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INTRODUCTION
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~ 25 percent as calculated by Wolf and others. {3»

. Jackson

BACKGROUND - H-0495

This report compri.ses the final results of Task 1 of NASA Contract NASW-3078"
entitled ""Advanced Space Power Requirements' performed by The Aerospace Corporation
in Y 78,

The subject of Task 1 was the investigation of a preliminary concept for high
efficiency solar photovoltaic power generation in space.

This study was performed under
contract to NASA Headquarters, with Mr. J. Mullin the overall program manager, Detailed
technical direction was provided by Mr., W, (Larry) Crabtree at the Marshall Space Flight
Center.

A new concept for generating photovoltaic power in space with potentially much

higher conversion efficiencies than theoretically achieved by current design photovoltaic
arrays was conceived by Dr. W

a(de Blocker, of The Aerospace Corporation, in mid-1975
and made public in 1976 and 77.

The concept is a synergystic combination of three.

elements, each individually known previously, and predicts a significant advantage in thelf
simultaneous application to space power subsystems.,

The first element of the idea was the recognition that a solar cell can only respond
with its highest efficiency to photons whose energy is exactly equal to its design bandgap
energy. Photons of lower energy will not promote an electron to the conduction band at all,
while protons of higher energy will not promote more than a single electron and thus a
portion of their energy will be wasted, The implication is that when faced with the task of
converting sunlight efficiently, a single solar cell would be limited to a theoretical efflc:l.ency
of about 44 percent, with practically attained efficiencies probably not exceeding about

’ Splitting the solar spectrum into a
number of narrow and separate spectral regions approaching monochromatic light in each .

region, and focuslng each type of light on a type of solar cell whose bandgap is designed
to conve?g

that wavelength regzon with maximum efficiency was pointed out earlier by
as a means fo increase the conversion efficiency,

Calculations by Rappapol-t(?)
and Jackson indicate a theoretical ideal efficiency of 69 percent results for three spectral

~ bands, 86 percent for ten bands and 100 percent for an infinite number of bands, However,
such gpectrum splitting would obviously result in cell replication which would increase the

cost of any array more rapidly th

%n the eff1c1ency gain, as indicated by the" 1mp1ementat1on
" schemes of Jackson and Sprmg
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The second element of the idea is the use of optical concentrators to reduce the area
of the cells required for a given output. Since solar cells are very expensive, it is likely
that lightweight, low cost systems could be built, Furthermore, the reduced area could
make shielding against large amounts of radiation relatively lightweight. This technique,
however, results in very large heat inputs to the solar cells whose subsequent temperature
rise, if not checked, limits the efficiency of the entire concept. A number of thermal con- e
trol techniques are possible and have been investigated to limit such temperature rise.
The us? ?f multiple concentratti%i and passive heat sinks was reported by Sterzer(3) s Dean
et, al, (7 , and Napoli, et. al, ( They all involve significant weights and therefore signifi-
cant costs, probably resulting in little net gain ovzr a planar array,

Dr. Blocker's idea was to combine hugh concentration ratio optics with spectrum
splitters illuminating a number of tailored bandgap solar cells. Since the high concentration
ratio implies small solar cell areas, their replication would involve only a small growth in
B weight and cost, probably resulting in overall cost savings per kilowatt produced. Since each

i cell ig only illuminated with a portion of the solar spectrum, fhe heat input to the cell is
o limnited and its rise in temperature more easily controlled with a given weight radiator. The

u . resultant concept promises to have high efficiency due to the use of multiple bandgap solar
b cells and low cost due to the promised low weight of the system, Furthermore, the small
s solar cell area makes it possible to shield the cells at a small weight penalty, obtaining

radiation tolerance. The cost of the optics is likely to be small compared to the cost of
the replaced solar cells due to the poor quality optics needed, since the sun is not a
collimated source but subtends 8 mrad at the earth. :

A contract for the purpose of determining the feasibility of this new technique and
comparing a point design with a conventional but advanced array of the type designed for the
Solar Electric Propulsion System was awarded by NASA to The Aerospace Corporation in
April 1977, Since the contract amount was very small ($50K), it was recognized that this
study would at best be able to place bounds on the attainable performance of the technique.
Furthermore, a cost projection and its comparison with SEPS could only be performed on
the basis of a point design since the structure, radiator, splitter efficiency, deployment
techniques, and structural devices would probably limit the minimum weight and therefore ' e
the cost attainable. Thus a point design was made as the basis for comparison,

The contract funds were augmented by about $30K of corporate funds in order to
maximize the visibility into the potential of this new technique for space power applications.
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[ H-0495R1 |

UNCLASSIFIED

- BACKGROUND

, ®  CONCEPT FIRST CONCEIVED BY W. BLOCKER, THE AEROSPACE
| Y CORPORATION IN MID 1975

® PREVIOUSLY KNOWN FACTORS AFFECTING SYSTEM EFFICIENCY

1. SOLAR CELLS ARE MOST EFFICIENT WHEN CONVERTING
LIGHT WITH PHOTON ENERGIES EQUAL TO ITS BANDGAP

2. SPECTRUM SPLITTING ALONE RESULTS IN CELL REPLICA
TION, INCREASES COST MORE RAPIDLY THAN EFFICIENCY
GAIN

3. HIGH CONCENTRATION ALONE RESULTS IN VERY LARGE
HEAT INPUTS TO CELLS AND TEMPERATURE RISE LIMITS
EFFICIENCY

® SYNERGYSTIC COMBINATION OF ELEMENTS RESULTS IN NEW CONCEPT

SPLIT SPECTRUM

FOCUS ON TAILORED BAND-GAP CELLS
USE HIGH CONCENTRATION RATIOS
COOL CELL AREAS

®  RESULTANT CONCEPT PROMISES HIGH EFFICIENCY, LOW COST, AND
MANAGEABLE THERMAL PROBLEMS

- REPLICATED SOLAR CELL AREAS ARE SMALL
- HEAT INPUT PER AREA IS DRASTICALLY REDUCED
- OPTICS CAN BE MEDIOCRE QUALITY DUE TO SUN SUBTENDED SIZE @

THE AEROSPACE CORPC ON
EL SEGUNDO. € AL, URNIA
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 SUMMARY FINDINGS - H-1034

The overall conclusion reached in this design study is that the technique appears

extremely promising, but requires considerable further design study and definition to verify
its attainable potential performance., A number of major conclusions were reached in this
Study‘.

It is quite clear that practically attainable solar cell efficiencies can exceed 50
percent, approaching 60-70 percent.

The concept must use innovative techniques wherever

possgible to minimize weight and cost, including the use of inflatable space rigidized thin-
film optics, three to six tailored-bandgap cells, lightweight yet efficient spectrum splitters,

and novel lightweight radiators such as the type recently identified by Astro Research
Corporation which use dust particle transport to maximize the area~to~-weight ratio.

The potential advantages over a conventional but advanced array such as that for the
Solar Electric Propulsion System (SEPS) are dramatic, particularly at power levels in the

order of 100 kW or more, and even more so for missions requiring long-term operation

in the earth's radiation belis (for uses such as powering a propulsion stage to transfer pay-
loads from low orbit to geostationary orbit)s The best performance parameters are sum-
marized below: . '

NEW CONCEPT

SEPS TYPE

192 w/kg
52 $/W

56 W/kg
300 $/w

As shown on ' he facing page, the new concept has a potential cost advantage of a factor of 6
for the same power capability., Part of this advantage stems from the ability to shield the
solar cells in the new concept with a negligible weight penalty due to their small area, while

shielding the SEPS array is prohibitively heavy, forcing an increase in its size to allow for
degradation and resulting in a large weight penalty.

A $6<15 million technology and research program would be required to bring two or
three solar cell types other than the currently well established silicon cell to the same status

ta
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as that of GaAs. Typical materials which offer high promise are those with large energy gap
ranging from 1, 7-2,8 electron volts. Those materials could be gallium phosphide, aluminum
phosphide, cadmium sulphide, mixtures of gallium and a secondary impurity such as indium,
arsenic, or aluminum phosphide, and silicon carbide. Such a technology program would be a
one~time investment, whose entire cost and the cost of an R&D program for the dust-radiator
could both be recouped in the savings of one flight unit at 70-k'W power level -~ compared to
the cost of a conventional array,

The advantages of this new concept are critically dependent oun the weight and cost
of the fairly complex non-solar cell equipment, and are thus highly design~dependent. Since
the design evolved is non-optimum and utilizes extensive scaling, it will have to be refined
before hard conclusions may be drawn on its potential advantages, Thus, more detailed
trade-off and design studies including definition of a dust radiator or equivalent concept
should be performed as a follow-on to this study. In addition, it would appeaxr that simple
laboratory experiments to verify the attainable efficiency should be performed, It is estimated
that $250K in studies and $300-~700K in laboratory experiments would suffice to attain this
definition.

The closest rival technique that has the potential to attain high efficiency in solar
photovoltaic systems is that of stacked multi-bandgap cells on a planar array. In principle,
such cells could attain the spectrum splitting inherently by the use of tailored bandgaps
without the use cf separate spectral splitters and without the use of optics, Since most of
the weight of planar arrays arises from the structure rather than the cells, and since the
area required will probably at best be a factor of 3 smaller, it is unlikely that such an array
can be significantly lighter than current projections for non-stacked planar arrays, and
therefore probably will be at best competitive with the concentrated/split technique of this
etudy, However, the inherent simplicity of the stacked bandgap cells may well offset any
difference in weight and make for equivalent cost, It may eventually turn out that lightweight
concentrators operating in conjunction with stacked bandgap cells offer the best promise,
Such comparison studies should be included in the follow-on studies mentioned above.
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 ELEMENTS OF CONCEPT - H-1503

- The basic elements of the concept are shown in the figure on the facing page., They

- involve some form of optical concentrator, one or more spectrum splitting elements in the

. light path from the concentrator, a number of solar ceil areas each receiving 1 narrower

. portion of the sun's spectrum as dictated by the characteristics of the spectrum splitter
P . and number of solar cell types utilized, a number of the solar cells per area, each with
i bandgap tailored to coincide with the lower energy extreme of the wavelength region with
oy which it is illuminated, some means for removing heat to keep the cells at or below a
. design temperature, and combination of the electrical outputs from each cell to result in~

a smgle electrical output.

Inasmuch as a concentrator is an inherent part of the system, the power module .
. " will require sun tracking to keep the images of the Sun on the solar cell areas. Sucha '
e - tracking subsystem is implicit and not shown in the figure. '
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MAJOR ELEMENT OPTIONS - H-0496

A number of major options exist for constructing a systemn of this type. These
options are shown on the table on the facing page. The concentrator optics could consist
of a single reflector or compound multiple reflectors, and each could be constructed as a
monolithic structural device or thin inflated rigidized film, The spectrum splitter could
be a prism, a transmission or reflection grating, or dichroic mirrors (otherwise known
as beam splitters). In addition, a hologram could be constructed relating the single Sun
source to the number of spectrally split and spatially separated images required., The
solar cells could be layered in several bandgaps or could be separate, with one bandgap .
type illuminated by each wavelength portion issuing from the spectral splitter.

The heat rejector can use conduction to transport heat from the solar cells to a
radiating surface, such as is normally the case of current planar arrays, or use heat .
pipes for such transport. The radiator could be a separate surface or be the back surface

of the concentrating mirror if the latter is a monolithic structure. The third major class

of heat rejector is one utilizing transport of mass, such as the dust radiator concept,
however is not shown as it was only identified as a viable option very late in the study.
The power conditioner options include operating all the cells at the same current
probably resulting in some degradation in maximum power output, gr optimizing each
cell area for maximum power output, combining the different cell currents in some
optimum fashion using a separate combinexr.

The system'design proceeded to evaluate the probable choices to be made for each
of the major element options shown in order to arrive at a baseline design which could be
weighed, costed, and compared with the SEPS ~type design.




®

Z2—-059y

"ON WHOd ADVASOHIY

MAJOR ELEMENT OPTIONS

H-0496

ELEMENT | | OPTIONS
- SINGLE SURFACE ’}“H‘%“I\Iloifl‘mm
CONCENTRATOR WONOLITRIC
COMPOUND SURFACE CHOLLE
PRISM
SPECTRUM SPLITTER GRATING/HOLOGRAM
DICHROIC MIRRORS (BEAM SPLITIERS)
| LAYERED BANDGAP CELLS.
SOLAR CELLS
| SEPARATE CELLS
CONDUCTION TO RADIATOR LUSE CONCENTRATOR
HEAT REJECTOR - ' SEEAcRé\r\ITEENTRATOR
HEAT PIPES TO RADIATOR | -goE-C 0l
| ALL CELLS AT SAME CURRENT
POWER CONDITI ONER OPTIMIZED CURRENT PER CELL TYPE




SECTION 3.1

SOLAR CELLS
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An analysis was made to determine the attainable efficiency of the solar cells, The
detailed calculations are included in the Appendix, and are presented in summary form in the
next four figures. These figures are shown as a function of the number of spectral intervals

into which the spectrum is split, the temperature at which the cells are maintamed, and the
~ solar concentration factor,

_ Initial calculations were performed using a model of the solar cells which assumed
an ideal diode except for the presence of junction current dominated by diffusion., Further
- calculations were then made for the case where the diode current is dominated by genera~
tion and recombination rather than diffusion, which tends to result in somewhat more
pessimistic results for attainable efficiency. In practice, real life silicon cells tend to
exhibit efficiencies in between the two extremes of these two models, thus probably making
the results realistic assuming that other semiconductor materials behave as silicon. The
" ealculations, while theoretical, did assume best present-day silicon technology., The efficiencies .
calculated therefore are not true theoretical limits but the practical limits corzesponding to
a technology for all the cells that is equivalent to today's best silicon technology.
shown ther? jﬁre do not atta:uh he theoretical limiting efficiencies, which have been calculated
by Jackson'"’ and Rappaport''’ to reach 69 percent for 3 spectral bands, 86 percent for 10
bands, and 100 percent for an infinite number of bands, The solar cell model also assurhed
an infinite shunt resistance anc a zero series resistance, These assumptions tend to be
reasonably well approximated in practice, and should hold up to concentration factors of at
. least 1000, above which the collector grid area required on the cell would prchably either
reduce the effective cell area or introduce series resistance; and the minority carrier levels
approach the majority carriers, probably invalidating the model used. The curves shown on
the next four sheets were also calculated for the case where all of the junction currents were
assumed equal. It was found that the efficiency obtainable compared .favora.bly to the more
ideal case in which each type of cell is allowed to operate at its own maximum power transfer
current, since proper selection of the bandgap energies minimized the difference,
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The results

P

&

The following curves show efficiency data parametrically for systems from 1-20 cell
types with the cells maintained at temperatures of 200, 300, 400, and 500 K. Concentration
ratios of 1, 100, and 1000 are shown, with the calculatisns in the Appendix being performed
for additional conditions. The concentration ratio applicable to each cell type is the same

el 1O YN

as that for the entire optical system, the fraction of the incident energy reaching each cell..

type being assumed to be determined only by the width of its illuminating spectral interval ..
and the concentration factor.

21
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ATTAINABLE SOLAR CELL EFFICIENCY (C=1) - H-0488

d - The curves on the facing page show the variation in the efficiency of the solar cells for '
a system with no concentration, but with the number of tailored bandgap cells varying from ’ C
1-20, and cell temperature from 200-500 °X.

L : The curves show a rapid increase from the expected 23 percent efficiency of a single
‘f ; celloat room tem.peratureoto efficiencies in the order of 40 percent for 10 or more cells at
P : 400K, 50 percent at 300 K, and 60 percent at 200°K, The knee of the curves is around

o 3-5 ceus. The effects of reduced temperature appear to be very dramatic.

From the statements in the Introduction, it is also clear that a non-concentrated
system with this many cell types will be non-competitive even though it attains very high
efficiencies, For instance, a system with 10 cell types requires 10 times the area with

“ approximately 10 times the weight and 10 times the cost of a single cell-type system. Its
e efficiency at 300 K is only about twice that reached in practice by single-~cell planar arrays,
Oke - thus making:the net cost differential a factor of 3-5 in favor of gingle cell-type planar arrays,

ki Similarly the added difficulty of reaching 200 ®K at the cells does not warrant the small
ts - (20 percent) ga:Ln in efficiency possible at such temperatures.

