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. " “'FOREWORD

A Terrestrial Photovoltaic Measurements Workshop under the joint
sponsorship of ERDA and NASA was held at the NASA Lewis Research Center
in March 1975. Nearly 100 people attended from all segments of the solar
cell community The workshop was divided into three separate sessions:

(1) Soldr Intensity and Spectrum Conditions for Terrestnal Photovolta1cs

(2) Terrestrial Sunlight Simulation

(3) Methodology for Measurements and Calibration of Solar Cells

A broad spectrum of short papers was presented; then the attendees ad-
dressed key questions in the workshop sessions. The separate sessions were
held concurrently.

An interim draft of procedures for testing solar cells for terrestrial
applications that resulted from the workshop sessions is available from the
NASA Lewis Research Center. A final version of the test procedures manual
is planned for the summer of 1976,

This conference was under the cochairmenship of Leonard M. Magid
(Division of Solar Energy, ERDA) and Henry W. Brandhorst (Head, Photo-
voltaic Section, NASA L.ewis Research Center).

Technically edited by
Larry N. Scudder
Thomas M. Klucher

NASA Lewis Research Center
Cleveland, Ohio
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INTRODUCTORY REMARKS
Daniel T. Bernatowicz

NASA Lewis Research Center
Cleveland, Ohio 44135

I want to welcome you to what we believe is a very important meeting.

I am very pleased by your response to this meeting called on such short no-
tice, especially because it indicates you share our feelings as to its impor-
tance. In this meeting we must all agree on how we should make our effi-
ciency measurements, then we can compare and discuss our results knowing
what each others measurements represent. We had a number of inquiries
over the past months from investigators who have just entered the field,
asking the best way to make efficiency measurements. I think the longer you
are in the field the more you recognize the critical need for a standard way.
It's an important problem. How easy a problem it will be to settle in 3 days
really depends on us. It's not so much a technical issue, it's more a
''people’ problem, one of reaching a concensus.

From my past experience with the solar cell community and the fact that
so many representatives are here, I'm really confident we will cooperate and
that at the end of the 3 days we will be very close to having agreed on the
exact way we want to measure efficiency in the first few years.
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PURPOSE OF THE WORKSHOP
Henry W. Brandhorst, Jr.

NASA Lewis Research Center
Cleveland, Ohio 44135

Absolute measurement of solar cell performance is a difficult task.
Furthermore, obtaining agreement between laboratories is even more diffi-
cult, but essential, It is imperative that these problems be solved for the
terrestrial photovoltaic program. In the space program these problems were
solved by finding ways of calibrating solar cells in the space environment,
devising artificial light sources that duplicated the spectrum outer space sun-
light reasonably well, and finding testing techniques that combined standard
cells with artificial light sources to predict the performance of other solar
cells in space. We are now confronted by exactly the same problem for ter-
restrial measurements. Everyone wants to know how good their cell is, how
the best available cell will perform. To solve these basic measurement
problems is why we've come together. Several areas must be considered.
First, the intensity and appropriate spectral distribution of terrestrial sun-
light must be agreed upon so we can choose the intensity of a terrestrial sun-
light simulator. Most importantly we must agree on a single spectrum for
the light source that might be used. We recognize that it's an impossible
chore to set a single spectrum that covers all the possible ranges of terres-
trail sunlight, but it must be done so all measurements can be made on a
common basis. Next, we must agree on a standard testing procedure for
performing these solar cell measurements in natural, as well as artificial,
sunlight. Included in this procedure are problems of developing a standard
cell, choosing the best artificial light source and its intensity, determining
~ the procedures to be used to set intensity of that light source so that a true,
accurate reading of short-circuit current is obtained. We must also solve
the basic problems of electrical hookups and what area should be used to
determine device efficiency. Finally, how do we use pyranometers or pyr-
heliometers and what role do they play in our measurements ? Thus, we
must come up with a complete package, an interim method for terrestrial
solar cell measurements. It must be an interim method because we can't
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begin to answer all the questions in this 3-day workshop. I hope we can
reach a concensus, that each working group will come together and answer
the questions presented them, and that we, as a total workshop, can agree on
an interim method for measuring terrestrial photovoltaic cells. We will also
identify many areas of research or many questions that need to be answered
in the year before the next workshop. These are an equally important prod-
uct of our workshop. Thus, our purpose is clear. We must first agree on
an interim method, and, secondly, we must identify those areas in need of
further work,

Xii



SOLAR RADIATION MEASUREMENTS AT NOAA
Michael R. Riches

NOAA/National Weather Service
Silver Spring, Maryland 20910

The National Oceanic and Atmospheric Administration (NOAA) through its compo-
nent National Weather Service (NWS) operates a solar radiation monitoring network.

The current network consists of 60 stations monitoring global (direct plus diffuse) and
five stations monitoring direct. Twenty-eight cooperative stations also submit global
data.

The equipment in the current network is no longer manufactured or repaired.
Therefore, the National Oceanic and Atmospheric Administration and the National Sci-
ence Foundation (NOAA, NSF) are replacing this network with a smaller, better equipped
network (see fig. 1 and list of cities at the end of article). In addition, the NOAA-NSF
project will provide the quality control and focal point for solar radiation measurements.

Spectral data are not presently available from NOAA. The data will be taken at a
small number of stations in the future program. At present, the Smithsonian Radiation
Biology Lab takes spectral data at Barrow, Alaska, Panama, Washington, D.C., and
Tallahassee, Florida (joint program with NOAA). Data for the first three stations will
be available April 1.

The following is the recommended solar radiation network:

1. Fairbanks, Alaska 13. Lake Charles, La. 25. Medford, Oreg.
2. Montgomery, Ala, 14. Blue Hill, Mass. 2 26. Nashville, Tenn,
3. Phoenix, Ariz, 15. Caribou, Maine 27. Brownsville, Tex.
4. Fresno, Calif, 16. Columbia, Mo. 28. El Paso, Tex,

5. Los Angeles, Calif, 17. Great Falls, Mont. 29. Midland, Tex.

6. Boulder, Colo. 18. Omaha, Nebr.2 30. Salt Lake City, Utah
7. Grand Junction, Colo, 19. Greensboro, N, C. 31. Sterling, Va.

8. Miami, Fla, 20. Bismarck, N.D. 32. Burlington, Vt.

9. Tallahassee, Fla. 21. Albuquerque, N. Mex.? 33. Seattle, Wash.
10. Boise, Idaho 22. Ely, Nev. 34. Madison, Wis.?2
11. Indianapolis, Ind. 23. Las Vegas, Nev, 35. Lander, Wyo.

12. Dodge City, Kans. 24. Cleveland, Ohio

2Existing pyrheliometric sites.



DISCUSSION

QDo you expect to publish data from the older bulb-type instruments that are being

A:

phased out as they wear out if they are still around 2 years from now?

There won't be any around in 1977. We're initiating a recall of all of them to re-
calibrate them and see if they are fit for the field. There have been 15 brought in
to date, so that a 60 station network is sort of a lie because about 10 of them have
gone by the wayside. Of the 15 instruments brought in, only one of them was fit to
go back to the field. There is even a question as to whether it was actually recoated
with Parsons black or whether it is still a lamp black instrument; therefore, I ex-
pect by July 1975 there will be no model 180° pyranometers in the network.

The spectral information is of course of overriding importance for photovoltaic ap-
plications. I'd like to know in a little more detail what you said could be available
now. You mentioned one possible source now, could you say just a little bit more
about that?

I don't know a whole lot about it, but Dr. Kline of the Smithsonian Radiation Labora-
tory in Rockville, Maryland, is interested in spectral measurements from biologi-
cal point of view and they have approximately 5 years of this 100 nanometer band in-
formation for Washington, D. C., Ibelieve 3 years for Barrow, Alaska, 1 year for
Panama, and they are taking data at Tallahassee. These data will not be available
until next year. The data that they're taking at Tallahassee, and will be taking at
all the other stations very shortly, will be interference filter type data in different
wavelength regions and I'm not sure which ones he selected yet. I think that just
depends on what NOAA wants and what he wants at the time. ' ‘

There is a whole set of data from Dr. Thekaekara at Greenbelt. What's the rela-
tionship between that and what you are referring to? '

The data that Dr. Thekaekara takes are similar but I don't know who it's available
from or whether it's on a continuous basis. I do know that the 5-year data are rec-
ords from the Smithsonian and are recorded in Washington, D. C. I believe that
they represent about 2; years from downtown at the Smithsonian castle and 2 or 3
years out at Rockville, and they find no difference between the two stations which
would be separated by approximately 15 miles. So I would be surprised if the

data from Dr. Thekaekara (at Greenbelt) would differ much from these data except
that they might be in different wavebands.

Is there still a problem that the stations shown on your figure are separated from US
weather observing points? '

No, these stations represent national weather service stations and will be collated
with weather stations.



Q

Is this going to be aside from Maine, or is this the same one you have in Caribu?
Caribu, Maine, is an official weather service station and does take at present both
radiation data and regular weather observations. All present and future weather
service stations will take the weather data as well as the radiation data - the
60-station network and the new 35 station network. The hourly data are available
from Nashville, and the 3 hourly weather data are published. The co-op network
does not necessarily have any data other than the radiation data. We are trying to
encourage people who are in the business of taking radiation data for either heating
and cooling or photovoltaics to take other weather parameters.

cuLF of MEXIC X

" 1o 108° 100 " w* 3 o 19 psers

‘e Pyranometer
(Q Shade Ring
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Flgure 1.




SOLAR RADIATION AT NEWPORT, RHODE ISLAND
John R. Hickey

The Eppley Laboratory
Newport, Rhode Island 02840

Solar radiation measurements have been made at the Eppley Laboratory for a num-
ber of years. The records date back into the 1930's. The global irradiance values,
which are the 180°'fie1d of view pyranometer measurements, have been reported monthly
to the weather service in the prescribed format in the same manner as for National
Weather Service stations. The Newport data constitutes a unique set since the primary
reason for taking the data is in conjunction with the manufacture, test, and calibration of
the instruments which were being used throughout the U. S. network and in many foreign
countries.. The standards and the basic measuring instrument were well maintained,
and the recording and integrating instruments were checked and calibrated on a daily
basis. In addition to the hemispherical measurements, normal incidence measurements
of the same high quality have been made since 1938. The normal incidence records were
kept for clear days on which normal incidence instruments were being calibrated against
the standard. No attempt was made for many years to retain or log records of those
days on which no calibrations were performed. In the early days, when few normal in-
cidence instruments (pyrheliometers) were manufactured and sold, there were very few
days for which the records were retained.

