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Abstract- This paper describes a solar powered reciprocating
engine based on the use of a tethered hot air balloon fuelled
by hot air from a glazed collector. The basic theory of the
balloon engine is derived and used to predict the performance
of engines in the 10 kW to 1 MW range. The engine can
operate over several thousand metres altitude with thermal
efficiencies higher than 5%. The engine thermal efficiency
compares favorably with the efficiency of other engines, such
as solar updraft towers, that also utilize the atmospheric
temperature gradient but are limited by technical constraints
to operate over a much lower altitude range. The increased
efficiency allows the use of smaller area glazed collectors.
Preliminary cost estimates suggest a lower $/W installation
cost than equivalent power output tower engines.
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I. INTRODUCTION

A near linear atmospheric temperature gradient
extends from the earth’s surface to the tropopause. The change
in temperature with height, known as the lapse rate, is —0.65
°C per hundred metres so that over the 10 km distance to the
tropopause the temperature decreases from about 15 °C to
about —50 °C. The temperature difference (Tg — Th) between
the high temperature source at ground level and a lower
temperature sink some vertical height, h, above can be utilized
to drive a heat engine. An example is the solar updraft tower
or solar chimney. In this device a vertical tower is connected
to a ground level glazed collector. Warm air from the glazed
collector flows up through the tower and exits the tower at
some height h above the ground. As the warm air in the tower
is less dense than the ambient ground level air a pressure
difference exists between the air at the bottom of the tower
and the surrounding air. This pressure difference can be used
to drive a turbine located at the bottom of the tower. The
pressure difference across the turbine is maintained by warm
air moving up the tower and a given parcel of warm air
continues to generate power while it remains in the tower. It
can be shown that the thermal efficiency of the solar updraft
tower, e = gh/(CpTg) = 34 x 10-6 h, where Cp is the specific
heat of air and Tg is the ground level air temperature. The
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Carnot efficiency (Tg — Th)/Tg is implicit in this relation as,
in the lower atmosphere, Tg — Th is proportional to h. A solar
updraft tower built at Manzanares in Spain with a height of
195 m generated a peak output of 50 kW and cost about US$1
million to build. The Manzanares tower thermal efficiency
was 0.66%. The efficiency of the glazed collector at
Manzanares was 33% and the air friction losses were about
50% so that the overall efficiency of the Manzanares power
plant was about 0.1%. This low efficiency is primarily due to
the fact that the Manzanares tower operated over only about
2% of the atmospheric temperature gradient and therefore
operated between a temperature difference of only 1.3°. To
obtain higher efficiencies the working height of an updraft
tower must be increased. Proposed methods for increasing the
working height include higher solar updraft towers [7], high
downdraft towers [1], suspended membrane towers [6] and
vortex towers [3]. The heights proposed for the updraft and
downdraft towers (both 1000 m) would make these the tallest
structures ever built. Currently none of these methods is being
realized. This paper proposes a new type of solar engine that
operates over several thousand metres height of the
atmospheric temperature gradient.

I1. DESCRIPTION OF THE BALLOON ENGINE

A commercial hot air balloon envelope with a 44 m
equivalent diameter is shown in Fig. 1. A windlass —
generator/motor drive of the type that would be coupled to the
balloon envelope is shown in Fig. 2. The four components of a
balloon engine, a balloon envelope open at the bottom, a
tethering rope, a windlass generator/motor drive and a glazed
solar collector are illustrated in Fig. 3. At the start of a two
stroke cycle the balloon is charged with hot air obtained by
drawing ambient air through the glazed solar collector. The
collector contains water filled tubes disposed perpendicularly
to the air flow such that there is efficient heat transfer from the
hot water in the tubes to the air. When the balloon is fully
charged with hot air the windlass is released and, as the
balloon ascends, the buoyancy force delivers mechanical
power via the windlass to the generator/motor. During the
upstroke the air in the balloon expands adiabatically and cools,
with some air continuously spilling from the bottom of the
balloon throughout the upstroke. As the balloon ascends the
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density of air in the balloon approaches more closely to the
density of the ambient air and the buoyancy of the balloon
decreases. At some predetermined height a vent in the side of
the balloon is opened by pressure sensitive means and a
substantial fraction of the remaining warm air in the balloon is
discharged. The generator/motor then switches to motor
operation and the partly empty balloon is hauled down to
ground level in a down-stroke that completes the cycle. As the
buoyancy force due to the balloon is larger on the upstroke
than on the down-stroke a positive mechanical work output
and a positive electrical output are obtained from the engine.