22




] . . R s _te_ ingns ©
g .
i i - N

*ON WHOd 33VH50H3Y

© E-059p

| ._50".

EFFICIENCY, %

60

40

10

| _f = mtainablesolar CEH Efﬁciency G |

B (1)

-

+ .

" H-0488 R1.

 CELL TEMPERATURE = 200°K

300°K

a00°K

500°K

o CONCENTRATION RATIO = 1
o TAILORED BANDGAP CELLS
» DIFFUSION CURRENT DOMINATED

| S SRR
’ b B B
NUMBER OF CELLS | o @

23

f’"’“ PO o T CL e T - g — e g - . TR

w;g‘;?,>..;ﬁ,1f?&, s ﬁ.n, TR ST T 2



ATTAINABLE SOLAR CELL EFFICIENCY (C=100) - H-0489

The graph on the facing page shows the efficiency attainable as a function of the
number of cell types and temperature for a concentration ratio of 100, i.e., the energy
falling on every cell is the appropriate spectral interval taken from 100 times the solar flux
incident on the optical system. The trends are the same as those for no concentration with
5-20 percent greater efficiency being attainable for the same conditions.

" The knee of the curves is still seen to be at 3-5 cells with small increases occurring
for more than 10 cells. As 1n the case for no concentration, the increase in efficiency
from 1 cell to 10 cells at 300 °K is about a factor of 2, Due to the concentration ratio,
however, the total cell area required is only 0, 05 times the area of an equivalent single
“ cell-type planar array for the same power output, Thus, it is apparent that the weight
L and cost of the cells will be greatly reduced. The weight of the radiator, op'tics, and
splitters will undoubtedly reduce this advantage, however, and is treated later in the
report.

24
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ATTAINABLE SOLAR CELL EFFICIENCY (C=1000) - H-0491

The graph on the facing page shows the efficiency calculations for a concentration
ratio of 1000, The efficiencies are seen to be about 5-30 percent higher than for a con- (
centration ratio of 1 with the knee of the curve _still being around 3-3 cells, Total effi-
cie%cies attainable approach 60 percent at 300°K and 70 percent for = cell temperature of
2007K.

As in the previous case, the efficiency gain from 1-10 cells is about a factor of 2
at 300°K, Due to the large concentration ratio, the total cell area required is only 0,005
tines the area of an equivalent single cell-type planar array for the same power output.
This small solar cell area in turn minimizes the cell system weight, and will be shown
to be particularly attractive for the case where the power system must survive for long
periods of time in the earth's radiation belts in which case the penalty for shielding the
small solar cell areas will be negligibly small, The weight of the optics and radiator
will reduce the advantage, however. In particular, the radiator weight may well limit
the lowest temperature at which the cells can be made to operate, even though efficiencies
approaching 70 percent are predicted by this graph.
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EFFECTS OF GENERATION/RECOMBINATION CURRENT - H-0502

The previous three graphs showed the efficiency attainable for solar cells whose
junction current is dominated by diffusion., Such models tend to predict somewhat greater
efficiencies than observed in silicon. A change in the model of the cell in which the junction
current is dominated by generation-recombination currents rather than diffusion tends to
predict somewhat lower efficiencies than observed in silicon. The decreases in attainable
efficiency from that shown in the previous three figures is tabulated on the facing page as a
function of concentration ratio, cell temmperature, and number of cells.

The numbers on the facing page indicate that in general the decrease in efficiency
from the previous graghs never exceeds 10 percent even for a 12-cell system at concentra-
tion ratio of 1 and 400 K, When applied to systems with concentration ratio of 500 or more,
the total decrease in efficiency is less than 2 percent for 1-10 cell systems. Since real
cells tend to have efficiencies in between the extremes of these models, the use of the
previous graphs in the remainder of this design study appears warranted, particularly for
high concentration designs,
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PLACEMENT OF BANDGAP ENERGIES - Hf-1504

| The calculations of attainable efficiency shown in the Appendix were made using a |
computer program which selected the bandgap energies for the components of any multi-
bandgap cell system in such a way as to maximize the efficiency -~ given the constraints

_of the number of cells, the shape of the solar spectrum, and the desire to keep the junction
‘currents of all cell types equal to minimize the difficulty of power conditioning. A cumu-
“lative efficiency curve is shown on the facing page as an example of the many computations -

performed, in which the contribution of efficiency due to each type of cell is shown, and the

- bandgap energies and equivalent cutoff wavelengths of the cells are indicated.

The curulative efficiency is shown for a 12-cell system in which the cell currents

‘are equal, the cell temperature is 400°K, and the concentration ratio is 1000 solar fluxes.

The computer program distributed the bandgap energies to maximize the attainable efficiency

but not necessarily to coincide with the bandgap energies of available or even real materials.

The effect of substitution of the bandgaps of real materials will be treated in the next table.

Referring to the curve on the facing page, it is seen that 50 percent of the efficiency con-
tribution is due to 2 cells with bandgap energies in excess of 2, 3 electron volts, correspond-

. - ing to wavelengths of 0.7 #m and shorter. Seventy percent of the efficiency is contributed
- by cells with bandgaps of 1.8 or more, and 90 percent by cells with bandgaps of 1.2 or more,

This is an interesting result in that it calls for development of solar cells with large bandgap
energies, which have received fairly little attention to date but are seen to contribute very
heavily to the attainable efficiency of a solar photovoltalc system due to the solar energy
dlstrlbutlon.

Curves for other conditions all indicate the same qualitative results, pointing out
the importance of high bandgap energy solar cell development and application.,
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Cumulative Efficiency of Solar Cells
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_:f;-_":RELATION BETWEEN ENTRGY GAP AND WAVELENGTH - _H-0492

e Some readers may not be as :Eamlhar with the character:r.zatmn of cells by their
- energy gap (measured in electron volts) as they are with their cutoff wavelength, The -

-+ relation between the two is simple and plotted on the facung page :Eor rea.dy use by those | R E
j-i,mshmg f:o convert from one measure to the other. : : : A :
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. SEMICONDUCTOR MATERIALS FOR SOLAR CELLS - H-0501

N . A computer program such as the one which generated the efficiencies obtained -

" incrementally for each of the cells shown in the last graph was also used to evaluate the
efficiency obtainable with the use of real materials, whose bandgap might not exactly coincide :
with the ideal bandgaps called for, The difference in efficiency turned out to be very small

. since it was always possﬂale to identify real materials with bandgaps near those ideally _
reqmred Thus, the previous curves apply for a system with real materials, On the facing

" page is gshown a table of the energy gaps attainable from several real cell materials, Whmh
- are su:.ta.ble for at lea.st a 12-cell spectrally split system.

In ordex for the efficiencies of the previous charts to be attained, new types of solar -
cells would have to be developed and their technology brought to an equivalent state of that.
of GaAs, and their energy gaps tailored.to the region of 1.6 - 3.0 eV, A number of cell

e - materials are known to exhibit energy gaps in the proper regions, They are in varying _
e .7 degrees of development and commexrcial application at present, In the region 1,6 - 2.0eV,
Ehd : " various combinations of doping of gallium and indium, arsenic, and aluminum on phosphide

. ° exhibit the proper eunergy gaps. Above that energy, gallium phosphide, aluminum phosphide,
i © " cadmium sulfide, and silicon carbide are known to exhibit the proper energy gap. Some of

.- these materials-are heavily utilized in light~emitting diodes for semi-conductor readout

‘ * circuits, while some such as silicon carbide are only now being developed for such

] : . applications, Cadmium sulphide is extensively used for infrared detectors, In addition
1 s _ to the high energy cells, gallium arsenide, silicon, and germanium would be used for the
l " longest wavelength or smallest bandgap energy cells. ‘

it seems evident that materials exist from which one could devlse a system to satlsfy
the conditions required for this concept, though the state of the art of the materials technology
. R is widely different for most of the materials, and none. app1 oach the extensive development
4 PR ‘and therefore low cost per cell of silicon. :
1,
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: R - : SEMICONDUCTOR MATERIALS FOR SOLAR CELLS
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ELECTRICAL CONSIDERATIONS - H-0487

Two major options exist for utilization of the electricity generated by these cells, One
is to operate different cell types in series, thereby forcing each cell to operate off its optimum
power transfer point., The other is to allow the optimization of power transfer of each cell
type which requires separate inversion, combining, and conversion for each cell type. The
requirements for connection are illustrated on the facing page.

As shown in the Appendix, the loss in efficiency due to operating the different cell
types at equal currents is very small and minimized by proper choice of the bandgap
energies, thereby eliminating the need for heavy and expensive separate inversion, com-
bination, and conversion operations, A further degree of freedom for the equal current
constraint case is the ability to connect different numbers of cells in parallel prior to
connecting them in series strings, thus adjusting the effective cell currents to be optimum
without impacting the choice of bandgap energies which can then be chosen to maximize
efficiency given real materials available.
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- the design of the optical system, -

This section treats the various design fac¢tors, options, and trade-offs a..ffe‘ct;".ﬁrg :
' Fundamental considerations which limit the attainable

concentration ratio are discussed, as are optics type and design and spectrum splitter.
options. In each case, a single optical system is presumed, followed by spectrum
splitting to illuminate each of the tailored bandgap solar cell areas. The option exists

- of building separate small concentrating optics to illuminate each area of tailored

bandgap solar cells, or for that matter carried to the ultimate to illuminate each solar
cell individually, Trade-offs between the three approaches should be performed but

- could not be carrled out in thJ.s very prellmlnary analys:ts.




FUNDAMENTAL OPTICAL CONSIDERATIONS - H-1505

The sun is not a point source of light as seen from the Earth, but subtends about
1/2 deg. Thus, the optical system will be unable to focus the sun's image to a point,
and at best will be able to produce an extended image of the sun with diameter dependent

- on the focal length-to-diameter ratio of the optical system. The figure and table on the

facing page indicate the relationship between the diameter and area of the image to be
occupied by each solar cell type and the F/D ratio. The table indicates that the maximum
possible concentration ratio is set by the same F/D ratio, with a limit in the order of
10,000/1 concentration for practical optics. Very long focal length systems are limited

to small concentration ratios, thus systems with fairly small F/D will be required to attain
fairly high concentration ratios, and has implications on the optical figure required to

- maintain the image diameter.

Sun tracking will be required in order to maintain the sun's image on the solar
cells, The required accuracy of tracking or pointing has been calculated using a criterion
that the power loss due to non-overlap of the sun images and the solar cell areas result

- in less than 3 percent power loss. As shown on the facing page, the pointing accuracy

must be in the order of 1 mrad for systems with concentration ratio in the order of 1000,
requiring an F/D of about 4, While this is certainly attainable, it requires a carefully
designed pointing and tracking system. The sensor for the control system to point the
entire power module to the sun to these accuracies could very well consist of several

solar cells at the periphery of one or more of the solar cell areas, with the control system

" being designed to keep the voltages equal (any deviation from equality implying an error in
 pointing which would be corrected by the control system), In this way, no extra sensing

device need be provided for sun tracking, and it is likely that the torquers usually used

- for most tracking arrays will be adequate pending further design refinements.

- The image diameter for an F/D = 4 system with a concentration ratio of 1000 will
be 0,0316 x dia of the optics. Thus, a system for 10 solar cell types would have a total

" solar cell area of 0.00784 times the area of the optics, This small area is likely to be

far less expensive than the area of an equivalent planar array, and will require far less
mass to shield from damaging radiation,
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Fundamental Optical Considerations

-{ sun - ‘ <}d = IMAGE DIAMETER

~ ¥ - 0PTICS DIANETER
S SUN SUBTENDED ANGLE - 0.008 r

e

FOCAL LENGTH

. MAX | MAGE POINTING ACCURACY
F/D | CONCENTRATION RATIO | DIAMETER | FOR %% POWER LOSS, mr
1 1.4 x 104 0. 008D 0.2
3.16 1.4 10° 0.025D 0.81
@ 10 1.4 x 10° 0.08D 2.6
. 31.6 1.4 x 10° 0.25D 8.1
0.8D 26.0




OPTICAL ALTERNATIVES - H-1506

The primary collecting optics can be designed either as a simple or compound optical
reflector with the rest of the components on-axis or off-axis, Examples of these major
alternatives are shown in ‘he diagrams on the facing page. The advantages of the off-axis
simple reflector system ave that only a single optical surface is required, but its disad-
vantages are that a rather long device results which is subject to vibration shifting of the
optical image, and that a spherical surface may not be usable due to spherical off-axis
aberrations. The advantages of the on-axis compound optical system are a more compact
design which is less subject to vibration shifting of the image, and the possibility of using
a spherical surface for the primary due to its on-axis design, which results in smaller
spherical aberrations, The disadvantages are the blocking loss of the secondary reflector
and the reflection losses due to the larger number of optical surfaces.

For the purposes of this design study, the on-axis design was chosen although it is
not at all clear that this is the optimum choice.
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Optical Alternatives
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- QPTIONS FOR PRIMARY AND SECONDARY OPTICS - H-1507

. The major optical elements could be constructed of rigid structural materials which
‘hold their figure, or from thin-film structures whose figure depends either on inflation
pressure, rigidization after deployment, or both., The reason for considering these two
options is the likely large weight of a rigid set of optics, based on analogy with radio and
~rvadar antennas which must hold about the same surface tolerances as will be shown to be
required here. It is in principle possible to make inflatable or thin-film optics with a
non-spherical figure by constraining the figure with tension wires of given lengths tied

. apgainst a mast or other supporting structure., These techniques have been explored con-

- siderably in large space antenna studies but have not been utilized here due to the complexity
of the design, and the likelihood that spherical surfaces will suffice,

One of the major differences between optical systems using rigid and inflatable optics
ig the efficiency obtained after the required number of reflections and transmissions through
the devices. The facing page shows simple and compound systems of both types in which the
lightweight optics are assumed constructed fron: clear films, aluminized in the proper
regions for reflection, inflated to attain a spherical figure, and rigidized {o resist micro-
meteorites, The primary differences between the rigid and film-~type optics is shown to be
the number of transmissions required through clear material, Since each transmission
involves reflection losses at each surface which is crossed, compound inflatable systems
‘will have lower efficiency than simple rigid systems,

A preliminary design of a power module was generated during the early phases of
this study, which utilized rigid compound optics sized for collecting about three times the
‘energy required in electrical output (thus allowing for 30 percent overall system efficiency
including the effects of optical reflections, spectrum splitter efficiencies, and the use of
50 percent efficient solar cells), The optics and support structures in that design weighed
close to 300 1b, and the entire module close to 1000 lb, Since the SEPS array at 12.5 kW
weighs about 400 1b, such a design would have been non-competitive. Thus, a second design
using inflatable optics was forced, resulting in the inclusion of filmn optics in this section,
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INFLATABLE OPTICS - H-1508"

One possible concept for constructing lightweight film optics is illustrated on the

. facing page. It is recognized that two factors will affect the construction material and

~ technique: One being the requirement that surfaces which are to be transparent must not
‘darken under exposure to sunlight, and second that the device not lose its figure under
bombardment by micrometeorites, The first requirement rules out practically all plastics
and results in the choice of thin quartz film for the basic structural material; while the
second consideration regarding micrometeorite damage leads to consideration of a material
which is rigidized after inflation so that it does not depend on gas pressure alone fo main-

~tain the figure., For the purposes of this study, thin quartz film was used, Ii satisfies
the first requirement and perhaps with some innovative cormbination of localized stretching
of an adjacent film (in the reflector areas) to obtain elastic deformation, could satisfy the
second requirement and maintain its shape in the presence of micrometeorite damage.

