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SOLAR POWER VIA SATELLITE 

Peter E. Glaser and Owen Maynard 

Arthur D. Little, Inc. 
Cambridge, Massachusetts 

and 

Raytheon Company 
Waltham, Massachusetts 

Abstract 

The possibilities for using satellite solar power stations for 
large-scale power generation on earth, converting solar energy into 
microwave energy, transmitting it to the earth's surface, and trans
forming it into electricity have recently been explored. The current 
s~ate of technology and the necessary developments for accomplishing 
the four functions, i.e., collection of solar energy, conversion to 
and transmission of microwaves and rectification to DC on the ground, 
are reviewed. The requirements for flight control, earth-to-orbit 
transportation, and orbital assembly are discussed. Environmental 
issues, including impact of waste heat release, water injection into 
the upper atmosphere by space vehicle exhaust, noise pollution, and 
location of antenna sites are listed. Biological effects and radio 
frequency interference are explored. The time frame for accomplishing 
the ~perational system is outlined. 
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Introduction 

Ampng the different sources of energy, whether they be non

renewable, such as fossil or nuclear fuels, or continuous, such as 

tidal or geothermal, none have a greater potenti~l than solar energy 

on which life in its very essence depends. The question that needs ' 

to be answered is: Has society reached the lever of sophistication 

to apply solar energy for its overall long-term &enefit consistent 

with the balance of nature? The answer is not y~t obvious. Ho...,.ever 

efforts required to provide the answer are beginning to be made. ' 

The total influx from solar, geothermal, and tidal energy into 

the earth's surface environment is estimated to be 173,000 x 1012 

watts. Solar radiation accounts for 99.98% of it. The sun's con

tribution to the energy budget of the earth is 5000 times the energy 

input of other sources combined. 

The vast quantities of energy radiated by the sun reach earth 

in very dilute form. Thus, any attempts to convert solar energy to 

power on a significant scale will require devices which occupy a 

large land area as well as locations that receive a copious supply 

of sunlight. These requirements restrict earth-based solar energy 

conversion devices which could produce power to a few favorable 

geographical locations. Even for these locations energy storage 

must be provided to compensate for the day-night cycle and cloudy 

weather. 

One way to harness solar energy effectively would be to move 

the solar energy conversion devices off the surface of the earth and 

place them in orbit away from the earth's active environment and 

influence and resulting erosive forces. 1• 2 The most favorable orbit 

would be one around the sun, but as a first approximation toward 

this very long-term goal, an orbit around the earth where solar 

energy is available nearly 24 hours of every day could be used. 

Since the concept of a satellite solar power station (SSPS) 

(see Fi3. 1) was presented as an alternative energy production 

method, the impending energy crisis has been recognized as one of 

the major issues facing the nation. Various options to meet the 

crisis are now being explored. 

An assessment of the feasibility of the SSPS concept performed 

by Arthur D. Little, Inc., Grum,~an Aerospace Corporation, Raytheon 

Company, and Textron Inc., with partial support from NASA, 4 has 

shown that it is worthy of consideration as an alternative energy 

production method. 5-9 Its development can be realized by building 

on scientific realities, .on an existing industrial capacity for 

mass production, and on demonstrated technological achievement. 
i. 
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Fig. 1. Design concept for a satellite solar power ~tation 
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.436 PETER E. GLASER AND OWEN MAYNARD 

A. Principles of a Satellite Solar Power Station 

Figure 2 shows the design principles for an SSPS. Two symme

trically arranged solar collectors convert so~r energy directly to 
electricity by the photovoltaic process while~he satellite is main

tained in synchronous orbit around the earth.?- The electricity is fed 
to microv.·ave generators incorporated in a trafumitting antenna lo
cated between the two solar collectors. The antenna directs the 
microwave beam to a receiving antenna on earth where the microwave 

energy is efficiently and safely converted back to electricity. 