Recently, in response to the new demand for solar radiation data, the Eppley staff
has been reviewing the available records in order to establish as complete a data set as
possible back to the earliest days. Since this is an in-house project it has been delayed
somewhat due to the pressing schedules of our satellite experiment projects for solar
energy measurements. First, we have established a policy that all normal incidence
records will be maintained in the same manner as hemispherical data. This has been
in effect since November 1973. Also, we have started a program of identifying cloudless
day data from our strip chart recordings of the pyranometer data. Using the hemispher-
ical radiation data we are also studying the variations in solar radiation at Newport and
computing the percentage of possible solar radiation which was measured.

The plots shown in this paper are generally for integral values. Daily integral ra-
diation on a horizontal surface for the year 1970 is shown in figure 1 as a function of
date. This plot shows the typical yearly variations of weather for a seacoast area such



as our location. Figure 2 is based on instantaneous solar noon readings on clear days
for the years 1961 through 1970. The range of values for any given date is significant
and on the average is about 10 percent for those days which have been clear a number of
times in the 10-year period. This plot is also interesting for examination of weather
systems statistics since it shows areas of persistently clear and persistently cloudy
days. We hope to continue this analysis back to the early 1940's. Figure 3 returns to
the integral evauations showing monthly integral radiation for the years 1961 through
1973. It shows a maximum monthly value of about 17 400 langleys for July 1966 and a
minimum of 2800 langleys for December 1972, Figure 4 shows yearly integral values
for the years 1961 through 1973. The year 1965 is high with a value over 126 000 lang-
leys while the year 1972 shows a low of 109 500. The reasons for the drop in 1967 and
the more persistent drop from 1971 to 1972 which remained through 1973 are being re-
searched to assure no change in instrument calibration had inadvertently been applied.

We would also like to bring to the attention of the attendees at this workshop that the
Earth Radiation Budget experiment aboard the NIMBUS F satellite should be operational
in June 1975. The satellite launch is scheduled for 28 May 1975. The experiment in-
cludes ten solar channels for measuring the extraterrestrial solar flux.
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MEASUREMENT OF INSOLATION AT DSET
Gene Zerlaut

Desert Sunshine Exposure Tests, Inc.
Phoenix, Arizona 85020

Desert Sunshine Exposure Tests, Inc. (or DSET) is an internationally known
weathering facility serving business and industry since 1948. Its location in the north-
ern Sonora Desert, 40 miles north of Phoenix, in one of the world's sunniest zones
(average of 4000 sun hours a year) makes the facility ideally suited for determinating
the weatherability of plastics, pamts and textiles, or any products whose end use would
be outdoors.

DSET is a pioneer in the development of unique devices which accelerate the outdoor
weathering of materials using natural sunlight. DSET has 180 patented accelerating
machines presently in operation. These machines are known as EMMAs (Equatorial
Mount with Mirrors for Acceleration) and EMMAQUAs (EMMA machine utilizing water
spray on the specimens). In addition to its accelerators, DSET has complete facilities
for conventional 0° horizontal, 50 south, 34° south, 45° south, and vertical exposure
with and without both water spray and underglass exposure capacilities.

The nature of DSET's business necessitates an accurate daily determination of
total incoming solar radiation, usually expressed in calories per square centimeter or
langleys. Epply pyranometers are used to measure solar insolation at 0° horizontal,
5° south, 34° south, 45° south, 45° south under glass, vertical south, and-on an equa-
torial follow-the-Sun mount. These global (hemispherical) pyranometers are calibrated
regularly, at least nionthly with an isolated Eppley Model PSP Pyranometer. These
readouts are adjusted with dial-compensated Honeywell Electronik 15 recorders, which
vary the range of the recorders to match the curve of the pyranometer being calibrated.
Continuous strip records are obtained daily for all pyranometers. These data are in-
tegrated (utilizing mechanically-coupled integrators), summarized, and furnished
monthly to over 1500 clients and organizations throughout the world.

DSET has measured continuously since June 1, 1974, the direct, normal- 1n01dent
insolation utilizing an Epply Model NIP Pyrheliometer. Also since that date, total
global ultraviolet has been measured with an ISI UV Pyranometer in the region 290- and
383-nanometer wavelength.

Facilities have been purchased for constructing a spectral radiometer capable of
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measuring spectrally both direct or normal incidence and global insolation in the 290- to
-2800-nanometer wavelength region. These measurements will be performed using a
Leiss double-prism, single-beam monochromator. A silicylate-excited, mechanically
chopped, photodiode will be employed as the detector, the output of which will be ampli-
fied with a PAR Model 186 phase-locked amplifier. Both a 5° collimator and a hemi-

spherical integrator or integrating sphere will be constructed by DSET for the front-end
optics. These data, along with routine pyranometric and pyrheliometric data, will be
furnished requestors.

. DSET will consider making the daily continuously recorded data available to any
government or industrial organization on a cost-sharing basis.

11



MEASUREMENT OF THE SOLAR CONSTANT BY PACRAD ON
. CONVAIR 990 FLIGHTS IN 1968
James M. Kendall, Sr.

Technical Measurements, Inc.
LaCanada, California 91011

The PACRAD was flown on the Convair 990 astronomical flights in July and August
1968. A measurement of the solar constant was obtained. Data were taken on each of
the nine flights. ' ,

The Convair 990 generally flew at 40 000 feet while taking the measurements. A
quartz window was mounted in the upper side of the plane to permit direct sunlight to
enter the plane to irradiate the radiometer. A platform on which the radiometer was
mounted was continuously controlled to keep the radiometer accurately aimed at the Sun.

Table I gives a resume of the 35 measurements (based on 197 readings) made during
the nine flights. Several series of measurements were made on each flight. Data for
each series are given in the table, each value shown being the average of all reé.dings
made in that series. Usually there were about eight readings made in each series.
Generally the scatter in the measurements in each of the series was under 0. 1 percent,
and, as can be seen in the table, the scatter between the series was also no greater.
When corrected for Earth-Sun distances, the day to day scatter is no more than 0. 1 per-
cent.

The measurements themselves thus appear to be consistent within +0. 1 percent.

The greatest uncertainty would appear to come from the uncertainty in the atmospheric
transmittance and from the uncertainty in the transmittance of the quartz window. The
value for the atmospheric transmittance used (0. 9440) was obtained from John Arvesen's
(Ames Research Center, Moffett Field, California) experimental measurements of the
solar spectrum. He took into account water vapor, ozone, Rayleigh scattering plus
other effects including sec z for the azimuth angle. Arvesen stated that the uncertainty
in his measurements is within 0.5 percent. The uncertainty in the value 0. 8907 for the
transmittance of the quartz window is perhaps 0. 4 percent.

There remains the uncertainty in the absolute senSitivity of the PACRAD from con-
siderations given in JPL TR 32-1396, the absolute accuracy should be within £0. 5 per-
cent. The overall uncertainty of the value obtained for the solar constant would appear
to be within about 1 percent. The value given in table I is 137.02+0. 8 percent, with the
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true value probably lying between 136. 0 and 138. 0 milliwatts per square centimeter.
The radiometer used for measuring the solar constant is of the '"blackbody cavity'* type
and has an inherent accuracy of better than 0.5 percent. As shown in the diagram of
figure 1, the cavity receptor is located in a massive copper heat sink, which itself is
located in a Dewar flask to minimize heat transfer with the environment and thereby
prevent variation of the temperature of the heatsink during the time of measurements.
View limiting of the incoming irradiance is restricted to an angle of +2. 5° (50 total
angle).

Figure 2 shows a photograph of the cavity assembly. The actual receptor of the
cavity is located to the right of the mounting ring. The hot junctions of the thermopile
are located on the outside of the cavity, while the cold junctions are located on the right
side of the assembly and serve as compensation for the time rate of change of the heat-
sink temperature.

The radiometer can easily be calibrated at any time desired by applying a known
electric heating power to the cone located inside of the cavity. The electric heating is
accurately equivalent to heating of the cavity by incoming irradiance.

Figure 3 shows an updated version of the radiometer, and figure 4 shows the ra-
diometer mounted on a Sun tracker for measuring solar irradiance at the World Radia-
tion Center in Davos, Switzerland.

BIBLIOGRAPHY
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TABLE 1. - RESUME OF SOLAR CONSTANT MEASUREMENTS
[Tra.nsmittance of window in plane, 0.8907+0. 4 percent; transmittance of
atmosphere above plane, 0.9440+0. 5 percent; value of solar constant

115.193 1 _ 137,02 mW/cmz-]
0.8907  0.9440

obtained from these values,

Flight| Date |mW/ cm2 Measured inside plane Correction | Corrected
(1968) Earth-Sun | values in~
distance side plane
1A | 7/15 | 109.4 109.6 {110.4 (110.4 |109.7 | 1.0331 113.54
3A | 7/17 | 111.3 111.5 }111.4 |111.5 |111.5| 1.0331 115.13
4A | 7/18 | 111.2 1.0330 114.87
454 | 7/19 | 111.78 |111.8 |111.7 [111.6 1.0320 115. 27
6A | 7/30 | 111.6 111.9 |111.9 |111.5 {111.2 | 1.030 115.05
7A | 8/1 111.9 111.9 {111.9 |111.6 1.030 115.15
8A | 8/2 112.0 112.2 |111.8 1,030 115,36
9A | 8/6 112.0 112.2 [112.1 {111.92 1.0287 115, 26
10A | 8/17 111.81 {112.2 |112.4 (111.8 1.027 115.07
b115.193

34 better procedural technique was used for the last six measurements. Each
value given in the table is itself an average of several measurements.

bLast six measurements only.
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SPECTRAL MEASUREMENTS OF SOLAR INTENSITY AND SPECTRUM
CONDITIONS AT HIGH ALTITUDES (5200 TO 14 000 FT)
AND ARID (COLORADO) CONDITIONS
Rolland L. Hulstrom

Martin Marietta Aerospace
Denver, Colorado 80201

This paper addresses the Solar Photovoltaic Energy Conversion Program problem
of ''Solar Intensity and Spectrum Conditions for Terrestrial Photovoltaics. ' This prob-
lem is created by the fact that previous solar cell testing has been done with simulated,
extraterrestrial, solar intensity spectrums; however, terrestrial solar cell applications
require a knowledge of solar, spectral, intensity under various atmospheric -conditions.
The following sections present data and analyses for solar spectral intensity (irradiance)
conditions for high altitudes (5200 to 14 000 ft) and arid and slightly polluted atmospheric
conditions. In addition, basic concepts regarding atmospheric effects on spectral solar -
intensity conditions and the instrumentation used to make the measurements are dis-
cussed.

