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Abstract—The electric power available from the fair-weather field of the atmesphere is calcu-
lated by means of a Thevenin equivalent circuit. The maximum availabl@ower delivered to a load
resistor directly connected to the ionosphere is on the order of t&s of megawatts. For a collecting
electrode at a lower elevation, the open-circuit voltage and shortircuit current are determined by
the electric fields and current densities at that height, and also byhe size of the collector. With cur-
rent technology, the available power will be no larger than a few wats, and only a few applications
seem worthwhile.

I. INTRODUCTION

Every since Benjamin Franklin demonstrated electricityhie atmosphere and used it to rin
a bell [1], people have attempted to extract usable amoungmergy from the air. Power
generators have been patented [2] and electrostatic ntrgesbeen operated by atmospher
electricity [3], but practical problems such as the high éa@nce of the atmosphere, and th
low energy density [4] compared to other sources have ptedeany widespread use of thic
energy source.

As petroleum reserves dwindle, however, the need for ateranergy sources become
more pressing. At the same time, many current and futuredsviequire far less power thar
the traditional applications of heavy machinery, heatirasportation, and lighting. This ha:
led to an exploration of several low-power sources for sgizeid applications [5], a searct
which has been given the name of “energy harvesting.” Ensoagyces such as the kinetic
motion of normal human activity, ambient lighting in officesd RF fields have been demor
strated to supply enough power to operate some electroeidses. Although published work
in using atmospheric power has been sparse, there have beenous claims of success ot
the internet, and some seriously funded work has recenélg bentemplated.

In this paper, the energy that might be available from theoaphere will be examined
to determine the sorts of applications for which atmosphelectricity might be useful, and
which are far-fetched. As a practical matter, only the Vedrather field will be considered,
since it has several advantages over thunderstorms, inglushiform distribution, constant
availability, and absence of lightning.
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Fig. 1. The global electric circuit

Il. THE GLOBAL ELECTRIC CIRCUIT

The earth, its atmosphere (including the ionosphere), laadbtal region of space influencec
by the magnetic field of the earth are electrically activeéhwarious mechanisms for the genel
ation and transport of electricity. Although the electrighenomena are distributed, it is ofter
useful to approximate the major effects with a lumped-é¢irmodel, called a global electric
circuit [6—-9]. These global circuit models vary in complgxdepending on how many effects
are included. In general, the largest voltages, and alsbitfieest resistances, occur betwee
the earth and the ionosphere. Since this is the region wteath-based energy harvesting
would take place, we will use a simplified model that includely that region.

A typical lumped-element circuit for this region [7] is shiewn Figure 1. The model is
arranged vertically, with the earth at the bottom and thesphere at the top. Both the eartl
and the ionosphere are very good conductors compared tartasphere, so they can be
considered as equipotentials. The values of the circuitefgs shown in the figure are typical
but can vary with time of day, season, and location.

The left branch represents all the thunderstorms on eafitchvare the principal source
of electricity in the atmosphere. Thunderstorms genemitages by carrying positive charge:
upward on rising air currents. The charges are attacheddtivedy large particles of ice or
water droplets. The large size of the particles generatesgindrag that they cannot oppos
the updraft, and are unable to return to recombine with thgatiee charges closer to the
ground. This action is very similar to a van der Graaff getweravith the updraft replacing
the belt. The voltage across the vertical extent of the st@aches values on the order o
Vs~ 100 MV.

As the voltage builds up, some of the charge is returned targtas lightning or as an ionic
flow, while the rest migrates up toward the ionosphere, whicit a lower potential than the
top of the thunderstorm. The total resistance of the atmergphibove and below all the thun
derstorms is represented by the storm resistance, withicatyyalue ofRs ~ 100 kKQ. Since
we have lumped all the thunderstorms into a single circainhbh, theis resistance is really th
parallel combination of all the atmospheric resistancewaland below active storms. Onc
in the ionosphere, the charge is free to spread horizongitige the horizontal resistance ther
is much less than an ohm [6].