An SSPS can be designed to generate electrical power on earth 

at any specific level. However, for a power output ranging from 
about 3000 to 15,000 megawatts (MW), the orbiting portion of the 
SSPS exhibits the best power-to-weight characteristics. Additional 

solar collectors and antennas could be added to establish an SSPS 
system at a desired orbital location. Power can be delivered to 
most desired geographic locations with the receiving antenna placed 
either on land or on platforms over water near major load centers 
and tied into a power transmission grid. The status of technology 
and the advances which will be required to achieve effective opera
tion for an SSPS are described in the following sections. 
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Fig. 2. Design principles for a satellite solar power station. 
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~- Location of Orbit 

~ The preferred locations for the SSPS are the earth's equatorial 
~jnchronous orbit stable nodes which occur near the minor axes at 
longitudes of about 123• West and 57° East. The SSPS would be po
sitioned so its solar collectors always faced the sun, while the 

·antenna directed a microwave beam to a receiving antenna on earth. 
In an equatorial synchronous orbit, the satellite can be maintained 
stationary with respect to any desired location on earth. About 
30,000 pounds per year of propellants for attitude control would be 
required to overcome orbit-disturbing influences, such as the gravi
tational effects of the sun and moon, solar pressure, and the eccen
tricity of the earth. The microwave beam would permit all-weather 
transmission so that full use could be made of the nearly 24 hours 
of available solar energy. 

An SSPS in synchronous equatorial orbit would pass through the 
earth's shadow around the time of the equinoxes, when it would be 
eclipsed for a maximum of 72 minutes a day (near midnight at the 
receiving site). This orbit provides a 6- to 15-fold time advantage 
over solar energy conversion on earth. A comparison of the maximum 
allowable costs of solar cells indicates that for terrestrial solar 
power applications these devices are competitive with other energy 
conversion methods if they cost about $2.30 per square meter. Be
cause of the favorable conditions for energy conversion that exist 
in space, these cells would be competitive if they cost about $45 
per square meter in an earth-orbit application.IO 

2. Solar Energy Conversion 

The photovoltaic conversion of solar energy into electricity is 
iaeally suited to the purposes of an SSPS. In contrast to any pro
cess based on thermodynamic energy conversion, there are no moving 
parts, fluid does not circulate, no material is consumed, and a 
photovoltaic solar cell can operate for long periods without main
tenance. Photovoltaic energy conversion has been developed substan
tially since the first laboratory demonstration of the silicon solar 
cell in 1953. Today, such cells are a necessary part of the power 
supply system of nearly every unmanned spacecraft, and considerable 
experience has been accumulated to achieve long-term and reliable 
operations under the conditions existing in space. As a result of 
many years of operational experience, a substantial technological 
ba..se exists on which further developments can be based.II These 
developments will be directed toward increasing the efficiency of 
sq}ar cells, reducing their weight and cost, and maintaining their 
o~eration over extended periods. 

3. Microwave Power Generation, Transmission, and Rectification 

The power generated by the SSPS in synchronous orbit must be 
transmitted to a receiving antenna on the surface of the earth and 

-



.OB PETER E. GLASER AND OWEN MAYNARD 

then rectified. The power must be in a form suitable for efficient 
transmission in 1arge amounts across long distances with minimum 
losses and without affecting the ionosphere and atmosphere. The 
power flux densities received on earth must also b~ at levels which 
will not produce undesirable environmental or bfological effects. 
Finally, the power must be in a form that can be c~nverted, trans
mitted, and rectified with very high effic:i ency by-'known devices . 

. 
All these conditions can best be met by a beam link in the micro-

wave part of the spectrum. In this part of the spectrum a frequency 
of 3.3 GHz was selected because induced radio frequency interference 
can be limited so that an appropriate internationally agreed upon 
frequency could be assigned to an SSPS. 

As early as 1963, Brown12 demonstrated that large amounts of 
power could be transmitted by microwaves. The efficiency of micro
wave power transmission will be high when the transmitting antenna 
in the SSPS and the receiving antenna on earth are large. The di
mensions of the trans~itting antenna and the receiving antenna on 
earth are governed by the distance between them and the choice of 
wavelength.13 

The size of the transmitting antenna is also influenced by the 
inefficiency of the microwave generators due to the area required 
for passive radiators to reject waste heat to space and the struc
tural considerations as determined by the arrangement of the indi
vidual microwave generators. The size and weight of the transmitting 
antenna will be reduced as the average microv.-ave power flux density 
on the ground is reduced by increasing the size of the receiving 
antenna and as higher-frequency microwave transmission is used. The 
size of the receiving antenna will be influenced by the choice of 
the acceptable microwave power flux density, the illumination pattern 
across the antenna face, and the minimU!ll microwave power flux den
sity required for efficient microwave rectification. 

Several power distributions for the transmitting antenna can be 
identified which concentrate at least 90% of the power at the ground 
within the main lobe, along with an indication of the nature of side 
lobes to be expected. Several approaches are available to control 
the side lobes. The ground site selection criteria will be greatly 
influenced by results of projected earth resources studies, as well 
as social and political considerations. System aspects of site selec
tion lend themselves to relatively simple and known analysis tech
niques. 

