
442 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 24, NO. 2, JUNE 2009
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Abstract—As an intermediate solution between Glaser’s satel-
lite solar power (SSP) and ground-based photovoltaic (PV) panels,
this paper examines the collection of solar energy using a high-
altitude aerostatic platform. A procedure to calculate the irradi-
ance in the medium/high troposphere, based on experimental data,
is described. The results show that here a PV system could collect
about four to six times the energy collected by a typical U.K.-based
ground installation, and between one-third and half of the total en-
ergy the same system would collect if supported by a geostationary
satellite (SSP). The concept of the aerostat for solar power gen-
eration is then briefly described together with the equations that
link its main engineering parameters/variables. A preliminary siz-
ing of a facility stationed at 6 km altitude and its costing, based
on realistic values of the input engineering parameters, is then
presented.

Index Terms—Energy conversion, photovoltaic (PV) power
systems, PV space power systems, power conversion, solar energy,
solar power satellites, solar radiation, terrestrial atmosphere.

NOMENCLATURE

Acond Cross-sectional area of the conductor.
AMREL Relative air mass.
B Aerostat buoyancy.
Cd Aerostat drag coefficient.
D Aerostat drag force.
∆h Length of vertical segment of light beam path.
dz,∆z Length of inclined segment of light beam

path.
e Solar elevation angle.
EB Total beam irradiation.
g Gravity acceleration (9.81 m/s2).
h Altitude.
H Local hour angle.
I Light beam intensity.
I0 Light beam intensity before entering the

atmosphere.
pREL Relative pressure.
Pgen Power generated by the PV system.
rAl Resistivity of the aluminum.
R Radius of the balloon.
S Overall length of the conductor.
ST Length of the tether.
T Tension in the tether.
v Wind velocity.
V Voltage.
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Vol Volume of the aerostat.
Waero Weight of aerostat including PV devices.
Wcond ,Wfib ,

Wtether

Weight of conductor, reinforcing fibers, and
total weight of the tether.

α Extinction parameter.
δ Sun declination.
δaero , δcells Area density of the envelope material and PV

cells.
δcond , δfib Density of conductor and tether reinforcing

fibers.
γ Fraction of the envelope surface covered by

PV cells.
η Efficiency.
θz Solar Zenith angle.
ρair , ρgas Densities of air and gas filling the aerostat.
σu Tether reinforcing fibers strength.
ϕ Geographical latitude.
Φ Solar flux.

I. INTRODUCTION

THE DEVELOPMENT of new and cost-effective meth-
ods to harness renewable energy has become crucial to

maintain the energy supply that underpins our society, and so-
lar power is one of the main candidates to make a substantial
contribution to fulfil our future energy requirements.

One of the major issues in the use of ground-based photo-
voltaic (PV) panels to harvest solar power is the relatively low
energy density that is compounded by the fact that the power
output of the devices is strongly dependent on the latitude and
weather conditions. These factors have particularly hindered the
diffusion of PV in several countries with cloudy climates (e.g.,
north European countries). On the other hand, areas with high
solar irradiations (e.g., African deserts; see [1]) are remote from
most users and the losses over thousands of miles of cables
and the political issues entailed in such a large project, severely
reduce the economic advantages.

A completely different approach was proposed by Glaser [2]
in the 1970s, and his idea has captured the imagination of sci-
entists up to this day. The basic concept was to collect solar
energy using a large satellite (which would be able to capture
the full strength of the solar radiation continuously), and trans-
mit it to the ground using microwave radiation. The receiving
station would then convert the microwave radiation into electric
energy to be made available to the users. The original concept
was revisited in 1995 [3] in view of the considerable techno-
logical advances made since the 1970s, and research work on
this concept is still ongoing. However, a mixture of technical
issues (such as the losses in the energy conversions and transmis-
sion), safety concerns (regarding the microwave beam linking
the satellite with the ground station), and cost, have denied the
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practical implementation of this concept. The latter is a sub-
stantial hurdle as the development of satellite solar power (SSP)
cannot be carried out incrementally, in order to recover part
of the initial cost during the development, and use it to fund
the following steps, but it requires substantial funding upfront
(tens of billions of dollars according to [3]) before there is any
economical return.

As a compromise between Glaser’s SSP and ground-based PV
devices, it is proposed in this paper to collect the solar energy
using a high-altitude aerostatic platform [4], [5]. This approach
allows most of the issues related to the weather condition to
be overcome, as the platform will be above the clouds except
for very extreme weather situations. At the same time, as the
platform is above the densest part of the troposphere, the sun
beam will travel through considerably less air mass than if it was
on the ground (in particular, for early morning and evening),
and this will further improve the energy output. Therefore, this
method enables considerably more solar power to be collected
than on the ground (in this paper, it will be shown that at altitudes
above 6 km, it is possible to collect over four times more energy
than using panels fixed on the ground in the U.K.). In addition,
the mooring line of the platform can be used to transmit the
electric energy to the ground in relative safety and with low
electrical losses. Although this approach enables between one-
third and half of the energy that could be harvested using an
SSP, the cost of the infrastructure is orders of magnitude lower,
and this approach allows an incremental development with a
cost to first power, i.e., a few orders of magnitudes smaller than
that necessary for SSP.

