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Summary-The introductory part of this paper will provide a brief
summary of how recent advances in military electronics for ground
and space applications have created an urgent need for new energy
sources and power supplies. In this search for new sources of power,
considerable attention is being devoted to the utilization of solar
energy.

A short summary will be provided of the applications of USA-
SRDL-developed solar cells in the satellite field to date. This will in-
clude a discussion of the apparent reliability and efficiency of solar
cells in operating situations and the environmental factors affecting
solar cells. A brief discussion will be given of the various methods of
mounting solar cells with succinct comments on the advantages and
disadvantages of different methods. Reference will also be made to
USASRDL quality control methods and the quality vs cost problem.

The primary portion of the paper will be devoted to a detailed dis-
cussion of those energy conversion devices which employ static
methods for direct conversion of solar energy to electrical energy,
i.e., those types which utilize the thermoelectric, Edison (thermionic
emission), photovoltaic and photoemission effects.

The relative merits of these systems based on present and antici-
pated conversion efficiencies are reviewed, in brief, for guidance as to
future possibilities of these types of devices and their utilization in
the satellite program.

.fECENT advances in military electronics for
ground and space applications have created an
urgent need for new energy sources and power

supplies. In this search for new sources of power, consid-
erable attention is being devoted to the utilizationi of
solar energy.
Under the title "Solar Batteries," those energy con-

version devices which employ static methods for direct
conversion of solar energy to electrical energy will be
discussed, i.e., those types which utilize the photovol-
taic, photoemission, the thermoelectric, and the Edison
(thermionic emission) effects.
The relative merits of these systems based on present

and anticipated conversion efficiencies will be reviewed
with emphasis on space applications. The theory of
these systems has already been well covered in a number
of presentations by various authors and this information
is readily available in the literature [1]- [13].

PHOTOVOLTAIC EFFECT

The photovoltaic effect has been successfully em-
ployed for the conversion of solar energy to electrical
energy in Vanguard I, Sputnik III, and Explorers VI and
VII, through the use of the silicon photovoltaic cell,
quite often called a solar cell or solar battery, originally
developed by the Bell Telephone Laboratories [14],
[15]. A number of space vehicles to be launiched in the
near future will also depend on this type of solar power
supply.

* Original manuscript received by the IRE, December 2, 1959.
f U. S. Army Signal Res. and Dev. Lab., Fort Monmouth, N. J.

Silicon solar cells having efficiencies in the order of 9
to 10 per cent are now obtainable in reasonable quanti-
ties. In outer space, for earth orbiting satellites, solar en-
ergy is available at the rate of 2 cal/cmi2/miinute or 1400
watts/meter2 or 440 BTU/square foot2 /hour, with the
receiver at normal incidenice. Assuming an efficiency of
10 per cent (sea level reference 1.5 cal/cm2 /minute cell
temperature at 25 degrees C) 14 mw/clm2 of active cell
surface is realized. In anl actual design of a solar poower
supply, consideration is giveni to the type of orbit, duty
cycle, spinniing or oriented vehicle, cell temperature,
erosion of protective covers by mnicrometeorites (dust),
spectral shift from sea level to outer space, and protec-
tion for the cells during preflight tests anid handlinig in
addition to coniditionis existing during the launchinig
period. After corrections for the above conditionis, 8
mw/cm2 or 7.4 watts/square foot of active cell area is
generally considered available. A power-to-weight ratio
of 0.25 watt /pound, including storage system, for a
nionoriented satellite was achieved in an actual solar
power supply, shown in Fig. 1 mounited on the satellite.
The power supply [16], including the sealed nickel
cadmium storage batteries, weighed 222 pounds. The
nonoriented solar power supply was rated at 5 watts and
weighed 17' pounds. If orientation were possible, usilng
similar design nmethods, a power to weight ratio of 1.5
watts/pound would have been possible instead of the
0.25 watt/pound which was realized.