Figure 1. The envelope of a Cameron Z-1600 hot air balloon.
This balloon develops about 6 tonnes lift when charged with
air at 60 oC.
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Figure 2. A windlass
that would be used in a balloon engine.
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Figure 3. The elements of a hot air balloon engine.

11l. THEORY OF THE BALLOON ENGINE

The buoyancy force, Fb, experienced by a balloon of volume
V is given by
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Fb-Vg(p- pi) _Mbg ()

where Mb is the mass of the balloon envelope, g is the
gravitational acceleration and p and pi is the density of air
outside and inside the balloon, respectively. The outside air
density varies with pressure, p, and temperature, T, and may
be calculated from p = pM/(RT). The molecular weight of dry
air is M = 0.02896 kg/mol, the gas constant, R = 8.3145 J/(mol
K) and the air temperature T = TO + Lh where TO is the sea
level air temperature and L is the temperature lapse rate,
—0.065 K/m. The ambient air pressure at altitude h is given by
p = pO(1 + Lh/TO)-gM/RL where p0 is the sea level air
pressure. Assuming adiabatic expansion and compression of
the air in the balloon the temperature of the air in the balloon,
Ti, is given by Ti = Tc(p/p0)(1 — 1/y) where Tc is the
temperature of the charge air and vy, the specific heat ratio for
dry air, is 1.4. With these relations the buoyancy force on the
balloon, Fb, as a function of altitude, h, may be found. The
drive force at the windlass, Fd, is the difference between the
buoyancy force and the weight of the tethering rope. Fd = Fb
— mgh where m is the mass per unit length of the tethering
rope. When the balloon is moving at velocity v a friction drag
force exists and the drive force becomes

Fd- Fb-mgh (1/2) CdpAv2 )

where Cd is the drag coefficient (Cd = 0.1 for a smooth
sphere) and A is the cross section area of the sphere.

IV. PREDICTED PERFORMANCE OF
BALLOON ENGINE

THE

The envelopes of practical hot air balloons are not
spherical but more oblate spheroid at the top and conical at the
bottom. However, the performance is not strongly dependent
on the shape of the balloon and it is mathematically
convenient to illustrate the practicality of the solar engine by
calculating the performance of a spherical balloon envelope
that approximates a commercially available hot air balloon
envelope. The envelope used is a Cameron Z-1600 envelope,
Fig. 1, enclosed volume V = 45,300 m3 (equivalent sphere
diameter D = 44 m) and envelope mass, Mb = 513 kg. The
envelope cost is A$220,000 [4]. The tethering rope used is
1/2" diameter “Spectra” of breaking strain 85 kN and mass per
unit length m = 0.118 kg/m. The ambient ground air
temperature is TO = 15 °C and the charge air temperature is Tc
= 60 °C. The balloon is constrained to ascend and descend at
the constant rate of 5 m/s. The balloon generates power via the
windlass and generator drive during the upstroke to a
predetermined altitude of 6000 m. During the upstroke warm
air spills from the bottom of the balloon as the air expands. At
6000 m altitude 40% of the air remaining in the envelope is
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discharged as a pressure sensitive vent opens. The balloon is
then hauled in to ground level. The buoyancy force, Fb, and
windlass drive force, Fd, calculated using Egs. (1) and (2), are
shown in Fig. 4 for the upstroke and the down-stroke phases
of the cycle as a function of altitude. Notice that following air
discharge at the top of the upstroke Fd decreases to a relatively
small but positive force. The height at which discharge occurs
is selected such that a substantial fraction of the remaining air
can be discharged while maintaining a small positive tension
force in the tethering rope so that the rope remains in tension
throughout the cycle. The area between the upstroke and the
down-stroke curves in Fig. 4 represents the work output of the
engine. The calculated value is 144 MJ. The volume of air in
the balloon at the end of the cycle is 15,500 m3 and therefore
the required recharge volume at the beginning of each cycle is
29,100 m3. As the recharge air is raised in temperature from
15 °C to 60 °C the heat input to the engine is 1609 MJ. Thus
the predicted thermal efficiency of the engine is 144/1609 =
0.089 or about 9%.