Most researchers up till now have proposed harvesting en-
ergy at high altitude by exploiting the strong winds existing in
the high atmosphere [6] by using flying electrical generators
(FEG), that are essentially wind turbines collecting wind power
at altitudes from a few hundred meters [7] to 10 km or more
altitude (to exploit the powerful jet stream currents).

The extraction of this energy using the type of machines
proposed, for example, by Roberts in [6], although feasible
and most probably economically viable, is relatively com-
plex in mechanical terms. One of the issues is that in low
wind, the machine (which is heavier than air) needs to re-
verse its energy flow and take energy from the ground to pro-
duce enough lift to support itself and the tether. Alternative de-
signs like the MAGENN in [7] overcome this problem using a
lighter-than-air approach so that the buoyancy keeps it in flight
all the time. However the mechanical complications are still
considerable.

The exploitation of solar energy at high altitude may therefore
be simpler in engineering/mechanical terms, and provide a very
predictable/reliable source. One of the crucial steps to demon-
strate the viability of the concept is a reliable calculation of the
solar energy available as a function of the altitude, and this is
the subject of the first section of this paper. The concept of the
aerostat for solar power generation (ASPG) is then described
together with the equations that link its main engineering pa-
rameters/variables, and a preliminary sizing of an ASPG, based
on the realistic values of the input engineering parameters is
presented. Finally, a section on costing shows how this concept

could provide a viable method to harvest solar energy and to
transform it into electricity for ground users.

II. SOLAR IRRADIANCE VARIATION WITH ALTITUDE

Solar radiation traveling through the atmosphere is attenuated
by two main kinds of processes. The first process is defined as
scattering and it involves the air molecules (Rayleigh scattering)
and the larger particles that can change the direction of the
photons after an interaction (Mie scattering). The other main
process is the molecular absorption, in which the energy of
the photons is converted into some other forms. In both these
processes, energy is removed from the beam of light. The total
attenuation of the light, traveling through a mean is known as
extinction [8]. In the case of the Earth’s atmosphere, most of the
attenuation is due to scattering. As a result of these processes,
the global solar radiation falling on a surface can be divided
into two main components: direct (or beam) and diffuse. For
low angles of incidence of the sun beam and/or a cloudy sky,
the beam component can be very low so that most of the energy
captured (global) is actually the diffused component.

Both scattering and absorption strongly depend on the atmo-
spheric characteristics that the sun beam finds along its path
from space to the ground. As a consequence, it is important to
define these properties at various altitudes above the ground [9].
However, in practice, most of the published data are concerned
with the evaluation of the intensity of the radiation (irradiance)
at the ground level, whereas for this application, it is necessary
to assess the irradiance at the altitude where the aerostat is due
to operate. To achieve this objective, mathematical models de-
scribing the attenuation of the sun beam traveling to Earth in
clear sky conditions can be integrated with real data describ-
ing the further attenuation produced by the presence of clouds,
to obtain a reliable assessment of the irradiance at a specific
altitude. The mathematical procedure is described in the next
sections, and the real dataset including the effect of the clouds
at various altitudes was provided by the Cloudnet Project [10].
The data contain extinction parameters (i.e., the parameter de-
scribing the sun beam attenuation) obtained from Radar/Lidar
measurements at Chilbolton Observatory, U.K.

A. Atmospheric Extinction Modeling

The attenuation of a beam of light traveling through the
Earth’s atmosphere is defined as atmospheric extinction, and
can be quantitatively described by the extinction parameter α.
Considering a light beam of intensity I going through a length
dz of atmosphere characterized by an extinction α, the loss of
intensity due to the attenuation process, can be expressed with
the following differential [8]:

dI

I
= −αdz. (1)

In the case of the Earth’s atmosphere, the path length from the
top of the atmosphere to the ground, can be divided in segments
of constant extinction αi and length dzi . Therefore, (1) can be
rewritten to estimate the intensity of the beam that reaches the
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Fig. 1. Solar Zenith and beam path relation for ground level and altitude h0 .
(a) Beam paths to ground level. (b) Beam paths to the altitude h0 .

ground as

I = I0e
∑

−αi ·∆zi (2)

where I0 is the irradiance before the beam enters the atmosphere
and the sum considers all the segments crossed by the light beam.