Thunderstorms occur only over a small fraction of the eafthe rest of the atmosphere
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Fig. 2. Applying a load resistor from ionosphere to earth

is electrically passive, with highly resistive air separgthe conductive earth and ionospher:
The charge returns to earth through the passive, or faitheedranch on the right of the
circuit. The total fair-weather resistance of the atmosplie approximatel\Rs ~ 200Q. It
might seem surprising that the total resistance above #mstarms is so much higher than ir
the fair-weather regions. This occurs because only a snaalibn of the earth is covered with
storms, while most is not. Thus there is a wide area for threwiaather current flow, which
makes the total resistance there much lower.

The storm and fair-weather resistances form a voltage gividhe open-circuit voltage
between the ionosphere and the earth is given by

R Rfvs:< 200

Vs & [
S 100x 108

Vi = =
' Rt R Rs

) (100x 10°) = 200 kV (1)

The steady-state current in the global circuit is

_ Vs Vs _100MV
T R+R TR 100kQ

= 1000 A @)

The total power associated with the global electric circait also be estimated from the mode
The current flows through the sum of the storm and fair-weattgstances, dissipating powe
given by

P=(Rs+R)1?~ (1x 10°)(10002 = 100 GW (3)

Unfortunately, most of this power is dissipated in the floncb&rge out from the storm itself.
Harvesting this power would require collection electrodethe top and bottom of each thun
derstorm, which appears to pose insurmountable practichlgms. Thus the best we coulc
do to collect energy from the atmosphere would be to makeacbmtith the ionosphere in the
fair-weather region that covers most of the earth.

The Thevenin equivalent circuit for a connection direatlyite ionosphere is shown in Fig-
ure 2, wherd/, = Vo = 200 kV is the open-circuit voltage a), ~ 200Q is the equivalent
resistance. The short-circuit current wouldlge= Vin/Rin = 1000 A. The maximum available
power is obtained when the load resistor matches the ifteragtance of the source. At this
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point, the voltage would be reduced to half the open ciralit®, and half the short-circuit cur-
rent would flow through the load resistor. Thus the maximunvgrathan could be extracted
from the ionosphere is

P= %voclscz %(200, 000)(1000) = 50 MW 4)

Since the average electric power plant produces hundredsusands of megawatts, we coulc
at most, expect to replace one very small power plant by ettia all the power from the
ionosphere. Of course, it is not clear how we could connetg@rede to the ionosphere, an
there might be environmental problems associated with awsdiheme. In the next section, th
possibility of extracting smaller, but still useful amosiof power from the atmosphere will be
explored.

I11. L OCAL HARVESTING

If the collector is at a lower altitude than the ionospherean only collect part of the current
that is coming down in a local region, and that current istiaiby the high resistance of the
air, relative to the ionosphere. Such a collector might b#l useful for some applications,
depending on how much power could be harvested. In this ehabie power output for a
collector at a lower height will be estimated.

The harvested current will depend on the local current dgiasid on the effective cross-
sectional area of the collector. The average current deissifiven approximately by

I 1000

J= A~ 51x 108

=2 pA/m? ®)
whereA = 5.1 x 10 m? is the total surface area of the earth. Since the local doigarea is
a small fraction of the earths surface, it has little effattloe rest of the atmospheric circuit
which maintains the same overall voltage and resistance.

The atmosphere is not uniformly conductive. Instead, itsdoetivity usually increases
with height. The primary mechanism that creates chargéecarn the atmosphere is cosmit
radiation, most of which is absorbed in the ionosphere. Seithpenetrate below to ionize the
atmosphere, but the ionization becomes progressively evestdower elevations. In the very
lowest layers of the atmosphere, the conductivity is sonagwitreased, due to radioactivity
in the soil and other local effects. This region will be negtel here, since power harvestin
near the surface of the earth implies a large overheadaasisfrom the air.

Although the conductivity varies continuously with altie; piecewise linear approxima-
tions are often used to characterize the overall electnatire of the atmosphere. This involve
dividing the atmosphere into layers with essentially umifa@onductivity. One conventional
piecewise linear approximation [7] to the conductivityia#ion (Figure 3) has three layers o
increasingly higher conductivity with height.