BASIC CONCEPTS

Two components of solar irradiance exist under-terrestrial conditions; they are the
direct component and the diffuse component. The direct component is that solar irradi- -
ance coming directly (beam) from the solar disk; and the diffuse, skylight component is
created by the scattering of solar radiation (out of the direct bedam) by atmospheric
molecules and particles. The sum of these two components is the total (also known as
global, 1800) solar irradiance. Mathematically (for a horizontal surface) this is given
as

H=Icos 8 +8§ ' (1)

where H is the total irradiance, I the normal incident direct irradiance, 90 the solar
zenith angle, cos 90 the solar zenith angle (cos 9 o required to account for the direct
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irradiance on a horizontal surface (Lambert's law), and S the diffuse/sky irradiance.
All components are wavelength dependent; therefore, a X\ subscript will not be used.
The direct component can be given as

-7 sec 8 o .
I=Ie (Beers-Lambert law) (2)

where I is the extraterrestrial solar irradiance, sec ¢ o the relative air mass (m) or
path length through the atmosphere relative to vertical, and 7 the atmospheric optical
depth. The atmospheric optical depth is made up of three components due to molecular
(Rayleigh) scattering Ty» Particulate scattering (Mie), Tp and selective absorption Ty
The attenuation of the direct beam due to molecular scattering is proportional to 1/)\4,
that due to particulate scattering is proportional to l/h-l' 3, and that due to absorption
is highly selective of wavelength (absorption bands). The total optical depth can be given
as

- (3)

= +
T=Tm+Tp*+ T,

The magnitude and spectral distribution of the direct solar irradiance is determined by
the extraterrestrial solar irradiance distribution (Io, solar constant), the atmospheric
optical depth 7, and the relative air mass/Sun angle. This is illustrated in figure 1.
Shown in figure 1 are model predictions of the magnitude and spectral distribution of
direct solar irradiance as a function of altitude (sea level and 3 km), wavelength, and
relative air mass (1.0, 2.0, and 4.0). These curves were generated by using equa-
tion (2), Elterman's model (ref. 1) (visibility, 23.0 km), for optical depth and Thekae-
kara's (ref. 2) data for the extraterrestrial solar irradiance (solar constant). Several

conclusions can be drawn from the curves shown in figure 1; two of the major ones are

as follows: _

. (1) As the air mass increases - low Sun angles - the magnitude of the solar inten-
sity is decreased and its spectral distribution changes from a ''blue’' to a '""red'' distri-
bution. :

(2) The effect of increasing altitude is to increase the solar intensity magnitude and
shift the spectral distribution toward the ''blue'’ region. In fact, the magnitude and
spectral distribution at 3.0 km and at an air mass of 4.0 is similar to an air mass of
only 2.0 at sea level.

The magnitude and spectral distribution of the diffuse sky radiation is determined
by the molecular and particulate scattering of sunlight. On very clear days the skylight
is "'blue, ' due to molecular scattering of the shorter wavelengths, while on turbid days
the skylight is grayish, due to particulate scattering. The mathematical modeling of
skylight is much more complex than that for the direct beam and involves many more
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variables such as solar azimuth, scattering phase function of the aerosol particles,
particle index of refraction, ground albedo, etc. In general, the diffuse skylight can
make up nearly 60 to 70 percent of the total solar irradiance in the short (400 nm) wave-
lengths and only about 5 percent in the longer (>750 nm) infrared wavelengths. If cloud
cover exists, it is a significant contributor to the skylight and, in fact, can dominate
the solar irradiance conditions (see ref. 3). Obviously, as shown in equation (1), one
of the most significant factors concerning total solar irradiance is the Sun angle 8 o
because of the strongly dependent cosine (cos 6 0) function.

INSTRUMENTATION

A wedge interference filter spectroradiometer was used to make the direct, diffuse,
and total solar irradiance measurements. This spectroradiometer, shown in figures 2
and 3, has a half-bandwidth of 15 nanometers from 380 to 750 nanometers (visible
range), and 30 nanometers from 750 to 1550 nanometers (infrared range). For the vis-
ible range a special silicon junction photocell is used as the detector, and a germanium
junction photocell is used for the infrared range. As shown in figure 2, the sunlight
enters the instrument through a diffuser, after which it is chopped and passed through a
slit, a monochromator, and finally strikes the detectors. The direct solar radiation is
measured by using a fiber optics probe with a diffuser cap on one end. This cap is
placed in a special collimator attachment that is baffled and has a 2° field of view. The
total radiation is measured by positioning the diffuser cap so that it is horizontal and
pointed vertically. The diffuse radiation is measured by simply shading the diffuser
from the direct sunlight. The entire system is calibrated for irradiance by using NBS
standards and for wavelength by using known interference filters. The system is totally
portable and can be used in the field, as shown in figure 3. Four complete systems are
available so that simultaneous measurements can be made at four geographical loca-
tions.

MEASUREMENTS AND CONCLUSIONS

Shown in figure 4 are measurements of direct solar irradiance from Mt. Evans,
Colorado, at an altitude of 14 000 feet. The measurements shown are for relative air
masses of 1.2, 2.2, and 5.7. As can be seen, the effect of increasing air mass on the
magnitude and spectral distribution of the solar irradiance is very pronounced, even for
the high altitude and extremely clear atmospheric conditions. These Mt. Evans meas-
urements probably represent a terrestrial extreme for solar irradiance magnitude and
"blue'' spectral distribution. It is interesting to note that even for the Mt. Evans low
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air mass, 1.2, the radiation conditions are quite different from those of the extrater-
restrial conditions under which previous solar cell tests have been conducted. Also
shown in figure 4 is a comparison between a model prediction (ref. 1) and actual meas-
urements. The model seems to compare favorably in terms of spectral distribution and
magnitude from 400 to 450 nanometers. From 450 to 900 the model compares favorably
in terms of spectral distribution, but unfavorably in terms of magnitude. Of course,
from 900 to 1000 nanometers the model does not compare because of the water vapor
absorption band at 942. 0 nanometers. In the "'window"' region from 1000 to 1050 nanom-
eters a favorable comparison is indicated. A typical solar cell response is shown in
figure 4 in order to compare the solar cell response with the changes in magnitude and
spectral distribution of the solar irradiance. As can be seen, the maximum response of
the solar cell is in the near infrared region, which is also the region of least change in
the solar radiation conditions. This does not conclusively indicate that the solar cell
will not be sensitive to changes in terrestrial solar intensity/atmospheric conditions, -
but it does indicate that the near infrared response of the silicon solar cell will mini-
mize its sensitivity to changes terrestrial solar intensity spectral conditions.

Shown in figures 5 and 6 are measurements of direct, total, and diffuse solar ra-
diation made at Waterton (6200 ft) and Denver (5200 ft), Colorado. Waterton is located
in the Front Range approximately 20 miles southwest of Denver. . The measurements
were made on the same day, when Waterton had clear conditions and Denver had a
''light'' layer of pollution. The total solar irradiance magnitude and spectral distribu-
tion represent conditions that a solar cell positioned horizontally (flat plate collector)
would experience. A solar cell positioned on an inclined, south facing surface would
experience the direct plus some portion of the diffuse sky conditions plus reflected sun-
light from the ground. As shown, the spectral distributions of the direct and total are
similar with the total having somewhat of an enhanced ''blueish'' distribution due to the
blue skylight. o

Note that the magnitude of the direct irradiance, for Denver (5200 ft) and Waterton
(6200 ft), is nearly as great as the Mt. Evans direct irradiance. This indicates that a
seasonal, Mt. Evans - summer (Aug. 16) and Waterton/Denver - winter (Feb. 25), ef-

fect is dominating the altitude difference. The atmospheric conditions during the winter
are known to be much more transparent than those of summer.

Also shown in figure 5 is a measurement of solar radiation conditions under com-
plete cloud cover. .Quite reasonably, the cloud cover creates a '"white'' spectral distri-
bution. In terms of magnitude, clouds have an extremely variable effect on total solar
radiation (see ref. 3). Partly cloudy/sunny conditions would create solar radiation con-
ditions somewhere between the data shown for the clear and cloudy conditions.
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DISCUSSION

Q: I was wondering if in your model work you considered the albedo of the surface and
also the multiple scattering that might help us in proving your results?

A: No, Ididn't. My model work consisted of about 20 minutes on an HP-55. I just
wanted to show some sort of comparison between what you would get with a simple
model compared to the elaborate model that you speak about.

Q Was that just one day on the Mount Evans data. If so, there are, at least from a
visibility point of view, tremendous differences in scattering from day to day, and
if that was only one day's data, what sort of day was it?

A: It was about mid-August and there were no clouds. If you will compare the data
when you get the proceedings you will find I mentioned this in my paper. The direct
incidence intensity which we got at Waterton in the winter was not that much lower
than the Mount Evans testing done this summer.

@ You would expect the water peaks to be changing somewhat, wouldn't you?
A: Yes.

COMMENT: Itook Thekaekara's data for the AMO and AM1 and recomputed it in terms
of photon flux. My own feeling is, for purposes of photovoltaics, that this is the way we
ought to look at it. We care alot more about the photon flux than power. The waterband
shows up more prominently because of the weighting that changes with wavelengths. The
shifts in spectral distribution that you showed, and that everyone else knows about, show
up more graphically and have a relatively greater importance in this plot.
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SPECTRAL DISTRIBUTION OF SUNLIGHT UNDER VARIOUS
AIR MASS CONDITIONS

Alfred Seck

Optical Coating Laboratory, Inc.
City of Industry, California 91746

To design optimized silicon photovoltaic energy conversion systems for any site on
Earth requires more reliable sunlight energy data than is presently available. The
published weather data by the National Weather Service throughout the United States is
not adequate and/or predictable. In many instances, the available sunlight energy at a
site must be estimated from the data for a nearby location. This approach introduces
an additional uncertainty for areas such as mountainous and coastline regions where the
local climate changes rapidly over short distances. Various measurements of solar in-
tensity at approximate AM1 conditions (Table Mountain, California) using pyrheliometer,
spectroradiameter, and silicon solar cells indicate discrepancies in resultant data if
proper precautions are not taken. Frequent difficulties encountered for measurements
and data are the interpretation and/or measurements of atmospheric conditions at the
time, instrumentation errors, speed of responds of detectors, spectral response of
silicon solar célls, and the quality of spectral distribution components at the time.
These are compounded further if measurements are performed near the coastline, be-
cause of rapidly changing atmospheric conditions.