P _ Quartz film has been manufactured in thicknesses of about 0.003 in. with film
o . widths of 2 ft and very large lengths., These films could be welded at the edges for pro-
E .~ ducing bigger films or a larger format film produced. The fiim is flexible enough to be
e rolled around a 32~ in. drum with no permanent set. In use, two circular filrns of the
R required diameter would be welded at their circumferential edges and pressurized in
between, The gas pressure operating against a peripheral compression ring would form
a doubly convex spherical lens. The surfaces which were to act as mirrors would be
aluminized and anti-reflection coated, attaining an efficiency probably exceeding 95 per-
cent over the wavelength interval required, i.e., 0.4-2.0 pfm. The clear surfaces through
which the light paths must pass would also be anti-reflection coated on both sides but not
aluminized, the efficiency of the entire lens then being primarily a function of the number
of times the light paths crossed such surfaces.

The table on the facing page indicates the potential attainable efficiency from such
a lens system as a function of the number of surfaces involved. The calculated efficiency
is weighted for the likely spectral energy distribution, and is seen o be as high as 98,4
percent for a single surface and as low as 87 percent for 8 surfaces which imply 4 transits
through film. It is clear that some form of lightweight inflatable and/or rigidized package
of this type could be made practical - however, the exact details will have to be worked out
in subsequent design studies, The resultant weight of the inflatable optics will be about
0.09 Ib/ft“ of aperture area, which is about 1 order of magnitude less than typical for high-
quality radar antennas, and about Z orders of magnitude less than that achievable with high-
quality imaging optical components,
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Inflatable Optics

® QUARTZ FILM, THICKNESS = 0.0076 cm (0.003 in.)

® REFLECTIVE SURFACE ALUMINIZED, ANTI-REFLECTION COATED
e EFFICIENCY >0.95

® CLEAR SURFACES ANTI-REFLECTION COATED

No. SURFACES | EFFICIENCY®

; L S Al e R
o S Cei Vi 2525 U

1 98.4
2 9.8
i 4 93,5
N 8 81.0
: * Efficiency is weighted for spectral energy distribution
e, s ® FILM CAN BE ROLLED AROUND 0.8m (32 in.) DRUM
= =D
, . §E§ ® FILM PRODUCED IN 1-2 ft STRIPS, MELT-JOINED
s e FILM DENSITY~ 2.8 gm/cm> 0.1 Ib/in.>)
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. SPECTRUM SPLITTER OPTIONS H-1509

L Once the 11ght has been collected with the concentratlng optlcs it must be spllt into.
. a number of spectral ‘regions, each to be focused on the partlcular area of solar cells

~whose bandgap is tailored to best respond to that spectral region., The major opt:.ons for -
spectral splitting components are prisms, interference gratings, and dichroic mirrors

- {otherwise known a5 beamsphtters) These three options are illustrated on the facing

page.

Prisms would probably be: placed after the concentrating mirror in an optical system,

with a single prism in theory giving rise to as many spectral region areas as desired,
- Gratings could be either of the transmission or reflection type. In either case, the first
-+ order lobe of the diffraction pattern would be focnsed on the spectral region areas. The
 gratings could follow or procede the optics, in principle being equivalent, In pr1nc1p1e,

a single gratmg would also suffice for an arbitrarily large number of spectral regions.
Dichroic mirrors would be placed after the optlcs, and the number of mirrors required
~would be one less than the number of spectral regions to be generated., The mirrors would
consist of films or glass coated to pass desired wavelengths while rveflecting all undesired

) wavelengths .

: Each of these major options is: exarmned in mozre detail in the following pages
_to determlne thelr hkely operatlng eff1c1ency and design features.
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Spectrum Splitter Options
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' SPECTRUM SPLI‘I"I‘ING BY PRISMS ' pr.0481

o An analys:v.s of the use of prisms for sphttmg the spectrum has been carried out. SRURRE
The requirement was the generation of 12 solar images to be focused on 12 separate solar - : Q
- eell areas, s:.nce the-baseline concept chosen consists of 1000/1 concentration and 12 solar -
. -cell types at 400 °K. ‘Inasmuch as the sun subtends about 8 mrad, the entire spread of the
‘images must be about 0,10 rad. The result is a requirement that the differential index of
.. refraction of the prismimaterial between the lowest and highest wavelengths uader considera-
tion (0,46-2,5 pm) be 0, 1. ' Since the best glasses known today have a differential index of
. .wefraction of about 0,02, 5 it follows that 5 prisms in serles would be reqmred to obtam the
o :reqmred dlspersmn. _ : : : :

Co A concept 1ncorpora.t1ng these prlsms is 111ustra.ted on: the :Eacmg page. It could he. -
T 'constructed from semi-flat fresnel prisms with a prism angle of 60 deg. KEach would be
't w0 oexpected to have a total transmission efficiency approaching 85 percent, ‘Thus, the total _
y .o optical efficiency expected of a. system of this type would be about 43 percent -~ a not very .
I ;a.ttra.ctlve figure, = _— ,

RPN If the number of spectral images required is reduced by changlng the baseline to
A % -consist of only two or three spectral intervals, a single prism might suffice, thus raising
Y1 o w0 the expected transmission efficiency to upwards of 80 percent. However, there would be

oo ‘some sacrifice of solar cell eff1c:1ency due to the smaller number of spectral intervals.

! o+ .. .Such a combination was not analyzed in this report, but deserves serlous thought- due to.

' 7 its inherent s:.mpllclty ‘ : : : :

i e TE- P Tl |- Pem s T TR T W FREFMET.N TAAETs - Oy 0 1 ,:n}rv{:-w =1
. . N

R L T = p e T e S S L L PSP VLU S L S S S S NS S—— i B




2 H-0481
o

Spectrum Splitting by Prisms

1o ' FRESNEL PRISMS
4 ® PRISM ANGLE = 60°
e DIFFERENTIAL INDEX OF REFRACTION,

| A 1 0.46 TO 2.5.m = 0. 02
;- e e TRANSMISSION EFFICIENCY = 0.85
1~ FLUX
! INPUT
R 0.11 rad
i 12 CONTIGUOUS
E . )’ SOLAR |MAGES
14 Q
: OFF-AXIS
ARABOLO
I'\)/tlgggRL IDAL TOTAL OPTICAL EFFICIENCY
- « PRISMS = (0.85°= 0.44
« MIRRORS = 0.97
« TOTAL = 0.43
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FF‘ICIENCY OoF GRATINGS I-I 1510

Reflectlon gratmgs were 1nvest1gated as poteni:la.lly attract:r.ve means to obtain large

: dlsper51on angles with a single component. Blazed gratings were considered, with the blaze - .
.. angle chosen for maximum efficiency over the broadest range of wavelengths, The t:yplca.l best
' eff1c1ency of such reflect:l.on g:ra.tmgs is shown on the facing page.

" The eff1c1ency is seen to be quite high, exceeding 90 percent for a range of wave- .

- lengths of 0,9-1, 8 normalized to the ruling distance. This would probably be adequate for a -
°" 10-cell type system, However, this eff1c1ency ounly applies to the parallel-polarized compo-
" nent while the cross-polarized component is seen to have a very poor efficiency over any

i excepta fa.lrly narrow range of wavelengths, from 0,8-0,9 of the ruling distance. Since

- sunlight is unpolarized, 50 percent of its energy would be expected to appear in each of
- these two components, the total efficiency of the grating being the sum of the efficiencies
. for both of the components. Such a curve is shown on the facing page. The efficiency is
. seen to be high only over a fairly narrow range of wavelength to ruling distance ratios of
- .0.8-1,2 or so., The efficiency of a transmission grating would be expected to be equivalent
- if not shghtly lower. _ : :

Thus, it is concluded that gratings do not appear to be the most promising candidates -

for the spectrum splitter function. This conclusion could be reversed upon consideration.

- of the energy distribution in sunlight, which roughly matches the sum efficiency curve, B
- with the likely result. that tota.l system efficiency could be falr]:y hzgh. This requires further

Study-
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EFFICIENCY

H 1510

Efficiency of a Blazed Reflection Grating
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DICHROIC MIRROR BEAMSPLITTERS - H-0482

In principle, an arbitrarily large number of spectrally split solar cell image areas

. could be created by a system such as pictured on the facing page. In this concept, the
- number of beamsplitters is one less than the number of spectral cell areas required. They
- ‘could be so chosen as to require only one broadband keamsplitter operating over the entire

‘band of wavelengths required, reflecting the upper half, and transmitting the lower half or
vice versa, The rest of the beamsplitters would have a much narrower band of wavelengths
to transmit or reflect and would therefore be expected to have a higher efficiency. Ina
typical system with 12 solar cell areas, four cell areas would have one broadband and two

“narrowband splitters in tandem each, and would be expected to attain an efficiency of about

80 percent. Eight cell areas would have one broadband and three narrowband splitters in
tandem each, with an efficiency of about 77 percent. These efficiencies are estimated to be
attainable in the 1985 time period for multilayer coatings on thin film substrate,

" Note that with the use of a long focal length system at £/4, the geoinetry of such a

gystem becomes fairly long and subject to vibration or heavy structure. However, the

equivalent beamsplitter complex could be utilized with a compound optical concentrator,
reducing the image area spread.
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H-0482

Dichroic Mirror Beamsplitters

INPUT FROM SUN | OFF-AXIS
- MIRROR

BROAD-BAND
BEAMSPLITTER

.l NARROW-BAND

‘; .. BEAMSPLITTERS
/‘!!f\ /"’g\, > <

SOLAR CELL IMAGE AREAS

EFFICIENCY
o BROADBAND BEAMSPLITTER =~ 0.87
o NARROWBAND BEAMSPLITTERS = 0.96 EACH
o 4 CELL AREAS HAVE 1 BB AND 2 NB SPLITTERS = 0.80
o 3 CELL AREAS HAVE 1 BB AND 3 NB SPLITTERS = 0.77
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COMPARATIVE EFFICIENCY OF SPECTRUM SPLITTING TECHNIQUES

- H-0483

The three major options considered for spectrum splitting are compared on the graph
on the facing page. The efficiency of the dichroic mirror beamsplitters is seen to be greatly
superior to that of the gratings or Fresnel prisms over the broad wavelength range of interest,
and of the three techniques, appears to be the only one that might be acceptable for this

application. Upon further study, this conclusion could be changed, but is probably adequate
for the purposes of this preliminary investigation.
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All solar cell systems requiré a means for radiating away the waste heat represented
by that fraction of incident energy not reflected or converted to electricity by the solar cells.
In a conventional planar array, the mounting plate itself promdes that function, since the cells -

~ and the substrate are maintained roughly at room temperature in thermal equilibrium by
- radiation from the cells and the mounting plate, the temperature bemg determined b}r the

em:.ss:.v:.i::.es, absorptlv.ttles, and reflectlw.tles of the surfaces,

When a concentrated solar cell system is used, the same backing plate _é_.rea could

- be utilized as a radiator, with the thermal flux being spread over the same area by conduction
from the smaller cell areas, providing the same weight can be tolerated. However, in order:
~to be competitive the concentrated system must have a smaller radiator area in order to

- . weigh less, thus allowing for optics and other structural components not present in a planar

array. A smaller weight radiator can probably result if a surface is optically coated,

shaped, orientéd, and made smaller than the area required for a conventional solar cell

arraye. The heat generated in the concentrated solar cell areas must be conducted or other-

- wise transported to this smaller sized radiator to maintain them at their de51gn temperature.
;"One attractive method for doing this is to transport the heat via heat pipes, gaining flexibility
~ in shape and orientation while minimizing the required radiator area due to the very small
thermal drop in the heat pipes themselves. An alternative is to use a lluhter Welght radiator

than possible with & flat plate., Though none currently exist, one highly- prorms:.ng advanced

, concepf: utlllz:mg transport of small spheres will be discussed later.

~The following several pages discuss design aspects of thermal COntrpl.

63

S S L - = - — — g IR oy e




PYPR -, TS L

"":RADIA'I‘OR AREA REQUIRED - I—I 0484

A ca.lculatlon was performed to determlne the requlred radlator area for & ba,sehne |

Y des:tgn as a functlon of the solar cell temperature to he mamtalned The basehne conditions'
. were assumed fo be’ 50 percent efficient solar cells and a°12,5 kW electrical output, thus'
..requiring 12,5 kW of heat to be rejected. It was calculated that a total thermal gradlent of -

-~ cat most SOOK would result between the cells and the extréeme radiator components, bared.:
- --on design features to be discussed in the next ¢hart, ‘A further constraint was the assumptlon' :

. of operation in geosta.tlonary orbit, thus effectlvely remov:mg rad:.atlon from ’che earth as'a. .
o 51gm£1cant factor in: radlator des:l.gn, G : : :

For the a.bove cond1t10ns, the radlator area shown on the curve of the fac1rg page 1s

'”seen to be 200 sq £t to maintain the cells at 400 9K, 800 sq'ft for 300 K, and 6000: sq ft for
L U200%K, ¢ “Some of the impoxrtant assumptions are indicated, In addition, no radiation was -

S _'.fassumed from the cell covers,. a radiator surface emlsswlty' of 1 was assumed and a fm
s -,eifectzweness of 0,8, - Since the typical construction of a sheet radiator fed by heat pipes
. results-in a weight in the order of 1 lb/ftz, the above numbers also represent the approximate - -

o iweight in pounds to. be expected. It is seen that the radiator weight becomes very large for
= .-_Iffemperatures much below 400°K, and in order for the entire power system to weigh léss than
. the SEPS array (400 1b), the radiator weight should probably not exceed half that or'less than -
200 1h." -Thiis, it'is seen that the cells w111 probably have to be operated a.t 400 K. Tlles SRt
g }i}"represen{:s the baselme desz.gn. R s . o

If: is clea.r that should the radzator cost or welght be lowered, that the cell tempe:rature

’"could drop, 1ncrea51ng efflc:r.ency.l Such ‘a trade study should be performed




H-0484

“ ~ Radiator Area Required
., @ N j-. 10.§1(_3‘_00 2.5 KW HEAT REJECTED o
I FR o TOTAL THERMAL GRADIENT <50°K -

o RADIATOR TEMPERATURE 50°K-‘LESS'.' ..
THAN CELL TEMPERATURE

'+ GEOSTATIONARY ORBIT ALTITUDE =
- RADIATOR "SEES" SPACE IN.2r ster -

- o CONSTRUCTION: HEAT PIPES AND THIN-
© WALL SHEET RADIATOR. WEIGHT

240,04 kg/m® (1 1bIith

1000
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CAREA f, WEIGHT, b
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wb T | ,
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"'--_..'i;DESIGN OoF THERMAL CONTROL SYSTEM - I-I 0485

A design was perf.ormed fo:r the thermal control system and modeled as the dlagram
-on the facing page. The cells were assumed to contain cover glass for radiation shielding o g
-and to be directly bonded or soldered to an aluminum mounting plate. The plate itself :
“would transfexr its heat to the hot end of the heat pipes which would conduct it to the radiator
“surface, assumed to be a 1 mm thick panel of coated stainless steel. The baseline concept
assumed 12 solar cell areas, each of which received 15 percent of the total solar flux con-
centrated by a factor of 1000, 'This is conservatlve by a factor of 3,6 for 8 of the 12 solar
' "':-cell areas. and by a fa.ctor of 1.8 overall : :

. 'I'he total temperature drcp -calculated for the solar cells was a.bout 20°C with another
20 deg being allocated for the gradient between the bottom of the cells and the hot end of the
“heat pz.pe. Another 16°C was calculated to be the total thermal drop from the hot end of, the

~ “heat pipes to the furthermost corner of the radiator panel. The radiator itself was taken
. it . .to be the 200 -sq ft radiator resulting in a cell temperature of 400°K (and a radlator tempera-

A . ture of 350 K) uncler a‘flux of 12,5 thermal kW, .

