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SUMMARY

Solar power satellites, if developed, could supply a large proportion of
the world's future electrical energy requirements in a safe and pollution-free
manner. However, such enormous orbiting structures, with masses of up to
100000 tonnes, can only be built and operated if suitable transportation systems
are provided. This Report reviews the options available for lifting both heavy
payloads and personnel to low earth orbit, and from there to geostationary orbit.
It is concluded that conventional launcher technology, using liquid hydrogen/
liquid oxygen engines, should be adequate for the former task. The latter can
best be accomplished using electric propulsion, with ion thrusters being the most
suitable devices, owing to their high efficiency and advanced state of development.
Environmental effects of such a transportation system are considered, and it is
concluded that they should not prove to be unacceptable.
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1 INTRODUCTION

A cursory examination of the history of the industrialisation of the so-
called developed nations immediately suggests that the supply of energy in various
forms has been of paramount importance. Initially, in the industrial revolution,
mechanical energy, derived from the steam engine, was responsible for the very
rapid growth of manufacturing industry. Prior to the invention of that device,
total reliance had to be placed on muscle power, either human or animal, assisted
on occasions by water-wheels and windmills, and fossil fuels and wood were used

only for heating.

Somewhat later, the rapid expansion of the availability of electricity, and
the discovery of large reserves of readily exploited oil and natural gas, allowed
an almost exponential increase in industrial and agricultural production to take
place. This emphasis on growth continued virtually unchecked for most of the
present century, with little consideration being given to the finite quantities
of fossil fuels and mineral resources available for exploitation. Most countries
deliberately encouraged this growth of production and consumption, on the assump-
tion that it was essential for a high standard of living. Thus the rate of
consumption of all resources increased very rapidly; for example, the demand for
electricity doubled each 10 years, and most economic plans and forecasts predicted
that this doubling would continue indefinitelyl. The few warnings uttered by

various sections of society were not heeded.

It was assumed, in the economic forecasts, that increasing energy demands
could be met by discovering new reserves, despite much evidence that such reserves
were becoming harder to find and increasingly expensive to exploit. However, the
situation changed dramatically with the Middle East war in 1973, and it became
generally accepted that fossil fuels would eventually become exhausted and that
alternative sources of energy would be needed, in massive amounts, to sustain the
present highly industrialised and mobile society. Thus a great deal of research
effort has recently been devoted to renewable sources, such as wind power, wave
power, and geothermal energy, although it appears that nuclear reactors may

eventually have to provide the bulk of the requirements.

Most of the so-called renewable resources depend on the sun's radiation to
drive them. For example, heating of the atmosphere by the sun causes bulk move-
ments of air, the winds, and these, in turn, produce waves on the surface of the
sea. The biomass is also able to exist only because plants and simple organisms
are able to use the sun's energy via photosynthesis. Consequently, it is an

obvious step to endeavour to use the sun's radiation directly. This appears to
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be a practical proposition in many parts of the world, where intense sunlight is

received without appreciable interruption from cloud cover.

Extensive R and D programmes, particularly in the USAZ, have shown that two
types of system are feasible, and that both are economically viable, in particular
circumstances, at the present. However, widespread adoption depends crucially on
massive cost reductions being achieved, and much of the current research has this

objective.

The more widespread of these techniques is the use of photovoltaic genera-
tors, usually made of silicon semiconductor material. Many installations of a
few kilowatts output have been made, chiefly for driving water pumps, refrigera-
tors and communications systems, and a 100kW generator was planned for 1979 for a
US National Park. In the alternative technique, parabolic mirrors are used to
concentrate the radiation into boilers supplying heat engines with high pressure

vapour. In both cases, the output is in the form of electricity.

The main disadvantages of these conversion techniques is the relatively low
average energy received per unit area, even at the best sites, and the complete
absence of the sun's radiation during night-time. The former causes collecting
areas to be relatively large, whilst the latter implies that energy storage is
mandatory, if base-load is to be supplied. Both are very expensive to providez.
To quote some actual values, although the solar flux at the earth's orbit3 is
between 1260 and 1440 W/mz, there are many losses in the atmospherea, of which
scattering accounts for 207, reflection 35%, and absorption 15%. As a result,
even in cloudless conditions over the Sahara, a maximum of 800 W/m2 reaches the

surface. The mean value for W. Europe is only 100 W/mz.

There are, consequently, excellent reasons for placing the radiation

collectors in orbit. Not only is the flux density increased very considerably, g

it is also completely predictable and is received continuously, apart from brief
eclipses a few times per year”. As a result, a great deal of effort has been
devoted to studying, in very considerable depth, various solar power satellite
(SPS) concepts. In general, it has been concluded that there are no insurmount-
able technical reasons for rejecting this solution to the problem of supplying

adequate energy to meet our future requirements.