TERRESTRIAL SUNLIGHT ENERGY

The solar constant for AMO is defined as the total amount of energy received from
the Sun per unit time per unit area exposed normally to the Sun's rays at the average
Sun-Earth distance outside the Earth's atmosphere. The spectral distribution per unit
wavelength is similar to Johnson's curve, as shown with dotted lines in figure 1. AM]1,
on the other hand, is defined as a measure of the total amount of air in the path from the
observer to the Sun. It is given, for all practical purposes, by the equation

m = (£>sec z . | (1)
P0

25



where m is the air mass, P0 is the local barometric pressure, P is sea level baro-
metric pressure (~760 mm Hg), and Z is the zenith angle of the Sun. Although this is
not strictly correct (it assumes a homogeneous atmosphere), it is a convenient way to
describe the relationship.

Parry Moon, in his classic paper 1, defines solar irradiance as a function of air
mass. The irradiance per unit wavelength A of sunshine at the Earth's surface is
given by

=E,e _ (2)
where

E7L terrestrial solar irradiance at A

E o extraterrestrial solar irradiance at A

a,  absorption coefficient at A

m air mass

The absorption coefficients might be derived from Moon and the extraterrestrial
irradiance values may be taken from Johnson. The calculated results for one set of
atmospheric conditions are shown in figure 2. The specific set of conditions used for
absorption coefficient were

P, = 760 mm Hg
w = 20 mm precipitable water vapor
d = 300 particles/ cm® dust
0 = 2.8 mm ozone

In practice, these factors vary considerably. The precipitable water vapor content of
the atmosphere varies as a function of climate and can be between 2 and 100 millime-
ters. The dust varies between 50 and 1000 particles per cubic centimeter and the ozone
is relatively constant between 2 and 4 millimeters. The effects of these variations on
short-circuit current density of silicon solar cells as a function of air mass are sub-
stantial, as confirmed by the measurements of terrestrial sunlight at Table Mountain,
California, in the last 15 years by the solar. cell manufacturing industry. These varia-
tions may alter not only the scale of figure 3, but its shape as well.

lgeveral key articles are referenced in the bibliography attached.
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TERRESTRIAL SUNLIGHT MEASUREMENTS

The test site most often employed for solar cell measurements under natural sun-
light in the Southern California area is Table Mountain. This site is at an elevation of
7400 feet and is situated in the Angeles National Forest near erghtwood The geo-
graphical coordinates are 34°22' and 117°41' w.

The Table Mountain test site was first used in 1926 by the Astrophysical Observa-
tory of the Smithsonian Institution in their work in determining the variations in the
solar constant. This work was continued until 1961 under the direction of A. G. Froi-
land. During this time instrumentation included a spectrobolometer for measuring the
relative spectral energy distribution of sunlight and numerous pyrheliometers of vari-
ous types. Measurements were made on virtually all factors of atmospheric absorption
and scattering, and extensive records are available on water vapor content, atmospheric
scattermg, and ozone absorption, as well as spectral distribution, total intensity, and
solar constant variations with respect to time and known solar activity. Since 1961 the
site has been operated by the U. S. Forest Service and JPL. A number of individual
sites with concrete platforms and power outlets are available for industrial concerns
and other programs.

The proximity to Los Angeles has often provided smog, with test results showing
smog-contributed atmospheric absorption and scattering and instabilities. As a conse-
quence, the spectral distribution of sunlight is affected. Table Mountain is also plagued
by an excessive amount of haze (February through June), which has little absorption but
which contributes a great deal of scatter. Cloudy and partly cloudy skies occur more
than 100 days out of the year. The nominal water vapor content of the atmosphere above
Table Mountain is generally quoted as 5 millimeters of precipitable water. This ,haié
been seen to vary from less than 1 millimeter to greater than 20 millimeters. - On days
that are deemed acceptable, a flat radiation detector such as a pyrheliometer is affected
by this water vapor to a much greater extent (typically 2 to 1) than is a solar cell.

The result of these climatic variables is that the ratio between the short-circuit
current of a standard solar cell and the incident radiation as measured with a pyrheli-
ometer varies with a total spread of 10 percent nominally and 30 percent in extreme
cases.

In spite of these shortéomings, Table Mountain has been extensively used for large
area solar cell array measurements and standard cell calibration. The primary reason
is spacial uniformity and temporal stability. There is no area restriction when meas-
uring natural sunlight and the sunlight on Table Mountain on an acceptable day for test-
ing does not vary more than 0. 5 percent over a 1-minute time span.

A typical spectral distribution curve for Table Mountain is shown in figure 3. This
curve is derived from a series of spectral measurements, a barometer reading, and a
few assumptions. It should be noted that this curve is not an average nor should it be
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used for this purpose. The selection of an average spectral distribution must be based
on numerous data from individual days. Generally such data for a number of years are
not available. Consequently, the selection of an average curve is somewhat arbitrary,
but must still be based on variations in the specific conditions encountered at Table
Mountain or for that matter, some other site. A frequently used method for defining a
spectral distribution consists of applying atmospheric absorption coefficients derived
from Moon to the solar spectral irradiance outside the Earth's atmosphere as defined
by Johnson. However, the data from Moon is for the following conditions:

P= 766 mm Hg

w = 20 mm precipitable water vapor
d = 300 particles/cm® dust

0 = 2.8 mm ozone

These conditions are not at all applicable to Table Mountain and/or some other locations.
The result of using these coefficients is a spectral distribution giving too little energy at
wavelengths shorter than 0.6 micrometer, the deficiency increasing towards shorter
wavelengths, too little energy in the water vapor absorption bands, and too much energy
elsewhere. The result for solar cell measurements is an extrapolation factor that is
too small. Superixriposed on this error is the assumption that the Table Mountain spec- '
tral distribution is constant from day to day. '
The important constituents of the atmosphere which contribute to the errors of
spectral distribution component may be grouped into three categories: (1) permanent
gases, including O,, N,, and Og; (2) water vapor; ahd (3) dust. Measurements and
calculations are used between 0. 29 and 2. 1 micrometers. The pyrheliometer window
transmission decreases to zero at wavelengths shorter than 0.29 micrometer, and ozone
totally absorbs at shorter wavelengths. Transmission data on water vapor and poor for
wavelengths longer than 2. 1 micrometers, so an assumption is made concerning the
energy beyond this point, with due consideration for the characteristics of the pyrheli-
ometer. The depletion of solar radiation by the '"permanent'' gases due to the scatter-
ing can be expressed as

A e-km(P/Po) 3)

where

A transmission factor for atmospheric scattering

k scattering coefficient (Penndorf)
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m optical air mass
Po atmospheric pressure at Table Mountain

P atmospheric pressure at sea level (760 mm Hg)

The primary absorption bands for oxygen are the A band at 0. 76 micrometer; of
less importance the B band at 0. 69 micrometer, and two bands at 1. 06 and 1. 25 mi-
crometers. Data for the transmission of these bands is from Fowle. Ozone absorbs
strongly in the Huggins band at wavelengths shorter than 0.35 micrometer and weakly in
the Chappius band between 0. 55 and 0. 7 micrometer. The transmission factors for
ozone as a function of wavelength are taken from Wulf. Carbon dioxide has two absorp-
tion bands in the wavelength region of interest, 1.99 and 2. 05 micrometers. It is as-
sumed that the oxygen and carbon dioxide are distributed evenly throughout the atmos-
phere such that their absorption coefficients may be extrapolated to any atmospheric
pressure. The only calculation necessary to determine the optical air mass at the time
of test is to find the angle of the Sun.

Water vapor absorbs at numerous bands in the wavelength region of concern. The
principal bands are o at 0.72 micrometer, A band at 0. 80 micrometer, p band at
0. 93 micrometer, qo band at 1. 12 micrometers, v and ' bands at 1.35 and 1. 42 mi-

-crometers, and 2 band at 1. 86 micrometers. Fowle gives the transmission of water
vapor for a concentration of 20 millimeters precipitable water vapor and an instru-
mental slit width of 0. 022 micrometer. A-band concentration can be measured with a
heliostat-equipped spectroradiometer, and the result is the total precipitable water va-
por in the path from the instrument to the Sun. Consequently, no pressure or optical
air mass correction is necessary. The scattering might be described by an equation
similar to the Rayleigh equation, but the exponent is -2 rather than -4:

T,=e | (4)

where

Tw transmission factor for water vapor scattei'ing
kw scattering coefficient for water vapor

w precipitable water vapor, cm

The kW coefficient might be calculated from an equation from Moon:

A-2

kw = 0.00865 (865 mm Table Mountain)
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The remainder of the sunlight depletion is caused by the scattering of large particles.
The collective term ''dust'' is used, but these particles range from large molecules of
chemical nature to condensation nuclei. The calculation of scattering by this wide range
of particles in varying concentrations is exceedingly difficult. For Table Mountain cal-
culations we have assumed that the scattering of particles can be represented by an
equation using 1 micrometer size particles. The transmission equation is taken from
Moon:

_ o-1.02x10™#-0-Tom

Td (5)
where
T transmission factor for dust scattering
n number of dust particles/ cm’

Various sources have indicated that dust concentrations between 50 and 1000 particles
per cubic centimeter could be found above Table Mountain.

The procedures used to determine the absolute spectral distribution at Table
Mountain is straightforward and tedious. The same procedure may be used for other
sites except with more caution, particularly near large towns and coastlines. The raw
data required are data and time, spectroradiometer curve of the spectral distribution,
and pyrheliometer reading and temperature. The modified and corrected data require-
ments are - the actual solar constant at the time of test, the solar elevation angle, re-
duction of local apparent time to true solar time, calculated solar elevation angle at the
time and latitude, the absorption coefficients for atmospheric gases, and the transmis-
sion of water vapor. In actual calculations the two transmission factors, one for atmos-
pheric scattering and one for water vapor, are combined and then multiplied by the ex-
traterrestrial solar irradiance. The pyrheliometer data are reduced with proper tilt
and temperature corrections, and the result is total energy incident during the test. A
concentration is chosen for dust such that the depletion due to this dust scattering will
make the observed and calculated total energies equal. This dust transmission factor is
applied to the previous curve and a new curve is plotted and integrated to yield the ab-
solute spectral distribution at the time of the test. These procedures have given re-
sults repeatable to within +2 percent at Table Mountain when related to silicon solar
cell short-circuit current at AMO. .