With a constant upstroke and down-stroke velocity of
5 m/s the time for one cycle is 2400 s (40 min) and the
average power output over the two stroke cycle is 60.0 kW.
However, recharge time and recharge energy must be included
as a third phase. Recharge with two 0.55 kW industrial fans
each delivering 7.5 m3/s requires 1940 s. With recharge time
and energy included the average power output over the three
phases in each full cycle (72 min) is 33 kW.

From Fig. 4 it is evident that the work output
diminishes with altitude and that it should be an advantage to
operate the engine over a lower altitude range. Fig. 5 shows
the buoyancy force and drive force for the same engine when
the 80% discharge of remaining air occurs at 3000 m. The
work output during upstroke and down-stroke of the engine is
124 MJ. The volume of air in the balloon at the end of the
cycle is 6860 m3 and therefore the required recharge volume
at the beginning of each cycle is 37,700 m3. As the recharge
air is raised in temperature from 15 °C to 60 °C the heat input
to the engine is 2090 MJ. Thus the predicted thermal
efficiency of the engine is 124/2090 = 0.060 or 6%.

With a constant upstroke and down-stroke velocity of 5
m/s the time for one cycle is 1200 s (20 min) and the average
power output over the two stroke cycle is 103 kW. However,
recharge time and energy must be included.
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Figure 4. The buoyancy force (dotted curve) and the drive
force (full curve) for a 44 m diameter balloon during the cycle
to 6000 m altitude and back; 40% discharge occurs at 6000 m
altitude.
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Recharge with four 0.55 kW industrial fans each
delivering 7.5 m3/s requires 1256 s. With recharge time and
energy included the average power output over the three
phases in each cycle (41 min) is 51 kW.The power output of a
balloon engine scales as balloon diameter cubed. The envelope
mass and the air friction losses scale as diameter squared.
Therefore there should be significant benefits in larger scale
systems. To illustrate the effect of scaling the envelope
diameter is scaled up by a factor of two to 88 m. The envelope
volume scales as D3 up to 357,000 m3 and the envelope mass
as D2 to 2050 kg. The tethering rope now requires seven
strands of 1/2"” diameter Spectra with a combined breaking
strain of 560 kN (57 tonnes). The engine is again operated
with 80% discharge of the remaining air at 3000 m altitude.
The calculated buoyancy force, Fb, and windlass drive force,
Fd, are shown in Fig. 6 for the upstroke and the down-stroke
phase of the cycle as a function of altitude. The calculated
work output per cycle is 1.014 GJ. The required recharge
volume at the beginning of each cycle is 302,000 m3. As the
recharge air is raised in temperature from 15 °C to 60 °C the
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heat input to the engine is 16.7 GJ. Thus the thermal efficiency
of the engine is 1.014/16.7 = 0.061 or about 6%. Assuming a
constant upstroke and down-stroke velocity of 5 m/s the time
for the two stroke cycle is 1200 s (20 min) and the average
power output over the two stroke cycle is 0.84 MW. Recharge
by forty 0.55 kW fans each delivering 7.5 m3/s requires 1006
s. Over the entire 37 min cycle including recharge the average
power output is 0.47 MW
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Figure 5. The buoyancy force (dotted curve) and the drive
force (full curve) for a 44 m diameter balloon during a cycle to
3000 m altitude and back; 80% discharge occurs at 3000 m
altitude.
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Figure 6. The buoyancy force (dotted curve) and the
drive force (full curve) for an 88 m diameter balloon during a
cycle to 3000 m altitude and back; 80% discharge occurs at