Looking into the near future, it is expected that 1 X 2-
cm cells with efficiencies in the range of 12 to 15 per cent
can be obtained in reasonable quantities. Because of the
expected future higher power requirements, oriented
expansible arrays of cells must be employed. The use of
oriented arrays affords new possibilities in limiting the
equilibrium temperature of the cells to the order of 0°C
or lower. This low cell temperature can be achieved
through the use of spectrally selective optical coatinigs
which would increase the emissivity of the cell surface
in the far infrared and reject radiant energy in the por-
tiolls of the spectrum not utilized by the cell, it canl be
achieved by providing a good thermal path from the
back of the cell to the rear surface of the array and by
coating the rear of the array to obtain high surface
emissivity to take advantage of the cooling effect of
space. Even lower cell temperatures are a definite possi-
bility. Initial iniformation from the "paddlewheel "

(Explorer VI) satellite indicates that the temnperature
of the cells is about 8°C.
The efficiency of a photovoltaic cell increases with a

decrease in temperature. For instance, a cell with an-
efficiency of 12 per cent at 25°C will have an efficiency of
13 per cent at ON?. Assuming that cells with anl efficiency
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Fig. 1-Explorer VII showing solar power supply. Dr Kurt Debus,
director of the Army Ballistic Missile Agency's Missile Firing
Laboratory, looks over the Explorer VI I satellite at the launching
site. The 91.5-pound satellite was placed in orbit by the Juno
11 rocket shown in the background (U. S. Army photograph).

of 12 per cent (25°C) are available and that a cell tem-
perature of 0°C can be obtained, an output of 18 mw/
cm2 of active cell surface can be realized. Compensating
for transmission losses through cell covers sand blasted
by meteoritic dust and the so-called spectral shift, the
output is reduced to 14 mw/cm2 or 13 watts/square foot.
Using this figure with present design methods for the
mounting of cells, orientation of plaque, and required
protective covers and housing, a figure of 3.5 watts/
pound (including storage batteries) can be calculated
for the power output.

Programs are now in effect for the investigation of
new materials for solar cells, multilayer and variable
energy gap cells for greater utilization of the spectrum,
high efficiency silicon cells, large area cells, multiple
junctions on a single thin film of silicon, and high tem-
perature cells. As a result of these efforts, efficiencies of
15 per cent for single gap cells and efficiencies of 20 to
30 per cent for cells of new materials and devices utiliz-
ing a greater portion of the spectrum may be possible.
Present costs for photovoltaic cells are high and a pro-

gram has been initiated for the investigation of methods
leading to high production yields of efficient cells at a

reasonable cost.

PHOTOEMISSION EFFECT
The photoemission effect [3], [4], [5], [6], [12] has

been known for many years but little effort has been
made in the past to use it for the conversion of radiant
energy into electrical energy of sufficient magnitude for
use as a source of power. A photoemission diode is anal-
ogous to the thermionic diode. When the photoemis-
sive layer is illuminated, light photons release their en-
ergy to the electrons upon collision. If the amount of
energy is greater than the work function of the material,
the electron escapes with a kinetic energy equal to the
excess of the quantum energy over the work function
and it will reach the anode. In the thermionic diode,
the anode is maintained at a lower temperature than the
cathode, but in the photoemission diode, the anode is
kept "dark," to prevent emission which would result in
an opposing current. It is also subject to space charge
limitations. Recently, several organizations have been
investigating the possibility of increasing the efficiency
of a device utilizing this effect, and 3 per cent appears
obtainable. The chief advantages for this device are a
high power-to-weight ratio and relatively low cost-per-
unit power. Preliminary calculations indicate that ap-
proximately 3 kw of power at 28 volts can be obtained
if the cells are mounted on a 30-foot diameter balloon.
Fifty to 150 watts/pound appears feasible. The material
costs are fairly low and large area devices may possibly
be fabricated by vapor deposition of the photoemissive
materials.