Highly efficient ground power distribution systems, such as the 
underground, cryogenic, high-voltage de system, are anticipated to be 
well developed in the operation time period of the SSPS. Such systems 
will permit a rationale for location of power consumption centers, 
such that they may not necessarily be close to the power supply 

-
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station. The low power flux density and the efficient receiving 
ant~~na will permit a full utilization of land under the antenna. 
The7tiological effects of the non-ionizing radiation, which are the 
subJ:ect of investigation now, can be anticipated to become suffi
ciently well understood so that a straightforward SSPS biological 
effects program can be implemented to define criteria and limitations 
for several ground selection and multiple utilization options. 

B. SSPS Flight Control 

Although the SSPS is orders of magnitude larger than any space
craft yet designed, its overall design is based on present principles 
of technology. Thus, its cons·truction and the attainment of a 30-year 
operating life require not new technology, but substantial advances 
in the state of the art. 

The SSPS structure is composed 
tural elements, the electromagnetic 
loads or forces into the structure. 

of high-current-carrying struc
interactions of which will induce 
Current stabilization and con-

trol techniques are capable of meeting the requirements of spacecraft 
now under development. Most of these spacecraft have comparatively 
rigid structures and are amenable to control as a single entity by 
reaction jets or momentum storage devices. But the large size of an 
SSPS at first suggests that new structural a~d control system design 
approaches may be needed to satisfy orientation requirements. How
ever, results of analyses indicate that present structural analytical 
techniques and tools are adequate and that an SSPS can be controlled 
such that the solar collector will point at the sun to± 1 degree, 
the transmitting antenna can be mechanically controlled to± 1 arc 
min, and the direction of the microwave beam electronically main
tained to± 1 arc sec. 4 Low-thrust, ion propulsion systems appear 
promising for SSPS control because their performance characteristics 
are compatible with the potential lifetime required of the SSPS. 

C. Earth-to-Orbit Transportation 

A high-volume, two-stage transportation system will be required 
for an SSPS: (1) a low-cost stage capable of carrying high-volume 
payloads to low-earth orbit (LEO); and (2) a high-performance stage 
capable of delivering partially assembled elements to synchronous or 
some-intermediate orbit altitude for final assembly and deployment. 
The :factors affecting flight mode selection include payload element 
size.y payload assembly techniques, desirable orbit locations for 
ass~mbly, time constraints, and requirements for man's participation 
in the assembly. The choice of transportaion system elements includes 
currently planned propulsion stages and advanced concepts optimized 
for an operational SSPS system. Minimum cost transportation com
binations will have to be identified which can fulfill the require-
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ments for SSPS delivery, assembly, and maintenance for an operational 
system. The challenge of an SSPS capable of generating 5000 MW of 
power on earth is to place into orbit a payload of about 25 million 
pounds and propellant supplies for station- keeping purposes of about 
30,000 pounds per year. 

D. Orbital Assembly 

Operations in space involving assembly have been limited to 
docking two actively maneuvering vehicles together. However, studies 
of modular space stations which dock a nwnber of similar masses to 
form a large complex in orbit have been performed. In general, to 
effect a mating, attitude control is required on both target and 
docking vehicles. 

After a docking vehicle contacts a space assembly, several things 
happen: (1) the assembly experiences loads; (2) modular elements de
flect relative to each other; and (3) possibly disruptive control 
forces and G loads are transmitted throughout the space assembly. 
In general, the weak link in a space assembly is the docking inter
face, since it has a smaller cross-sectional area than the prime 
construction element. Relatively large space assemblies have been 
analyzed in modular space station studies and found to be control
lable during assembly,14 providing that a prescribed build-up sequence 
is followed and that grossly asymmetric configurations are avoided. 
In addition, there is a significant interplay between docking con
tact velocities, target and docking vehicle flight control, and 
docking mechanism characteristics. In general, direct vehicle 
docking contact velocities of about 0.5 fps and manipulator docking 
contact velocities of 0.1 fps are compatible with currently planned 
spacecraft systems. The large, more flexible SSPS type spacecraft 
will require significantly lower contact velocities because of the 
size and flexibility of the system and its potential damping char
acteristics. Zero or near-zero contact velocities may be required, 
together with appropriate docking or joining mechanisms and control 
techniques during assembly. Because a considerable portion of the 
SSPS structure may be part of the power distribution system, new 
joining and assembly techniques may be required. 