As the Table Mountain measurements show, if proper precautions are not taken,
the reliability of sunlight radiation data is affected. Extreme consideration must be
given in use of flat detectors such as pyrheliometers and pyranomenters. Both of these
instruments can be calibrated within +1 percent; however, they vary from one to another
so individual calibrations are required.
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PYRHELIOMETERS AND PYRANOMETERS

A pyrheliometer is used in direct measurements of solar radiation (direct sunlight
measurement). A pyranometer is used in global measurement of solar radiation (total
sunlight measurement). Mostly, both instruments use thermopile detectors; however,
commercially available pyranometers also have silicon cell or bimetallic strip sensors.
The source of errors for most flat detectors are sensitivity, speed of response, long
term stability, temperature response, wavelength response, and cosine and azimuthal . -
response. Either one of these error sources and/or a combination of them may intro-
duce error greater than +4 percent. Extreme caution must be exercised if pyranometers
are used. The azimuthal and cosine response may introduce errors of +5 perceht, es-
pecially at large solar zenith angles when the Sun is near the horizon. Taking into con-
sideration all sources of possible error, it is doubtful if some of the published Sun radi-
ation data is reliable. Some of these data may have errors in excess of +10 percent.

The computer projected charge data for El Monte, California, and actually recorded
charge data during 1973 confirms it. The projected charge data is approximately
15 percent lower in January and approximately 26. 5 percent lower in December. Thz
data plots (ampere-hours per day as a function of time) are shown in figure 5.

CONCLUSIONS

It is apparent that the existing weather data and the gathering methods used are not
sufficient to design an optimized silicon photovoltaic energy conversion system for a
given site. It has been demonstrated that under almost ideal terrestrial sunlight condi-
tions (Table Mountain, California) and controlled measurement techniques it is difficult
to achieve repeatable results below +2 percent. It is obvious that for accurate solar cell
output prediction for a location either the incident irradiation levels must be well defined
from the existing available data or an alternative method must be found to obtain sun-
light energy data throughout the Earth. o

The alternatives which might be considered are: (1) each weather station through-
out the United States to monitor sunlight using 2 calibrated solar cells (one collimated
and one uncollimated) for a minimum of 5 years, (2) establishment of standard absolute
spectral distribution per unit wavelength for air mass =1 with total irradiance level,
and (3) using calibrated quartz-iodide lamps as ﬁrimary standards to calibrate solar cell
secondary standards at AM1 level. This is possible if relative spectral response of
solar cells is similar.

The calibration of secondary standards with reasonable repeatibility less than
+2 percent can be attained using sunlight at locations of elevation =7000 feet and climatic
conditions similar to Table Mountain. For optimum photovoltaic conversion, sky radia-
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tion data obtained with calibrated silicon solar cells would give a designer an indication
of available mput energy for the site. After all, it is a solar cell which is used to con-
vert solar energy into electrical energy, not a flat detector.
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DISCUSSION

Q Iwould like a clarification on the 20-percent reduction in pa.nels that were not
cleaned. That was in the Los Angeles area, wasn't it?
Yes. ‘

How did rain affect that or did you make any measurements?
It actually increases output from 3 to 5 percent.

PR P



Q@ No, Iam talking about on that specific panel. Were any measurements made, for
example, if it was dusty for 4 or 5 weeks and then rained?
A: Since we had a zero tilt angle, the panel did not clean off.
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ESTIMATION OF DIRECT NORMAL RADIATION
Eldon C. Boes

Sandia Laboratories and New Mexico State University
Albuquerque, New Mexico 87115

Focusing solar collectors can only use the direct beam radiation. Unfortunately,
measurements of direct insolation have only been made at a few US locations, and even
these data records are intermittent and of questionable quality.

Since measurements of total (direct plus diffuse) insolation on a horizontal surface
have been recorded regularly at about 75 stations, a formula which expresses direct
normal radiation in terms of total radiation and/or other parameters would be very
useful. Quite a few formulas for direct insolation exist, but most are for clear sky
conditions, and some use independent variables which are not readily available, such as
atmospheric turbidity. ‘ ‘

One type of formula in particular is worth noting. This is the formula presented
by Jordan and Lie in reference 1 and by Aerospace Corporation in reference 2. The
formula is based on the fact that the relationship between direct normal insolation and
percent of possible insolation is somewhat linear (see fig. 1). The Aerospace formula-
tion (fig. 2) is

A- PP+B if PP = 25 percent

Ipn = ' -
0 if PP < 25 percent

where IDN is the intensity of direct radiation on a normal surface, PP = ITH/ IEXT H
the percent of possible, I TH the intensity of total radiation on a horizontal surface,
IEXT H the intensity of extraterrestrial radiation on a horizontal surface, and A

and B the simple linear regression coefficients.

Although this formula is simple-and easy to use, it has several drawbacks. The
linear regression equat1on seems to vary with time of day and with season. Further-
more, under partly cloudy cond1t10ns "there s1mply is not a linear relatlonshlp between
InN and PP, or any other kind of relatively simple relationship.

Thus, it was decided that a formula should be tried which takes into account season-
al variation, diurnal variation, and the scatter in .IDN values when it is partly cloudy.
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The first step was the selection of four 1-week samples of solar data which are
representative of the four seasons for Albuquerque. The samples were selected from
March, June, September, and December 1962 on the following basis: the total radia-
tion in the sample week equals the long-term weekly average of total radiation for that
season. Both the direct and total insolation charts for these weeks were carefully digi-
tized at 10-minute intervals.

The next step was the use of this data to build an estimation technique. The data
for each week were divided into four time periods: early AM, late AM, early PM, and
late PM. In each period the frequency distribution of IDN as a function of PP was
tabulated. Also, for each week those data pomts (PP IDN) which seemed to lie on a
line were used to compute a linear regression equation. '

This information was used to construct four seasonal formulas which use time and
PP to estimate Ipy. One such formula is described in figure 3 and illustrated in fig-
ure 4. Note that quite a few decisions are involved in each estimate. 'A variation in the
PP values is used to détermine cloud conditions. The specific decision is whether the
current value of PP along with the preceding and succeeding valueé vary by more
than 0. 06.

In order to estimate IDN values for a date between seasons the two ad]acent sea-
sonal formulas and linear interpolations are used.

Some comparisons of these estimated values with actual data have been made. Fig-
ure 5 gives two illustrations. As another example, for 11 days in May 1962, the integral
of the estimated IDN values was 4 percent above the integral of the actual IDN values.
For 17 days in July the difference was 0. 5 percent.

Plans for future work include further comparison and refinement as well as testing
and modifying the technique for other locations.
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DISCUSSION

Q Ihave talked to a Mr. Allen at Aerospace and if you are talking about percent pos-
sible the way he talks about it you are talking about percent possible of the extra-
terrestrial curve. Is that correct? A

A: Percent possible is the total amount under the atmosphere, on Earth on a horizontal
surface, divided by the total amount on a horizontal surface outside the atmosphere.

COMMENT: Iam not sure if what you are doing has any pertinence to photovoltaic cells.
It may be valid for phototherxﬁal systems but, as Redfield pointed out, the adsorption of
the water vapor on a particular day makes a big difference in what you can get both in
adsorption and in scattering. Also, as we find under desert conditions, you can have
days where there is a varying amount of dust in the atmosphere. So, although yoﬁ can
get for a given day a total insolation curve which is identical with another day, the ac-
tual details are determined by the turbidity of the atmosphere, the amount of water, the
cloud cover, etc. And these factors are going to affect both the level, the average level
over any given time interval during the day, and the sort of response you will get from
solar cells. I don't want to criticize your data as data, I think for total insolation
‘that's fine, but if you are going to go to a solar cell measurement you have to do some-
- thing different.-*You: have ‘to look:at what the spectral distribution is and I think:that's

a very fundamental problem. |

A: 1 agree completely. I should have said at the outset that I don't plan to do anything
or say anything about the spectral decomposition of the radiation available.
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SOLAR CELL PERFORMANCE IN TERRESTRIAL SUNLIGHT
J. A. Castle

Spectrolab, Inc.
Sylmar, California 91342

Unlike the solar radiation experienced outside the Earth's atmosphere, the spectral
distribution and intensity of terrestrial sunlight is continually changing. As a result,
predicting the output performance of a terrestrial-based solar cell array is further com-
plicated because of the strong wavelength dependence of the cell response. This paper
assesses the magmtude of this problem by looking at the sensitivity of the silicon solar
cell output to variations in atmospheric conditions.

Varying qua.nt1t1es of the atmosphere's constituents are responsible for the changing
spectral distribution of the msolatlon The most 1mportant of these constituents are
ozone, carbon dioxide, water vapor, and dust particles. Another important variable af-
fectmg radiation from the Sun is the distance the radiation must traverse through the
atmosphere to reach the surface. The monochromatic slant- -path transmission can be
written from Lambert's law as

-7 m
A

=e

A

where Y is the monochromatic extinction optical thickness at wavelength A along a
vertical path from the Earth's surface to space, and m is the air mass which equals
~ the ratio of the length of the slant path to the length of the vertical path (ref. 1). For
solar zenith angles of less than 650, a good approximation for the air mass at sea level
is m = sec z. For larger angles atmospheric refraction should be accounted for. For
‘altitudes above sea level, where the pressure P is less than at sea level (Po) the |
"~ value of air mass is multlphed by the factor P/ P

Scattering and absorption by the atmosphere lead to substantial changes in the spec-
trum. For cloudless conditions the greatest variation is caused by changes in the con-
centratlon of aerosol or dust (ref. 2). Molecular or Raylelgh scattering is caused by
nitrogen, oxygen, and other molecular components where the scattering particle is small
compared with the wavelength of the radiation. Large-particle or Mie scattering is
" caused by dust, aerosols, water droplets, and other particles of diameter comparable
to the wavelength of the radiation. -Absorption in the ultraviolet is caused by ozone, .
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which produces an abrupt termination of the solar energy reaching the Earth's surface
at a wavelength near 0.29 micron. In the visible spectrum ozone produces a very weak
absorption from 0. 44 to 0. 74 micron. In the near infrared the spectrum is attenuated
by a series of absorption bands primarily dominated by water vapor and carbon dioxide.
An air mass 1 spectral model as derived by Moon (refs. 2 and 3) is given in figure 1
showing location of the absorption bands. Figure 2 gives the spectral irradiance at sea
level for various path lengths (air masses) through the atmosphere.

The silicon solar cell is strongly wavelength dependent responding to radiation in
the wavelength range of 0.4 to 1. 1 microns. The maximum response is in the near in-
frared at approximately 0. 8 micron. Figure 3 shows the spectral response of a ''con-
ventional'' N/P cell with a SiO A/R coating (ref. 4). Also depicted for comparison
purposes are the response curves of two newer more efficient space cells.