With reference to Fig. 1(a), to evaluate the path length in
the Earth atmosphere, an important parameter is the relative
Air Mass AMREL . This parameter defines the ratio between the
air mass crossed by a light beam (at any angle θz ), and that
crossed when the sun is at the Zenith [11], [12]. Therefore, this
can also be taken as the ratio between the segment ∆z and the
segment ∆h, crossing an atmospheric layer of thickness ∆hi

and characterized by a constant extinction αi .
Therefore, it is possible to write that

∆zi = AMREL (ϑZ ) ∆hi (3)

where for small angles θz

AMREL (ϑZ ) =
1

cos (ϑZ )
(4)

while for larger values of θz , Young [13] developed the following
relation, (5) as shown at the bottom of this page.

The solar Zenith angle θz can be computed, from the time
(day of the year and hour of the day) and the location (latitude
and longitude) as described in [14]. The solar elevation angle is
calculated as

e = Arc sin (sinϕ sin δ + cos ϕ cos δ cos H) (6)

where ϕ is the observer geographical latitude, δ is the sun dec-
lination, and H is the local hour angle.

The solar elevation angle is then related to the solar Zenith as

ϑZ = 90◦ − e. (7)

These equations can be back substituted in (2) to obtain

I (h, ϑZ ) = I0e
AMR E L (ϑZ )

∑
−αi ∆zi . (8)

The sum in (8) should include all the intervals in which αi

is significant, and here only the first 50 km of atmosphere is
considered, beyond which the extinction parameter becomes—
for our purpose—negligible, and the intensity of the radiation
(I0) is assumed constant and equal to 1367 W/m2 .

The sun beam entering the Earth’s atmosphere encounters ini-
tially a clear atmosphere, as clouds are usually only in the lowest
few kilometers. Therefore, the initial stage of the computation is
to consider a clear atmosphere (next section), and then, below a
certain altitude the extinction parameter is modified to consider
the influence and filtering effect of the clouds.

1) Extinction for Clear Atmosphere: The extinction data
(αi) in clear sky conditions are provided by Elterman [15] and
using (8) it is possible to work out the value of the beam irradi-
ance at various altitudes in clear sky.

Alternatively, it is possible to simplify (8), considering the
total extinction produced crossing the whole air mass of the
atmosphere

αINT =
∑

(αi∆hi) (9)

and rather than calculating αINT from the summation of the
extinction parameters through the whole atmosphere (described
by the αi series), αINT can be calculated starting from the stan-
dard test conditions, which are used to evaluate the performance
of commercial PV systems. In these conditions, a panel is il-
luminated with an intensity of 1000 W/m2 at a temperature
of 25 ◦C with a relative air mass of 1.5. The 1000 W/m2 are
the global radiation, i.e., direct beam component plus diffused
radiation, and beam component is around 85% of the global,
reaching a value of about 850 W/m2 [16], [17]. With these val-
ues, and I0 = 1368 W/m2 the value of αINT can be obtained
(αINT = 0.32).

Therefore, (8) can be rewritten as

I (ϑZ ) = I0e
−AMR E L (ϑZ )α IN T (10)

and it can be used to determine the irradiance that reaches the
ground, depending on the value of the relative air mass (and the
solar Zenith angle).

In order to be able to calculate the beam irradiance at an
altitude h0 , as shown in Fig. 1(b), (10) has to be modified to
consider the fact that only a portion of the air mass is above the
altitude h0 . As a first approximation this portion can be assumed
as proportional to the ratio between the pressure at the altitude
h0 and pressure at ground level (i.e., to the relative pressure at
h0). Therefore, using the description of the standard troposphere

pREL(h0) =
(

ph

p0

)
=

(
T0 − 0.0065h0

T0

)5.2561

(11)

where T0 = 288.16◦K (15 ◦C).
This term can be included in (9) to give the beam irradiance

in clear sky at any altitude h0

I (h0 , ϑZ ) = I0e
−pR E L (h0 )AMR E L (ϑZ )α IN T . (12)

AMREL (ϑZ ) =
1.002432 cos (ϑZ )2 + 0.148386 cos (ϑZ ) + 0.0096467

cos (ϑZ )3 + 0.149864 cos (ϑZ )2 + 0.0102963 cos (ϑZ ) + 0.000303978
. (5)
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Fig. 2. Monthly variation of the total extinction αINT obtained from ground
data.

The results obtained using this equation, are indeed very close
to those obtained using (8). Finally, to improve correlation with
the data from ground observation, the value of αINT in (12) can
be modified to include its variation during the various months
of the year. The dataset to calculate the monthly values of αINT
were provided by photovoltaic geographical information system
(PVGIS) [18]. The new values of αINT are shown in Fig. 2, and
they can be used in (12) to calculate the beam irradiance for the
various months.