THERMOELECTRIC EFFECT
Solar powered thermoelectric generators are being

considered as a source of power for space applications.
Many groups are actively engaged in the investigation
of thermoelectric materials and generator design. A sur-
vey of the literature and reports resulting from various
programs sponsored by the Department of Defense indi-
cates that a number of thermoelectric materials have
been investigated and their efficiencies over a given
operating temperature range have been determined. Fig.
2 and Fig. 3 show the efficiencies of N- and P-type ma-
terials in terms of a figure of merit, Q2/pK, when Q2
= volts Xdeg-1, p = ohm-' Xcm-1, K = WXdeg-'Xcm-1,
which is based on1 the measured thermoelectric proper-
ties of the materials. It does not represent the over-all
efficiency obtainable in a generator where losses caused
by contact resistance between members of the thermo-
couples, lateral heat losses, and transfer of energy from
the source to the hot junctions must be taken into con-
sideration. For example, the over-all efficiency of a solar
powered thermoelectric generator will be

Electrical output
Efficiency = _

Total intercepted energy

It can be seen in Figs. 2 and 3 that the materials with
the highest figures of merit are P-type BiSbTe3(Se) and
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32 , N-type Bi2Te3(Se). Because of the low meltinig points of
FIGURE OF MERIT vs TEMPERATURE these materials, however, their use in a solar-poweredFONY thermoelectric generator does not appear feasible. Ma-

N-tYPE MATERIALS
28 terials capable of operatiing at higher hot junctioln
26 Si2Te3(So) temperatures are required ill order to obtaini a reason-

able Carnot efficiency. A recent paper [17], discusses
24 the merits and desigin problemiis of a solar-powered
22 thermnoelectric generator and its possibilities for space

PbT
\ use. Since the data presenited was obtaii-ed fromii the

-o20- (.01 % Pb i performiiance of an actual device, it will be nsed later in
t 18 PbT. this discussioni for comparisoni to other systems.

(.03% PbI2)
O 16 THERMIONIc EMISSION
0

4 Considerable effort is being devoted to the utilization
X1421 / 0 _ j of the Edison effect as a means of converting thermalr2 A \x {energy into electrical energy. A number of laboratories
0 PbT \ are actively engaged in this field and claims of efficien-

(.055% Pb12 \ cies of 10 per cent for the close spaced vacuum diode
8-

/P \ \ \\ InA%0P,I have been made and predictions of efficiencies up to 40
6p (0PbI(PbX2) per cent for the Cesium vapor type have appeared. As
4 for its present and future possibilities in space applica-

tions, a recent paper [3 ] gave a comprehensive engiineer-
2 Bi2TeS- ing analysis of a thermionic power supply using solar

,. I I energy as a heat source. The data presented will be used
0 200 400 600 Soo 1000 1200TEMPERATURE-K as a basis for comparison with other systems later In

Fig. 2. this discussion.

COMPARISON OF CONVERSION SYSTEMS

32 , IIn comparing the relative merits of these various

0 8,SbT3 |systems for the direct conversion of radiant en-ergy from
0 (.56%Se\ FIGURE OF MERIT vs TEPERATURE the sun to electrical energy, a number of factors must be

P-TYPE FOR taken into consideration. Some of these are listed below:
28 \ P- TYPE MATERIALS

BiTe ~~~~~~~~~~~~Reliability,26p- BiTe3ISb)I 1 Power per unit weight, area or volume,

24. Complexity of the system,
Damage by meteorites; punctures and erosion,

22 \ 1, Radiation damage,

o20r- t-I Operating lifetime,
x I \Mechanical problems introduced by use of expansible

: 18 /(PO/\PbTe arrays, concentrators, pumps,
16 \\(j Accuracy of orientation,

/ \ \ Effects of drag and radiation pressure on large col-
~ I4[0 / lector surfaces,

1 12 / Pb e X >Effects of zero gravity,
mi300- Na/) \\\\ Conversion of electrical output to usable form.