3000 m altitude.
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The engines as described are parasitic on an external
electrical supply to power the down-stroke. However, two
engines operating in counter-phase and coupled mechanically
or electrically (a double acting engine) would not require an
external power supply.

V. COST ESTIMATES

A first estimate cost may be obtained as follows. The
retail cost of the Cameron Z-1600 envelope is A$220,000. The
envelope is made from a combination of heat resistant and rip-
stop fabrics that may not be necessary in a balloon that does
not carry passengers and is not heated by a propane burner.
For example, solar balloons, deriving buoyancy entirely by
solar radiation incident on the balloon envelope, are usually
made from much less expensive polyethylene film [2].
Nevertheless the Z-1600 envelope cost is taken as indicative.
Assuming the cost of the balloon envelope is one half the
system cost with the collector, the windlass, the
generator/motor and the 3000 m of 1/2” Spectra rope
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accounting for the other half of the system cost the overall
projected cost is $440,000. As the average power output over
the cycle is 51 kW the system installation cost is $9/W.

For the two times larger diameter system the
envelope cost is assumed to scale as diameter squared to
$880,000 with, assuming the previous 50:50 split in system
cost, the overall system cost being $1.76 million. The system
cost per unit power output is $1.76 M/0.47 MW = $4/W.

V1. DISCUSSION

The very preliminary cost estimates suggest the
installation cost of balloon engines would be similar in cost to
other renewable energy technologies such as wind power and
photovoltaic power. Both the balloon engine and the solar
tower engines operate in the atmospheric temperature
gradient. However, the thermal efficiency of the balloon is
much higher as the engine can operate over several thousand
metres while the solar tower is restricted by technical
constraints to operate over several hundred metres. The
predicted efficiencies of the 44 m and 88 m diameter, 3000 m
altitude engines examined, 0.060 and 0.061, respectively, are
about one half the efficiency predicted by the expression
gh/(CpTg) with h = 3000 m, 0.102. This is expected as the
balloon engines discharge warm air progressively from ground
level to the maximum height h and, at the maximum height,
discharge only 80% of the enclosed air, the remainder
returning to ground level in the balloon on the down-stroke.
The principal benefit of the much higher efficiency is allowing
a much smaller area and lower cost glazed collector than is the
case with the solar updraft tower. The cost of a large glazed
collector contributed to about half of the $20/W cost of the
Manzanares plant. A much smaller collector area requirement
allows consideration of higher efficiency collection methods
than simple glazing over bare ground. It is envisaged that for
this solar engine the glazed collector would incorporate an
array of water filled tubes arranged perpendicular to the air
flow direction. During the ascent/descent phase of the engine
cycle the collector would be closed and the stored water would
be heated by solar radiation to replace the heat transferred in
the previous recharging. During recharge, ambient air would
be drawn through the collector with heat convectively
transferred from the water filled pipes to the air to provide a
rapid recharge. This takes advantage of the high heat capacity
of water to allow the large volume of recharge air to be
supplied rapidly from a relatively small collector area. A first
estimate of the size of the collector can be obtained as follows.
For the 3000 m altitude engine based on the Z-1600 balloon
(Fig. 5) the recharge rate with four fans each delivering 7.5
m3/s is 30 m3/s. A collector with a cross section area of 6 m2
will have an air velocity of 5 m/s through the collector.
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Assume the collector height is 0.5 m and the width is 12 m
with the length to be found. Within the collector are water
filled tubes of diameter 0.2 m and length 12 m disposed
perpendicular to the length of the collector as in Fig. 7. During
the 1200 s upstroke and down-stroke phase of the cycle the