Most SPS concepts are fundamentally very simple, and are based on the idea

7€0

originally proposed by Glaser6 in 1968. This idea was to place in geostationary
orbit a large planar array of solar cells, with the objective of producing a

substantial quantity of electrical power (Fig 1). This power is converted from
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dc to microwave form, then transmitted to earth from an antenna, using the phased

7, . . . . .
The microwave beam is aimed at a receiving antenna (rectenna)

array principle
on the earth's surface, the function of which is to convert the RF power back to

dc with high efficiency.

This principle has been extensively studied and refined since 1968, and many
very interesting designs have been published; three due to Grummang, Boeing7 and ]
Rockwelllo’|l are depicted in Figs 2, 3 and 4 respectively. In these studies, '
all aspects of the technology have been considered in great depth. For example,
various types of solar cells have been included, some using radiation-concentrat-
ing mirrorslo. Different methods of satellite constructionlz-l4 have been
investigated in detail, as have the methods of microwave beam shaping and
control7’8. Much effort has been deployed in examining the impact on the environ-
ment, including safety aspects of transmitting power levels of up to 10 GW via

microwave beams » and many far~-reaching economic analyses have been performed.

The alternative SPS principle, of deploying large parabolic mirrors to
concentrate sunlight so that its energy can be converted into electricity by means
of a heat engine, as illustrated in Fig 5, has also been extensively studied. It
has been clearly demonstrated that this concept is technically feasible]6’17 and
that the choice between it and the photovoltaic route will be made on economic

grounds.

It should also be mentjoned that other orbiting power production systems
have been proposed, many of them involving nuclear reactors; an example18 is
shown in Fig 6. Although there is no doubt that most of them could be constructed,
economic and political difficulties can be envisaged that might make them
unacceptable. In addition, an orbiting power relay satellite system has also been

advocated (Fig 7).

All proposed SPS concepts have at least two major physical parameters in
common. As indicated in Figs 1| to 5, they are characterised by huge sizes and
masses. Typically, their dimensions are of the order of many kilometres, and their
masses are several tens of thousands of tonnes. An immediate consequence of these
valuegs is that an SPS system can only be constructed and deployed if a suitable
transportation system is also developed. This must have a very large payload
capability and must be much more economical to operate than present-day systems,
including the Space Shuttlelg. Such a transportation system will consist of two
major components; an almost-conventional launcher, albeit of very large size, for

lifting substantial masses to low earth orbit (LEO), and one or more types of
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space-based vehicle for carrying materials, components and personnel from LEO to

geostationary earth orbit (GEO).

As the development of this transportation system is crucial to the success
of any space venture requiring large masses to be placed in earth orbit, primarily
the deployment of solar power satellites, much effort has been devoted to the
study of the many technical options available for each of the two components. The
status of these investigations is reviewed in some depth in this Report, and it
is concluded that there are no insurmountable technical or environmental objec-

tions to the development and use of such a space transportation system.

To place the main topic of the Report properly in context, the review of
transportation technology is preceded by an account of the various orbiting power
system options that have been proposed. As well as the SPS, these include the

nuclear reactor concept mentioned above, and the power relay satellite.

2 ORBITING POWER SATELLITE CONCEPTS

Since Glaser6 first proposed the use of solar power satellites to meet a
significant fraction of the earth's requirements for electrical energy, a
bewildering number of publications have appeared on the topic. These have
included analyses of a vast range of variations on the SPS theme, a number of
which have successfully withstood extremely detailed examinations by NASA contrac-
tors such as Boeing and Rockwell. Most of this work has been funded by US Govern-—
ment Agencies, mainly NASA and DOE, but a limited amount has been carried out in

20,21 22

Europe, notably at the University of Berlin and at ESTEC™ ™, with a smaller

contribution23’24 from the UK.

An excellent survey of the progression of these many SPS studies has been
produced by Kassingzs, who considered mainly the photovoltaic option. It clearly
demonstrated the way in which activity has accelerated since 1975, as can be seen

by examining the summary presented in Table 1.
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Although the selection of contracts or major occurrences for inclusion in this
Table has had to be arbitrary to some extent, it is immediately evident from the
volume of work alone that the SPS concept must be regarded as a serious possibil-
ity. This conclusion is supported by the continued funding of SPS studies by
both NASA and DOE26’27

NASAZS. In addition, the declining popularity of terrestrial nuclear power

, and of work on large space structures in general by

sources automatically increases dependence upon the alternatives, only one of
which, the SPS, is capable of providing very large amounts of energy, in an
environmentally clean manner, into the indefinite futurezg. Even fusion power,
should it be achieved, suffers from the limitation imposed by the relative
scarcity of lithium; only if the deuterium—-deuterium reaction can be utilised

will this limitation be avoided.

