraction at 100 m amounts to <1% (11.5 TW/1700 TW) of
the world’s available wind power at 100 m.”
All of the above-mentioned studies neglect energy conservation, nearly imperceptible at smaller scales but critical
when quantifying wind power potential at regional to global
scales, as recently shown by Gans et al. (2010). The methodologies for calculating extractable wind power employed by
these studies (Jacobson and Masters, 2001; Archer and Jacobson, 2003, 2005; Archer and Caldeira, 2009; Santa Maria
and Jacobson, 2009; Lu et al., 2009; Jacobson and Delucchi, 2010) also differ significantly with those of Keith et al.
(2004) and Wang and Prinn (2010) and should not be confused.
Combining wind turbine characteristics and wind velocity measurements is critical when estimating the potential
electricity output of a proposed wind farm but the engineering focused “bottom-up” methodology does not allow the
quantification of changes to global wind power availability
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4. 450 TW ≈50% of total generated wind power is dissipated in the atmospheric boundary layer (Peixoto and
Oort, 1992)
5. 112 TW ≈25% of the global land surface is nonglaciated land so assuming dissipated kinetic energy is
equally distributed globally, this percentage of kinetic
wind energy is most accessible for extraction
6. 68 TW ≈60% at most of the wind power extraction
rate can be converted to mechanical power (Lanchester,
1915; Betz, 1920)
Note that this process-based understanding is completely
independent of wind velocity measurements and wind turbine characteristics (e.g. hub-height, aerodynamic efficiency,
rotor diameter). The maximum land-based wind power extractability is not dependent on current engineering or technological limitations, but is instead completely dependent on
wind power generation rates (Gustavson, 1979) and the unavoidable competition between wind power extraction and
dissipation by natural processes such as turbulence. This estimate also includes numerous simplifications compared to
the Earth system. For example, it assumes that wind power
can be extracted where kinetic wind energy is dissipated. The
introduction of large-scale wind turbines would certainly alter the global patterns of atmospheric boundary layer dissipation. It also does not consider the contribution of momentum from higher-altitudes (Calaf et al., 2010) or the availability of extractable kinetic energy that was generated over the
oceans. Finally, there is no feedback on the generation rate
of kinetic wind energy resulting from wind power extraction.
Given these stated assumptions, the back-of-the-envelope
estimate is only applicable as a first-order approximation of
the processes related to wind power extraction from the atmospheric boundary layer. Its true benefit lies in its transparency, making it immediately apparent that much less than
the generation rate of kinetic wind energy in the Earth system is available for extraction, regardless of the technology,
as well as being based on very simple straightforward assumptions.
2.2

Simple momentum model with reanalysis wind data

A simple momentum balance model was developed to refine
the back-of-the-envelope estimate of maximum wind power
extractability. To establish the limit of maximum extraction,
we consider the momentum balance of the boundary layer in
steady state as:
d(mv)
= Facc − Ffric − M = 0
dt

(1)

where mv represents atmospheric momentum, Facc is the rate
of momentum generation by an acceleration force, Ffric =
k·v 2 is the frictional force resulting in boundary layer turbulence with k being a friction coefficient (kg m) and v
www.earth-syst-dynam.net/2/1/2011/

being the mean 1958–2001 European Centre for Medium
Range Forecasting (ECMWF) ERA-40 10-m wind velocity
(0.7457 m s−1 ), and M is the rate of momentum extraction
by wind turbines. Facc (1.1918 × 1014 N ) is assumed to be
constant, constrained by thermodynamic limits and currently
operating at the maximum rate achievable as discussed by
thermodynamic arguments (Paltridge, 1978; Lorenz et al.,
2001; Kleidon, 2010) as well as climate model simulations
(Kleidon et al., 2003, 2006).
The mean wind flow v is then given by:
v = ((Facc − M)/k)1/2

(2)

The wind power in the boundary layer Ptot is given by:
(3)

Ptot = Facc · v

This power is partitioned into dissipation by natural
boundary layer turbulence Dn and power extraction Pext (M)
by wind turbines:
(4)