l I ZnSb/ \ \ \ ~ The basic difference between these four systems is
8 1 / \\ that the photoelectric and photoemission devices C011-
6 | / \\ /\\ 1 vert the direct incident radiation. The thermoelectric
SPbTe \ \ \ MnTe and thermionic devices are essentiallv heat engines and

require the concentration of the incident radiation to

2L - the device or heat sink to achieve the required rate of
BiSbTe3 GeTe heat flux per unit of cathode or heat sink area. The use

(.28%Ag 8 .5% Se)
0D' 200 400 600 800 1000 1200 of solar concentrators introduces a number of problems

TEMPERATURE-11K that require serious consideration. For temperatures in
Fig. 3. the order of 500 to 7500C, required for thermoelectric
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generators, small errors in collector geometry and ori-
entation can be tolerated. For temperatures in the order
of 1000°C and above for thermionic diodes, a high de-
gree of accuracy in collector geometry and orientation
is essential for reasonable collection efficiencies. Thermal
energy coniversion systems must include a means for
transferring the heat from the receiver or sink to the con-
version device possibly by means of a circulating heat
transfer fluid and transferring the waste heat to a radi-
ator for rejection to space. Circulating pumps will be re-
quired to accomplish this in a zero gravity environment.

Consideration has been given to various types of en-
ergy storage systems capable of furnishing power during
the dark periods of the orbit. The storage of thermal
energy has been suggested as an alternate means for the
electrochemical storage battery. If the power require-
ments for a particular vehicle are such that the load is
a continuous one, a thermal energy storage system may
be satisfactory. If peak power demands are involved, a
thermal energy storage system will not be adequate be-
cause of the thermal lag in such a system and, in addi-
tion, the conversion device will have to be designed for
this maximum power. This will introduce a voltage regu-
lation problem, particularly for the thermoelectric gen-
erator. The output voltage would change considerably
from peak load to average load. It appears more practi-
cal to use an electrochemical storage system which will
be capable of supplying the peak loads with adequate
voltage regulation and design the conversion device to
supply the average power on the light side of the orbit
with additional capacity for the recharging of the stor-
age batteries.

Another problem involving the orientation of solar
concentrators or solar cell arrays is the degree of accu-
racy required. For a solar cell array, a deviation of 20°
from normal incidence only results in a loss in power of
approximately 6 per cent. For solar collectors with fairly
high concentration ratios, accuracy of orientation of 1°
or less is necessary. This imposes a severe requirement
on the orientation system and indicates a need for ac-
curate resetting on the dark side of the orbit in order to
minimize the time required for orienting the solar col-
lector upon entering the light side of the orbit. If this
tinme is appreciable, it may represent a significant por-
tion of the light side period of the orbit.
The effects of erosion or punctures by micrometeorites

present problems for all four systems. The erosion of the
active surfaces of photovoltaic cells can be prevented by
providing them with protective, transparent, and radia-
tion resistant covers. Allowances must be made for the
transmission losses in this cover, including the losses
that will eventually occur when it becomes frosted be-
cause of sandblasting. The effects of punctures resulting
in a loss of a cell or cells by larger particles can be com-
pensated for. The cells are usually arranged in series-

sign for loss of a certain number of modules. The possi-
bility of erosion by dust and sputtering caused by the
impact of high energy atoms or molecules of the highly
reflective surfaces of a solar concentrator must be taken
into consideration. The possibility of providing a pro-
tect:ive cover for solar concentrators does not appear
feasible. Punctures would remove only a very small
fraction of the total collector surface area. In applica-
tions where heat transfer loops are used from the source
to the conversion device and from the device to a heat
exchanger for rejection of waste heat, punctures of these
components by meteoriteswould tend to be catastrophic,
particularly in those using a liquid heat transfer medium.