The bottom layer represents the lowest 2 kilometers of thesphere, which has a rel-
atively high resistance d®, = 100Q. The middle layer extends from 2 to 10 kilometers,
distance of 8 kilometers. Although it is longer than the botiayer, it has about the same re
sistance, since its conductivity is higher. The top layeepas from 10 kilometers to the bas
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Fig. 3. Collecting electrode located between the ionosphere anddtth

of the ionosphere, at 60 kilometers. Although this layehisker that the lower two layers, it
has a very low total resistance due to its higher ionization.

Since the total current is the same regardless of altitindeydltage drop across each of th
three layers is given by

V=Rl = (5)(1000 =5KkV
Vim=Rmnl = (95)(1000 = 95 kV (6)
Vo =Ryl = (100)(1000 = 100 kV

The electric fields in the layers will depend on the thicknelthe layer, in addition to the
voltage drop. They are

E.=V/ht  =5kV/50km=0.1V/m
EbZVb/hb :100kV/2km:50V/m

In the atmosphere, the potential increases from the graumadnion-linear fashion related tc
the electric field in each layer. The potential at any heighis given by

Vb +Vimn+E(h—hy—hm) if hp+hm<h<H
(p(h) = Vb+Em(h—hb) if hb <h< hb+hm (8)
Exh if 0O<h<hy

A plot of this potential against height (Figure 4) for tydi@@mospheric conditions shows
that the potential rises rapidly at first, and then levelsctdker to the ionosphere. Even a
the relatively low altitude of 2 km, the voltage is on the ardé 100 kV, or about half the
ionospheric voltage.

To collect power, we could insert a collecting electrodecshs height in the atmosphere
(as shown in Figures 3 and 5). The power collected from suckleatrode will depend on
the electric potential at its location, so placing the etwb higher will be to our advantage
The maximum power available from such a collector can beutatied from the open-circuit
voltage and short-circuit current for the collector as

1

P= ZV00| sc (9)

The calculation of these quantities is described in thefdlg sections.
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Fig. 5. Isolated collector in an electric field
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A. Open circuit voltage

The open circuit voltage on the collector is the voltage thabuld reach when suspended &
a given height above ground. Although the collector couldehany shape, we will assume
that it is spherical, with a diamtet, in the interests of simplicity. We will also assume that tf
collector is elevated far above ground, at a helgtitat satisfies the relation

h>d (10)

so that image charges can be neglected.
If the isolated collector were initially uncharged, it wdullistort the electric field in its
vicinity. The electric potential in the vicinity of the spiteeis given by [10]

r 2
@=EoR|r— <$> ] cosf 11)

The radial and azimuthal components of the field are given by

E,= —-Eg -1+2($>3] coq0)

- (12)
R\3
Eg= +Eo|1- <r> ]cos(e)
with the normal electric field at the surface of the collegiven by
E/ (r =R) = 3Eycosb (13)

This is the situation shown in Figure 6(a) with the field limggsng in at the top and out at the
bottom.

Any charged particles in the vicinity would follow these fidines toward the collector.
Positive charges would arrive from above, and negative fsiefow, at rates that depend on th
density, mobility, and charge for each particle specieghdfrates are identical, the charge
will exactly recombine on the electrode, which will remaiautral overall. In this case, the
voltage on the collector would be equal to the local potéwfidhe atmosphere, as given by
Equation 8.

If the fluxes are not balanced, which is the normal situationet charge will build up on
the electrode, which will alter its potential. The chargédwp continues until the electric field
from the charge on the collector is large enough to overcdirm@mbalance in ion flux, leading
to a situation similar to that shown in Figure 6(b).

The most extreme situation occurs when only a single pglafiion is present. For ex-
ample, if there are only positive ions present, they wouldtbeacted most strongly to the tor
of the electrode, where the field i€E@ Positive ions would continue to flow to this locatior
until the charge on the collector became strong enough &l tkem. The repelling field at the
surface of the sphere is given by [10, p. 70]

q

T R (1)
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Fig. 6. Electric fields around an open-circuit collector

This field becomes strong enough to stop further chargingwhe

_ 9
350 = 1ere (15)
so the collector will eventually build up a charge of
q = 12nmeR°Ey = 3med?Ey (16)

This is known as the Pauthenier charge limit.
A charged sphere will have a potential that differs from theal potential by an amount
that depends on its capacitance, as given by

Q
V== 17
= (17)
Since the collector is far above the ground plane, its ctquacé is just that of an isolatec
sphere, or
C=4neR=2mned (18)

Thus the charge on the collector changes its voltage reltilocal potential by

_9_37T8d2Eo_§ 19
Vici 2med 72E°d (19)

The open circuit voltage of the collector is therefore inithege

o(h) — gEod < Voc < @(h) + gEod (20)
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In practice, the difference in ion flux between positive ardative ions is not very large.
Typically, the positive ion flux is about 25% higher than tregative flux [11], so we would
expect this to raise the voltage on the open-circuit catlesbmewhat, but not up to the Pau
thenier limit.