Ptot = Dn + Pext (M)
The expressions for these terms are:
Dn = Ffric · v = k · v 3

(5)

and
P (M) = M · v = M · ((Facc − M)/k)1/2

(6)

The maximum power extraction from the system is obtained by:
dPext
= 0
dM

(7)

yielding an optimum value of extracted momentum Mopti :
Mopti = 2/3 · Facc

(8)

The associated maximum power extracted is:
Pext,max = 2 · (1/3)(3/2) · Ptot (M = 0)

(9)

or about 38.5% of the original wind power in the absence
of extraction. Of the extracted power, less than 60% of the
wind power extracted from the atmospheric system is effectively converted to mechanical power while the rest of the extracted wind power is dissipated as wake turbulence (Lanchester, 1915; Betz, 1920; Garrett and Cummins, 2007).
We now use this estimated maximum efficiency of extraction and combine it with the wind power in the boundary
layer as estimated from the ECMWF ERA-40 reanalysis climate data (ECMWF, 2004). We use the u- and v-surface
wind stress and 10-m u- and v-wind velocity components to
estimate natural dissipation D in the atmospheric boundary
layer:
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Fig. 6. Distribution of boundary layer wind dissipation a) globally and b) over non-glaciated land as a proxy for wind power extractability simulated by a general circulation mode at T42 resolution and 10 vertical layers.
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the expected
possible with
significant
climate
effects.
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Fig. 7. A simulated sensitivity analysis showing absolute differences in climatic variables over all non-glaciated land for (a) 2-m air temperature, (b) sensible + latent heat flux, (c) precipitation, and (d) surface thermal radiation, resulting from increasing land-based wind power
Fig. 7.toAthe
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non-glaciated with
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cause for the expected climatic changes from wind power extraction (the decrease in atmospheric mixing and transport)
are much less directly linked to surface temperature change
than direct changes in radiative forcing due to elevated CO2
concentrations.
To identify resulting climatic impacts, we take the areaweighted mean of the absolute value differences for monthly
climatological means for 20P
simulation years for all nonglaciated land grid points as: 1n |xsimulation − xcontrol |, where
x is the climatic variable under consideration. Values reflect the climatic impacts resulting from the decrease in atmospheric boundary layer dissipation over land, at the maximum wind power extraction by 24.7% in the T21, 10 vertical level simulation and 33.8% in the T42, 10 vertical level
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4.2 Implications

simulation (Fig. 5). Absolute differences do not identify if a
land point
is warmer
or wetter
the control
Given
the variety
of methodologies,
we than
are confident
that simulation,
our
the necessary
complexity
butestimates
rather (18-68
focusTW)
on include
how monthly
climatic
variables differ.
and
processes
to approximate
the sensitivity
maximum extractable
wind
Figure
7 shows
the linear
response
of 2-m air tempower over land within an order of magnitude. Adding addiperature,
heat
fluxes,
precipitation,
and
surface
tional complexity and/or processes may help to refine these thermal radiation but
to increases
in momentum
estimates
will not drastically
alter them. extraction
Nevertheless,and associated
this
range ofin
’top-down’
estimates is up to
≈ 100-times less
decrease
the control-region
atmospheric
boundary layer
than the common ’bottom-up’ engineering approach (Jacobdissipation
over
land.
son & Masters , 2001; Archer & Jacobson, 2003, 2005, 2007;
Previous
studies
have
changes
Archer
& Caldeira,
2009; Lu
et al.,shown
2009; Santa
Maria &in
Ja-climatic varicobson
2009; wind
Jacobson
& Archer
, 2010a,b,c;
Jacobson
ables ,with
power
extraction
(Keith
et &al., 2004; Roy
Delucchi , 2010).
and Pacala, 2004; Kirk-Davidoff and Keith, 2008; Barrie
This alternative ’bottom-up’ engineering approach can be
and Kirk-Davidoff, 2010; Wang and Prinn, 2010), but this
study directly relates changes in boundary layer dissipation
to absolute differences in climate. As shown in Fig. 7,
the magnitude change of heat flux and precipitation for the
maximum wind power extraction simulations are similar in
value to the 720 ppm CO2 simulations. Maximum wind
power extraction over non-glaciated land (Fig. 8) also results
in changes in 2-m air temperature, convective precipitation
rates, and incoming solar radiation at the surface as shown in
Fig. 9.
These climatic impacts are the result of increased turbulence and entrainment of higher-altitude air from the simulated wind turbines. This higher-altitude air has a higher
Earth Syst. Dynam., 2, 1–12, 2011
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Table 2. The area-weighted mean climatic variables of all nonglaciated land points for the control simulation (Cext = 0.00 and
CO2 = 360 ppm), Cext = 0.01 for maximum wind power extraction,
and an atmospheric CO2 = 720 ppm simulation are shown. The
associated climatic variables have the following units: temperature in ◦ C, heat flux (latent + sensible) in W m−2 , precipitation in
mm day−1 , and surface thermal radiation in W m2 .
resol.