A lesser amount of work has dealt with the orbiting nuclear power systems
and the power relay satellite concepts, although both have been studied in some
depth. Despite the fact that the former can be shown to have certain advan-
tagesls, it is probably unacceptable politically at the present time. In any
case, the supply of uranium or thorium for these reactors is not unlimited. The
latter concept will present extremely severe technical difficulties, which may
not be soluble, and the advantages30 claimed for it may not be achievable. Conse-
quently, it is not unreasonable to conclude that the first power systems to be
deployed in orbit will be solar power satellites, making use of the sun's radia-

tion to supply electrical energy in very large quantities.

As already mentioned, there are two basic methods by which solar energy can
be employed by an SPS. Both are briefly considered below. More comprehensive
comparisons, such as those by Cooke-Yarborough17 and Oman and Gregoryl6,conc1uded
that there is very little difference between the two concepts in terms of physical
size, mass or efficiency, so that costs become crucial. These costs depend
cfitically on the price of solar cells, which, it is estimated, may fall to as
low as 10c per watt by about 1990. As well as the introduction of new manufactur-
ing technology, it is anticipated that this can be achieved by massive volume
production, which will certainly be vital to any SPS programmeg. The current US
Department of Energy goal is about 50c per watt, to be achieved by 1982, and it
is predicted that a price of between 10c and 90c per watt will be attained for the
SPS application. If the lower end of this band can be reached, the photovoltaic
option will probably prove cheiper than its competitor, the solar-heated Rankine

system.
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It should be mentioned that this analysis assumes the use of silicon or
gallium arsenide solar cells that can be annealed. In other words, the damage
continually inflicted upon them by high energy particles can be repaired by

heating ’”, as illustrated schematically in Fig 8. There is some evidence that

this can be done by a variety of methods31.

2.1  Solar photovoltaic conversion

This concept is basically very simple. As shown in Figs | to 4, a large
array of solar cells is placed in synchronous orbit, where its attitude is
continually corrected so that it always faces the sun. The sun's radiation is
converted by these cells to electricity, with an efficiency, it is anticipated,
of 17-18231. The cells are connected in a series/parallel arrangement, so that,
eventually, currents are passed along the main busbars of the satellite at a
potential difference of around 40 kV. The use of such a high voltage minimises
resistive losses, whilst, it has been estimated, the leakage power loss through

the ambient plasma will be essentially zero32.

The dc current produced is passed to huge rotating slip-rings, which trans-
fer it to microwave power converters, which are normally assumed to be klystroms.
An array of many thousands of these is mounted on the rear of an antenna facing
the earth. The slip-rings are necessary to allow relative rotation between the
antenna and the solar array; the former must be accurately pointed towards the

receiving rectenna on the ground, whilst the latter must always face the sun.

The antenna, of | to 1.5 km diemeter, is normally a phased array, each
subsection producing an RF output with exactly the correct phase and amplitude to
form a narrow beam of energy directed precisely at the rectenna. Although the
technological difficulties associated with the design, control and maintenance of
such a system are severe, it has never been demonstrated that the requirements

cannot be met. A Boeing antenna design53 is shown in Fig 9.

The beam passes through space to the top of the atmosphere, through the
ionosphere, then down to the ground. The interaction with the atmosphere is

>7" expressed regard-

. . 1,34 .
minimal >3 , although there has been, in the past, concern3
ing its possible effect on radio communications, through heating of the

. 37 . - s . . . 38
ionosphere . This is an area requiring much additional investigation .

.. 9 . . . s
The receiving rectenna” (Fig 10) is a large area structure consisting of
many small dipoles mounted in front of a reflecting plane. Each dipole is
connected to its own diode and filter circuit, or these may be integral with it.

The overall efficiency of this simple arrangement is very high, as is that of the

whole power transmission system.
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A typical SPS design, due to Grumman, is illustrated in Fig 2. It is sized
to produce, at the output terminals of the rectenna, a power of 5 GW and, to
accomplish this, a huge area of solar cells is needed. The total array area is
83 kmz, and the mass is 27200 tonnes. These dimensions and the associated mass
clearly show why an SPS project would be so enormous, from all points of view.