It is generally accepted that the solar cell sensitivity improves with increased
atmosphere; for example, the short circuit current under 100 milliwatts per square
centimeter will only increase approximately 16 to 20 percent with an increase of 35 per-
cent in solar radiation for the space AMO conditions. The reason, of course, is a re-
sult of the changing spectrum of the radiation. As we approach an AMO spectrum much
of the added incident radiation occurs at wavelengths associated with water absorption
bands, outside the useful spectral range of the solar cell. Conversely, as we increase
the path length through the atmosphere, we would expect to experience additional cell
sen31t1v1ty

To obtain some quantitative numbers of this change, the ''conventional'* silicon so-
lar cell sensitivity has been computed for AMO through AMS5. Table I has been con-
structed breaking the solar spectrum into nine separate bands (ref. 5). The energy con-
tained within each wavelength band is expressed as a percentage of the total energy
available. The relative output of the '"conventional'' solar cell for each of these spec-
trums was then determined. These outputs, normalized to the AM1 case, show an in-
crease in cell sensitivity with increasing air mass. :

It is noted that for the atmospheric conditions assumed the cell is only 85. 5 percent
as sensitive at AMO as it is under the AM1 conditions. This decrease in sensitivity,
or conversely the increase in sensitivity, from AMO to the AM1 conditions falls in the
range of actual values experienced at Table Mountain during the last 13 years.

In conclusion, we find that the sensitivity of the solar cell short-circuit current with
respect to incident radiation increases with increasing path length through the atmos-
phere. Solar cell standards for terrestrial purposes are normally standardized during
clear periods favoring times near solar noon and when the irradiance level approaches
100 milliwatts per square centimeter. These conditions are desirable for obtaining good
calibration values that can be repeated with reasonable consistency. These conditions
are not, however, typical of the overall weather conditions that a photovoltaic power
system would experience in usage. The insolation data that would be used to predict the

45



performance of such a system would most likely have been gathered using pyranometers
and pyrheliometers. These instruments exhibit a flat spectral response over the major
portion of the solar spectrum. These factors combined should have the affect of maxi-
mizing the spectral error in predicting the system performance. Perhaps this conser-
vative error will offset other errors such as those associated with the cosine or direc-
tional response. Certainly, calibration procedures, performance predictions, and solar
simulation methods must be carefully critiqued to minimize or at least account for
errors resulting from these spectral characteristics.
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DISCUSSION

Q 1 have heard-alot of speculation about this difference between the pyranometer and
the solar cell. As you suggested, if we put pyranometers and solar cells together
"in different parts of the country and compare solar cell outputs for the same py-
ranometer reading, how much variation are we really talking about - 1 percent,
2 percent, or a larger value because, it's a critical issue? If it's only a couple of
percent, then you could probably live with it in engineering design. It it's a large
number; then you will have to have better data. Until yoﬁ answer that question it's
going to be very difficult to make a decision - it's all speculation at this point. -

‘A: - I think there are probably a number of people starting to look at this now and maybe

- we can answer it. Perhaps Hernry in his paper will help answer it. It doesn't look
‘like it's a great big percentage, and it also looks like you would tag a maximum
‘percentage error on it. In other words, going from AMI to AM2 was a larger error

46



than going from AM2 to AM3. What we're saying is as we deplete the energy in
these water absorption bands then all of a sudden with further attentuation of the
climatic or weather condition you are going to set something that is generally not
going to chan\ge the sensitivity of the cell as the intensity goes down. So I think
may be we can bracket what the problem is; perhaps, also, the problem is not as
large as we might worry about when we don't have the facts.

COMMENT: I would just like to say that if we do use solar cells we are implicitly talk-
ing about a silicon solar cell and we have to keep in mind as one of your slides shows
that even the thickness of the cell itself is going to influence its performance.

COMMENT: Absolutely, that's why I do not think you would want to implement a com-
plete network, for example. I think for our cells, and other manufacturers that are
presenting going silicon, that they will have to understand that.

COMMENT: I don't think there were any data on the output of silicon cells as they re-
late to pyranometer readings. Stan Leonard in his mission analysis asked, for the
purpose of the mission analysis, if he would use the pyranometer data as they exist to
predict the output if he should go back and pick out all the pertinent weather data (such
as turbidity) and try to revamp the data. Ibelieve what he did was to take the atmos-
phere model calculations and calculate the direct solar intensity involved with a silicon
spectral response. He did this for various air masses, different geographic locations,
and atmospheric conditions. I remember the conclusion was something like this. For
cases where the insolation is high there is not a great deal of difference, perhaps a few
percent or less. There was quite a substantial difference when the insolation is low,
20 percent or that sort of number. So his conclusion in this case is that for the purpose‘
of a mission analysis it seems quite adequate to use it.

COMMENT: I would like to bring up again the point that Mr. Bernatowicz made. That
being that we have two main needs. One is for an index of performance measurement
where as much accuracy as possible is required. But if we are talking about computing
power outputs of arrays for actual power generation, then perhaps we should find out
what sort of accuracy the utilities need and in fact what sort of precision they can put
on the output of even a conventional oil powered station before they build it. If they can
only get within 10 percent then need we spend alot of effort in being able to forecast
photovoltaic outputs to 5 percent.
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TABLE 1. - SILICON SOLAR CELL SENSITIVITY

WITH AIR MASS VARIATIONS

Wavelength Optical path length ratio, m
band,
um 0 1 2 3 4 5
a

Percent of total energy available

Up to 0.4 9.0 4.3 2.7 1.7 1.1 0.5

0.4t0 0.5 14.4; 14.6| 12.9| 11.2 9.6 8.1
..5to .6 13.8 16.3| 16.0| 15.6( 14.6 | 13.6
.6to .7| 11.8] 14.5] 15.5| 15.9| 16.2 | 16.4
.Tto .9 17.3} 20.6| 22.4| 23.3| 24.5| 25.5
.9tol1.1} 10.8| 12.7{ 13.7| 14.8( 15.8{ 16.9

1.1to 1.4 9.3 9.2 9.6 9.1 9.2 9.5
1.4t01. 8 6.1 . . .. .
Greater than 7.5 1.4 1.2 1.2 1.2 1.1
1.8

-
(o}

100.0 | 100.0{ 100.0 | 100.0 | 100.0 | 100.0

Solar cellb 0.85511.000(1.039{1.053{1.064 (1.071
output sen-
sitivity

(relative)

aEnergy data based on spectral distribution data published
by Moon.

bSolar cell sensitivity data based on applying conventional
relative response curve against energy distribution and
normalizing with respect"fo relative output response to
AM1 spectrum.
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VARIATION OF SOLAR CELL EFFICIENCY WITH AIR MASS
Henry W. Brandhorst, Jr.

NASA Lewis Research Center
Cleveland, Ohio 44135

In contrast to outer space sunlight, terrestrial sunlight is constantly changing in in-
tensity and spectral distribution. These changes are caused by the variable thickness of
the atmosphere (air mass) through which the sunlight passes and the variation in atmos-
pheric condition. Thus, intensity and spectral variations may have important implica-
tions for the performance of the terrestrial solar cell array. They also complicate the
selection of a ''representative'' spectrum to be used in artificial sunlight simulators.
Little detailed data exist on the effect of this change in the sunlight spectrum on the per-
formance of various types of solar cells. The purpose of this paper is to provide data
on the variation of solar cell short-circuit current and efficiency with air mass., The"
solar cells studied include silicon, gallium arsenide, and cadmium sulfide.

EXPERIMENT PROCEDURES

The solar cells were measured under direct natural sunlight in Cleveland, Ohio,
from December 1974 to March 1975 primarily on days with clear sky and few clouds.
Measurements were also made with substantial amounts of haze and cloudiness, and a
few cells were even measured through heavy cirrus cloud layers. Measurements were
made from early morning to near sunset to afford a wide variation in air mass. Solar
intensity was monitored with a normal incidence pyrheliometer (NIP) whose output was
recorded while the current-voltage (I-V) curve was being traced. Insofar as possible,

. . measurements were made when no clouds passed near the Sun so that neither the solar .
cell nor the NIP was changing.

Solar cells as large as 2 centimeters by 2 centimeters were mounted at the end of a
10:1 collimating tube. Collimation was used to eliminate the variable of scattered light.
Cells were secured to the plate with a vacuum hold-down. Plate temperature was con-
trolled to 25°:2° C. Separate voltage and current probes contacted the top surface of
the cells (except for the CdS cell which was encapsulated under glass). No separate
voltage contact was made to the back of the cell; however, four wires were used between
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the base plate and the data acquisition system. A variable load and x-y plotter were
used to trace the I-V curve. The solar cell, collimating tube, and pyrheliometer were
mounted on a clock-driven Sun tracker. Each cell was measured on several different
days. The cells studied included a conventional silicon cell, a silicon cell irradiated
with 1><1016 electrons per square centimeter, a gallium arsenide cell manufactured in
about 1964, a gallium aluminum arsenide - gallium arsenide cell, and a glass-
encapsulated Kapton-covered Clevite-type cadimum sulfide cell. Atmospheric conditions
varied from a clear, blue sky to a heavy haze. Intensity of the normally incident sun-
light ranged from 15 to 90 milliwatts per square centimeter. The air mass was deter-
mined from the solar elevation and barometic pressure at the time of measurement.
The values obtained ranged from 1.3 to 4.5.

RESULTS AND DISCUSSION

Figures 1 to 3 show the variation of solar cell short-circuit current with intensity.
In all cases a line or curve extending through the origin is obtained. ..Because of this
linear relationship, the ratio. of short-circuit current density (band on total cell area)
to input power density (mA/mW) was calculated for all the points. The mean value of
this ratio and the standard deviation are listed on the curves. Mean values range from
0.312 milliampere per milliwatt for the silicon cell to 0. 116 milliampere per milliwatt
for the gallium arsenide cell. Standard deviations of this ratio were less than 2 percent.
On days when the lighting conditions were rapidly changing because of haze or cirrus
clouds, the solar cell responded far more rapidly than the pyrheliometer, which contrib-
uted to the spread in results. A

Despite the wide variative in intensity for these data, the spectral distribution within
the response band of the solar cell is not changing suff1C1ent1y to alter significantly the
ratio of short-circuit current to sunlight intensity. Thus, it is possible to make current
measurements under any known sunlight intensity with the confidence that the short-
circuit current for other intensities can be obtained with little error by simple linear
extrapolation., : .

The variation of solar cell efficiency with air mass is shown in figures 4 to 6. Cell
efficiency appears to be independent of air mass over the range of air mass and solar
cell types studied.