Cext

2 m air temp

T21,10
T21,20
T21,10
T21,20

0.00
0.00
0.01
0.01

16.50
16.49
16.93
16.92

T42,10
T42,20
T42,10
T42,20

0.00
0.00
0.01
0.01

13.95
13.97
14.32
14.32

resol.

CO2

2 m air temp

T21,10
T21,20
T21,10
T21,20

360
360
720
720

16.50
16.49
20.39
20.35

T42,10
T42,20
T42,10
T42,20

360
360
720
720

13.95
13.97
15.63
15.66

heat flux

precip.

surf rad.

97.93
98.17
96.96
97.20

3.06
3.08
2.99
3.02

77.70
77.16
79.13
78.69

70.46
70.55
70.45
70.52

1.63
1.66
1.63
1.65

76.46
76.21
77.77
77.66

precip.

surf rad.

97.93
98.17
105.06
104.63

3.06
3.08
3.20
3.20

77.70
77.16
72.66
73.58

70.46
70.55
95.27
95.63

1.63
1.66
2.79
2.78

76.46
76.21
78.98
78.59

heat flux

potential temperature and when mixed with the air near the
surface, results in a temperature increase. The increased
turbulent mixing of the atmosphere from large-scale wind
power extraction is also associated with changes in convective precipitation and solar radiation at the surface. These
climatic impact dynamics are similar to those previously illustrated by Kirk-Davidoff and Keith (2008).
4

Discussion

4.1

Limitations

Our results show how the generation rate of kinetic wind energy in the atmosphere and thermodynamic constraints of
power extraction ultimately limit wind power extractability. This is consistent with previous supporting research that
states at the large scale:
1. conversion efficiencies from incoming solar radiation to
atmospheric motion are currently maximized to presentday radiative forcing (Lorenz, 1960; Paltridge, 1978)
2. the maximized conversion rate suggests ≈900 TW of
atmospheric kinetic energy is generated and dissipated
in the Earth system (Peixoto and Oort, 1992; Kleidon,
2010)
Earth Syst. Dynam., 2, 1–12, 2011

Fig. 8. The maximum wind power extraction at T42 resolution
and 10 vertical levels for a total extraction of 34 TW of mechanical
Fig.power.
8. TheEach
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non-glaciated
grid pointextractable
has been wind
parameterized
also
noted
in
Barrie
and
Kirk-Davidoff
(2010).
with an additional drag coefficient (C = 0.01). Note the influext
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in Barrie
& Kirk-Davidoff
(2009).rate is the
Earth’s
wind
energy generation
unattainable upper-bound for any kinetic wind energy
extraction technology (Gustavson, 1979)

described as follows: using an extrapolated wind velocity to
4. perturbations to the system will decrease the converwind turbine hub height, a wind turbine power curve, air dension efficiency from solar radiation to atmospheric mosity, a modeled
/ measured
/ reanalysis-based
wind
velocity,
tion (Lucarini
et al., 2010;
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and
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turbine
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a
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area (e.g.
+ nearshore, global), this approach
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perturbation
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4.2

and
nical
ized
nfluwind

y to
dencity,
atial
oach
at in
obal
and
un-

e to
ased
effier &
bson
owbson
energy
7%.”
000
for
Sims, in
obal
This
ighcher
energy
200nolthe