An even larger SPS design is shown in Fig 3. This was produced by Boeing7, under
NASA contract, and was chosen by NASA as a baseline configuration for more
detailed study33. It generates 17 GW from a vast array of solar cells covering
an active area of 100 kmz. The power is transmitted from two antennas to give a
final output on the earth's surface of 10 GW. The dimensions of the solar array
are 21.28 x 5.3 km, and the total mass of the spacecraft is likely to be in the
range 77000-97500 tonnes33

The above designs, together with several others exhibiting rather
different concepts, are also illustrated schematically in Fig 11, which 1is due to

Kassingzz’zs.

The Grumman 5 GW design, which is based on an original idea by
Glaser39, is shown in the left-hand column; it is depicted in a little more detail
in Fig 2. The modular concept from Berlin has been significantly improved by
recent work, and an evolutionary development plan for it has been evolved, making
use of the Space Shuttle in most of the early stageszo. The cable/column
construction technique proposed by the Johnson Space Center40 has dimensions

28.8 x 30.8x 14.4 km, for a power output of 10 GW. The concept in column 4 is
very different from the others; it consists of many separate power producing
segments strung along a current-carrying cable, the whole being stabilised by
gravity gradient forcesAI. Column 5 depicts an intensively studied Rockwell
ideahz, which uses gallium arsenide solar cells, with concentrators made from
plane mirrors. Another version of this concept, due to Boeing43, is shown in

Fig 4.

More recently,NASA and the US Department of Energy have collaborated in

. . I
carrying out a study in depth 3,44

of SPS systems, concentrating on reference
designs based on earlier work mentioned above. These designslB’45 are shown
schematically in Fig 12. Both are photovoltaic and produce a net power output at
the terminals of the rectenna of 5 GW. The one based on silicon technology is
effectively one half of the Boeing concept illustrated in Fig 3, whilst that using
gallium arsenide solar cells is a modified version of this incorporating

concentrators.

It should be pointed out that it is not economically feasible to construct

an SPS to operate at a much lower power level than a few gigawatts. This is

%¢0
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because the antenna must be of a certain diameter to keep the microwave beam to a
reasonable cross-sectional area, and the antenna must be used to transmit at its
maximum power level if it is to be cost effective. An economic analysis is
necessary to determine the optimum size, but the usual answer is about 5 GW per
antenna; this analysis must include many variables, such as the maximum permitted
power flux duensity in the ionosphere, the cost of the land on which the rectenna

is to be built, and the cost of space transportation.

2.2 Solar thermal convcrsion

Very many analyses have been reported of heat engine SPS concepts (see,
for example, Refs 7, 42, 46 and 47). They all have in common a series of collec-
tors to concentrate the solar radiation into an aperture in a boiler system, from
which the vapour of a working fluid is fed, under pressure, to a heat engine. Of
necessity, the system must operate in a closed cycle. The heat engine is coupled
to some form of generator, which produces dc electrical power. This power is fed

to a microwave transmission system identical to that on a photovoltaic SPS.

The reason for studying such systems early in the development of SPS
concepts was that they offer, at least theoretically, much higher values of
efficiency than do photovoltaic systems. This is because the collection of solar
radiation by the use of reflectors can approach 1007 efficiency, whereas solar
cells barely approach 207 (Fig 8). Consequently, a much smaller spacecraft should
be capable of producing the same amount of power. It would weigh less and be

cheaper to produce.

Unfortunately, this is an oversimplified view, because the maximum heat
engine efficiency that can be obtained is dependent on the ratio of the final to
the initial temperatures of the working fluid, Tf/Ti . The maximum attainable
efficiency is then (1 - Tf/Ti)’ the Carnot efficiency. Of course, this ideal
value is never achieved. In a terrestrial system, Tf can be relatively low,
all losses being dissipated via cooling towers or similar means, but, in space,

a low value of Te implies the use of radiators of massive size, which will be
extremely heavy (they must be quite thick to conduct the heat to their extremi-
ties, or they must be equipped with efficient heat pipes). Thus attainable
efficiencies are considerably lower than the simple view would indicate, at least

if reasonable mass targets are to be met.

Of course, it is possible to use a relatively high heat rejection tempera-
ture, 'I'f s, to enable the radiators to be of low area and mass. However, to

maintain efficiency, Ti must be increased correspondingly, and this can
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introduce materials problems in the heat exchanger and turbines. Terrestrial
experience suggests that sufficiently high values of Ti can be used in the
Brayton cycle, because very high power gas turbine aircraft engines operating with

this cycle have been extremely reliable, with turbine inlet temperatures of over

1600 K. The working fluid is a gas throughout the cycle, so there are no boiling

or condensation problems.