This observation follows because efficiency was independent of intensity so long as
the intensity was above 20 milliwatts per square centimeter. Over this intensity range
the open-circuit voltage varied by about +4 percent. The low-variation coupled with a
slight change in the fill factor accounts for the constancy of efficiency with intensity and
hence air mass. Average measured cell efficiencies range from 12. 0 percent for the - -
silicon cell to 4. 26 percent for the gallium arsenide cell. Error values shown on the
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figures are standard deviations. Only the radiation damaged silicon cell shows a devia-
tion of more than 2 percent. Measurements on this cell were made when the atmosphere
was most variable. Hence, errors in pyrheliometer readings probably contributed sub-
stantially to this deviation. Thus, it appears that considerable freedom also exists in
selecting an air mass for terrestrial solar cell measurements.

CONCLUSIONS

For the five types of solar cells measured in this study it has been shown that
short-circuit current is directly proportional to intensity within a standard deviation of -
about 2 percent and that efficiency is independent of air mass within about 2 percent.
These relationships permit great freedom in selecting a spectral distribution/intensity
to be used as a guide for the artificial light sources used to simulate terrestrial sunlight.
Similarly, a great deal of freedom is also permitted for air mass and intensity levels to
be used in making cell measurements in terrestrial sunlight.

DISCUSSION

Q: Would it be reasonable to assume that since we know spectral distribution is shifting
with air mass and you don't see any significant change here with air mass that the
efficiency and currents are relatively insensitive to spectral distribution for the
cells that you have tested?

A: It's an implication of these data and I don't know how firmly I want to stand behind

* them because I know what the calculations show. '

Q: I want to pursue that first question a little farther. Hasn't it been established that
the AMO efficiencies are lower than the AM1 efficiencies? And, as the gentleman
back here pointed out, aren't the spectral distribution changes from AMO, AMI,
AM2, AM3, etc. like the curves we have seen here to the extent the blue and the UV
content in the solar spectrum are decreasing? And, also, isn't the usable energy
available in the solar spectrum actually increasing? That's the standard argument.
So I don't understand your results. I would have expected the efficiency to increase
as you went from AM1 to say AM3. Not as radically perhaps as from AMO to AM1,
but at least some increase.

A: Once you take the big drop getting down to AM1 through the atmosphere, then it ap-
pears that, even though we have these spectral distribution changes, the power in
the visual portion of the spectrum, against which we are calculating the efficiency,
is going in the same ratio as the short-circuit current. I was hoping to show a
gradual increase with air mass also but it didn't happen.
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"Doesn't this resemble an attempt to extrapolate on a Langley plot a broad band fil-
ter to AMO where you don't get much curvature until you go from AM1 to AMO?
Yes, we do not have the data quoted here as current against air mass because the
atmospheric conditions were 'so variable that we couldn't do that. But, yes, this is
what the Langley technique did, and it can be good say up to AM2 or AM3.

Did you say you monitored the incoming intensity with an Epply NIP?
Yes.

So the intensity of the radiation does not quite have the spectral match to your solar
cell response?
No, it doesn't. It's a blackbody detector.

The results of the tests done on Solar 1 in Newark do, in fact, show that the Decem-
ber to March period is a very flat period and that any seasonable spectral effects
begin to show thereafter. jMaybe‘we will be getting some changes soon.

We are aware of the results you published and that's why I say take everything with
a grain of salt. ‘

Since you have these cells have you made ahy spectral response measurements?
Yes. '

Are they flat or do they show a typical fall off in the red?
These cells are typical. They show the fall off in the red.

It seems strange, then, that you should be able to calculate, if you know the spec-
tral content of your various air masses, what the short-circuit current should be.
The problem we have is what the atmospheric composition is for any given moment
in time between us and the Sun when we are monitoring the cell current. For the
same air mass we have seen a range of a factor of 5 or 6 in intensity for identical
air masses. Clearly, to model the current for a given air mass is meaningless
unless you have an atmospheric model.
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MICROCLIMATOLOGICAL INFLUENCES ON TWO SOLAR MODULES
Douglas M. Warschauer

Naval Weapons Center
China Lake, California 93555

A given photovoltaic solar cell has behavior which is a function of load and insola-
tion. An array may be constructed of cells connected in series-parallel to provide
specified currents and voltages at given values of insolation and load. From an engi-
neering point of view a useful concept is that of a photovoltaic solar module: a black box
capable of providing solar-derived electrical energy continuously to a load. Present
modules generally consist of a solar cell array to generate current, a diode to prevent
back current, a battery in parallel with the array to provide storage, and perhaps a
voltage regulator to provide stability. Such a circuit, without a voltage regulator, is
shown in figure 1. The battery is charged when the array voltage exceeds the battery
voltage. The behavior, which is inherently nonlinear, is strongly dependent on the num-
ber of photovoltaic cells, their mode of interconnection, the charging efficiency of the
battery, its capacity and past history (polarization), and the details of the diurnal fluc-
tuation of insolation. Two arrays, '"Brand B'' and ''"Brand X'' (shown in figs. 2 and 3),
were purchased specified to supply a 0. 8 t0 0.9 ampere peak at 12 volts nominal with a
4 ampere-hour load per day for local China Lake (Inyokern) conditions. Forty ampere-
hour batteries were recommended by the manufacturer of each array as providing suf-
ficient capacity to take care of periods of low insolation. Brand B was connected in ac-
cord with figure 1 to wet cells having a 12 volt, 40 ampere-hour capacity with a
68.5 ohm resistive load. Brand X was connected to a 12 volt, 40 ampere-hour sealed
gelled electrolyte cells with a 66.6 ohm resistive load. The arrays were mounted side
by side with the same orientation.

China Lake has a year-round daily average of 585 calories per square centimeter
insolation, and, averaged over a long period, has about 92 percent of ideal clear air
conditions. There are isolated times during the winter when the deviation from ideal is
large (February has an 18-year average of 432 cal/ cm2; the period to be described here
average 368 cal/ cmz). A period of 35 days, whose daily insolation values are shown in
figure 4, was selected for discussion here. The behavior of the modules during this
period is considered instructive enough to report. Brand B module supplied on the
average 4. 68 ampere-hours and brand X supplied 4. 02 ampere-hours (including, in this
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case, performance to end of February) of daily load over the period and thus exceeded
the specification by 17 and 0. 5 percent, respectively.

Figure 5 illustrates that although the diurnal insolation varied considerably during
the period concerned the integrated solar insolation approximates a straight line. Fig-
ures 6 and 7 show that the panel ampere-hours and the load ampere-hours also exhibit
approximately linear behavior. One might infer from figures 5 to 7 that a linear model
for the behavior is sufficient to determine average performance, although the deviation
of load ampere-hours from linearity for brand X beyond February 18 is suspicious.

These suspicions are verified if one examines the difference between panel and load
ampere-hour curves of figure 8 in which no linearity is observable. Brand B has con-
tinued to charge and provide adequate power to the load, while brand X in point of fact
has fully discharged its batteries toward the end of the period shown, even though the
ampere-hour difference is 28 and not the 40 that the battery capacity seems to imply.
Figure 9 shows the observed voltage and current at selected times over the 35-day
period. Note the wide fluctuation in both voltage and panel current. These are highly
dependent on such factors as just how much radiation was incident at the time of meas-
urement, whether the batteries are polarized, etc. With the daytime voltage fluctuating
between 12. 5 and 16. 7 volts the panel, battery, and load powers are all strongly de-
pendent on the product VI rather than I alone as would be the case in a constant voltage
System, which a module on first inspection appears to be.

A conclusion that might be drawn from this brief inspection is that a solar module
is a highly nonlinear device whose performance is a function of the cell and array char-
acteristics, the efficiency of charge storage, the past history as represented in battery
voltage and state of polarization, and the time-dependent details of insolation. Further-
more, it is obviously not satisfactory to use average behavior to determine the param-
eters of a module, particularly if a heavy intermittent load is drawn or a short time
period is involved, as may be the case in military use, for example. Two days of
exactly equal insolation might lead to positive or negative net charging dependent on
whether the insolation ever reached the value needed for the array voltage to exceed the
battery charging voltage. Figure 10 shows three pyranometer curves taken locally
having almost the same total insolation, but characteristics which would lead to differ-
ent module behavior. Thus, an intensive study of modules is needed, in which, from a
theoretical point of view, a computer model should be used to take account of the time-
dependent variation of all the relevant parameters. When actual field studies are to be
done, it is desirable that a pyranometer be mounted adjacent to the module under test
and continuous recording of insolation, panel current, load current, and battery voltage
be taken and interpreted in order to predict the behavior of a module. |
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DISCUSSION
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I question your threshold charge volt:.age. Why is there a threshold there? On a
day that maybe you had half the insolation you indicate that maybe it wouldn't
charge. If it's designed with a voltage near or below the maximum power point it
should definitely charge under those conditions. You should have enough voltage,
even though the insolation is lower.

If you made an array out of a given number of solar cells and you de51gned them
for China Lake conditions, I think you would put a certain number of them in paral-
lel with one another and then you would series groups of these. If you were design-
ing primarily for conditions like we have here today you would probably rearrang'e
that series-parallel configuration to take into account the fact that the days are
generally gloomier or you might get very little charging. So you must design the
panel to fit with the batteries that are going to be used. As far as I can see, you
get no charging if the insolation at any given time falls below a certain amount. Our
ampere-hour meters just stop dead at that time. The brand B panel in our case
happens not only to be charging very well during periods of bad weather like we
were having here but under the more ideal conditions that we usually have. I think
we generally are always overcharging which I don't think is a desirable situation.
Maybe that's what you are talking about. If you design such that you are always
overcharging then you don't have any problems.

Yes, that's what I'm saying. If you design at the proper voltage, even at low in-
solation, you will get your full charge.
But then if you have open cell batteries, you are driving the water off all the time.
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GENERAL DISCUSSION-FOLLOWING SESSION I

Q. Are there enough existing data now that we should be working on and can those daté
be rehabilitated or is there a way we could be more agressive within the national
program to look for these data?

COMMENT: I think the comment was made earlier that we are going to all this trouble
- to find out what a solar cell does in the sunlight. I wonder why the NOAA program
doesn't have a direct and diffuse solar cell measurement as part of their program
rather than going through all these calculations to get to what we could get so simply
with a easy measurement. It seems like these turbidity,calculations and calculations
of direct arc the only way we can go now because that's historically the way the data
were taken. We will go in an around about way to get there, but I think we could do it

- very simply and get the data we want with a very inexpensive measurement.