9

Fig. 9. The climatic consequences of large-scale wind power extraction is shown at T42 resolution with 20 vertical levels as a difFig. 9. The climatic consequences of large-scale wind power exference between the mean maximum extraction and mean control
traction
is shown
at T42
resolution
with (b)
20 vertical
levels
as a difsimulations
for (a)
2-m air
temperature,
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between
the
mean
maximum
extraction
and
mean
control
tion, and (c) surface solar radiation.

simulations for a) 2-meter air temperature, b) convective precipitation, and c) surface solar radiation.
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Bergmann (2010) clearly identified this problem with the
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’bottom-up’
approach used by Santa Maria & Jacobson
(2009) and Jacobson & Archer (2010a) - it does not distinguish between the total instantaneous energy content of the

Implications

Given the variety of methodologies, we are confident that
our estimates (18–68 TW) include the necessary complexity
and processes to approximate the maximum extractable wind
power over land within an order of magnitude. Adding additional complexity and/or processes may help to refine these
estimates but will not drastically alter them. Nevertheless,
this range of “top-down” estimates is up to ≈100-times less
than the common “bottom-up” engineering approach (Jacobson and Masters, 2001; Archer and Jacobson, 2003, 2005,
2007; Archer and Caldeira, 2009; Lu et al., 2009; Santa
Maria and Jacobson, 2009; Jacobson and Archer, 2010a,b,c;
Jacobson and Delucchi, 2010).
This alternative “bottom-up” engineering approach can be
described as follows: using an extrapolated wind velocity
to wind turbine hub height, a wind turbine power curve, air
density, a modeled/measured/reanalysis-based wind velocity,
a prescribed wind turbine density, and a geographic spatial
area (e.g. land-only, land + nearshore, global), this approach
attempts to estimate the extractable wind power. Note that
in this approach, wind power is never removed from the
global atmospheric system, leaving the global mean wind
field and the wind field outside the wind turbine wake completely unaffected. This also suggests why more recent estimates continue to increase, as the “bottom-up” approach
considers increased wind turbine height, rotor diameter, and
aerodynamic efficiency to mimic engineering advancements
(e.g. Archer and Jacobson, 2003, 2005, use 80-m hub height;
Jacobson and Delucchi, 2010, use a 100-m hub height).
Following such an approach, on p. 816 of Santa Maria
and Jacobson (2009), they state that “...should wind supply the world’s energy needs [12 TW], this parameterization
estimates energy loss in the lowest 1 km of the atmosphere
to be ≈0.007%.” A simple translation of this statement
suggests >170 000 TW of wind derived electricity is continually available for extraction in the atmospheric boundary layer region. Similarly, using the same method but
different assumptions, in Table 3 of Jacobson and Delucchi (2010), they estimate global extractable wind power at
100-m = 1700 TW. This “bottom-up” approach is also being
used for estimating high-altitude wind power extractability,
where on p. 307 of Archer and Caldeira (2009), they recently
stated that “...total wind energy in the jet streams is roughly
100 times the global energy demand,” assumed here to suggest an additional ≈1200–1700 TW is available at higher altitudes, should the technology be developed and deployed
effectively.
As shown, the “bottom-up” approach can exceed the
≈900 TW simply by adding additional or larger wind turbines, thereby neglecting the current generation rate of
Earth Syst. Dynam., 2, 1–12, 2011
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kinetic wind energy in the total atmosphere (Peixoto and
Oort, 1992) and exceeding the unattainable upper-limit for
wind power extractability (Gustavson, 1979). Bergmann
(2010) clearly identified this problem with the “bottom-up”
approach used by Santa Maria and Jacobson (2009) and Jacobson and Archer (2010a) – it does not distinguish between
the total instantaneous energy content of the atmosphere and
the generation rate of energy into the atmospheric system.
This is primarily based on the “bottom-up” understanding
of an atmosphere with wind turbines, where in response to
Bergmann (2010), Jacobson and Archer (2010c) stated, “Energy loss occurs in the [wind turbine] wake, but not outside
the [wind turbine] wake.” Jacobson and Archer (2010a) further explain their approach when they state that, “...in the
real atmosphere in the presence of wind turbines, Facc [generation rate of kinetic wind energy in the atmosphere] would
increase by the rate of momentum extraction by wind turbines.”
As previously also identified by Bergmann (2010), this is
a perpetual motion machine. For a single wind turbine, the
effect of energy removal from the total atmosphere is not relevant. With multiple turbines, the influence of the wind field
on nearby and distant wind turbines begins to be relevant. Finally, when one strives to estimate the maximum extractable
wind power from the atmospheric boundary layer over the
global non-glaciated land surface, the limited generation rate
becomes critically important (Gans et al. , 2010). Furthermore, the feedback of such a large perturbation to the atmosphere and its effect of decreasing the atmospheric generation rate also directly influences the estimates.
Our results show why the “top-down” approach must be
utilized when estimating wind power at a large-scale – the
generation rate of kinetic wind energy into the atmospheric
system is critical. As such, wind power is a renewable but finite resource with associated fundamental limits to extraction
(Gustavson, 1979). Utilizing wind power is also accompanied by unavoidable climatic consequences (Kirk-Davidoff
, 2010). This study renews and reinforces these facts while
constraining future large-scale wind power extractability estimates to realizable bounds.