So far the calculations reflect clear sky conditions, and if
the aerostat was stationed “always” above the clouds (say at
12 km), these equations would be sufficient to calculate the beam
irradiance. However, practical reasons (e.g., to limit interference
with international air traffic) may require that the aerostat be
stationed at a lower altitude (6 km), and here at times (although
not very often), there is the possibility of clouds obscuring the
sun. Therefore, values of extinction for the actual atmosphere
(including clouds) have to be used, as shown in the next section.

2) Actual Atmosphere Extinction: The dataset supplied by
the Cloudnet project contains the extinction parameters from the
measurements acquired at Chilbolton Observatory, U.K. Fig. 3
shows an example of the data obtained, describing the extinction
parameter during the month of May 2003.

The data are obtained from Radar/Lidar measurements at al-
titudes between 0 and 12 km. The observations were performed
almost everyday of the year (from April 2003 to September
2004), 24 hours a day.

The extinction data from the Chilbolton observatory are then
substituted into the data for the clear atmosphere, as shown in
Fig. 4, which represents the average for the month of March.

The integration of the beam irradiance during the day (from
sunrise to sunset), leads to the determination of the total beam
energy (beam irradiation EB ) that falls on a surface located at
different altitudes above the sea level (Fig. 5), and sun pointing

EB (h) =
∫ SS

SR
IB (h)dt (13)

where SS and SR indicate sunset and sunrise.

Fig. 5 shows the beam irradiance for 6 and 12 km altitude,
compared to the irradiance for typical ground-based PV systems,
and SSP. The integration of the data for the case of 6 km altitude
is shown in Table I, where it can be seen that a direct beam
irradiation of about 3545 kWh/m2 can reach this altitude.

B. Global Irradiation and PV Device Output Estimation

In order to calculate the total energy that reaches the PV
surface (global irradiation), the diffused component of the irra-
diation has to be summed to the beam component calculated in
the previous section. The diffused component can be a signif-
icant portion of the global irradiation, especially considering a
ground-based PV systems under overcast sky.

The ratio between diffuse and global radiation that reaches the
ground usually varies for different months, and, for example, for
Southampton, the diffused component in total is actually more
than half of the total radiation (data provided by PVGIS [18]).

Considering clear atmosphere conditions, the ratio between
diffuse and global radiation is much less and can be assumed
to have a value of about 20% [16], [17], while for a satellite
in LEO (low Earth orbit) it can be considered about 10% [19]
(here, the radiation is actually diffused/reflected by the Earth).

In order to estimate the diffused radiation at altitudes between
6 and 12 km, the conservative assumption that the atmosphere
crossed by the light beam is clear is made, and therefore the
contribution of the diffused radiation will be between 10% and
20%. The interpolation is then carried out according to the air
mass (proportional to the relative pressure) that will be above the
specific altitude, so that a value of about 15% can be taken for an
altitude of 6 km. Following the same approach, a value of 13.5%
and 12.5% can be assumed for 9 and 12 km, respectively. These
diffused radiations are then summed to be beam component
(calculated in the previous section) to obtain the resulting global
radiation that in turn allows to calculate the energy output.

Finally, taking a typical 1 kWp system, with PV cell having
15% efficiency (which means a surface of about 7 m2), the
output that can be expected in the various situations is shown in
Table II.

III. HIGH-ALTITUDE WINDS

The knowledge of the mean wind speed at a certain altitude
(and its statistical properties) is essential to calculate the aerody-
namic forces acting on the aerostat and in particular to determine
the forces along the mooring cable.

The wind speed data described in this section were provided
by the Natural Environment Research Council (NERC), from
the Mesosphere–Stratosphere–Troposphere (MST) radar station
located at Capel Dewi (52.42◦N, 4.01◦W), near Aberystwyth in
west Wales, U.K. This facility can provide vertical and hori-
zontal wind speed data, covering an altitude range from 2 to
20 km, with 300 m resolution. However, for this paper, only
the data up to 10 km were processed. The particular set of data
described here covers the period January–December 2007, and
measurements were acquired everyday continuously. The radar
is located near the coast, where the wind speed is expected to
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Fig. 3. Extinction parameter acquisition sample (May 2004) Cloudnet Project.

Fig. 4. Extinction parameter in clear and real atmosphere conditions.

Fig. 5. Comparison between beam component irradiance at ground level,
6, 12 km, and outside the atmosphere (SSP). For each altitude, the two lines
represent the maximum and minimum monthly average.

be slightly higher than inland, and therefore the estimate should
be conservative.

Fig. 6 shows the mean wind speed and the 3 sigma value, and
it is possible to notice that at 6 km altitude these values are 20
and 55 m/s, respectively.