In any case, the increase in voltage due to the Pauthenemt éff likely to be relatively
small, especially at higher elevations. For example, tiasoltage on a sphere with a diam
eter of 100 meters in the middle layer above 2 km would be

3 3
Vpau= éEmd = E(11.9)(100) =18kV (21)
while the ambient voltage at this level would exceed 100 kie Pauthenier voltage become
more significant close to the ground, but then the conditibEquation 10 is not satisfied,
and the image plane must also be considered. Thus the opeiit-gioltage for an elevated
collector is approximately equal to the local potentiallaf aitmosphere.

B. Short circuit current

The short-circuit current from the collector can be caltadeby placing the collector at grounc
potential, and finding the total current that would be ca#dc This calculation is simplified
by setting the local potentiap(h) as the reference zero. Then, using superposition, we |
calculate the fields around the collector by adding the figlgiserated by the atmospheri
electric field (with the collector at zero volts) to the fielglnerated by a negativgh) on the
collector in the absence of the atmospheric field.

The solution for the external field alone has been obtainedeals Equation 12 in the
course of finding the open-circuit voltage. This will be adde the field caused by grounding
the collector, as described below.

If the potential of the sphere is brought down to that of thethed will be offset from locall
potential by an amount ¢@(h). Since the ground plane is very far away, the potential atou
the sphere will have the form

_ o
which sets up an electric field
__do_ ¢hR 23
AR A #)

Adding the contributions of the atmospheric field and theugded collector, the total field at
surface of the collector is

E, = —3Eycos — % (24)

A plot of inward-directed field-€E;) at the surface of the collector is shown in Figure 7
a function of angular position on the sphere. If the colleiddocated ah = 0, then there are
equal areas of inward and outward fields, so that no net dunreuld be collected, except for
the Pauthenier effect described above. When the collec&devsited until

o(h) > 3E0R (25)
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Fig. 7. Inward-directed field at the collector

however, the field direction is inward all around the colbecivith an average value giver
simply by the contribution of the voltage offset.

__o(h)
B =57 (26)

leading to an inward current of density of
Jr == —GEr (27)

whereo is the electrical conductivity of the atmosphere.
If the collector is high enough to satisfy the condition ofuation 10, the short-circuit
current to balloon would be the integral of the incoming euatrover the area of the collector
d®g(h)

loc = ndza(p(Rh) =0y =2moglh) (28)

Note that for typical atmospheric conditions, the colleatdl! always be negative relative to
the local potential, which implies that positive ions aren@ag in to provide the current, or
negative ions flow out from the collector. If the local atmlesge lacks positive ions, it would
be necessary to provide negative ions, perhaps by coromaéspan the collector [2], or by
radioactivity.

The current will depend on the local conductivityh) of the atmosphere. Recalling tha
the downward current density

J=a(h)Eo(h) (29)
is independent of altitude, we can replace the conductivitly
J
o(h) = (30)

Eo(h)
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Fig. 8. Grounding the elevated collector attracts current fromdewarea at higher elevation:

to write the short-circuit current as

oth) , 2, @)
lsc= 2md<J = 2mdJ 31
%" Eo(h)d Eo(h) (31)
The short-circuit current increases linearly with the déden of the collector, so a larger
collector will always increase the output.

Rewriting Equation 31 as
2¢(h) 2
lsc= md<J 32
S Cir =
allows us to define a collection cross-section factor focthiector. Its physical cross sectiona
area is onlyrd? but it collects current from an area that is larger by thediat parentheses.
As an example, a 100-meter collector in the middle layerhwitocal voltage slightly over
100 kV, and a local electric field of 19V/m, would have an area enhancement factor of

2p(h)  2(100x 10°)
E(hyd ~ (119)(100) 168 (33)

corresponding to collection over a diameter of abg68d = 1300 m.