collector must absorb 2090 MJ of solar heat to provide the
heat input during recharge. With sunlight of intensity 1
kW/m2, and assuming all radiation absorbed, the required
collector area is 1740 m2 and the length of the 12 m wide
collector is found to be 145 m. The number of water filled
tubes required is 145/0.2 = 725. The mass of water in each
tube is 37.6 kg and the total mass of water is 27,260 kg. At the
end of recharge when 2090 MJ has been transferred from the
water to ambient air the average temperature decrease of the
storage water is 18 °C. The calculation of the temperature
change of the water filled tubes within the collector as a
function of time and distance through the collector is
complicated. However, an intuitive estimate of the
temperature changes is given in Fig. 7. The ambient air enters
at 15 °C and exits at 60 °C. The temperature of the input tube
falls from 60 °C to 30 °C and the temperature of the exit tube
falls from 80 °C to 70 °C. With a linear temperature variation
between input and exit, this would provide the required
average temperature fall of 18 °C. The average temperature
difference between the air and the water filled tubes in the
collector during recharge is, again from Fig. 7, 22.5 °C. For air
flow at 5 m/s across a storage cylinder of diameter 0.2 m the
convective heat transfer coefficient is about h = 30 W/m2C.
The combined surface area of the 725 tubes is 5466 m2. Thus
the available convective heat transfer rate is P = hAAT = 30 x
5466 x 22.5 = 3.7 MW. During the 1256 s recharge time a
total of 4647 MJ could be convectively transferred at this rate.
This compares favorably with the 2090 MJ actually required
for recharge. The estimate of 1740 m2 area of glazed collector
required for this 51 kW solar engine is based on a collector
efficiency of 100%. More realistically the collector efficiency
may be 33% and the required collector area three times higher,
about 6000 m2. However, this is still much less than the
45,000 m2 area of glazed collector used in the 50 kW
Manzanares plant. Finally an estimate of fan power to pump
air at the rate of 30 m3/s through a 1740 m2 glazed collector
can be estimated by incorporating the friction effect of the
storage tubes via a surface roughness term of 0.04 in the
D'Arcy Weisbach equation for pressure drop. This yields a
pressure drop of 88 Pa and a required fan power of 2.6 kW.
This is roughly consistent with the fan power nominated for
recharge in Section 4, (four industrial fans each of 0.55 kW
with total fan power 2.2 kW).
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Figure 7. An intuitive estimate of the average temperature
changes of the air and water in a glazed solar collector during
recharge of a balloon engine. Ambient air is heated, on
average, from 15 °C to 60 °C. Storage water at the inlet falls
from 60 °C to 30 °C and storage water at the outlet falls from
80 °Cto 70 °C.

A major assumption in the theory was adiabatic
expansion of the balloon air during the upstroke and adiabatic
compression during the down-stroke. Air-to-air heat transfer
across a thin membrane is inefficient and, as the enclosed air
mass is large, the percentage transfer of heat from the enclosed
air mass to the ambient air is expected to be small during a
cycle. Further, convective/radiative heat loss is expected to be
substantially counter-balanced by radiant heat gain via the
surface of the balloon if the balloon envelope is black. The
mean temperature difference between the inside and the
outside air during the cycle calculated to be 38 °C. A
preliminary heat transfer estimate for the 44 m balloon gives a
convective rate of heat loss at the envelope of 0.85 MW and a
rate of radiation from the envelope of 0.80 MW. A total rate of
heat loss of 1.65 MW. Neglecting ground reflected sunlight,
the rate at which radiant heat is incident on a 44 m diameter
balloon in direct sunlight is 1.52 MW. This suggests a net rate
of heat loss of 0.13 MW. Over the 600 s of the upstroke the
heat loss totals 78 MJ. This is much less than the 2090 MJ of
heat added to the recharge air suggesting that the adiabatic
assumption is reasonable. Measurements by Rochte [5] of
internal and external air temperatures during a day long flight
of a black solar balloon clearly demonstrated a net thermal
gain due to absorbed radiation.