5

Conclusions

We estimate that between 18–68 TW of mechanical wind
power can be extracted from the atmospheric boundary layer
over all non-glaciated land surfaces. Although wind power
extraction from a single turbine has little effect on the global
atmosphere, many more will influence atmospheric flow and
reduce the large-scale extraction efficiency. Any extraction
of momentum must also compete with the natural process of
wind power dissipation by boundary layer turbulence.
Our study focuses on the rate of wind power generation in the climate system rather than previous near-surface
estimates that focused on measured wind velocities and
Earth Syst. Dynam., 2, 1–12, 2011

engineering limitations (e.g. Archer and Jacobson, 2005; Lu
et al., 2009; Santa Maria and Jacobson, 2009). This consideration results in our estimate being significantly less than
previous studies while also being independent of wind turbine size or layout.
Given that only 0.03 TW of wind-derived electricity was
produced in 2008 (World Wind Energy Association, 2008),
there is still substantial wind power development possible
with relatively minor climatic impacts. However, future
plans for large-scale wind power development must recognize the finite potential of the Earth system to generate kinetic wind energy. It has also been suggested that with increased carbon dioxide concentrations, the total atmospheric
dissipation rate, and therefore its kinetic energy generation
rate, will decrease (Lucarini et al., 2010; Hernández-Deckers
and von Storch, 2010).
Future plans must accept that the human appropriation of
wind power must be accompanied by a climatic effect and
with large-scale deployment, will be associated with a decrease in the total atmospheric kinetic energy generation rate.
Our estimation methods are certainly extreme, but they nevertheless provide critical understanding of the limits of wind
power in the climate system and how it can serve human energy requirements.
Faced with the present-day global energy demand of
17 TW and a predicted change to 16–120 TW by 2100 (EIA,
2009; IPCC, 2007), extreme calculations such as this will
provide the maximum power potentials and possible climatic effects of different forms of renewable energy sources
planned to fulfill future human energy requirements. This in
turn helps to prioritize which renewable energy resources are
likely to be successful in meeting the future global human
energy demand. More complex modeling studies can help
refine our estimates and climatic impacts, but the presence of
a maximum in wind power extractability and the associated
climatic consequences from this extraction are fundamental.
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