Assembly sequences and modes and desirable assembly altitudes 
have to be identified to define the assembly requirements for the 
SSPS's large area and light-weight structure. Once the framework 
for the basic SSPS structure has been developed, including the 
potential sizes and sub-element characteristics of major components, 
such as the solar collector arrays, the transmitting antenna and 
structural members, alternative assembly sequences, modes, and 
attitudes can be evaluated. These could include automatic or opera
tor assembly options, and assessments as to the portions of the 



ti 

/~:~:~t:itJ~l!!..-.:-~~,M,"'1.5,.:'.,.;,;~~~ll"'".;:,;,ce.:...',JC.:....;,~.:.;,".v',SI-•·•··~''·-;;.·-'· 

RD 

anal 
f 
on 
out 

:iies 
J 

J 

,ings 
de-

rence 
l. 

I ., 

s, 

a-

SOLAR POWER VIA SATELLITE 441 

assembly process to be carried out a-t low-earth orbit altitudes, at 
int~mediate or at synchronous altitudes. With this knowledge, the 
app!f)priate control techniques during the assembly process can then be identified and developed. 

E. Environmental Issues 

1. Environmental/Ecological Impact 

The SSPS appears to have limited environmental and ecological 
impacts at the receiving antenna. The following are the potential environmental impacts:4 

• 

• 

• 

Waste heat released by natural convection at the rece1v1ng 
antenna does not constitute a significant thermal effect 
on the atmosphere. If the antenna is located in desert 
regions where water is limited, there may be some slight 
modification of the plant community at and near the antenna 
site. 

With RF shielding incorporated below the rectifying elements, 
the receiving antenna operation can be compatible with other 
land uses because there is only a small degree of reduction 
of solar radiation received on the ground below the antenna. 
However, installation and maintenance of the antenna has to 
be planned because extensive activities may be damaging to 
some ecologically important systems. 

Injection of water into the stratosphere and upper atmos
phere by space vehicle exhausts would be small in contrast 
to the natural abundance, and does not appear to constitute 
a significant environmental effect. However, a detailed 
assessment of these effects will have to await a better 
definition of the nature of the upper atmosphere. 

• Noise pollution from the launch operations would be of con
cern in the irunediate vicinity of the launch facility and 
would have to be reduced by suitable design techniques or 
location of the launch facilities. 

• There is substantial flexibility in choosing a suitable lo
cation for the receiving antenna. The area has to be con
tiguous but need not be flat terrain. The location can be 
in a region where the land is not suitable for other uses 
(e.g., desert areas, previously strip-mined land, or near 
major electrical power users like aluminum smelters). 
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2. Biological Effects 

There exist conflicting interpretations of the effects of micro
wave exposure throughout the sd entifj c community. Because of the 
lack of internationally accepted standards, baseo on experimental 
data, to place a specific and allowable level on~mjcrowave exposure, 
the SSPS will have to be designed to accomrnodate~a wjde range of 
frequencies and microwave power flux densjties. ~Precise pointing 
of the microwave beam must be achievable with attitude stabilization 
and automatic phase control to assure efficient transmission of the 
power to the receiving antenna. The design approaches already iden
tified indicate that this objective can be met. The transmitting 
antenna size, the shape of the microwave power distribution across 
the antenna, and the total power transmitted will determine the level 
of micro\\·ave power flux densities in the beam reaching the earth. 

The effects on birds exposed to microwave power flux densities 
within the beam at the receiving antenna and the effects on ajrcraft 
accidentally flying through the beam, even though projected to be 
negligible, will have to be determined experimentally. The micro
wave system design requirements of the SSPS must be established so 
as to result in low microwave exposure levels to assure safe opera
tions which will be acceptable on an international basis. 

3. Radio Frequency Interference 

Design and development of the microwave generation device with 
its filters and controls are required to further define criteria for 
radio frequency spectrum contributions associated with noise and 
harmonics. High overall efficiency is attributed to circuit effi
ciency and internal dc-to-rf conversion efficiency which depend on 
achievable values of rr.agnetic field and low but achievable power 
losses. The RF spectrum effects are associated with the fundamental 
frequency and its harmonics, turn-on and shut-do\,~ sequence, random 
background energy, and other superfluous signals resulting from the 
specific design. 