_ 'I'lns is a fairly conventz.ona[ design for a thermal control system. It mayr well be
- possible to rediice the weight by less conservative sizing and by mo>e careful matching of
“‘radiator portions to solar cell areas, taking into accour “actual spectral energy distribution
Jand cel]. efflrlenc:les. ‘Such studies should be performed,
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H-0485

Thermal Control System

SPECTRALLY LIMITED

15% OF TOTAL SOLAR F
AND CONCENTRATED

{x 1000 ASSUMED AS INPUT TO
SOLAR FLUX

EACH OF 12 SOLAR CELL AREAS (conservative by factor of
3.6 for 8 areas)

COVER
ADHES | VE ;
/  20.2°C (36.5°F)
ADHES | VE
cett | lcew | |cew /S'LVER ;
195° { PATINGN WO G FTE7 i Sy
(35.1°F) /é HEAT PIPE Ky < THEAT PIPE
Y U 77777 o 7
/ » TR i 0.1 cm THICK PANEL
10.3°C (18.5°F)
« PLATE AREA = 0.1 m°
« PLATE THICKNESS = 3.8 cm

1.04 kW HEAT REJECTED TO SPACE
® FOR CELL TEMPERATURE = 400°K (100°C)
- RADIATOR TEMPERATURE = 350°K (50°C)

IN EACH OF 12 AREAS
e 12.5 kW TOTAL
- TOTAL RADIATOR AREA

o EACH AREA = 1.8 m2 (16.7 ftZ%
« TOTAL AREA = 21.5 m2 (200 ft2)

= 21.5 m2 (200 ft2)

.




i R_ADIA‘I‘OR TEMPERATURE IN ECLIPSE - H-0486

The thermal. control system discussed is straightforward and would be expected to

operaﬁe with no difficulties while sun~illuminated. When the system enters ecllpse, however,

‘there could be freezm.ng of the heat-pipe working fluid. As seen from the curve on the
-~ facing page, eclipses in geostationary orbit do not exceed 72-min duration. During that time

. however, the heat pipe fluid temperature would drop below the freezing point of the ammonia
" assumed for the baseline design heat pipes. When the satellite comes out of eclipse, the
" normal heat inpnt from the sun to the solar cells would warm up the fluid to the operating

- temperature of about 220°K in about 11 min, assuming an absorptivity of 0,3 for the radiator

R terial. Thus, the time spent in eclipse would have to be followed by a reorientation of the

- ipower: system so that the thermal input from the sun is absorbed uniformly in the heat pipes;

- ‘and’the fluid is . warmed to the required operating temperature. A second reorientation would

. would i:hen resume the sun tracking of the optics after the fluid had reached operatmg tempetra~

tureo S

L Electrlcal output would be available 85 min following the beglnmng of the eclipse, thus
;f-jresultmg in a requirement for only about 13 lb of battery, assuming nickel-hydrogen batteries.

:An alternative would be to use other heat-pipe working fluids, and other options which should
“be explored furt:her. It is concluded that the operation of a radlator/heat p:.pe system of this

s :;____;::type a.ppears thoroughly practlcal
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' Radiator Temperature in Eclipse

400 -

STEADY STATE RADIATOR
TEMPERATURE = 350°K

LONGEST ECLIPSE IN
GEOSTATIONARY ORBIT

] I l ] l | l |

H-0486

= MINIMUM OPERATING
TEMPERATURE = 222°K

| FREEZING POINT OF
| AMMONIA HEAT PIPE FLUID

ILONGEST TIME TO

[ REACH OPERATING

I TEMPERATURE FOR
a=.3 MATERIAL

.

10 20 30 40. 50 60 70 80
TIME, min

% 100
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~. ‘principle, a number of apparently simple techniques could probably be made to operate.

DUST RADIATOR CONCEPT - H-1352

A novel radiator concept was disclosed to the author late in the study by Mr. John
Hedgepeth of the Astro- Research Corporation. In their concept, the weight of the radiator
per unit watt of heat radiated would be dramatically reduced compared to heat pipe and
sheet metal radiators by taking advantage of the fact that spherical particles have a
surface~area-to-mass ratio increasing in inverse proportion to the decrease of their
diameter. Thus, if a stream of very small spherical particles were to be ejected into
space after being heated by the sclar cells, they would radiate away their heat to space
much more efficiently per unit mass than would an equivalent heat pipe/plate radiator.
Upon reaching the desired particle temperature, the stream would be caught, its direction
reversed, and pitched back to be caught again and passed over the solar cell back plates,
where they would be heated again, A number of different configurations of such a concept

are possible. One of the more obvious ones is shown on the facing page together with
estimates on its key parameters.

The analysis performed by Astro-Research to date predicts the behavior of the

dust particles themselves (in this case small particles of steel) but no work has been
done in sizing or designing the catching, turnarounfl, and pitching equipment, Its size
is being estimated by Astro-Research at 300 kg/m"~ of equipment, which appears con-
servative, it being typical of heavy machinery. Likewise, no design work has proceeded

on the mechanism for transfer of heat from the solar cells to the dust stream itself. In

The solar cells could be bonded to a long hollow honeycomb plate through which the dust
stream could be blown, multiple bounces of the spherical particles against the walls
serving to heat them up. Pitching could be mechanical with some form of a centrifugal
fan., Radial velocities of the dust particles could be removed by linearizing the flow
through a series of exit pipes, the catcher and pitcher equipments similarly mechanized,

. The catcher tube diameter could be larger than the exit diameter of the pitcher tube to

allow for some streamn dispersion and avoid significant loss of material.

Parameters estimated from scaling relationships in the Astro-Research document”’ D
predict a total radiator weight including heat transfer, pitcher and catcher equipment, and
the mass of the dust at 14 kg for a 12,5 kW power module, scaling linearly with powex.
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Thls is a factor of 6,5 less than the 200 1b for a heat pipe and sheet metal radiator as
: :anorpora.ted in the baseline design, and could make an enormous difference to the

e advantage of the high efficiency concept. However, due to the very early state of :
‘ understandmg of such a radiator concept, it was not incorporated in the baseline design. - G

2 'It is. mcorpo rated as an option in the evaluation portion of this study,

e Advanced concepts for radiators, including the transported dust concept, should
- be studied in depth to determine their potential, as it makes liitle sense to burden a new
- and lighter weight collector/solar cell system of great efficiency with a conventional

L radlator, which severely Ilmlts its potential,
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DUST RADIATOR CONCEPT

DISCLOSED BY ASTRO-RESEARCH CORPORATION

ENETTENNEEESRNOR LR

H-1352 R1

PITCHER
2USTSTRER
——
HEATER CATCHER
(SOURCE OF —— AND
HEAT) PITCHER
CATCHER /
ESTIMATED PARAMETERS*
B STREAM STREAM PARTICLE TOTAL
LENGTH, M | DIAMETER, D | DIAMETER, d | WEIGHT, kg
12.5 kw 10 0.03 2.5x10 14
125.0 kW ) 0.13 4x107° 140
1.25 MW 100 0.33 1.2x107°4 1400
"HEAT SOURCE AT 350%
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SECTION 3.4

BASELINE CONCEPT

(EGLNINTE By Matosy
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In order to evaluate the performance potential of this new concept, a baseline design
was made for a system to supply 12.5 kW of electrical power. This was in order to allow

ready comparison with an advanced solar array produced for NASA by Lockheed as an
advanced development item intended for the Solar Electric Propulsion Stage.

The definition of the baseline concept was made without benefit of any rigorous
optimization process due to the severe funding limits of this contract. Rather an intuitive
definition process was followed based on the subsystem parametric characteristics data

presented, in the hope that the design point would not be too far off the optimmum while still
comparing well with the conventional array. The baseline concept selected utilizes 12

spectral intervals,oa concentration ratio of 1000/1, lightweight thin-film optics, solar cell
temperature of 400 K, and a heat pipe/sheet metal radiator.

Considerations on more
optimum design points will be discussed presently.

The characteristics and performance of this baseline concept are evaluated and
compared with the advanced conventional array in this section.
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. SYSTEVN. EFFICIENCY - H-0505

_ The overall system efficiency is derived on the facing page in order to define the: . o
- optical sizes and perform a point design of the baseline, It is seen that even though the ; C
- ~baseline solar cell system obtaing an efficiency of 48 percent, the optical components in
. the baseline system probably only attain an efficiency of 48 percent in themselves, thus ‘

- ‘reducing the overall system efficiency to 23 percent. - e =

, ‘The low efficiency of the optics is due in pért to the selection of the c‘omp:buri-d optical
_ system to make a shorter package, with its implications of multiple surface reflections and -

" “cbscuration; and the selection of a 12-cell type system which results in beam splitting

. effigiency of 78 percent, However, the iraplications of the low efficiency of the optical -

. “components are not as severe as would appear on first inspection inasmuch as this efficiency

- -does not contribute to the required capacity of the heat radiator; noxr does it significantly

L “contribute to the weight of the system inasmuch as the optics are very lightweight, ‘Thus,

“a'factor of 1.44 increase in the diameter of the optics would ‘compensate for the optical
- “system inefficiencies compared to.lossless optics, resulting in a weight increase of only.
- '18'1b in the optics -- a good trade-off, PR ' SR




| H-0505 |

33

UNCLASSIFIED

SYSTEM EFFICIENCY

OPTICAL COMPONENTS

& +) ® PRIMARY OPTICS
=+ «REFLECTIVE COATING. ;- i oo iite iiey v 0.97
= SURFACE'REFLECTIONS <.ivitibnai ie 1o 0.87
® SECONDARY OPTICS
=" REFLECTIVE COATING. . ..... & iuvl s o 0.97
® OBSCURATION FACTOR ......... TS ey (e e 0.75
® BROAD BAND BEAM SPLITTER. ...... PR sl 0.87
® NARROW BAND BEAM SPLITTER
E% - 4 GROUPS OF 2 SPLITTERS, EACH @ 0.96,
PSUE 0.4-1.2 um, CARRYING 50% OF ENERGY ...... 0.92 ; e
L o - 8 GROUPS OF 3 SPLITTERS, EACH @ 0.96 :
Eg 1.2-2.5 um, CARRYING 50% OF ENERGY ...... 0.88
- : 0.48
SOLAR CELLS
® TWELVE CElibSYSTEN\S, 1000/1 CONCENTRATION.
CELLS @A ., 0oL i i sl 0.48
OVERALL EFFICIENCY . 0.23 @
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 DETERMINATION OF REQUIRED COLLECTOR DIAMETER - H-0504

" The sizing of the optical system is performed as illustrated in the table on the .
" facing page. Given a 2.5 kW desired electrical output, the input to the solar cells: ' Q
- must be 26 kW due to tneir 48 percent calculated efficiency., Further, the input to the

" optics and beamsplitters must be 54.2 kW due to their calculated 48 percent efficiency.

~Thus, the area of primary collector must be 46 m?Z, and its 'diameter 7.7 m,

The 7. 7-m diameter does not fit into the Space Shuttle in a deployed configuration
- and thus some means of folding and deploying the mirror system is required.-- such
means is discussed in the forthcormng pages, .
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[ m-0504 |

#
) UNBLAS&FED_i
_DETERMINATION OF REQUIRED COLLECTOR DIAMETER -
. oUTPUT . 12.5K0,
| [NPUT TO CELLS (@ 48 PERCENT EFFI CIENCY) - 26 kW
INPUT TO OPTICS AND BEAM SPLITTERS .
(@ 48 PERCENT EFFICIENCY) - 54,2 KW
AREA OF PRIMARY - ) | | ) )
(SOLAR CONSTANT = 126 W/ft°) | - 46 m” (430 )
PRIMARY DIAMETER | - 7.7m(23.4 1)
&
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.CONCEPTUAL DESIGN - H.2224

S ‘Many designs are feasible. One possible conceptual de51gn for the high efficiency

‘solar power system was made with the results illustrated on the facing page, The system . : _ C

is seen to consist of a compound collector system, followed by a series of flat beam~ =

. splitters, focusing the light on 12 areas of solar cells on a strongback structure, and a

vgemi~circular radiator for rejecting the waste heat. The entire assembly might have to.

-be gimbaled for decoupling from the spacecraft which would use its output power. Such a
. pimbal is shown on the main truss, Should the spacecraft itself be sun-pointing such a
' ‘gimbal will be unnecessary. ' :

Details of the design and some discussion follow.
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LIGHT-PATH DIAGRAM - H-2222

A side view of the system ccncept is shown with the light path diagram superimposed,
A deployment scheme was evolved where the radiator would fold close to the center truss
supporting the mirrors, the secondary mirror would be twisted and collapsed onto the primary
mirror, and the combination of primary and secondary mirrors rolled onto a2 support drum,
the center of the primary mirror being supported on a hinged ring attached to the central truss.
The entire package would then fit readily within the Space Shuttle envelope in a stowed config~
uration, and would be deployed by releasing the overlapping edges of the rolled up primary
mirror. This would allow unrolling of the mirror under its own tension. The free support drum
would float away, and drawing on the circular support ring would then rotate the mirrors into
position and allow the secondary to deploy using the stored spring tension of the supporting
wires, Inflation of the thin~film mirror surfaces would then follow, along with a rigidization
operation to prevent micrometeorite damage.

This is certainly not a unique design solution nor is it claimed that it is by any means
the best, However, it would probably work, it would fit into the Space Shuttle, and represents
a reasonable first cut at a lightweight design solution.
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DESIGN DETAILS - H-2223

The :Elgu.re on the facing page shows some of the def:a.:r.l.s of the solar cel].s, the:tr _

mountmg plate, the deployment and support mechanisms for the beamsplitters, the heat
pipe network, and the radiatcr. The sun shade shown probably will not be required

(it was needed when the optical diameter was 15 ft in a previous design iteration. ‘Since
the optics are 23-ft diameter, shielding of the radiator is automatic.) o
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STRUCTURAL DETAILS -~ H-2225

The diagram on the facing page shows details of the radlator, truss, and de_ployment
mechanisms with a back view, a side view, and an elevation view, The stowed position of
the radiator is also indicated. As mentioned previously, this is not a unique des:.gn but is’

rather represeni:atlve of one that can probably be made to work.
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COMPOSITE DRAWINGS -~ H-2226

The figure on the facing page is a composite of the previous design details,
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WEIGHT BREAKDOWN - H-1512

The baseline design shown in the last several figures was analyzed for the expected
weight breakdown of the individual pieces so that a reasonably confident weight estimate
for the system could be generated, and the weights used for a comparative cost estimeation,

As shown on the table on the facing page, the concept as designed is expected to weigh
approximately 500 1b. Note that almost one half of this is due to the heat radiator, heat pipes,
aud supporting structure. The total weight of the optical system itself is about 75 lb, and
the rest of the weight is in miscellaneous structural, mechanical, gas, gimbal, drive, and

solar cell items,

This large weight 15 somewhat of a disappointment, since the Solar Electric Propulsion
Stage power modile weighs only about 400 lb for the same electrical output, Therefore, it is
unlikely that great cost savings can accrue from this design, inasmuch as costs are very

much weight dependent,
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WE]GHT BREAKDOWN

ITEM

PRIMARY REFLECTOR

SECONDARY REFLECTOR

STOWAGE CYLINDER

SECONDARY REFLECTOR POSITIONING ARMS
BEAM SPLITTERS AND FRANMES

RADIATOR AND HEAT PIPES

SOLAR CELL COLD PLATES

SOLAR CELLS

WIRING

TRUSS

STRONGBACK STRUCTURE

SPLITTER SUPPORTS

DEPLOYMENT ARMS AND MECHANISM (RADIATOR SECT!ON)
GAS, GAS BOTTIE AND PLUMBING

GIMBAL

DRIVE

TOTAL WEIGHT LESS CONTINGENCY
CONTINGENCY (10 PERCENT)

TOTAL SUBSYSTEM WEIGHT

H 1512

WEIGHT - LB

37
9
16
12
6
200
40
11
15
15
20
5
18
8
25
25
462
46

508

@ .




AREAS OF POSSIBLE WEIGHT IMPROCVEMENT ~ H-~1511

After the design shown on the last several pages was completed, it was recognized @
that a number of areas represented design choices considerably off optimum,. Redesign :
could therefore be expected to considerably reduce the system weight, which would increase

the power per unit weight, and likely decrease the cost, The areas affected and the estimated

weisht savings are shown in the table on the facing page.