Radiation damage to the various components em-
ploved in these systems does not appear to be a serious
factor. The solar cells on Vanguard I have been operat-
ing continuously since March 17, 1958. The Russians [21
claim that the solar cells on Sputnik III have not been
affected by radiation. The use of organic materials in
construction of these systems introduces a radiation
damage problem. This problem is difficult to solve be-
cause there is insufficient knowledge of the deleterious
effects that may occur in a large portion of the ultra-
violet spectrum. A high vacuum environment may also
cause a degradation of organic materials. The use of
spectrally selective coatings for the heat sink to make it
an efficient absorber or as a means to obtain a low ratio
of absorbtivity vs emissivity for solar cells and the struc-
tural materials of the array is being investigated. The
stability of these coatings under radiation and a high
vacuum environment and under conditions of high
humidity prior to launching will have to be determined.
The four solar energy conversion systeimis being con-

si(lered here do not carry their prime energy source with
them as is done in chemical or nuclear energy conversion
systems. Rather, the solar energy is converted to electri-
cal energy at the point at which it is available. The es-
sential factors to consider then would be the power per
unit of weight and per unit of area, systemn complexity
and reliability, operating lifetime of the conversion de-
vice, effects of space environment and cost. The one
system that has been proven in actual use in space ap-
plications is that employing the photovoltaic cell and
electrochemical storage batteries [16]. Information for
use in comparing the merits of the other systems to that
of the photovoltaic cell is in the form of enigineering esti-
mates based on present results obtained oni experimental
models and predicted future capabilities of the conver-
sion device. With this in mind, some approximate fig-
ures, as shown in Table I, can be arrived at to indicate
the possibilities of these four systems.

At the present time, the photovoltaic system appears
to offer the highest watts/square foot and highest sys-
tem efficiency and the lowest watts/pound. The thermi-
onic and thermoelectric systems require solar concen-
trators and the efficiency of these devices depends on the
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TABLE I

System

Photovoltaic
Thermionic [1]
Thermoelectric [171
Photoemission

Watts/Pound

Present

1.5
7.21

201 2,2 3

Futture

5
17
302,3
50-1503

Watts/Square Foot of
Collector Intercept Area

Presenit Ftuttire

7.4 13.5
2.2 3.5
0.3 1

3

Possible SN stem4
Efficienicies

10-
2-
2-
2-

-12 per cent
4 per cenit
3 per cenit
3 per cent

l1ife of
Conversion Devi(ce

2 years or iniore
Not determinied
Not determined
Not determinied

Experimental.
2 The watts/pound are only for the thermoelectric nmaterials.
I Does not include storage system.

Electrical output
4 System efficiency is defilned as Efficienicy =

Total intercepted energy

accuracy of the reflector surfaces and orientation. Effi-
ciencies of 60 per cent have been indicated for concen-
trators assuming geometrical perfection and proper
alignment. Efficiencies in the order of 30 to 40 per cen-t
appear more likely for large expanisible concentrators.
This low concentrator efficiency imposes a penalty on
the thermionic and thermoelectric systems. This is indi-
cated in Table I where the power output in terms of
watts/square foot of collector intercept area is shown
for the four systems. This is further illustrated by com-
paring the required collector intercept area for a thermi-
onic system [1] where 4680 square feet are required for
a 10-kw power supply employing diodes with a 5 per
cent efficiency. If photovoltaic cells covered an equiva-
lent area and produced 7.4 watts/square foot, the power
output would be in the order of 34 kw. To produce 10
kw, only 1350 square feet would be required. To be com-
petitive with the other systems, more efficient, high
temperature materials will be required for the thermo-
electric system. The photoemission system is in its early
stages of development. Present indicatioiis are that it
could offer the highest watts/pound and possibly elim-
inate the need for orientation if mounted oni a balloon,
but would require large surface areas.