Further studies are required in the areas of filtering technology 
and the design of the device integrated with its power input and con
trol, and integrated in the higher level of assembly with the trans
mitting antenna; narrowband operation permitted by the SSPS applica
tion in determining and achieving near-optimum gain; and noise mea
surements specifically associated with the micro\\·ave tubes. 

The effects of SSPS radio frequency interference on other users 
will be substantial, unless the frequency is selected so as to avoid 
the more sensitive services close to the fundamental frequency. It 
is very likely that current users would be required to relinquish 
their frequency all9cation to the SSPS. Frequency allocation priority 
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may be achieved if the SSPS can be shown to contribute significantly 
to~ulfilling the nation's and the world's power needs. - Most sensitive radio astronomy services require fixed narrow 
bands for operation spread throughout the spectrum. The 3.3 GHz 
for SSPS fundamental was selected primarily to maximize the capa
bility of filtering SSPS noise at the existing radio astronomy fre
quencies because filters can be designed and developed to achieve 
this objective. 

Potential interference with shipborne radar must be investigated 
unless the advanced technologies in Amplitron device design and fil
tering are achieved. 

Amateur sharing, state police radar, and radio location from 
high-power defense radar in the 3.23- to 3.37-GHz band will suffer 
interference. Thus, specific allocation for the SSPS would have to 
be negotiated with such users in mind. This is not to infer that 
interference and re-allocation are recommended as acceptable. Rather, 
detailed and specific ~ffects and impacts on these users in this small 
band must be determined before the acceptability of specific frequency 
allocations can be established. 
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F. Time Frame 

Based on an assessment of the steps required to develop the 
various technologies, it is reasonable to conclude that a prototype 
SSPS can be demonstrated in the early 1990's (see-Fig. 3). In paral
lel with the development of technology, environmental effects, eco
nomic constraints and social impacts should be as~essed so that the 
overall desirability of an SSPS can be compared w1th other energy 
production methods. 15 

The activities and developments specifically related to an oper
ational SSPS system consisting of a network of satellites are assumed 
to be directed towards a commercial venture with potential for inter
national participation. Such participation would assure that the 
benefits of the development of the SSPS on a scale which can be of 
benefit to many nations could be modeled on the successful intro
duction of .communication sat el 1 i tes. The research, development, and 
verification program is aimed at providing an option for poi.er gen
eration on a time scale which is meaningful in terms of the develop
ment of other options whether they be based on solar energy or other 
energy sources i\·hile providing tangible returns even if the SSPS 
option is not exercised. 

Conclusions 

The realization of the concept of a Satellite Solar Power Station 
not only represents a major challenge to technology but also an 
unparallelled opportunity to apply space technology for the benefit 
of mankind. No fundamental breakthroughs are required to achieve the 
objectives identified with the SSPS but rather major advances and 
improvements over existing technology. Just as only 15 years ago 
it was unimaginable that a space shuttle could be developed to trans
port massive payloads into orbit and repeat the mission 100 times, 
so today the mission to orbit a satellite as large as an SSPS appears 
to be a formidable undertaking. The questions that need to be an
swered are not only i.hether the required technology can be developed 
because the answer most likely will be yes - but rather whether the .~ 
development of an SSPS to meet future energy demands is an option 
that should be pursued. 

In addition to solar energy, several other energy sources have 
the potential to meet future energy requirements, but only very few 
are truly in harmony with the environment and conserving the finite 
resources of the earth. Solar energy applications, such as the SSPS, 
are still in an early stage of development. Thus, it is too early 
to tell which of the approaches now being studied will be judged to 
have the greatest potential to be of overall benefit to society. 
As more is learned about the operating characteristics of potentially 
competitive electrical energy-generating systems, the views on what 
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best pe!formance represents in tenns of particular operating parame

ters wiJ.J. continue to evolve. Thus, the criteria for decision-making, 

whether-based on cost, resource conservation, or environmental en

hancement, may be quite different in the future, and will continue 

to change as long as technical developments continue actively on the 

various energy-production methods. 

Alternative energy production methods, such as an SSPS, if 

successfully developed over the next few decades, will permit so

ciety to look beyond the year 2000 with the ass:cirance that future 

energy requirements could be met without endangering the planet 

Earth. But even successful development of solar energy conversion 

alternatives will still require approaches to reduce energy consump

tion, for the ultimate ceiling to energy production will be the 

ability to dissipate the heat produced at the point of use of elec

trical power. 
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