Another factor to be considered is that, in the time domain
(see Fig. 7), the wind speed is quite variable with relatively rapid

TABLE I
MEAN DAILY AND TOTAL BEAM IRRADIATION AT 6 km

TABLE II
EXPECTED OUTPUT FROM 1 kWp PV DEVICE AT DIFFERENT LOCATIONS

Fig. 6. Wind speed variation with altitude. Year mean and 3 sigma value.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on May 27, 2009 at 14:43 from IEEE Xplore.  Restrictions apply.



AGLIETTI et al.: HARNESSING HIGH-ALTITUDE SOLAR POWER 447

Fig. 7. Wind speed variation with time.

transients (i.e., gusts). As discussed in detail in [20], the tethered
aerostat is a nonlinear system, with considerable damping, and
therefore rapid transients of the input in reality produce a re-
sponse that is significantly lower than what is calculated simply
using the maximum wind speed in a static analysis.

IV. AEROSTAT CONCEPT DESIGN

The aerostat has to be able to produce enough lift via its
buoyancy to overcome its weight, the weight of the solar cells
plus any control system, and that of the tether, still leaving
enough margin to produce an appropriate tension in the tether
to avoid excessive sag.

Neglecting any aerodynamic lift that could be generated by
the shape of the aerostat, the lifting force due to the aerostat
buoyancy is

B = (ρair − ρgas)gVol (14)

where Vol is the volume of the aerostat and ρair and ρgas the den-
sities of air and gas (helium or hydrogen can be used) filling the
aerostat envelope at the specific conditions of operations (e.g.,
pressure, altitude), and g is the gravity acceleration (9.81 m/s2).
Here, it is assumed that there is a negligible pressure differen-
tial between inside and outside the aerostat envelope, and for
simplicity, it is also taken that the whole volume of the enve-
lope is occupied by the gas (i.e., ballonets for altitude control
completely empty).

As the aerostat PV cells clad area has to track the Sun, typical
streamlined shapes are not the best solution as these will tend
to behave like a weathervane and considerable control effort
would be required to maintain Sun pointing. A spherical shape
would not generate significant aerodynamic moments and there-
fore its pointing through a system of gimbals requires minimal
control effort (see Fig. 8). A spherical aerostat generates more
aerodynamic drag and clearly would require a more substan-
tial structure and tether, but these issues can be tackled by its
structural design [21]. A tethered sphere also suffers substantial
vortex-induced vibrations [22]. However, a previous study [20]
has shown that due to the nonlinearity of the structural problem

Fig. 8. Schematic configuration of an aerostat for electrical power generation
(ASPG), as a gimballed tethered balloon—the gray area represents PV cells
cladding.

(mainly the sag of the tether) and the very slow frequency re-
sponse characterized by a high value of damping, the force
oscillations in the tether (produced by relatively rapid force
transients, e.g., gusts) line are relatively small and also the rota-
tions of the aerostat are only a few degrees and the consequent
loss of pointing produces a drop in the energy production of less
than 1%.

Given its spherical shape, from the volume it is possible to
calculate the surface area, and from this, taking an appropriate
material area density, it is possible to estimate the weight of the
envelope. The area density of the material for the skin can then
be increased by 33% as suggested in [23], to account for the
weight of various reinforcements, support for the payload, etc.

With a similar approach, the weight of the PV cells can be
estimated by the surface covered, and assuming that a fraction γ
of the whole aerostat envelope is covered by the cells, knowing
the area density of the cells (also here including wiring, etc.),
it is possible to estimate the weight of the cells. Therefore, the
weight of aerostat and PV devices can be written as

Waero = (1.33δaero + δcellsγ)g4πR2 (15)

where δaero and δcells are the area density of the envelope mate-
rial and PV cells, respectively, γ is the fraction of the envelope
surface that is covered by the PV cells, g is the gravity acceler-
ation, and R is the radius of the balloon.

To assess the weight of the tether, it is necessary to estimate
the weight of the electrical conductors (taken as aluminum for
this high conductivity over mass ratio) plus that of the strength-
ening fibers (e.g., some type of Kevlar). The size of the required
conductor can be estimated from the electrical current (i.e., the
ratio between the power generated by the PV devices on the
aerostat and the transmission voltage) and setting the electrical
losses permitted in the cable to a specific value. Therefore, the
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cross section of the conductor will be

Acond = rAl
S

ηtrans

Pgen

V 2 (16)

where rAl is the resistivity of the aluminum, S is the overall
length of the conductor, ηtrans is the ratio between the power
lost in the cable and that generated by the PV devices (i.e., Pgen ),
and V is the voltage.