Despite these apparent advantages, the Brayton cycle has proved inferior to
the potassium—-Rankine cycle in one of the most comprehensive studies so far
reported3]. The main problem is that the heat must be transferred to the working
fluid through the walls of a cavity that must also act as a pressure vessel at
the operating temperature; in the turbojet, the heat is produced locally by
combustion, and the walls of the combustion chamber can be cooled by an airflow.
It was judged that, for the present at least, the associated materials problems

will enforce a return to lower values of Ti , reducing cycle efficiency.

In the Rankine cyc1e31, the potassium is vaporised by the solar energy
before being passed to a conventional turbine (Fig 13). The vapour from the
turbine is then liquified in a radiator, before being returned to the heater by
an electromagnetic pump. A very considerable amount of experience already exists
with such systems, gained mainly through liquid-metal breeder reactor programmes.
For example, inlet temperatures of 970°C can be handled with turbine materials at
present available, and turbine tests have accumulated over 10000 hours of running,
as has a 240 psi feed pump that will operate at 760°C. Turbines of 32 MW have
been developed; they could be adapted to the SPS project.

An SPS configuration that could employ the Rankine system is depicted in
Fig 5. It consists of an array of 16 modules covering an area of 119 km2 and
having a mass of 81000 tonnes3]. Each of the modules would have 36 turbo-
generators clustered around a cavity absorber illuminated by 7250 reflectors, each
of 1000 m2 area. A 120 m diameter compound parabolic concentrator at the cavity

aperture allows the use of flat reflectors, which require no active orientation.

Each of the 16 modules would consist of a focal point assembly, cavity .
support arms, and a concentrator composed of fixed facets. The latter would be
made from aluminised 3pm thick Kapton film, with an average reflectivity over

30 years of at least 0.9. Such a module is also illustrated in Fig 5.

The overall concept appears technically attractive, but Boeing estimated

€0

. . . . 31
that its efficiency would not compensate for increased costs. They concluded

that such a system would be 5-107 more expensive than the equivalent photovoltaic
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type, so chose the latter for further study. This view has been endorsed by

NASA33,48

an intsrest in heat engine techniques as viable alternatives, should severe

» although most organisations working on SPS systems continue to take

difficulties be encountered in the development of low cost, annealable solar

cells.

2.3 The use of nuclear energy

In recent years, many environmental and safety objections have been raised
to the construction of nuclear power plants, despite their unsurpassed record for
safe operation and minimum environmental impact. Whilst most of these objections
appear to have had little foundation in fact, their political influence has been
considerable, and it has become increasingly difficult to obtain authorisation
for the construction of new nuclear plants, particularly in the USA and in some

European countries.

The objections centre on a number of technical points, some of which may be
summarised as follows:

(i) A nuclear accident could be disastrous, devastating huge areas of a

country.

(ii) The waste heat from the reactor causes unwanted thermal pollution.

(iii) Disposing of radioactive products, derived from both the reactor core

and the structure, is a major problem.

(iv) There is a significant possibility of terrorists interfering with the

reactor or its fuel supply, perhaps diverting fissile material for their

own use.

Of course, other items could be added to this list, but these do indicate

that siting any new reactor is likely to pose severe problems.

One solution to these problems that has been advocated by some proponents
of nuclear power is to place the reactor in geostationary orbit, using a microwave
beam to transmit the generated power to the ground. This would certainly resolve
most of the above difficulties, but others, no less serious, would replace them.
Obviously, the most important doubt concerns the launch into orbit of the fissile
material required for the core of the reactor. Although not particularly
difficult to solve from a technical point of view, this would present major
political problems, and it seems unlikely, at the present time, that these could
be overcome, especially as viable non-nuclear alternatives exist. In addition,
there would be extreme reluctance on the part of most governments to allow large

reactors, producing gigawatts of power, to orbit over their countries, following
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the uncontrolled re-entry of the Russian Cosmos 954 nuclear-powered spacecraft

over Canadaég.

For these reasons, it seems very unlikely that nuclear powered geostationary
satellites will be developed for many years, although, it must be added, smaller
nuclear reactors are being seriously considered for propulsion purposesSO’SI and
for powering orbital weapons systemssz. The same reservations apply to these,
and their future cannot be regarded as certain. Nevertheless, for completeness

a few published nuclear systems are considered briefly below.

An altogether different concept, that might well involve a nuclear power
source, is that of the power relay satellite. This idea has been proposed to
allow power stations to be sited well away from centres of population, for safety
or environmmental reasons, whilst avoiding the costs of long-distance power trans-
mission via cables. It has been suggested that the power should be transmitted
up to an orbiting spacecraft via a microwave beam, then reflected back to the
user, who could be situated many thousands of kilometres from the power source.
This concept is also reviewed below, where it is concluded that such schemes are

too inefficient to be usefully employed.