The use of simple rather than compound optics would probably save a total of abou’
25 Ib. The use of a hologram for spectrum splitting rather than separate spectral splitting
dichroic mirrors might be feasible, probably saving another 10 Ib. A more weight-efficient
design attempting to maximize the utility of the structural elements of the radiator and heat
pipe to do double duty as the strongback structure could probably save another 30 Ib., Less
conservative thermal design in the cold plates backing the solar cell areas and use of a
probably more realistic smaller thermal drop in the total thermal path would reduce the
weight by another estimated 55 lb, The total estimated weight savings would therefore be
120 1b out of 508, resulting in a total system weight of 388 lb,

These weight improvement areas represent low risk design changes, and were
utilized in the costing and comparison analyses to follow. A very large additional potential
weight saving is possible, but it is much more speculative, involving the replacement of
the heat pipes and sheet metal radiator with a radiator utilizing a directed stream of very
small dust-like steel particles whose area~to-weight ratio is much greater than that of a
sheet metal planar surface. This concept was described earlier {page71). It is estimated
that 180 1b in addition to the 120 identified above can be saved by use of such a radiator,
but this number is highly speculative since the radiator concept has not heen submitted to
even prelimi~ary design at this point, However, with its incorporation in the design, the
total system concept weight would be reduced to 208 1b, or about half of the SEPS array.
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AREAS OF POSSIBLE IMPROVEMENT

H 1511

REASONABLE CONFIDENCE

AREA

ESTIMATED WEIGHT SAVINGS

—

& USE SIMPLE OPTICS 25 LB
® USE HOLOGRAM SPECTRUM SPLITTER 10 LB
® MORE WEIGHT-EFFICIENT DESIGN 30 LB
® 1ESS CONSERVATIVE THERMAL 55 1B
GRADIENT BETWEEN CELLS AND
RADIATOR (USE 25%K)
SUM 120 1B
SPECULATIVE -
® DUST RADIATOR 180 LB

SUM TOTAL

300 LB




BASELINE CHARACTERISTICS - H-503

The characteristics ~f the baseline design for the 12,5 kW system concept depicted :

in the previous pages is summarized on the facing page. The main features of the design
are 48 percent solar cell efficiency, use of 12 tailored bandgaps with cells at 400 °K, use

of 1000/1 concentration ratio, and compound inflatable optics followed by 11 beamsphf:ters.

Costs were estimated for this system baseline design at $4.3 M for each recurring
unit, $10.9 M of RDT&E, and an additional $15-30 M one~time investment in research and - .-

technology to bring the industry to the equivalent state of GaAs in 8 other cell materials.

The performance paramneiers of the system concept as defmed are 55 W/kg and
$340 per elecirical watt,

td
%
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H-0503 R2

BASELINE CHARACTERISTICS - 12.5 kW, SYSTEM

SOLAR CELL EFFICIENCY = 48 FERCENT

1000/1 CONCENTRATION RATIO

12 BANDGAPS

CELLS MAINTAINED < 400°K

TOTAL CELL AREA = 0.7 m2 (6.7 ft2)

OPTICS

- PRIMARY = 7.7 m (23 ft)

- SECONDARY = 3.8 m (11.5 ft)

- INFLATABLE QUARTZ FILMS

- 11 BEAM SPLITTERS, QUARTZ FILM
- DEPLOYABLE STRUCTURE

OVERALL TOTAL EFFICIENCY = 23 PERCENT

GIMBALED AND SUN TRACKING TO
1 0.1DEG

PASSIVE COOLING WITH HEAT PIPES
AND RADIATOR
- 22 m? (200 ft2) RADIATOR @ 350°K

TOTALWEIGHT = 230 kg (508 ib)

ESTIMATED COSTS

- 15-30 M (CELL TECHNOLOGY)
-  R&D = 10.9M

- RECURRING = 4.2 M
PERFORMANCE PARAMETERS

=201 20 Wikg

- 340 $IW

-
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The baseline design described in the previous sheets, as well as its modification
to include the more speculative dust radiator concept, were compared against the con~
ventional SEPS array.

The comparison measures utilized were the W/kg and $/W of each
of the designs being compared. Comparisons were made at 12,5 kW power module size,
and also at an order of magnitude larger power to investigate the effects of power scaling.
Costs were also compared for two classes of systems: Those designed to operate outside
the radiation belts, and those designed to operate for long periods inside the radiation belts.

The study conclusions were then drawu from those comparisons.
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NON~-RECURRING COSTS - H-1515

The non-recurring costs, exclusive of the special cell R&D required to produce the -
high efficiency system concept at 12,5 kW, are shown in the table on the facing page
together with numbers generated by the same computer program and using the same cost -
estimating relationships for the Solar Electric Propulsion System power module. As
expected, the cell array design and engineering effort for the high efficiency system is vexry
small due to the small cell area, however, the effort for the optics, radiator, and structure
is large. The net effect is tha.t of almost equal RDT&E costs for the SEPS-type array and
high efficiency concept.

This result was not unexpected since the weight of the SEPS array is 400 Ib, and the.
weight of the high efficiency system is estimated at 388 lb, Note that those costs are for the
high confidence design, and do not include the dust radiator, All dollars are in fiscal 78
values. Costs were generated for the SEPS array even though actual numbers exist from .
the hardware produced by Lockheed, in order to allow a more fair comparison with the
predicted costs of the high efficiency array. The numbers predicted for SEPS check
reasonably well with actual expenditures, modified for a production contract. :

TR TR T
. ¥
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NON-RECURRING COSTS

(FY 78 $ in Thousands)

H 1515

SEPS

HIGH EFFICIENCY
CELL ARRAY |
- Design/Engineering 2644 200
- Test 442 400
RADIATOR AND STRUCTURE
- Design/Engineering === 1538
- Test === 733
OPTICS
- Design/Engineering s [
- Test == 150
DRIVE
- Designitnygineering 714 714
- Test 368 368
HARDWARE SUBTOTAL 4168 4478
SYSTEM ENGINEERING AND PROGRAM
MANA GEMENT
- Design/Engineering 2351 2431
- Test 308 739
TOTAL 6827 7648
CONVERT TO 1977 $ 9093 10, 186
FEE 637 713
TOTAL WITH FEE 9730 10, 899
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RECURRING COSTS - H~1514

The recurring costs for producing a flight unit of either the SEPS~-tvpe or high-
efficiency type power modules at 12,5 kW power outpu* are shown in the table on the
facing page. As expected, the total costs are very comparable. In fact, their difference
is probably smaller than the uncertainty in the model used for determining costs and the

accuracy of the weight data which comprises its input.

104
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RECURRING COSTS

(FY _78 $ in Thousands)

H 1514

SEPS HIGH EFFICIENCY
® CELL ARRAY 883 390
® RADIATOR AND STRUCTURE ars
® OPTICS 56
® DRIVE 368 368
HARDWARE SUBTOTAL 1251 1289
b ® SYSTEM ENGINEERING AND PROGRAM 525 541

MANAGEMENT

@ SUSTAINING ENGINEERING 1351 1220
| TOTAL 3127 3050
®  CONVERT TO 1977 $ 4158 4056
. ® FEE 300 290
TOTAL WITH FEE 4458 4346
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POTENTIAL OF CONCEPT - H-1035

The characteristics and performance of the concept were evaluated for applications
away from the earth's radiation belts (low altitudes, geostationary orbits, or bigher tra~
jectories). The evaluation was made at 12,5 kW and 125 kW in order to take advantage
of any efficiencies obtained in scaling with power. The previously identified improvements
were used, including simple optics, weight-efficient structure, lower thermal drop, re-
placing of the cold plates with shaped ends of the heat pipes, use of 3-5 types of new
cells, and smaller F/D.

With these improvements, the expected weight is 388 1b, the recurring costs drop
to $3.3 M, the RDT&E costs to $8.3 M, and the cell technology investment to somewhere
between $6-15M. The resultant performance parameters are therefore likely to be
72 W/kg and 264 $/W.

The design was scaled to 10 times the power level, and improved cost and performance
parameters resulted due to the less than linear scaling of the cost of structural elements as
compared to the costs of solar cells (which are roughly linear with cell area), while the
weight parameter was essentially unchanged. The cost was predicted to be 173 $/W, a
considerable advantage compared to the 12,5 kW design.
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POTENTIAL OF CONCEPT |
HI GH EARTH ORBIT AND PLANETARY APPLI CATI ONS

@ 12.5 kW

D ® WITH IMPROVEMENTS IDENTIFIED (SIMPLE OPTICS, WEIGHT-EFFICIENT
| STRUCTURE, LOWER THERMAL DROP, REPLACING COLD PLATES WITH SHAPED
HEAT-PIPE ENDS, 3-5 TYPES OF CELLS, 1000 CONCENTRATION, SMALLER F/D

- WEIGHT =~ 174 kg (383 Ib)
- RECURRING COSTS ~ $3.3 M
- 'RDT&E COSTS =~ $8.3 M
- CELL TECHNOLOGY INVESTMENT ~ $6-15M
- PERFORMANCE PARAMETERS LIKELY:
2Wikg
264 $/W

@ 125.0 kW

@ WilH IMPROVEMENTS ABOVE, ALLOWING FOR LESS STEEP SCALING OF
STRUCTURAL ELEMENTS COMPARED TO SOLAR CELLS

- WEIGHT = 1770 kg (3900 Ib)

= RECURRING COSTS = $21.7M

RDT&E =~ $46.9 M

. CELL TECHNOLOGY INVESTMENT = $10-15M
- PERFORMANCE PARAMETERS LIKELY:

71 W/kg

173 $/W

ZQ ‘ON WHO 4 3DVdSON3VY
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":ff"_IMPACT OF USE OF SYS’I'EM ™ THE RADIATION BELTS - H-1036

A sn‘nphfled analysm was performed to evaluate the comparative performance of the o

SEPS -type array and a high-efficiency concept design ir a mission involying long-term im-
... mersion in- thé earth's radiation belts. Such immersion could result from deplf:v sent in

medinm- a,ltltude orbits or from use of the power module in conjunction with ion thrusters

Lt perform as an upper stage to transfer satellites from low to geostationary orbit,. The

model mission used for the comparison utlhzed a 190~ day f:ra.nsfer from 250 nmi altltude, :

E 5 28 deg orb:l.t to geosta.tlonary ‘orbit,

It Was deterrruned from previous analyses that the deterioration in SEPS-type solar

" ‘cells, which use 6 mil cover glass, would exceed 30 percent during such a 190-da3r mission,

-7 The thickness of shield cover glass would have to be increased to almost 1/4 in. to :reducg
. the deterioration to less than 5 percent and would impose a weight penalty of about 3 1b/ft

.+ of area, for a total penal*'y of 3900 1b for a 12.5 kW design nommally weighing only 400 1b.

. An alternative way of surviving in the presence of the radiation is simply to oversize the -
~array byi25 percent, the amount required to assure that the degradation does not exceed

. Bipercent upon reachlng geosta tionary orbit. This increase produces a penalty of only 100 lb
+* Thus, the area increase Is the most weight-efficient action for the SEPS- -type planar array
" as compared 1:0 shleldmg W:!.th 1/4 in, glass. :

A s:.rmla.r ana.lys:.s was performed for the hlgh-efflcmncy system concept. . Due to the

ve:ry sma.ll area of solar cells compared to the area of the SEPS array for the same power, =
" i the solar cells can be shielded, resulting in a neglibible weight increase amounting to less
" than'8 lb out of a 388~1b design at 12.5 kW, or 80 1b out of 3900 b for the 125.0 kW scaled
. power’ system. These results are summarized on the facing page. This i probably one
a of the most szgmflcant dlfferences between the h1gh-eff1c1ency concept and:the plana.r array.
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| 'IMPACT OF USE OF SYSTEM IN RADIATION BELTS

1 e . MISS!ON  PERFORM AS POWER SOURCE FOR 10N THRUSTERS (SEPS-TYPE)
@ . - 190-DAY TRANSFER FROM 250 NI, 28-DEG ORBIT TO GEOSTATIONARY ORBIT.

e POWER LOSS EXPECTED AS A RESULT OF THE RADIATIGN EXPOSURE

B |SEPS-TYPE CELLS (0,006 [N, COVER GLASS ) 2 30 PERCENT
- SHIELDED CELLS (0.24IN. COVER GLASS) < 5 PERCENT
~- WEIGHT OF SHIELD GLASS = - 3LBIFFZ

oo s WEIGHTINCREASE EXPECTED - o
o  IF INCREASE AREA BY 25 PERCENT

- SEPS@I2.5KW - IFIN = 1001b
- IF SHIELD = 3,900 Ib

- SEPS@1250kW'— IF INCREASE AREA BY 25 PERCENT = 1000 Ib
= IF SHIELD = 39,000 Ib

i

HIGH EFFIC[EN CY. @ 12.5 kW - SHIELD GLASS AND STRUCTURE
a INCREASE = 81b

HIGH EFFI CIENCY @ 125. 0 kW - SHIELD. GLASS AND STRUCTURE
- | INCREASE 801bh
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- GONCEPT POTENTIAL IN RALDLA'I‘I(DN BEL’I‘S - H-l 03'7"1’3"'

The potenfﬂal performance parameters of ‘the hlgh-efflciency concept for 1ong-term

S operatlon in the radiation belts are compared in the tables on the facing page with that of -
vt a SEPS-type design at 12,5 and 125,0 kW, Thete is seen to be a considerable advantage - -
. in the performance’ parameters of the high-efficiency concept as compared to a SEPS- ~type:
ol planatsartay at 12,5 kW - regulting in a performance of 71 W/kg as. opposed to 55 W/lcg for

L the SEPS, and 252° $/W as opposed to 445. $/W for the SEPS ~type de31gn‘ L _ _ :

Scahng of both of the concepts to 125 0 kW results in about ihe same ratlo of auv:—mtage'

o the high—efflclency concept over that of t‘he SEPS-type array, with lower cost paramete:rs S
v for both owmg ‘to’the efficiencies of scale., The cost sav:Lngs represent a. 75 percent cost '
d1f£erent1a1 in favo:r of the hlgh—efflclency concept, S : _ R

'I‘he hlgh-efflclency concept parameters apply to a concept usmg a conventlona,l .

| heat plpe / sheet metal J:adlator.
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B D TR S LT SRR R : H;j-_ijbsf RI
RO T S POTENTIAL OF CONCEPT |
|.ONG-TERM OPERATION IN RADIATION BELTS
I< 5 Percent Power Loss After 190- Day Transfer From 28 Deg 250 I‘IlTIl Orblt to GEO)

@ 12 3 kW | - - | -
e WITH INIPROVENIENTS PREVIOUSLY IDENTIFIED

D HIGH EFFICIENCY|  SEPS
# - Weight R T 17 kg | 25 kg
- -Recurring Costs =~ BB M L 5.6 M
! : | - |- ‘Performance Parameters - TUwikg | 55 Wikg
: S _ 252 %MW | 445 $IW
N e 125, 0 kw e
I e WITH INIPROVENIENTS PREVIOUSLY IDENTIFIED
| HIGH EFFICIENCY| SEPS-TYPE
T = Weight T1790 kg | 2250 kg
5 - Recurring Cosis $21.8 M $37.5 M
& - Performance Parameters 70 Wkg .1~ 56 Wikg
. | 177 $IW 300 $/W

@




B :'-PERF@RMANGE GOMPARISON - -H-loss?“-

“An overa.ll performance co:nparlson f:able is’ shown on the facmg page. The hlgh-

e efflclency concept is shown both with and without the miore speculative dust radiator _concept.