The power generated by the PV system can be estimated
from the area covered by the cells (i.e., a fraction γ of the
whole aerostat surface), their efficiency (ηcells), an efficiency
parameter (ηarea) that considers that the cells are on a curved
surface and therefore the angle of incidence of the sun beam
varies according to the position of the cells, and finally the solar
flux Φ at the aerostat operational altitude, i.e., the irradiance
discussed in the previous sections

Pgen = 4πR2γηcellsηareaΦ. (17)

Finally, the weight of the conductor will be its cross-sectional
area multiplied by length and by its specific weight (density
times g), so substituting (17) in (16) the weight of the conductor
can be written as

Wcond = δAlgrAl
S2

ηtrans

4πR2γηcellsηareaΦ
V 2 . (18)

The weight of the reinforcing fibers can be calculated from
the strength necessary to keep the aerostat safely moored. The
maximum tensile force on the tether can be calculated as

T =
√

(B − WAero)2 + D2 (19)

where D is the aerostat drag force, given by

D =
1
2
ρairv

2CdπR2 . (20)

In this expression, v is the maximum wind velocity and Cd

is the drag coefficient. From the maximum expected tension
in the tether, knowing the fibers strength (σu ), it is possible to
calculate the required cross section and from that the weight of
the reinforcing fibers

Wfib = δfibST
T

σu
(21)

where δfib is the density of the fibers and ST the length of the
tether.

So that the overall weight of the tether will be

Wtether = δcondgrcondS2 ηcellsηareaAcellsΦ
ηtransV 2

gen
+ δfibST

T

σu
.

(22)
Aerodynamic forces will also act on the tether line, and they

will produce further sagging (see [20]). However, this effect
does not modify significantly the maximum tension in the tether
that will still be at the attachment between the balloon and the
tether (19).

A. Engineering Parameters Selection

The most important design variable that has to be set is the
operational altitude of the aerostat. From Section II, it can be

seen that, although infrequently, it is still possible to find clouds
above 6 km, and in rare cases the cloud top could extend up
to 20 km. However, from a practical engineering prospective,
the technical performance has to be traded against cost and it
is possible that a slightly lower performance in terms of energy
production would significantly reduce the cost. In addition, there
are safety and regulatory issues such as the interference with air
traffic that would advise limiting the altitude to 6 km to stay
below the internationally controlled air traffic.

In order to facilitate the commercialization of the concept
the maximum altitude will be set to 6 km. The next important
parameter is the size (or the volume) that defines the amount
of lift (buoyancy) that can be produced, and as most of the
weights are proportional to the aerostat surface area there will
be a minimum size where the lift and weights are balanced. In
order to maintain the tether taut (and limit the drift produced by
the wind), it is necessary to generate considerably more lift so
that

B > WAero + WTether . (23)

However, as the energy produced is proportional to the surface
area, whereas some of the cost elements are proportional to the
volume, very large aerostats would be less cost-effective.

Taking a volume of 179 000 m3 (i.e., a 35 m radius sphere) and
helium as a gas filler would give a buoyancy of 1MN. Using for
the aerostats structure parameters consistent with reference [23]
(i.e., weight of the skin 0.78 kg/m2 , weight of the PV cells
cladding 1 kg/m2 , and a maximum peak solar irradiation (from
Section II) of 1.2 kW/m2), from the equations in the previous
section, it is possible to calculate WAero (18.9× 103 kg) and
the peak power generated (∼0.5 MW). However, to size the
conductor in the tether, it is necessary to set a transmission
voltage V, and this should be high enough in order to reduce the
losses in the cable. One option is to connect the solar arrays to
obtain a voltage in the region of 500 V dc and use a converter
to bring it up to a few kilovolts. However, the converter will
introduce some electrical losses and its weight might be an issue
as it has to be supported by the aerostat (although the weight
of the converter might be compensated by a lighter cable). The
other option is to “simply” connect identical groups of solar
arrays in series, to maintain the same current and obtain a dc
voltage in the region of 1.5–3 kV. The solar panels would be
provided with bypass and blocking diodes and other circuitry
that might be necessary to protect the elements of the system.
Setting the transmission voltage at 3 kV and allowing for 5%
electrical losses in the cable (i.e., ηtrans = 0.05) enables the
cross section of the aluminum conductor and its weight to be
calculated as 388 mm2 and 13.0× 103 kg, respectively.

Using the results in Section III and taking a maximum wind
speed of 55 m/s (3 sigma value) and using (21), it is possible
to calculate the weight of the fibers as 2.7× 103 kg, so that the
overall weight of the tether will be 15.7× 103 kg. It should be
stressed that the 55 m/s value is quite conservative, in fact, this
corresponds to the peak wind speed during a gust and due to
the highly nonlinear behavior of the tether system (see [20]) the
force in the tether will be considerably smaller. On the other
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hand, this level of conservatism is more than justified by the
catastrophic effect that the tether rupture would have.