2.3.1 Nuclear reactors in orbit

That this proposal has been taken seriously is indicated by the appearance

of a number of publications reporting relevant studies18’53.

In general, the
aims of these studies have been identical to those of the conventional SPS
concepts - the design of a fail-safe, highly efficient power production device,
capable of trouble-free operation for 30 years with the minimum of maintenance.
From a technical viewpoint, the use of a fast breeder system seems desirable, and
many of the developments under way for terrestrial power stations could probably
be applicable to space deployment. Apart,from.the advantages already mentioned
of such deployment, a further one, of some significance, would be the elimination
of much of the reactor shielding at present built into power stations. Only the
shielding needed for sensitive components and maintenance personnel protection

would be retained.

A recent design is shown schematically in Fig 6, where it will be seen that,
for a 5 GW system output, it is much more compact than competing SPS devices (see
Fig 2)18. It might also be considerably lighter, one mass prediction being
19700 tonnes, the 5 GW Grumman SPS being, for comparison, 27200 tonnesg. Basic-
ally, the nuclear system consists of 26 self-contained detachable modules, each

capable of generating 336 MWe, and producing a total of 7.85 GWe for supply to
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the remotely situated antenna. The reactors employed are high-temperature gas-

cooled breeders, which convert U238 into fissile plutonium. Each of the modules
includes a reactor heat source, a Brayton cycle power generation system, a fuel

re-cycling plant, and a waste heat radiator.

The large distance between the power production system and the antenna was
included to minimise shielding requirements, whilst keeping radiation doses with-
in acceptable limits at the.antenna, where the bulk of the maintenance tasks are

expected to occur.

To maintain the stated output, a supply of 8 kg per day of fresh fuel is
required; about 1.2 kg of this must be supplied from the earth, the remainder
coming from the reprocessing plant, which operates automatically. The unwanted
fission products, amounting to 1.5 kg per day, would be stored, and would eventu-

ally be disposed of by sending them into deep space.

The reator cores are cooled by high-pressure helium, which also serves as
the working fluid for the Brayton cycle turbines. The helium, after passing
through the turbines, is cooled in a heat exchanger, the waste heat being trans-
ferred first to an organic coolant, then to a large area radiator. It should
perhaps be pointed out that this concept suffers from the same major disadvantage
as the other heat engine proposals discussed above, namely the problem of obtain-

ing a low enough T_ so that a reasonable cycle efficiency is achieved. This

f
can only be accomplished by using a very large and heavy radiator system, as

indicated by the mass breakdown in Table 2.

Table 2

Mass breakdown of 5 GWe nuclear power syst:em]8

(per 336 GWe module)

Component (t:ﬁ::s) Pmp(ozr)tion
Reactor system 75.8 10.0
Centrifugal separator 8.2 1.1
Brayton system 150.0 19.8
Fuel processing plant 39.0 5.2
Heat rejection system 457.0 60.4
Nuclear shielding 26.0 _ 3.5

TOTAL 756.0 100.0




It is clear that the heat rejection system, which consumes over 607 of the

mass, is crucial to the overall cost. Its mass cannot be reduced, whilst main-

taining efficiency, unless Ti can be increased, allowing Tf also to increase.

However, materials problems again prevent easy access to such a solution.

Already, in the design described, the value of Tf is very high, 1022°C, causing

the efficiency to be relatively low, and the upper temperature, 1317°C, is

dictated by the physics and metallurgy of the reactor core. The latter operates

at a power level of 1088 MWt, so the overall efficiency is only about 30%;

degrading this further to reduce radiator mass, by operating at a higher Tf ,

would probably not be acceptable. y
The reactor itself is cylindrical, with both length and diameter 2.4 metres.

Its volume is inclusive of radial and longitudinal ducting provided to allow the

helium cooling gas to carry away the heat generated in the pebble-type core. The

peak core temperature is 1950°C, well below the melting point of the ceramic

pebbles, 2800°C. The helium pressure drop is from 68 to 64.6 atm and a flowrate

of 711 kg/s is needed. The whole concept is extremely compact. Control is

achieved by means of axial boron carbide control rods, 18 being used.

Considerable design effort has been devoted to the other major components of
the system, notably the fuel reprocessing plant, the Brayton cycle generator, and
the heat rejection subsystem. A great deal of terrestrial experience exists in
all these areas, and there appears to be no technical reasons why such a system
should not operate as planned. For example, Brayton cycle demonstrations have

reached 26000 hours, impressive reliability being demonstratedsz.