: The performance comparlsons are made at 12,5 and 125,0 kW, and for designs 1ntended to.
. operate only outside the radlatmn belts as: well a.s :Eor 1ong-term transfer Veh:l.cle operatwns e

' :E'j.,:'. 1n51de the ra.d1a.t10n belts._. :

The potent1a1 performance of the concept mcorporatmg spectral splz.ttmg, hlgh

y -};;;,;-concentratlon, and ‘a dust radiator is shown to be at least a factor of 3 and as muchasa |

- factor of 6'less expensive per watt than a planar array of the SEPS type. The correspond- :
. ing weight parameters show an increase in the W/kg by a factor of 3.1/2 in favor of the .
new. concept. The advantages appear to mcrea.se W:Lth mcreasmg power Ievel. :

’I‘he potentml Welght and coet sa.va.ngs are so Iarge tha.t the concept ceri:a.mlv deserveq

'1mmed1ate :further attentlon. S




. H-1038R3

PERFORMANCE COMPARISON
8 T HIGH-EFFICIENCY/] HIGH-EFFICIENCY o |
POWER |  APPLICATION  |DUST-RADIATOR | CONVENTIONAL | SCOtii-®
D | CONCEPT  RADIATOR CoNegp[ CONCEFT |
60 kg 174 kg | 180 kg
3 HIGH gfﬁ;ﬁgs‘”m 208 Wikg 72 Wkg | 70 Wikg
N 100 $1\W 264 $iW 356 $IW
12.5 ki _ —
,_ LONG-TERM OPERATION| .2 X9 17T kg 225 kg
3 N BADIATION BEiTSe | 192 Wikg 71 Wikg 55 Wikg
. 100 $W 252 $W | 45 $IW
600 kg 1770 ko 11800 kg
i R A oy AP 208 wilkg 71 Wikg | 70 Wikg
= : ' 51 $/W 173 $IW 200 $IW
: 125.0 kW
LONG-TERM OPERATION | 220 K 170 kg 2250 kg
: N RADIATION BrlTse | 192 Wikg 70 Wikg 56 Wikg
52 $IW 177 $IW 300 $IW

' 190-DAY TRANSFER FROM 28 DEG, 250-NMI ORBIT TO GEOSTATIONARY,
WHILE OPERATING
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COMPARATIVE PROJECTED COSTS - H-1034

The tabular data incorporated in the previous chart was plotted as a function of powe:l.":_. :
" level to compare the projected recurring costs of the various design concepts evaluated. The
resulting curves show dramatically the advantages of the high-efficiency concept even without -

resorting to the dust radiator. Even more dramatic are the effects of incorporating the dust.

radiator concept,which can probably result in a savings sufficient to pay for all of the R&D

required for the tailored bandgap solar cells: and the radiator in the productlon of a single

- power unit.at 70 kW of power.

| These curves also show the insensitivity to radiation of the conc'entrated/split concept
compared to a planar array. It is to be noted that these curves are shown as continuous

straight lines, while only 2 points were calculated for each -~ at'12.5 and 125.0 kW. The

- scaling laws predict the curves to be linear, but this should be verified by several point -
designs. For that matter, the 125,0 kW points were establlshed by’ sca11ng the 12 5 kW
desn.gn, and should be verlfled by a separate de51gn si:udy.
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H1034 R1

- Comparative Projected Costs-

5| ® FY77 DOLLARS - | | R e
— @ 1980-85 TIME PERIOD - | -
- { @ UNIT COSTS, INCLUDING SYST ENGR, PROG MGMT, FEE, SUSTAINING ENGR <

_ ‘ : ~
T " - i : o . . . : . ‘,
30— 190 day Mission from 250 mi, 28" orbit to geostationary-orbit /_/
7’
e
Ve
= 7’

g St TYFL ARRAY d GH EFFICIENCY CONCEPT

= 'RADIATION-TOLERANT DESIGN~ HIGH E .

— 20— RADIATION-TOLERANT DESIGN

Q CURRENT DESIGN
o o CURRENT CONCEPT DESIGN

[ .
.= 15
o

=
=

-2 10 HIGH EFFICIENCY/DUST-RADIATOR CONCEPT

A =

— RADIATION TOLERANT DESIGN
J~ CURRENT CONCEPT DESIGN __ __ .
ﬂ—-""'_‘-‘-_-—. .
0 | | | ! | | | I | ] | |
20 , 40 60 80 100 120 ; o
- POWER, KW : @
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CONCLUSIONS
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A number of s:.gmflcant conclu51ons ma.y be dra.wn from the de51gn study and the |
‘comparative tables presented in the previous sections, It should be borne in mind that -

these conclusions and observations are based on numbers obtained from a nonnoptlmum
‘design, and scaled an order of ma.gmtude.

Thus, they must be vmwed ag very prellrmnary,
:;pendmg further analys:ts ancl des:tgn studles. : .

T
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OBSERVATIONS - H-1349

A number of generalized observations were made based on trade-offs that became
apparent during the course of the investigation. It appears that the optics weight can be
madé essentially negligible by the use of thin-film designs., If that is substantiated by
further design effort, then all designs will be driven to high concentration to maximize
the efficiency and minimize the radiator weight,. The use of a few large bandgap, high
energy cells would be favored, operated at moderate (350-’40001{) temperatures and wouild
both contribute to minimizing radiator weight,

If the radiator weight can bhe made negligible by incorporation of new concepts such
as the dust radiator, the design will be driven to very low temperature cells of a single
bandgap, -~ such as silicon or GaAs operated at high concentration, This is because high
efficiency could be attained without resorting to splitting of the spectrum due to the avaijl
ability of lightweight radiators. A combination of lightweight optics and lightweight radiator
would therefore probably result in a design optimization in which at most z few cell types
are-used in a highly concentrated system, kept at a low temperature,

All concepts which utilize high concentration will demonstrate very significant
weight and cost-advantages in missions which must operate for long periods of time in
the eariit's radiation belis, because of their small solar cell area to be shielded., 1t is
clear that configurations other than the one explored in this short study need to be in-
vestigated and a numbexr of parameters and variations studied, Awmong them is the use of
multiple small concentrators rather thar one large concentrator; the choice of the
optimum concentration ratio; the optimum number of different cell types; the use of coa-
centration in combination with stacked multi-bandgap solar cells which do not need spectral
splitting; and design of lightweight rigidized film optics to maintain their optical figure in
the presence of micrcmeteorite damage., It is not clear what shape the optimum concept
will take following su.h design studies. It is clear, however, that such concepts will have
very significant advartages over planar arrays.
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H-1349 RI
| o

| 'O_BSERVATIONS

.;,;;., -,|1: opn cs WEIGHT IS NEGLIGIBLE - DESIGN DRIVEN TO HIGH CONCENTRATI om
- HIGHEFFICIENCY, LARGE BANDGAP CELLS ONLY AT MODERATE TEWPERATURES,
' “[);To NHNINIIZE r\ADIATOR WEIGHT

bl RADIATOR WEIGHT IS NEGLIGIBLE - DESIGN DRIVEN TO HIGHLY CONCEN-
~ TRATED SILICON OR Ga As CELL SYSTEM OPERATED AT LOW TEMPERATURE -

ALL LARGE CONCENTRATION RATI0S RESULT IN VERY SIGNIFICANT WEIGHT AND
 COST ADVANTAGES FOR RADIATI ON-TOLERANT DESIGNS |

OTHER_CQNFIGURATIONS NEED TO BE TRADED OFF, INCLUDING

- MULTIPLE SMALL CONCENTRATORS
~ = OPTIMUM CONCENTRATION RATIQ
- OPTIMUM NUMBER OF CELL TYPES
reLr ADVANTAGES TO SEPARATE VS. STACKED CELLS
= LIGHT-WEIGHT RIGIDIZED FILM OPTICS

| _(TO CIRCUMVENT MICROMETEORITE PROBLEM)
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 CONCLUSIONS - H-1351

This study resulted in a number of significant conclusions. Practical solar cell

_efficiencies exceeding 50 percent and probably 60 percent are achievable in a solar photo-
* voltaic:system in space, using an innovative combination of inflatable and rigidized thin-
film optics, spectrum splitting, tailored bandgap cells, and a dust radiator or other light-
_weight radiator type. The potential advantages over a SEPS~type planar array are very
dramatic, particularly so at higher power levels and for operation inside the radiation belts
for extended periods of time. The potential performance parameter comparison,indicated
in the table on the facing page, shows a 3-1/2 fold increase in the power output per unit
weight and a 6-fold reduction in the cost per unit power as compared to a SEPS-type planar
.arraye. .

A $6-15M research and technology program would be required to bring 2-3 other
solar cell types to the same state of the art as GaAs, Research and development of the
dust radiator is expected to be aboutr$10M more, requiring an estimated $15-25M invest~-

“ment, However, the expected savings in a single power module at 70 kW could be enough
to pay for all this special R&D. Itis clear that more detailed trade-offs and design studies

‘will be required to verify the performance projections due to the very limited depth of this

“design study.,

This technique should be compared with that of stacked multi-bandgap scolar cells
_in.a planar array without concentration., The performance of such a system is uncertain
at this time. It may well be that a combination of such stacked cells with the innovative
- concepts of concentration and lightweight radiation will result in the most attractive
power module concep., achieving high efficiency without resorting to spectrum splitters
and separate solar cell type areas. Assuming that the performance parameters predicted
are verified in further studies, it is quite likely that the cross-over point between the
economic application of solar photovoltaic versus nuclear space power would be raised to
power modules of at least many megawatts. Perhaps there might not be a crossover at all,

Application of techniques such as this to the Satellite Solar Power System concept
could result in a very significant savings in weight and cost, and might make th~ SSPS at
least more competitive with terrestrial power sources, and at most clearly the most
economically attractive option.

&
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S H-1351R2

| CON CLU‘STORS'-' '

-'?*PRACTTCAL SOLAR CELL EFFICIENCY EXCEEDING 50 PERCENT 1S ACHIEVABLE

~ INNOVATIVE COMBINATION OF INFLATABLE THIN-FILM OPTICS, SPECTRUM
- SPLITTING, TAILORED BANDGAP CELLS, AND ADVANCED RADIATOR SUCH AS THE
- DUSTTYPE IS DESIRABLEFOR A SYSTEM -

'_'ﬂ*iz-fr:{;_.RCTENTTAL ADVANTAGES OVER SEPS ARE DRAMATIC, PARTICULARLY AT H]GHER
* POWER LEVELS AND FOR OPERATION IN RADIATION BELTS

..;-:l_.-j_‘-"}:'POTENTTAL PERFORMANCE RARAMETERS @ 125 kW FOR 190-DAY LEO GEO
___;-:-_:rj;TRANSFER MISSION T i RIS

ij-; NEW CONCERT 'SEP-STYRE‘;- S

T ECHNOLOGY/ RESEARCH PROGRAM PEQUI RED FOR 2-3 OTHER SOLAR CELL

T TYPES TO REACH STATUS OF Ga As AND FOR DUST RADIATOR - BUT COST RECOUPED
- IN'SAVINGS ON ONE UNITAT7OKW |

 MORE DETAILED TRADE-OFFS AND DESIGN STUDIES REQU]RED TO VER[FY
~ PERFORMANCE PROJECTIONS R
© CLOSEST RIVAL TECHNIQUE: STACKED MULTI BANDGAP CELLS COMBINATION—WITH
- CONCENTRATOR AND ADVANCED RADIATOR MAY BEAWINNER

. 12




R_'E:COMMENDATIONS - I—I 1350

Inasmuch as the performance projections are based on very preliminary des:.gn
analyses, it is recommended that more detailed trade-off and design studies be performed

-Such studies would treat all elements of the concept, including dust radiators, It is
-estimated that about- $2.50K would be reqmred for such studles. i'. S

i would also be des:.rable to conduct at 1east two laboratory expemments to verify

: the attainable efficiency in a- spectrally split multi~-bandgap system utlllzlng say 2-3 types

of cells, illuminated by an actual solar spectrum through dichroic mirrors. This experi-

ment might be performed for about $300K, In addition, verification of some of the critical
- design parameters for a dust radiator, such as the heat transfer to the particles in a hollow
“honeycomb structure and the basic mechanical devices requlred to propel and catch them,
- might also be. performed for about $400K,

It is expected thai: expenditures of this size would be well worth the effort in terms

- of identifying and na,r:rowmg the uncertainties associated with the performance prog ections .
- of i:hls report. : :

SISIN W




. H-1350R1 .

o . RECOMMENDATIONS

& PERFORM MORE DETAILED TRADE -OFF AND DESlGN STUDIES S
e ;-.‘,lNCLUDING DUSTRADIATOR

e >

e ~$250 K REf‘ lRED

e ‘."-"-":'-_.iPERFORM LABORATORY EXPER]MENTS ™ VER[FY e

ATIAINABLE EFF]CIENCY - $300K F s B
__ DUST RADIATOR PERFORMANCE ~ $400 K
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PART 1l: CELLS DOMINATED BY DIFFUSION CURRENT

1, INTRODUCTION

" The maximum solar energy conversion efficiency of a single p-n
junction solar cell is around 25%. A very important loss mode is the losg
that is inherent when the photon energy exceeds the bandgap energy. This
excess photon energy (hy —Eg) is converted into heat. A promising approach
to achieve high efficiency is to use several solar cells of different bandgaps
so that the excess photon energy loss is minimized. The present study
examines the efficiencies that can be achieved using such a scheme for
space applications.

The use of a multlhcolor solar cell system was propoaed by E. D,

(1)

of decreaging banlgap energy, i.e. Egl > Egz> Eg3° .o
fivst cell will convert the solar spectral interval from E

Jackson. He suggested arranging the solar cells in tandem in the order

In this way, the

gl to oo, the second

one from Eg to B 1° and so on. This type of solar cell stack has been

(2)

high as 40% using 6 cells in tandem. It is evident that conceptually it is not

recently analyzed by Loferski’ ' who found a theoretical efficiency as
mandatory to arrange the solar cells in tandem. The same sort of efficiency
would apply if the solar spectrum is first dispersed and properly divided

and each cell receives the appropriate portion of the spectrum, From the
standpoint of efficiency calculations, the two schemes may be considered

~ equivalent., Hardware design and losses due to practical considerations
obviously would be very different. -

The present si:ud-y' examines how the efficiency of such a multi-color
solar cell array depends on (1) the number of cells, (2) solar concentration,
and (3) temperature. The objéctives are to define the general characteristics
of a multi-color array and to provide numerical results for design and

trade-off studies. The three chosen parameters are the basic ones, they

bhave to be known to provide a basis for the selection of materials and the
formulation of design concepts. Solar concentration is considered inkerent
because of the expected high cost of multi-color arrays and the increased
efficiency that comes with ccuicentration. Température is considered an in-
dependent paramete"r; it is assumed that thermal design will fix the array at

some desired temperature independent of solar concentration, _

| .
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, tha.t the se:u.es resmtance R = O and the shunt resistance R

‘In this first phase of the study, emphasis is placed on obtaining

“numerical results over a wide range of conditions. The simplest model

of the solar cell is used. It is taken to be a p-n Junctmn with the junction
current at:tmbuted to the chffusmn of carrlers, the so~called ideal diodes.
Thig approach is similar to that reported by Loferslu( ). Other possible

. models for the junction and their effect on the calculated efflclency will

be the subgect of future commumcatwns.

© 2. MODEL OF THE SOLAR CELL ARRAY'

'I‘he solar cell is a.s sumed to be of the conventional p-n junction

i type with an equwa.lent circuit as shown in Fig. 1. It will be assumed

SH e

" These’ assumptmns will tend to overestimate the calculated eff1c1ency' but

it is unlikely that for cells comparable to current typical high quality cells,
the assumptions will affect the major conclusions on the optimum distrib-
ution of ba.ndgaps, the dependence of system efficiency on the number

of cells, and the effect of temperature. R, may play a sv.gmfmant role

A‘at hlgh sola.r cone entratlons, this problem w111 be considered in the future.

For the parametric study, the idealized mmodel will be used.

In F:Lg. (1), the short-circuit curreit I 1"3’1:116 current produced -

by the light-generated electron-hole pairs in the vicinity of the p~n junction.

IJ is the Junctlon dark current and is obtained from the (usually) known I—V

- 'r.charactemshc,s, 1t su‘btracts from the photocurrent. From Fig. (1)

I—I ~I<VJ S )

e ~, Smce the output power is P = IV maximum power 1s delwered to the load

'When | - o
o dI 1 o
dV Y o
Bt T B




A=7

Re I —
AARAAN o G-

)
th
.l
<
LOAD

Fig. 1. Equivalent Circuit of a Solar Cell




where I P and V P are the current and voltage at maximum power.