B. System Dynamics and Control

The aerostat is required to track the sun, although the accuracy
of the tracking can be relatively coarse. In fact, as the power
produced by the beam component of the irradiance depends on
the cosine of the angle between the perpendicular to the PV
cells and the solar beam, even a pointing error of ±8◦ would
only produce a drop of this component of less than 1%. For these
relatively small angles, the diffused component of the irradiance
would be roughly the same, so that the impact of small pointing
errors on the total energy should be negligible.

The tracking must be maintained in the presence of dynamic
disturbances that are mainly gusts and vortex-induced vibra-
tions. The amplitudes of the rotations produced by these distur-
bances are discussed in [20], which shows very small rotation
(in the worst case considered the angle was below 8◦). There-
fore, the attitude control system does not need to compensate for
these disturbances, but simply work at low frequency to track
the sun movement. As the aerostat is spherical, no significant
aerodynamic torque must be overcome. The friction in the gim-
bals bearing is also very small and so is the resistive torque
produced by the balloon’s inertia multiplied by the rotational
accelerations necessary to carry out the tracking.

The pointing mechanism concept is illustrated in Fig. 8, where
it is possible to see its gimballed configuration, with the spheri-
cal body of the aerostat constrained by rotational joints (driven
by geared electric motor/s) on two opposite locations of its
equatorial line. This allows control of the elevation; while the
azimuth is controlled rotating the small rudder visible in Fig. 8
and that will line itself up with the wind direction. Alterna-
tively, the rotations of the aerostat can be controlled using the
fans/propellers visible behind the aerostat (Fig. 8) that produces
forces tangential to its surface (thus rotating the aerostat). This
method is employed in those circumstances where low wind
makes the rudder control ineffective. The system is controlled
using a feedback loop that drives elevation and azimuth con-
trols using information provided by solar sensors on the aerostat
and which give the relative position of the sun with respect to
the aerostat body. A patent application has currently been sub-
mitted (patent application U.K. IPO number 0713045.3), and
therefore, at this stage, it is not possible to disclose further in-
formation concerning the pointing mechanism. A preliminary
costing for the implementation of this mechanism on a balloon
of the size discussed in the previous section delivered a figure
lower than 100 000$.

C. Risk Management

The deployment of ASPG indeed involves some risks, the
most obvious being lighting strikes and interference with avi-
ation. These problems are common to other FEG and to the
aerostats currently in operation, such as those deployed in the
south of the USA carrying radars to monitor air traffic coming
from the Central and South America. These aerostats implement
lighting protection systems and to avoid collision with air traffic

they are signaled in aeronautical charts and can carry visible
or electronic warning systems. In case of extreme weather, it is
possible to ground the aerostat, and similarly in the extreme cir-
cumstances an appropriate deflation system enables the aerostat
to be brought back to the ground quickly and safely. Just as an
historical note, during the Second World War tethered barrage
balloons were deployed in Britain, fitted with protection against
lightning (up to 30 kA·m·s) that took care of approximately
75%–80% of the strokes [24]. The “double parachute/Ripping”
was also developed, to allow (in emergency) the cable to be
ripped from the balloon and fall to the ground slowed down by
a parachute.

Should these devices be deployed in a farm configuration the
distance between balloons becomes critical to avoid them hitting
each other. The large scale of the turbulence in the atmosphere
is such that balloons flying in relative proximity are subjected
to very similar wind conditions (magnitude and direction). In
this case, the relatively high disposable lift (which maintains the
mooring cable taut) also helps to limit the balloon drift. There-
fore, a grid of identical tethered balloons should approximately
keep the same configuration maintaining the relative positions
of the various balloons. Clearly, there will be fluctuations in
the distance between balloons and different wind conditions for
each balloon, also due to the wake of the balloons upwind strik-
ing balloons downwind. However, our preliminary calculations
have shown that the distance between the balloons can be kept in
the region of a few hundred meters, rather than kilometers. Last
resort solution to keep relatively small and constant distance
between balloons is multipoint mooring and bracing between
balloons. In this case, the advantages of a more tightly compact
grid of balloons have to be offset by the increased technical
difficulties (for example, to ground a single balloon of the grid)
and cost of this solution.