It can be coancluded from such studies that existing technology could provide
a most attractive orbiting nuclear power source, despite the relatively low
efficiency likely to be achieved. As well as being smaller and of lower mass than
a photovoltaic SPS, it would have the further advantage of providing a continuous
output, with no interruptions due to eclipse or shadowing by neighbouring space- o
craft. However, despite such a favourable impression, further studies and
development do not appear to be contemplated at the present time, all available
funds in the USA being devoted to refining photovoltaic SPS designs. This is
inevitable in view of the adverse reaction, throughout the world, to nuclear

systems in the recent past. In this climate of opinion, it would perhaps be

foolhardy to adopt any other course of action.
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2.3.2 Power relay satellites

The power relay satellite, which was originally proposed by Ehricke30, has
also been considered seriously by NASASA, amongst other organisations,but it does
not appear to have received any appreciable support. As already stated, its main
aim is to allow the transmission of power from a remote power station to a user
community or industry, without employing cables. 1In the simplest system, a
microwave beam would be produced by an antenna situated at the power station.

This beam would be transmitted upwards to a relay satellite, probably in geo-
stationary orbit, from which it would be passively reflected to the user. A
ground rectenna would be necessary to convert the microwave power back to a usable

electrical grid output.

Thus this system consists basically of the SPS power transmission compon-—
ents, with a passive reflector added. It is, therefore, far less ambitious than
the SPS ideas already referred to, and could perhaps be accomplished for a much
lower R & D cost and capital outlay. For instance, it is possible that the
reflector could be deployed using only the Space Shuttle for transportation,

2

because the mass would be about 60 tonnes per km“ of areaBO. Thus a new, large

payload transportation system would not have to be developed,

A typical configuration is shown in Fig 7. It consists of a simple rectan-
gular framework supporting the reflector, which is formed from wire mesh. It has
been shown that a mesh made of wires of 0.1 cm diameter and spaced at 0.4 cm
intervals will reflect 99.97 of the power contained in a 3 GHz microwave beam.
Thus the reflection losses will be negligible. The only other component
required 0 are electric propulsion modules to counteract the radiation pressure
of the microwave beam and to provide attitude control. It is likely that the
microwave pressure will be many times that of solar radiation, but the power
consumed by the thrusters, which would be obtained from the beam itself, would
amount to only about 0.027 of the incident power, in one case analysed in detail.
For the same case, involving a reflector of 0.4 km2 area and a 12 GW microwave

beam, the propellant consumption would be 34 tonnes per year.

The efficiency of the overall system could be quite high, perhaps reaching
68%. Such a value30 would be achievable if the RF production was at 907, the up

and down beam transmission 957, and the collection and reconversion 857%.

One of the major reasons for proposing this system was the ever-increasing
shortage of land for power stations in areas of large population density. It was

claimed that this difficulty could be alleviated by using the power relay
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satellite, thus assuming that the land area required for the rectenna would be
much less than that for the primary power station. This assumption was based on

a further premise, this being that the microwave beam can be shaped so that, after
reflection and transmission back to the earth's surface, it can be confined to

the dimensions of the rectenna in question.

It appears, on closer examination, that a number of factors were not
adequately considered in the original proposals. Of these, the two most important
are the limitations to microwave power in the ionosphere and the likely maximum
power levels to which the public and workers are to be exposed. With regard to
the former point, the present consensus of opinion is that ionospheric power
density levels should not exceed7’33 about 23 mW/cmZ. The latter point, concern-
ing safety, is currently being debated in many countries; the likely outcome will

be a limit of 0.0l mW/cm2 for continuous exposure55’56.

The limitation on power flux in the ionosphere means that, for a significant
amount of power to be transmitted, the upward going beam must be of large
diameter, around 10 km, shortly after leaving the antenna. Consequently, the
antenna must be of comparable diameter, or the beam must diverge very rapidly.

In the latter case, the relay satellite would need to be of huge dimensions,
rendering it uneconomic. Similarly, restrictions on ionospheric power levels
preclude the use of smaller rectennas than included in SPS designs, which are of
about 10 km diameter at the 5 GW level. In addition, they must be surrounded by
very large guard areas, to which access must be restricted, for safety reasons.
The guard areas must surround all land subjected to power levels greater than the
stipulated safety value, with an additional allowance for beam drift. The total

land requirement can be as high as 500 km2 at the 5 GW level at high latitudes.