‘The short-circuit curreat, I o is determined by the light intensity,
the spectral bandwidth, the absorptmn coefficient, f:he collection effi-
~ciency, and reflectl-v:.ty, etc. In this discussion, umty collection effi-
ciency will be assumed to be a step function at the bandgap energy. In
| other-words, every 1nc1dent photon of energy greater than the bandga.p
will create one electron-hole pair whlch will. be separated by the field

“of the p-n junction and contributes one electronic charge to the short~

cireuit current. Isc can then be expressed as an integral of the solar
spectral intensity curve.

E
c

Lo (B Ey) = C K % oh(E) dE | (3)

E
E

. where C is the solar concentlatmn factor, ‘n h(E}o the number of incident

photons cm o ~sec’ between E and E + dE, Eg is the energy gap and E
is the short-wavelength cutoff, or the bandgap of the next higher energy

~ gap solar cell in the case of tandem operation and ¢ is the electronic cha.rge.
fiph (E) is ava.llable in the literature for varmus types of solar spectrum.

- Tor this study we W‘lll use the 1971 NASA a.lr mass zZero spectrum (NASA,
SP-SOO T, May 1971) as gwen in Ref, 3, The NASA power spectrum has
been converted to photon flux spectra as shown in Table 1, which can be Il

used chrecf:ly to compute I from Eq. {3)s A IR S s %
For some computa.tmn, it is convement to descrlbe the solar |
spectrum in a closed-form, The NASA spectrum was found to fit the ' i
following empirical equation to within 7% between E 0.6 eV and E 4. eV, |

Isc(eo,E) = G . Cyexp [- (C,E. +-¢3._E.._>__] mA-em U (4)
© whexe - . G = 'ssle;'r‘ concentration fadtor

L cz = 0 4485

A-8

'*"ie':o 2192,"f*
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Table 1. Air mass zero, AMO, solar radiation. Number of pfaotons per cm2
per second, Nph’ is taken to be zero at E = hv = 7 eV, where h is Planck's
constant, y, frequency per second, and eV, electron Volts, Wavelength, A, in
micrometers is related to E by Lv = 1,23984/\. Short circuit current I__(E)
is in mA per cmz: it is equal to Nph times electronic charge, 1.6021 x 1862'16

mCoul, per photon or electron., Nph (E), ISc (E) and Solar Energy (E) are
values integrated from 7 eV to E.

-14, Solax -14 Solar
E = hy A 10 Lh 1 C(E) Energyz E = hu X L0 Nph 1 _(E)| Energy
s mW/cm s¢ mW/cni
7.000{ 0,1772 0 0 0 1.900 | 0.6526] 1382,7 | 22,152 56.61
5.000 | 0.2480 2.9 0. 046 0.25 |[1.800} 0,6888| 1568.8:] 25.134 61,87

4,000 0,3100| 31.8 | 0.510{ 2.24 {1,700 0.7293| 1757.3 | 28.154| 67.32
3,900 0,3179| 4l.1 | 0.569] 2.84 {11,600 0.7757| 1966.9 | 31.512] 72.94
3.800 | 0.3263| 53.4 | 0.856] 3.59 [l1.500| 0.8273] 2198.8 | 35.227| 78.65
3,700 | 0.3351| 68.9 | 1.104] 4.51 [|1.400{ 0.8862| 2445.0 | 39.171| 84.43
3.600 | 0.32444| 85.9 | 1.377} 5,51 [{1.300 | 0.9539] 2715.9 | 43.512] 90.34
3.500 | 0.3542] 104.7 | 1.678] 6.57 {{1.200| 1.0353] 3020.5 | 48.391| 96.35
3.400 | 0,3647 | 125.2 | 2.006] 7.71 |[2.100 | 1.1289| 3335/6 | 53.439| 102.23
3,300 | 0.3757| 149.3 | 2.392] 8.99 [{1.000| 1.2418 3674.9 | 58.875| 107.89
3.200 | 0.3875| 174.8 | 2.800{ 10.30 [|0.900 | 1.3789| 4011.4 . 64,267 | 113.34
3.100 | 0.3999 | 203.9 | 3.267] 11.79 [[0.800 | 1.5514] 4413.5 | 70.709| 118.60
3.000 | 0.4133| 249.2 | 3.993| 14.00 |{0.700 | 1.7724] 4817.7 | 77.184] 123.42
2.900 | 0,4275| 301.7 | 4.833] 16.46 ||0.600 | 2.0675| 5175.4 | 82.915] 127.14
2.800 | 0.4428 | 358.5 | 5,743 19.09 ||0. 500 | 2.4803| 5513.2 | 88.327 130.17
2.700 | 0.4592 | 433.5 | 6.945{ 21.37 }|0.400 | 3.0996] 5854.2 | 93.790] 132.64
2.600 | 0,4769| 518.6 | 8.309| 25.99 [{0.300 | 4.1333} 6122.0 | 98.080 134,14

_2;500 0.4959 611.7 9.800| 29,78 {{0.200 { 6.2249{ 6325.6 {101,343} 134.95

2.400 | 0.5166 | 711.8 [11.404} 33,71 {{0.100 |12,4177| 6426.9 [102.966| 135.25
2,300 10,5391 ] 818.9 |13.120} 37.84 [10.000 00 6476.6 |103.762| 135.30
2.000 | 0.5636 | 935.5 |14.987| 42.08
2.100 | 0.5904 | 1068.3 |17.116] 46.66
2.00010.6199] 1223.8 |19.606} 51,53

e
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The particular form of solar spectrum that was used will be specified
with the discussion of the results.

The model of the junction is largely determined by what is assumed
for the junction current Ij of Eq, (1), In the so-called ideal diode ap-
Proximation, Ij is due to the diffusion of carriers across the junction, its
dependence on voltage V and temperature T is given by:

- av,
Lv) = IL(E)| AxT (5)
e -1

where A is a parameter, and A = 1 applies to the ideal diode case and kT

has its usual meaning. Io’ the saturation current has the form:

9 -E
'B'k'% | ma-em™? (6)

e

I (E) = 6.03x10
°c g

v;rhere the numerical constant has been chosen to be representative of Si
solar cells, B is a parameter equal to unity for the ideal diode approx-
imation.

The procedure to calculate the maximum efficiency of a solar cell
with bandgap Eg’ and a high-energy cutoff Ec is as follows:

(1) Given (Ec, Eg) and C, Isc (Ec . Eg} 'is obtained oy Eq. {3}).
(2) Given E, and T, IO(Eg) is calculated by Eq. (6).

(3) Egs (1), (2), and (5) can be combined into:

v (AkT) '
(R I (E,E) (7)
P 1+ (va/AkT) sc e g
and
I ,E E
v = AkT {In se (e g}l In {1+ ~—-Evm ] 8
mp I (E AKT J )
o] g)
A-10 for qV/KT >>1
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Egs. {7) and (8) are then solved for I and V by :
mp mp i
successive approximation with A = B = 1.,
(4) The maximum efficiency for the cell between Eg and E

is 7 =(I__.V__}/135.3 mW—cm"z.
mp mp

c

The array efficiency is obtained by adding the individual efficiency '
from each spectral increment, To obtain the optimum value for the array :
efficiency, however, it is necessary to go through a selection of the Eg
values of the individual cells in order to have an optimum combination, =

The optimization method are discussed with the results below.

3. RESULTS

"As discurssed in Section 2, the results " resented here have been
obtained in the ideal diode approximation, Mathematically, it corresponds
to setting A=B=1 in Eqgs. (5) through (3). FPhysically, it assumes the junction
current consists only of the diffusion current.

From th'e- design standpoint, it may be an issue on power conditioning
whether each spectral segment should have the same current output, For
this reason, the optimization of the multi-color array was studied in both
cases: (1) Im values not necessarily equal and. (2) Imp valies required to .be the

same for each spectral division.

A, Efficiency with No Constraint on Imp .

The approach was to calculate the efficiency of a solar cell between .

the spectral region (E , Ec) using the procedure described in Section 2.

Y O

The NASA-AMO spectrum was used directly, To calculate the array

efficiency, it is necessary to assume a certain range of values for E .,

o

After some preliminary calculation, it was decided to restrict the ba%ldgap
values to 0.6 eV = Eg = 2.40 eV. Any solar cell with E_< 0.6 eV has
negligible output because of the low solar power in the long wavelength
region (~6% at less than 0.6 eV) and more importantly because of the low

open-circuit voltage of the cells, The upper limit for Eg is somewhat




arbitrary but the conclusions are not sensitive to small changes in the
choice of the limit. In the actual calculation, the s:nallest E_ determines
the long wavelength limit of the solar spectrum that is used. The entire
short wavelength region (toﬂ hy= 7 eV) is however used regardless of choice
of the maximum value for E .,

A typical computer output of the calculation is shown in Table 2. It shows

the maximum solar (ell efficiency (I mp V /O 1353) in a matrix form

for different Eg and Ec. ‘As an example of 1ts use, suppose we have a
Z~color array with the first solar cell at Eg = 2,30 eV which absorbs all
the higher energy photons. Its efficiency, reading down on the Eg = 2,30
colummn to Ec = 6, QQ_eV, is 16, 01% (relative to 135.3 InW—-_cm-z}. If the
second cell has Eg = 1,60 eV, it absorbs between 1.60 eV and 2.30 eV and
its output efficiency is 13.22%. The array efficiency of this 2-color array
-is therefore 29. 23%, _ ' .

Tables comparable to Table 2 were constructed for different conditions:

T = 200K, 300K, 400K, 500K and solar concentration Cc=1, 100, 500, 1000,
From these tables, the array efficiency was determined as a function of

the number of cells operating at different temperatures and solar con-
centrations. The calculated efficiencies are optimum; they were deduced
fo be optimum by trial and error using various combinations of Eg ~values

following the procedure outlined in the above example.

The multi-color 'array efficiency is plotted vs. N, the number of cells

or spectral divisions in Figs. 2-4. The following observations are evident
from these curves, '

{1) For all the different operating conditions in T = 200 - 500K,
and C =1 - 1,000, the limiting maximum efficiency is
nearly reached with 10-12 cells. Thus there is relatively

little to gain by increasing the spectral division beyond 10-12.

(2) Elevated temperature decreases array eificiency.
Typically for G = 100, and N = 12, array output drops by
about 0.17 of its value per 100K increase. Thus it is

' unportant to maintain a low operating temperature. '

A=12 -

O
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. TABLE 2. EFFICIENCY OF TANDEH SOLAR CELLS. EFFICIENCY IS IN 0/0.

Cot.000

SOLAR. GONCENTRATION .

1iUM

]
m
o
P=
o

]

R

]

s
o
o
=
S
=3
o
L
h:ﬁ

?E/E5=§Sﬂaﬁap»

L oo aNMIFINC o NER.
. S PF B k.o ® R A BARS
MNP O ed NI b o
© wef ool ndamfoe] -
2 NIO 0N N OSSP
oG O oINNMMOMm
P86 Q00 aBSERIRE
T N QAN O ey 2 0
oot g v g ped oy 4
= D OO DI EHD Y QUGN

DO OO O NIO0N

.lll.....él"l‘
02#5?901233555?

sj ottt el i

0195898980137#28
IO P o 00 v el o DN OOV
LIS B S B NN B BN B R BN AR I RN ]
NN NIV O NN

ord wd D] o e d et d e

Y oY W oo LT o TN 2o R T 1

O N e i OO O et 2 OO FT DU

& W & ® & " a ¢ s ae ke ad s

024589123Q5578899

=t o] i ol e et
SO NN M0 0 DN VD YR OV U
et e M O I 0wt M i Tawrd o o (PO

.9.'0..“.#‘0..!.'.

S 0 MO0 M IOV oV Gy

SO i Hin N Yemao
& B & W Hh N 8 @ 4w eSS e D R AN
SO O H M INO PN OO O v v
o=t ] o] red d el { OY O DIDI O
cond e N et =S Oo e
. OO MO NN MO DN QR o aaln
‘A B A& R AR RN e P NS e EN
C0USD QT M F IO N O S vt I
. ot ol el oeed e ed ot e DU DU O NI DI D
e ) o\ D N A O YN, a0 P R O
(=T Y AN WOk M . O MG
nuasnagunec[s s e amseeraeaan

[ =1 VPG Tel-ad 2] p
i i el et e O O I Oy
PN = O M At N OO O N O
QNG Mo P M NG WILN D NI DD oI
XN I AN N R RN B B B RN B A B

SINOA o Mo e = 0N G

GO D T IO P O O OV e et DI DU U

ot et o] ad vttt = U OU U O OO

MO O MM O IO MNP D MO O N INWO R0
ot OV U EI PG O e 0 e el o D 00D L2 MY e QLD N O
’Qt‘l.“ﬁllttl..tb'tt.!A
S0P LOL0 O v B LA I 60 60 OY € Er o o (NI QU NI M0
ot ot et e -l e e = U OO B OO0

M INMOHWO OND OO D i TP (I vl L0 !
COSOMON D+ O IIN M Holn o i oMo
N S S g u A H e DO T g NS S 9 T SRS NAE S
ST IO oMM IO M OO O v - Oy
=t et el e ot e ] e ared e OO VO O DO

S oM S NNS K MNN H FOD INE WO

O DO NP IO 0O F NNOHIN O o0 A F N

® 9 % ¢ D 3 4R 6 SV E S ¢ O a8y e tE N
(=Pl opd ¥ L a T T T N T oo B o TaYVa { o - o Yo R T gt I0 S B £ T
wd et omf o e e ] e o et DU OO DD DO

D QO O N OO O P OO

I, NS UMD O e 0 L OO o] F PN O D

(N EEREEEERE R EREENENREREERENEXE XN RN

E13568901234555??8SagggﬂUD.

L ] et e e e et el el o e S U

OO F O OO e et ol - U CO TN B MY - I DO
QIO o it O ot =IO MO U G oA Dy 3
4 % 2 8 &0 4 8% Fanwagassept ey naan

£ i 0 M 0 DO N U IO M R M 0200
o] T e Tl oed el T e et e o] o et e el ]

DNt 5 MM O N =i 0 O o N dHn Fre-ilUM O MRy

| OO O F RSO MM i N OOVOU F AN 3 IN O

ﬂﬂ.lllﬂ‘CQQHG.Bt.l..ﬂll!.l‘.ﬂ.l..
Sl fI . IO O P E O v (A N M N LN,
) oot o ot e v o e ot e st ) o] e o
D UNND o P S MO -3 LM O v D e e NG D =g

P QMO e MO O M o MR O oMo MM SFINWD -

L, e ee e 8RN R 0 ES s eI e DN ey TSOE e e G N
e e OO M a3 o S B Gy el el I O U OO

et e vl e e ol e ot ed et o e e
UBDGE?896120793713430589#43941
O =i D OU£0 3 oS V2 O O A RO AR 63 ol ) UV, OD E3 o 0PIV OO i)

0030641B379ﬂ974046?88751?535834

AD P €0 TN D e S LD N- 20 OV O i V) T L R D D E N O e O
11111111112222????223333345.

dw wefrd ot o el et e YO
Q@ ORI N0 OO D P e WD M YOMA

.. %@%w Qo

<90 1.00'1&13 1,20 1.30 1;43»1,50 1080 1,70 1.80 1,90 2,00 Zii“f?‘au z;suiaaé

o8 O N %3 3YEN L NTFANCAE TGN g AR SN
,.11?233&4555565?77?7888383888q

| O 1) O et S AD O ¥ LD P (D P2 INAD P 00 G D el ol I G M b
240 0 8 RO NS T e e AN g% e
@ NN IS MMM G bt
:Dﬂﬂﬂﬁﬁﬂﬂﬂﬂﬂﬁﬁﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂnnﬂﬂ

Iﬂl.lllll'.llll..I..O.I‘IL‘ﬁ‘I..‘

; E(Esi_

;au'

953

BAND GAP?Z’

0. 00

a.su;a.suAa;?u 2,80 2490 3,00 3020 3440 3.60 3480 5,00 B, 90  PAND SAP

[=],2
[=1,\3
®* e
[T 3]

o
(=1 N3}
s o
= oW

TR o)
[~ [-=1s]]
a o e w
[T PeT
(= FC o g )
oGy
¢ xaoca
(=P (3 V13V 5]

SN O

R — IE 1T [Te TV P
% &a ¢ u®

o eMFIN

O nE
SOMmFMIMR
‘" a8 v 089

MU -

oo ool
oMM O Mm
a9 et aaes
i IO

001833531
e I o Ne
SRS e §gaes

01?&56789

6?5883242
0713133164

.‘lﬂ.ﬂ.‘..y
SURRIVY = ey P T Z] Y. 2%\ Ta Y-
S - T
IR — 1T T S 1a¥] 7. o Te B oo )
L O O D O EO D w20,
8 4« % g &N e g9 e
LSy F O OB i
s T ateded
‘eI O F oo MInnm
S0V . 50N F 10D

g e @ N B R A mn W

‘ 013567901223

11111.