The increase in collection cross-section can be visualiggulotting the electric field lines
(Equation 12) in the vicinity of the collector at differentights. Figure 8 shows these field
for a collector at two elevations. It is clear that the cdlbe@t high elevations (on the right) is
attracting ions from a much wider region, and will therefbexe a much higher short-circuit
current. If multiple collectors are deployed to increasebwer output, they will be effective
only if they are spaced far enough apart that they do not datglithe collection area.
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C. Available power

Now that the open-circuit and short-circuit behavior of todlector is determined, the equiv-
alent circuit can be obtained. The voltage source is jusbp@n circuit voltage of Equation 8
and the internal resistance is given by

_Voc _ o(h) Eo(h)

T e 5y 2mdd (34)
Eo(h) 2710

Reh

ISC

SinceJ = gEy, the internal resistance can be written in terms of the looabtuctivityo as

~ Bp(h) 1
Rin = 2mdoEo(h)  2mdo (35)

A typical value for a 100-meter collector in the middle layer

Eo(h) 119

R = 5y = 2m(100)(2 % 10 )

—95GQ (36)

The power available from the elevated collector is giverimis of the open-circuit voltage
and the short-circuit current as

1 mJde(h)? ( 2¢(h) ) md*Jg(h) (37)

P= "Voclsc= = =
47°9%°7 2 Eq(h) Eo(h)d 4

The first factor is the area enhancement factor, while therebfactor represents the power the
could be obtained from an area equivalent to the physicakesectional area of the collector
For a 100-m collector in the lower part of the middle layee gower is on the order of

b (2% 1071%)(100)(100x 10%)2
2 11.9

Figure 9 shows the available power as a function of colledi@meter for several altitudes. It
is clear that more power is available at higher elevatioms.avery large collector (1000 m)
above 10 km, the power might approach a kilowatt. For smetidectors, and lower altitudes,
the available power will be much smaller, ranging from wédtsicrowatts.

=026 W (38)

IV. DISCUSSION

The atmosphere can serve as a power source, but the powkbbvas quite limited. The
available power increases with the size of the collectod, with its elevation, so the useful-
ness of this power source has to be balanced against thefdabst collector and its support
equipment, compared to more traditional sources.

The analysis presented above suggests that the maximunn fmlbeexpected by harvest-
ing fair-weather atmospheric electricity is on the ordeaddlowatt (or of a horsepower). It
will never be feasible to power an automobile or a contemdrausehold with atmospheric
electricity, even in future developments lead to implalysiirge collectors at very high alti-
tudes.
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Fig. 9. Power collected as a function of height for diameters of D0, and 1000 meters

With current technologies, the available power is even Emdfor example, tethered bal-
loons are often suggested as the basis for a collector etkctr At present, large tetherec
balloons are available with a size on the order of 50 meterd,can operate at altitudes o
about 5 kilometers [12]. From Figure 9, such a balloon migb¥jule power on the order of
watts. For local applications, a collector might be a smai@loon (around 1 meter) on a
shorter tether (perhaps 200 meters). Figure 9 predictstisatollector might furnish about 10
microwatts.

Another possibility is a ground-based structure, with tollector at the top. Towers and
buildings over 500 meters tall exist today [13], and mightaivably be topped with a collec-
tor on the order of 50 meters. Figure 9 suggests that sucHectmm might provide power on
the order of 10 milliwatts.

With power levels well below a watt, there are only a few aggtiions where fair-weather
electrostatics might prove useful as a power source. Inrthige, it competes with energy
harvesting techniques such as converting human motion&ielectric transducers, or pow.
ering passive RFID devices with radio waves. It might alsedmsidered for trickle charging
of an apparatus that would draw power infrequently.

It seems unlikely that the cost of the collector would jystif use as a provider of power
to a ground-based user. It might be more useful as a powetesstmsome device on a balloor
or elevated structure. As one possibility, an active RFIRickeon a balloon could respond tc
a reader at much greater distances than would be possitii@ssive RFID.
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