These arguments appear to destroy the case for the power relay satellite.
Only if these limitations are relaxed very considerably, and this is extremely

unlikely, could this concept prove to be an economic proposition. In addition,

it has been pointed out54 that the mechanical surface tolerance required for the

satellite would be about ! mm, and that a mechanical pointing and stabilisation
accuracy of | second of arc would be needed. These are not possible with today's
technology; of course, comparable specifications exist for the photovoltaic SPS,

but they can be achieved by electronic means.

2.4 Laser power transmission

Before concluding this discussion of orbital power systems, it is worthwhile

to consider in a little more detail the possible methods by which power can be

P N IR YT Me T LW I

T e P

e




~
[2a]
o

21

transferred between a spacecraft and the ground, or in the opposite direction.
The technique chosen is absolutely crucial to the success of any scheme. In
particular, it must be able to operate in all weather conditions, it must not
adversely influence the environment, it must be fail-safe, and it must provide a

high level of efficiency.

Only two methods appear to be available; microwaves and lasers. Of these,
only the microwave technique has been shown to be acceptable on all grounds. The
only reservation is in the field of RF interference57, where much extra work may
be ;gquired, especially if the stringent needs of radio astronomers are to be
met .

The competing system would employ an intense laser beam to transmit energy

45’59’60. Such intense beams have also been

from an SPS to a ground station
proposed for other applications; examples are for propelling aircraft using power
distributed from an SPS via relay satellites6l, or direct1y62, and for propelling
rockets, using ground-based 1asers63. However, from the comparison of the two
systems presented in Table 3, it will be seen that the efficiency of the laser

concept is likely to remain very low, largely due to atmospheric absorption (see

Table 3
. . . . 25,59
Comparison of microwave and laser power transmission concepts
Microwave system Laser system
Typical wavelength 12.2 cm (2.45 GHz) 0.5 to 10.6 um
Device Amplitron, klyston Excimer (0.5 um)
Closed cycle CO (5 um)
Closed cycle C02 (10.6 um)
Power, efficiency - 1960 1 kW, 10% Watts, 1%
(per device) - 1980 100 kW, 407 7-20 MW, 40-50%
- 1990 1 MW, 85% ~1 GW, 50-707
SPS system efficiency , 607 5-10%
Focussing dia. on ground Good, 10 km dia. Excellent, 5.4 metres at
0.5 uym, 54 metres at 5 um
Rectification efficiency ~90% at 2.45 GHz Low
Weather dependence Negligible High. Up to 807 absorption,
CO02 laser, in clear weather.
Aperture dia. Large, ~1 km Small, 3-10 metres
Pointing accuracy 10-6 rad, (200 metres)] 108 rad, (10 metres)
System cast ($ per Watt) 15-25 15-25?
Life ~10 yearsg ~1_year?
Power density - transmitter] 2.5 W/cm’ maximum 103 W/cm?2
- receiver 23 mW/cm? maximum 10° W/cm
Safety High Low
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(see Fig 14) and the poor conversion efficiency at the ground station. There is

a distinct possibility that the conversion efficiency on the SPS, from dc power
. . .5 . . .

to laser radiation, can be made very high 9, direct conversion from sunlight to

laser energy having been seriously proposed, but this would not overcome other

system inefficiencies.

The projected power levels of future closed-cycle CO lasers can reach
1 Gwsg, with costs falling in the range below $0.3 per watt. These predictions
are attractive, but they concern technology that does not exist, even in a terres-—
trial form. For purposes of credibility alone, an SPS design produced at the
present time could not include such a system. In addition, it should be pointed
out that the power density in the laser beam would remain a serious problem. A
value of lO3 W/cm2 would allow the receiving system to be extremely compact, but
it might well be unacceptable for safety reasons. Certainly, other spacecraft or
aircraft passing through it would be put at risk; indeed, such laser beams are
now being investigated for use as weapons64. An extremely reliable fail-safe

system would have to be evolved to counter worries concerning the beam moving

over the earth's surface due to SPS attitude control inaccuracies or failures.

On balance, most recent studies of these possibilities have concluded that
the microwave technology is more advanced, more efficient, and intrinsically
safer. It has therefore, in all cases, been selected for baseline designs,
including that recently adopted by NASA33 and by NASA/DOE‘3’45.

3 TRANSPORTATION REQUIREMENTS

All the studies of possible SPS systems that have so far been published
have identified the development of low cost transportation systems as crucial to

success. Although the present Space Shuttle is a first step in the right direc-

tion, an order of magnitude reduction in the cost of launching payloads into low
L. . . . 6 .
| earth orbit is a minimum requirement 5, and actual payloads carried on each
flight must be increased by a factor of between 10 and 20 from the current .