A
Figure 2, Attainable Solar Cell Efficiency
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{3) The obtimum efficienéy increases significantly with
. .ccncentratmn. A converswn effmmncy of over 55%is _'
‘ ;poss:.ble at C 2 100 and N=12 at 300K.

(4 Effmzency increases rapidly between C =1 and 200, and
contmues to rise but onlv gra.dua.lly. The model used is
probably not valid at G > 10, 000, bu.t may be confldently

used at C'= 1000. o
(5) A good range of conditions for prelimina'ry design con-
_-__s1derat1ons for high efficiencies appear to be is C = 100 -

500, N=6-12, a.nd T = 300K.

B. Effmlency at Equa.l IInp

To treat this case Where all the cells must have the same Im . it

~ was found convenient to use a d1f£arent computer program. The salar

| spectrum was apprommated b'y' Eqg. (4). Using this closed-form, fhe )

Isc’ and thereforg I np’ can be calculated rea.dlly ‘between any two

.energie_g B g and E . An example of prlcal results is _sh_own in Fig. 5

where I mp (Eg E ) ig plotted against Eg with E as a parameter. The.

h1gh—energy cutoff is set at 4 eV since there is negllglble solar energy

above 4 eV. To see how this f1gure is used suppose I mp = 500 maA is

the desired current. Following the E, = 4 eV curve, we find the inter-

section with 500 mA at Eg = 2.8 eV, Thus a cell w1th Eg = 2.8 eV will

give Imp 500 mA. To determine the next cell, we drop down to the

E, = 2.8 eV curve, and followmg it to 500 ma. Wg find for the next

. celd Eg = 2.4 eV. This process can be repeated to determine the positions

of all the E_ values for a given I mp’ Knowing the E_ values a,_'n_d the given -

| 'Imp’ the arra.y efflclency can then be ca.lcula.ted. It is evident, however,
that as the low energy cutoff is a.pproached usually there will be an end

portmn of the spectrum which cammot be used because it does not contrlbute

. the required 500 mA. The array efflclency would then be lower than

optimum, To obta.m ‘the optzmuxn efflclency for equal rather than fl:x:ed
I I . can be adJusted up and down in thlS case a‘boui. 500 mAunul the

SR mp “map.

%
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total array efficiency is a maximum consistent with N being an integer.
This procedure was actually uéed to determine the efficiency, current,
and bandgap positions under a varieiy of conditions, ."I’he results are
shown in Tables 3-6. These tables can be used to select the reQuired
mai:emals to make up an efficient array.

| 'Additional results are shown in Fig., 6 for a 12-cell array operating
at 300K and C = 100, It shows the E_ positions of an optimum array and
their contributions to the array efficiericy. It is evident that Cell No, 1
with a wide bandgap of 2.74 eV contributes nearly 10% efficiency out of a
total efficiency of 54%. On the other hand, Cells No. 11-12, with bandgap
at 0.72 and 0. 6 eV contribute less than 2%. This trend of favoring wide
gandgap cells is common in all the operating conditions studied and points
out that it {s important to develop wide bandgap solar cell materials if multi~
color arrays are to be éonsidered.

The calculated array efficiency curwas are nearly the same as
those shown on Figs. 2-4, where equal Imp was not imposed as a condition,
Thus, equal I.n'lp appareqtly is not a severe restriction in determining the
functional dependence of the ultimate theoretical efficiency although the

absolute values are in some cases slightly slower,

4,  DISCUSSION

The 'genera.l conclusion of this study is that a good starting point
for a design study is on an array with about 10 cells operating at 100~
500 solar concentrations and at as a low temperature as possible.

Favorable efficiency values in the 50-55% region have been obtained
from this study of ideal diodes. The calculated values can be considered
‘theoretical limits since most real cells have additional junction current

and other losses not included in the idealized model. In a future com-
munication, the efficiency of solar cells with junction current dominated
by generation - recombination will be treated. The efficiency is expected
.to be lower than those presented here. It is reasonable to expect the

efficiency of a real multi-color array tofall within the two limits since

A=19
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Table 6, Characteristics of Multi~Color Solar Cell Axrays at Equal Current from Each Cell
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state-of-the~art high efficiency Si solar cells do lie between the two
limits, |

While the results here show a trend of higher efficiency with
increasing solar concentration, certain limitations of the model must
be noted, The most severe limitation is the neglect of series resistance.
At high current densities that are attained at higher concentrations,
series resistance will cause a large voltage drop in the cell, The
problem becomes one of obtaining closé spacing between metallization
grids without at the same time covering up a large fraction of the active ‘
area. With increasing concentration, at some point, the simple p-n
junction model will breakdown as the minority carrier density exceedsthat of
the majority carrier, but the point at which this occurs can be made to
fall at a higher concentration by increasing the number of spectral
divisions.

The increase in efficiency at lower temperatures is interesting,
It shows a definite need to dissipate the heat generated by concentration.
The design should maintain the array at as low a temperature as possible
by connecting it to a radiating surface. |

Finally, the real need of developing wide bandgap materials in the
region of 2-2.7 eV has been identified, The utility of the multi-color
concept will be severely limited without wide bandgap solar cells.

A=25
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PAR'I‘ z GELLS DOMINATED BY RECOMBINATION cURRENT,' .
B S EFFECT OF REAL MATERIALS ‘

1 : J:NTRODUGTION

Pa.rt L of tlus appendu: addressed the attamable efflc:.ency of multi- .

‘ colcr solar cell arrays. Array effm:tency was calculated as a functlon

'of the number oi‘ cells (spectral d1v151on) ’ tempera.ture, and solar concen-' '

g tratlon. : 'We found that i:he l1m1t1ng efflcz.ency would be nearly reached

: Wlth about 10 cells, and a hz.gh ccnversmn eff1c1e:ucy, exceedmg 50%, was. . o
::'._'precl:.cted. All practlca,l los ses (reflectlon, serles re51stance, etc.) were ESICE
:.;neglected. Moreover, _the array was concelvecl to'be a serles of :Ldeal }

dlodes, lie., the junction current was ta.ken 0 be due to d1f£u51on current

only.  Both assumptlons tend to overestimate the efflca.ency. I th:r.s

o -study, we repeat the calculation but take the dzode to be less Ideal the

o - _Junctzon current 1s now assumed ‘.:o be do:rmnated by the generatlon-

B EFFIGIENGY GALCULA'I’ION

recombmatmn current. “Thig model will give lower efflc:;ency‘ of & mifes
: cell a.rray uslng the bandgaps of real materials chosen to closely 51mulate '
. --'the optlmum bandgap dlstrlbutmn determlned in Pa.ri: 1.of the study. T,he
, results show tha.t the real materlal arra.y has the same eff1c1ency a.s
o thai: predlcted by i:he hypothef:lcal a.nd cptlrmzed case. I

The procedure to calculate array effs.clency is desr:.bed 111 Pa.rt 1 |

. -A br.lef su.mmar}r is glven below showmg the dlfference between f:he twc T

:.stuches. ‘I'he current Ito an externa.l load is g:wen by the dlffe:rence

-_..between i:he 11ght-generated current I o and the Juuct:.on current .-I‘. |




Isc is determined by the épecified spectral interval with an assumed
unity quantum effiéienby. The current-voltage (V) relation and the effect
of bandgap (E g) on the saturation current (I o) are given by

R

L () =1, (B | gy (2)
A *6 109 | Ze | an 2

Io (Eg) = 6,03 x leBkT . ~cm (3)

The chosen numerical constant in (3) is representative of Si and GaA s and
is assumed to be applicable to other materials as well. In the earlier
study, the ideal diode case, A=B=1 was used. In the present case, A=B=2
is appropriate when generation-recombination current dominates Ij.

Following the procedure of Part 1, the optimum array efficiency, as
determined by the maximum power point, was calculated as a function of
the number of cells (N) at 200K, 300K, and 400K, and solar concentrations.
of 1X, 100X, and 500X, The results are shown in Table 1. The way
efficiezicy depends on the three parameters is very similar in both cases.
The major difference is that the overall efficiency is lower in the present
case. As an exampie, at 300K, the éfficiency for A=B-~2 is reduced to
voughly 0.81 of the earlier A=B=1 results at 1 sun, 0.93 at 100 suns, and
0.98 at 500 suns, It is evident that the difference between the two models
beco'més smaller with 'higher'solar concentration. Table 2 illustrates the
dectrease in percent eff:r.clency compared to the case of diffusion~dominated
junction current. '

The results so far have been obtained without an identification of the
real materials that may be used for the multm»color arrays. A survey was
made of the sems.conductor materials that are potentlally useful for thls

- application, Specifically we chose a series of materials that closely '
. ;'e_éemble,the calculated bandgap_s-fo.f a nine-cell array. The mé.t’erials" o

are shown in Table 3, where we have indicated also the type of optical '
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- Table 1.. Efficiency of Multi-Color Solar Cell Array (A=B=2) (%)

No.ofCells -~ 1 .~ 2 3 "6 10 ‘iz’

200K . 25,3 35,4 - 40,6 . 47.6 . 5l.4
© 300K 19,2 26,7 30,6 - 35,3 37,1 37,9
LU400K 144 1907 227 0 25,7 o273

100 SUNS
200K 30,1 - 42,0 48,3 56,2 60,0
300K 252 35,1 40,1 46,7 . 48.9 . 49,9
400K - 2L1 29,2 33.3 . 383 40,6

500 SUNS

300K 27,7 385 440 5.0 . 542

400K 240 . 332 378 435 ez




' Table 2. Decrease in Percent Attainable Efficiency
Due to Generation-Recombination Current
. CELL NUMBER OF CELLS
| CON CENTRATI ON TEN\P{I)Z‘?ATU RE 1 5 3 6 12
o 30 | 4.0 5.8 6.8 8.5 9.9
1
400 4.2 6.2 7.2 9.1 0.4
L 300 1.2 2.0 2.4 3.4 4.2
I . —
- ' 400 1.3 2.1 2.6 3.5 4.6
300 0.4 0.3 0.5 L3 2.2
500 . _
400 <0.1 | <0.1 0.4 L1 | 20
A-30
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Table 3.

EG (eV)

2,86
2.5
2,24
2.0
1.8
1.6
1.4
1.1
0.7

#This range can also be cm;-ered by GaAs P and Ga A1lP

Materials for a 9-Cell Array

Material
SiC
Al P or Cds
Ga P

(Ga, In} P
GalAs

Si
Ge

Transition

Indirect
Indirect

Indirect
Direct
Direct

Indiract

Indirect

GaInP was picked because it is direct to higher energies

A-31

dead




o G ednt

N i N LD

P T T,

LT 2 i VTR i F IO

transitions in each material, Variable composition alloys are included;
they are helpful because their bandgaps can be tailored to specific values
within certain limits, The efficiency of the prototype solar cell array was
calculated using the bandgaps of these materials, The results are shown
in Table 3 and 4 for both cases: A=B=1 and A=B=2, The efficiency values
can be seen to be practically identical to those calculated earlier from a

hypothetical and optimized list of bandgaps.

3. DISCUSSION

The modeling of the junction current by the generation-recombination
Process results in a lower efficiency for the multi~-color array. Still, at
100 sun concentration and 300K, a nine-cell array will yield 48% compared
to 53% in the earlier ideal diode case. In a good practical solar cell, the
Jjunction current effect is expected to fall within these two limits as is
found in silicon solar cells. Practical losses such as refleétion, sheet
and shunt resistances, and surface recombination will reduce the achiev-
able efficiency to a lower value, _ .

The use of a prototype using the bandgaps of nine real materials give
a predicted efficiency the same as that calculated from theoretical band-
gaps. This is not surprising since with enough spectral increment, one ’
would not expect the array efficiency to be sensitive to small bandgap
variations. The discrepancy between the real material and the hypothetical
caée will be more noticeable when a smaller number of solar cells are
used, ' .

The only material property that has been used in our studies is
the: bandgap.. Theoretically, the. transport properties enter into the
pre-exponential factor in Eq. {3). However, that factor has been treated
here ag an empirical parameter which is found to have about the same value
for GahAs and Si, ‘a:ad therefore was taken to be a constant for all materials.

It remains to be seen whether this is a good-assumption.
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Table 5.

Efficiency of Prototype 9-Cell
at Different Temperatures T an

T=200K

Array with Bandgaps Given by Table 2,

d Solar Concenirations C. A

T = 300 K T = 200 K
' " c=1  C=100 C=500 " =1  ©=100 C=500 | G=1 C=500
n (2.86): 8.57 9.17  9.38 7.47 8.36  8.68 6. 42 8.01
n(2.5)  6.38 6.91 7.10 5, 42 6.21 6.48 4.50 5,90
n(2.24): 5.28 5.80  5.97 4.37 5.12  5.39 3,49 4.83
n(2.00) 552 6.13  6.35 4,44  B5.34  5.67 3,41 5,02
n(l. &) 4,89 5,52 5.75 3. 80 4,72 5,05 2,77 4., 40
n(i.6) 475 5,48  5.73 3.52  4.58  4.96 2.38 4,23
n{i.4):  4.65 §.52  5.82 3,22  4.48  4.93 1.93 4.10
n(l.1) 5.86  7.45 8.0l .45 5,72 6.53 | 1.43. 5.18
n(0.7):  3.59 6.09  6.99 0.65  3.71 . 4.95 | 0.00 3.22
n(Total): 49.49  58.07  61.10 36.34  48.24 52,64 | 26.33 24. 89 %
A=33
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Table 4. Efficiency of Prototype 9-Cell Array with Bandgaps Given by Table 2,
at Different Temperatures T and Solar Concentrations C. A=B=1

T = 200 K T = 300 K T = 400 K
o : C=1 C=100 C=500 C=1 C=100, C€=500 | C=I C=100  C=500
M(2.86) = 6.85 9. 50 3,600 8.36 8.81 - 8,97 7,54 8.13 8.35
4 M(2.50) = 6,94 7.20 7.30 6,19 6.59 6.73 5,48 6.01 6,19
| ‘ n(2.24) = 5.81 6. 06 6.16 5.10 5.49  5.62 4,41 4.92 5,10
Lk 1(2.00) = 6,13 6.44  6.55 529  5.75 592 | 4.47 508 530
a4 n(1.8) = 5.51 5. 83 5. 94 4.65 5,13 5, 29 3,81 4,44 4,66
n(lb) = 5,44 5. 81 5.94 4,46 5.01 5, 20 3. 51 4.23 4.49
n(l.4) = 5.44 5. 88 6. 03 4.28 4,94 5,16 3.18 4.03 4,33
N(l.1) = 7,14 7.95 8.24 5,10 6.30 6.72 3.19 4.73 5, 28
M(0.7) = 5,25 6. 58 7.04 2.25 4,10 - 4,76 0.11 - 1.91 2.71
n(Total) = 56.85 - 61.25 - 62.8 45, 68 52,12 54,37 | 35.70 43, 48 46, 41%
A=34




. J

The materials that are listed in Table 3 have well-known semi-
conductor properties except possibly SiC. Howewver, not 2ll of them have
been made into solar cells. In most cases, the technological problems
associated with their use are yet to be identified. There are, however,
some general statements that can be made based on the characteristics
associated with the type of optical transition, The direct transition
materials have a much higher absorption coefficient than the indirect
materials. As a result, they can be made thinner, will tolerate a shorter
diffusion length,but will also require a good control of surface treatment
to reduce surface recombinations. The materials problems to be solved
are exemplified by those found in the development of Si (direct} and GaAs

{(indirect) solar cells.
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