Although the effect of wind on the operation of the
engine has not been considered it is easy to show that wind
would have a positive effect on power output. Nevertheless, it
is envisaged that the solar engines would be used only at times
of low wind, in particular during still, hot days in summer to
supply the peak air conditioning loads that occur in Australia
at these times. In this way a farm of balloon solar engines
would complement a farm of wind turbines which would not
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be contributing power to the grid in these conditions. In
principle this should allow a higher fraction of wind power to
be incorporated in an electrical power grid before grid stability
became a problem. At other times the envelopes of the solar
engines would be stored in discharged state at ground level.
This limited operation time is economically possible due to the
relatively low infrastructure cost of this type of engine as
compared with, for example, tower engines. The engine
comprises a thin balloon envelope that, during operation, is
self supported and a long length of rope. Both items are
available from well established industries with competitive
markets and both items are suitable for storage when not in
use. Preliminary estimates suggest the glazed collector area
required is at least an order of magnitude smaller in area than
that required for an equivalent power output tower plant. The
drive train of a balloon engine converts mechanical power to
electrical power using a high torque, low frequency, rotating
shaft via a gear train to a generator/motor similar in many
respects to the drive train of a wind turbine. Much of the
technology for wind turbines in the 10 kW to 1 MW range
should be directly transferable to solar engines in the 10 kW to
1 MW range. Thus the windlass, drive train, generator/motor
transducer may also be sourced from a well established
industry. As Australia straddles the horse latitudes the wind
resource is low and variable. Wind farms are mainly limited to
a narrow strip around the Southern Australian coastline; the
rest of the continent has relatively low wind resources but high
radiation resources. Within a future renewable energy mix
balloon engines could complement wind turbines by providing
grid power when the wind power is low. This should help to
compensate for imbalance in the supply network due to the
variability of wind power and allow for a higher ratio of wind
power within the network.

The very preliminary cost estimates were based on
actual and scaled costs of commercial hot air balloon
envelopes. For these passenger carrying balloons specialized
membranes are used for the envelopes. Solar balloons are
usually made from lighter and less expensive polyethylene
film, usually 10 pm film strips, taped or welded together to
form the envelope, [2]. The envelope of the proposed solar
engine could be made from polyethylene film. An 80 m long,
5 m wide roll of 100 um black polythene film retails for
A$138; a material cost of $0.345/m2. A 44 m solar engine
envelope has an area of 6082 square metres and a
polyethylene film cost of A$2100. Comparison with the
A$220,000 envelope cost used in the section on cost estimates
suggests there is considerable scope for cost reduction by
using less specialized membranes for the balloon envelope of
the solar engine.
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It is envisaged that a preliminary trial will utilize a
Kavanagh C-56 envelope, the smallest commercial balloon
envelope available in Australia. When charged to 60 °C this
provides lift of about 180 kg and an average power output
over the ascent and descent phases of about 4 kW.

VIl. CONCLUSION

A reciprocating balloon engine that operates over
several thousand metres of the atmospheric temperature
gradient has been described. The engine is based on a balloon
charged with hot air drawn from a glazed storage collector.
The major components of the engine are derived from well
established industries — the recreational hot air ballooning
industry and the wind turbine industry. The elementary theory
and basic mode of operation has been outlined. However,
optimization of the operation mode and the electro-mechanical
interface has not been considered. Indicative cost per installed
watt based on commercially available balloon envelopes is
about $9/W. Scaling by a factor of two in balloon diameter
would reduce the cost to $4/W. The projected costs are
comparable with other renewable technologies. However,
there appears to be considerable scope to reduce the cost of the
principal component, the balloon envelope. It is envisaged that
the engines would be operated as summertime peak power
supply units to complement wind turbine power.
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