CONCLUSION AND RECOMMENDATIONS

It is not possible, at this time, to reach any decision
as to which of the direct energy conversion systems will
eventually be superior. A number of factors have to be
considered. System efficiency is only important where it
eventually determines total system weight. If weight is
no longer of major importanice and the problems of stor-
ing and protecting large collectors during launch, their
erection and orientation in space, and the effects of radi-
ation pressure and drag in low altitude orbits, are major
ones, then system efficiency becomes an important fac-
tor. Reliability and lifetime of the conversion device are
of major importance. The photovoltaic and photoemis-
sion systems appear to have advanitage over the other

more complex systems. The effects of radiationi and
damage by micrometeorites are commnnoni problems for
all systems. A zero gravity and high vcacuuim eniviroIn-
ment will be a greater problem for systemns employinig
heat transfer loops and radiators for rejection of waste
heat. It does not seem reasonable to assumiie that anly
one system will be used for all space applications.

Although all of the solar eniergy conversion systems
are in relatively early stages of their developmnenit, the
photovoltaic system has frequently beeni referred to as
the "Work Horse" of these sy-stemis, and it may have to
carry the major load of direct solar eniergy coniversioni
for a number of years. Because of the state of develop-
ment, an accurate and realistic estimate of the future
practical possibilities of these systemls is impossible at
this tim-ne. Research and developmenit in these aretas
should be vigorously purstued in order that the miiost ef-
fective system caIn be determuined anid the best solar eni-
ergy coniversion devices cani be developedl for space atp-
plicationis.
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Radiative Cooling of Satellite-Borne
Electronic Components*

JAMES R. JENNESS, JR. t

Summary-The basic principles of radiative cooling of electronic
components and subassemblies in a satellite are discussed, and esti-
mates are made of the lowest temperatures attainable in a satellite
by completely passive means. It appears feasible to maintain some
compartments within a satellite at temperatures of 250°K or lower,
so an opportunity is presented for refrigerating components whose
characteristics are enhanced at lower temperatures.

INTRODUCTION

N<tOISE in many electronic components is reduced
at lower temperatures. In view of the current at-
tention being directed toward electronic equip-

ment for satellite installation, it is of interest to estimate
the lowest temperatures which can be obtained by com-
pletely passive means in a satellite.

SATELLITE HEAT BALANCE

In a satellite at stable-orbit altitudes the only
sources of heat are initernally-dissipated power, solar
radiation, earth radiation and perhaps lunar radiation.
(Stellar radiation is insignificant.) A previous study' has
shown that if a satellite has an outer skin coated with a
material (such as white porcelain enamel) having a high
reflectivity in the spectral region of most intense solar
radiation and high emissivity at longer infrared wave-

* Original manuscript received by the IRE, December 2, 1959.
t HRB-Singer, Inc., State College, Pa.
I J. R. Jenness, Jr., "The effect of surface coatlng on the solar

radiation equilibrium skin temperature of an earth satellite," Solar
Energy, vol. 2, pp. 17-20; July/October, 1958.

lengths, its skin temperature will become no higher than
55°C at the central "hot spot" on the side toward the
sun. A spherical satellite with such a skin coating, which
distributes absorbed heat uniformly around the skin by
conduction or by rotation to give uniform exposure to
solar radiation, will be at a temperature of about
-40°C. Hass, Drummeter, and Schach2 have found that
the skin temperature might drop as much as 40°C while
passing through the earth's shadow. Therefore, -60°C
(213°K) might be taken as the average skin tempera-
ture, and the lowest temperature at which a non-heat-
dissipating electronic component insulated from the skin
can be maintained. However, these estimates of the
temperature neglect the effect of internally-dissipated
power. If the combined effect of all additional heat
sources is equal to that of solar radiationi, the minimum
temperature at which a non-heat-dissipating com-
ponent can be maintained is of the order of 21/4(213'K)
= 253°K or - 20°C. The actual average temperature
probably is lower than this, but higher than -60°C.
The above temperatures apply to small satellites

which receive fairly uniform exposure to solar and earth
radiation. The attainment of temperatures below those
estimated here will require a larger satellite whose orbit
and attitude minimize the exposure of a certain part of
the skin to both solar and earth radiation.

2 G. Hass, L. F. Drummeter, Jr., and M. Schach, J. Opt. Soc.
Amer., vol. 49, pp. 918-924; September, 1959.
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