V. COSTING

Due to the relatively early stage of the design, it is quite
difficult to establish the exact cost of the system described in
the previous sections. However, a reasonable estimate can be
obtained from the unit cost of the materials and/or extrapolat-
ing from the cost of similar systems/subsystems available on
the market. Starting from the Aerostat, the cost of solar cells
partial cladding and the cost of the gas filler can be obtained
easily from their unit costs (4$/W for the cells and 5$/m3 for
the helium, respectively). The cost of the aerostat envelope and
internal subsystems (e.g., balloonette for altitude control) can be
obtained by extrapolating from the cost of other aerostats avail-
able in the market. Using weight as parameter to extrapolate the
cost, based on a survey of aerostats currently on the market, it
is estimated that 2 million dollars (excluding gas and PV cells)
should cover the envelope cost. It should also be stressed that
today there are only a relatively small number of commercial
companies that produce airships or aerostats, and their sales are
mainly for the military market, rather than for civil applications.
Most of the products are heavily customized with characteristics
and payloads to suit the need of the specific customers, result-
ing in unique combinations of hull, subsystems, and payload.

Authorized licensed use limited to: UNIVERSITY OF SOUTHAMPTON. Downloaded on May 27, 2009 at 14:43 from IEEE Xplore.  Restrictions apply.



450 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 24, NO. 2, JUNE 2009

Therefore, the number of “build to print” is very limited and the
nonrecurring costs are very high compared with the cost of the
“materials.” In addition, the aerostat advocated here is essen-
tially a sphere filled in with helium, and therefore much simpler
than most of the aerostats currently on the market.

To maximize the profit, the system must be maintained in
operation ideally for a time similar to the duration of the solar
cells (which is around 15 years), and therefore maintenance and
ground support will be necessary. For an aerostat, the item most
subject to degradation is the hull, where the damage is mainly
produced by the solar radiation. However, here the part of the
aerostat exposed to the sun is mostly covered by the solar cells,
and this should significantly reduce the material degradation.
Concerning helium leakages, using modern materials, it is pos-
sible to reduce the total loss to a fraction of a meter cube per
day, which means that even six months of continuous operation
would produce only a negligible loss of lift.

The system is designed to be autonomous; therefore the run-
ning cost should be minimal, and essential maintenance if possi-
ble should be carried out at night or in good weather in order not
to produce interruption of the energy harvesting. The grounding
for extreme weather conditions will also be rare, say approxi-
mately 14 days/year on average, and as this will mostly be in
the winter (with shorter daylight) also the impact on the pro-
duction will be limited. Overall, the complete system should
cost in the region of 4.5 million dollars, but it must be stressed
that this is the cost for the production of a single unit. It is
likely to imagine applications (like “farms”) with several identi-
cal balloons deployed, and this would dramatically reduce their
unit cost. Deployment of the system described in Section IV
at 6 km would allow production of about 1.7× 106 kWh/year.
In addition, to be conservative, this design has considered 15%
efficiency cells. However, in the market there are cells whose ef-
ficiency approaches 30% and therefore should this type of cells
be used, the facility outlined in this paper would produce nearly
twice as much energy.

If the aforementioned system (∼0.5 MW output) could be
maintained in operation for say 15 years the cost of the energy
produced could be in the region of 17 cents/kWh. However, if
several units are produced, the lower cost per unit would con-
siderably reduce the cost of the energy, and their deployment in
a “farm” configuration could produce several megawatts that is
comparable to the current wind farms. Considering that in the
U.K., the cost of solar energy is approximately 1$/kWh [25],
this concept could present a considerable advantage. This ad-
vantage is reduced for countries that enjoy naturally higher solar
radiations (e.g., Mediterranean countries, or southern states of
the USA) where solar energy produced on the ground can cost
in the region of 20–30 cents/kWh.

With respect to other typical renewables (e.g., wind turbines)
whose cost per kilowatthour produced in the U.K. is about
10–20 cents/kWh, with even lower cost achievable in other
countries, the economical advantage is less obvious. However,
there are other advantages such as the predictability/reliability
of the energy production and its better synchronization with the
daily cycle of electric energy consumption that could make har-
vesting high-altitude solar power a preferable option. Finally,

also the impact on the ground is much more limited, making
this facility an option for areas with unsuitable grounds, for ex-
ample, subjected to flooding; although this advantage has to be
offset by the negative impact on air traffic.

VI. CONCLUSION

This paper has examined the possibility to harvest solar en-
ergy in the high atmosphere, as an intermediate solution between
ground-based PV devices and SSP. Based on the real data con-
cerning the extinction parameters in the Earth’s atmosphere, it
has been demonstrated that at altitudes above 6 km, it is possible
to produce over four times the energy that is usually produced by
ground-based PV in the U.K. Compared with SSP the method
advocated in this paper allows to collect between one-third and
half of what could be collected by a geostationary satellite col-
lector (for the same size of PV system). However, the cost of
SSP is orders of magnitude higher than the solution advocated
here. Based on the realistic values of the relevant engineering
parameters, a concept design has been presented, and its pre-
liminary costing has shown that ASPG could be a viable facility
to harvest renewable energy.
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