COMMENT: Spectral data are used only in research and other than the congressional
charge to characterize the atmosphere NOAA doesn't actually have a need yet for solar
radiation data. ‘So this is one problem pedple face when they ask somebody from NOAA
to monitor radiation. The opinion often is if you need it so badly-at your particular lo-
cation why don't you put it in at that location. We feel that we are going to monitor,’
through the congressional charge, an overall network. It's been -pbinted out here sev-
eral times that you are going to have to take point measurements in certain locations.
We do want to get into the spectral business. But first there are some questidns we do
need answers to. What breakdown do you people need in the sense of what bandwidths?

“How many do you need? At what frequency do you need them - every minute, hour, or
daily total? For what time period are you going to need them? Will 1 year' of data to
serve.from now on, ,as' a statistical year be enough or do you need them for 10 or 20
years? About what network size do you think is reasonable to represent the United
States and get reasonable data for planning purposes? NOAA can't, and I don't think
ERDA can either, afford to monitor at every location that we would really like to be-
cause of the budgeting problems. | ' '

COMMENT: Again, I want to state that'I have only been thmkmg about this for about a

week. I should also pomt out that I am from China Lake which is in the middle of the

" desert in California where we get about 3 inches of rain a year, about as little as you get
anywhere in the country. Also, we are near Mount Whitney, which is the highest peak in

the continetal United States, and you can see roughly 100 miles to Telescope Peak which

overlooks Death Valley so the conditions are presumably ideal. ‘They may be ideal for
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a full year. If you look at the weather conditions as compared to extraterrestrial in-
solation we get about somewhere between 72 and 76 percent solar insolation. On the
other hand, if you want the percent possible total insolation, which is available at the
surface of the Earth, I think our conditions represent about 92 percent of the total pos-
sible. But that's only an off the top of the head estimate in that it includes all these
thinés that have been discussed here such as turbidity, forward scattering, water vapor
absorption, etc. I have been coming to the conclusion, and this is not a very firm con-
clusion, that you have to do what Ralph says: You have to have not only pyranometers
but you must also have standard solar cells for recording. In fact, the ideal thing
would be to have continuous recording of a pyranometer and a solar cell side by side so
that if a cloud goes over you see it on both machines simultaneously. But then you
really ought to be looking at the spectral data, too. I have come to the conclusion that
there are two ways of looking at it. One way is to look at the day by day insolation and
pick out for each month the very clearest day that you have and then, if you want let's
say a standard year for a given location, you are going to have to construct 30 or 31
day months out of your very best day and establish a standard in this way. I think what
you have to do is take both the total insolation and also spectral data day by day and then
construct hypothetical years out of these very best days out of each month. I think what
will happen is that over a period of 1 year, 3 years, or 5 years your standards will
drift for awhile as you get clearer days coming along, but I don't see any other way now
of doing what has to be done.

COMMENT: I think the thing we are talking about now is very important. I think the
workshop is going to have to address itself to this question. There are generally two
kinds of data that we need. Some data from which we can make good efficiency meas-
urements (that is, quote standards) not necessarily representative of what happens in
Phoenix or Maine on the seventh of May or whatever. Just a standard method that
everybody agrees that that's the number they are going to use as an index of perform-
ance of a solar cell. The other kinds of data are those for designing a system for an
application; that's when you look at the weather data and get an overall average and
figure out what size system is needed. They are different kinds of problems. They
may turn out to be different kinds of problems for NOAA, and if you don't keep them

" separated you aren't going to have a good conversation.

COMMENT: I think to a certain extent people should remember that when you're asking
for measurements of a national character you are not asking for measurements for
your specific discipline alone. As a member of a calibration laboratory we work with
everything from ultraviolet sensitrometry of diazo reproduction to measurements of
solar furnaces. Basically, the division is one of spectrally selective detectors versus
flat plate or black or gray detectors. Jon Geist is here and talked on that a number of
times. If you take a look at one. of the 'larger industries that's interested in spectrally
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selective detectors it's the photographic industry which is highly competitive. Somehow
or other they manage to get their own data.

COMMENT: NOAA for years has been trying to measure solar radiation in m\any forms
but priorities haven't allowed it. We now have a chance to start a very good program
and we need, or Dr. White, Head of NOAA, needs, some definite statements from
people like you on what we should be providing you. We really haven't gotten this. We
could use a statement from you on what you need in terms of numbers and details. For
example, at what frequency do you need these data, how often do you need them, over
what time period do you need them, and what kind of distribution do you need across the
United States? I think if groups, user groups, can come up with this information NOAA
can go a long way in providing the data. Not only from NOAA itself, but there are many
federal agencies that collect data. Most of them collect the data on a small budget, and
some of the agencies don't even know they are actually collecting it because maybe it's
only $10 000 out of a budget of millions. I think if we get requirements out of the user
community the federal government can go a long way. It will be surprising I think how
many data there actually are lying around on bookshelfs in the U.S. Maybe the data are
of good quality; and thus you would come up with a fantastic federal network. But I
think the requirements have to get into the literature so that people know what they
really are and so that people can budget for them.
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MODERN RADIOMETRY FOR PHOTOVOLTAIC SOLAR CONVERSION
Jon Geist

National Bureau of Standards
Washington, D.C. 20234

A new approach to spectral radiometry is being developed at NBS.- The new ap-
proach is based on recent advances in electro-optical technology and may prove useful
in radiometry measurement problems arising in photovoltaic solar conversion research
and applications. In order to appreciate the significance of these developments, it is
useful to review the introduction of new technology into radiometry. For this purpose,
it is convenient to concentrate on three optical components that play a key role in spec-
tral radiometry and to distinguish four periods in the history of radiometry as shown in
the following table:

Sources |Spectral analyzers .Detectors
Arc ’ ’ ‘Thermopile
. Photograph
1860
Filament® |Prism* . Bolofnete_r
Blackbody*|Grating™ Photoconductor*
Discharge* - | Photoemissive
1910
Interference filter | Photovoltaic .
Photomultiplier™
Pneumatic
1960
Laser Interferometer -Pyroelectric
LED Acousto-optic

This table identifies the period during which the various components-were introduced
into radiometry rather than the date at which they were invented. - For instance, the -
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Michelson interferometer was invented and used in certain spectroscopic applications
long before 1960. However, it was not until the interferometer was combined with the
computer that it could be used for radiomeiry. The asterisks in the table indicate the
technology that is the basis for radiometry as currently practiced, particularly in
standards work.

Three important points are evident from the table. First, radiometry as presently
practiced is based almost entirely on 19th century technology. Second, very little hap-
pened in radiometry between 1910 and 1960. Indeed, this second point is one of the ex-
planations for the first point. And finally, most of the developments in radiometry dur-
ing the period between 1910 and 1960 were associated with detectors. This is at least
partially due to the fact that 19th century technology was not able to provide detectors
that were accurate, sensitive, and reasonably convenient to use. In fact this very lack
of detectors that are both accurate and sensitive is a fundamental premise of the clas-
sical (presently accepted) approach to accurate spectral radiometry. As a consequence,
the classical approach places an inordinate burden on sources such as lamps-and black- -
bodies, as will be shown later in the paper. ’

The development of a new approach of spectral radiometry awaited technological
advances in three areas. Accurate, sensitive detectors, tunable §-function (mono-

- chromatic, uni-directional, spatially concentrated) sources of sufficient power to be
accurately measured with the detectors mentioned previously, and characterizable op-
tical components (particularly spectral analyzers) were needed. Modern silicon photo-
voltaic detectors (ref. 1) and electrically calibrated pyroelectric detectors (ref. 2) com-
bine to satisfy the first requirement, tunable continuous wave dye lasers (ref. 3) fulfill
the second requirement in the visible region of the spectrum, and interference (ref. 4)
and acousto-optical (ref. 5) filters satisfy the third.

‘ To demonstrate the new approach, we have measured the spectral irradiance (power
per unit area and wavelength) at 602 nanometers from a quartz halogen coiled coil fila-
ment lamp that had already been calibrated for spectral irradiance by another group at
NBS (ref. 6) using the classical approach. This type of lamp with this type of calibra-
tion is the most widely requested radiometric standard available from NBS. The clas-
sical approach to this calibration is illustrated in figures 1 and 2.

The new approach (described in more detail in ref. 7) is illustrated in figure 3.

The top part of the figure represents the measurement of the spectral response of a
silicon photovoltaic detector that is covered by a narrow band pass interference filter.
The beam from the dye laser is directed through a wedged beam splitter onto the filtered

photodiode F. The first surface reflection from the beam splitter is collected by a
monitormg detector M. The current f(x) from the filtered detector and the current
mb(A) from the monitoring detector are both measured as a function of wavelength over
the range of the dye laser. The filtered detector is then replaced by an electrically
calibrated radiant power meter P which serves as the primary reference. The cur-
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rent m c()\) from the monitoring detector and the power p(\) incident on the power me-
ter are both recorded as functions of A. If the monitoring detector is linear, or if
} mb(x) =m c()t), then the spectral response of the filtered detector r(d) is given by

. _
r(y) = S&) TE(_)_ (1)
mb(l) p(h)

for )\1 =A< 7\2’ where 7\1' and 7‘2 are, respectively, the lower and upper bounds of

the wavelength range through which the dye laser can be tuned. The bottom part of the

figure represents the measurement of spectral irradiance e(ho) at wavelength Ao with
the filtered detector, which is calculated as

-1
e(rg) = KOI[A j;:z r(h)d)\] 2)

where K is a correction factor (ref. 7, p. 310) accounting for nonideal behavior of the
narrow band-pass filter, I the current from, and A the area of the aperture of the fil-
tered detector when irradiated by the lamp.

The estimated-uncertainties of the two approaches are comparable, both about
1 percent, -and the results obtained from.two independenf measurements on each -of two
- different lamps agreed to within-1 percent. A comparison of thé""tWO'approaches shows
_-that the new approach involves a much shorter measurement chain:than the classical ap-
proach, and it exemplifies the over dependence of the classical approach on sources
such as black'bodies and incandescent lamps. Also, possibilities for improved accur- -
acy are higher for the new approach, based as it is on new technology, than for the
classical approach, which, of course, is based on mature technology.

It must be emphasized that the new approach is still being developed, and is avail-
able, at present, only in the visible region of the spectrum. Future development will
include extending the wavelength range with yet to be developed tunable continuous wave
lasers or with presently existing tunable pulsed lasers, replaéing interference filters
with tunable acousto-optic. filters, development of new quantum detectors for radiom-
etry, and continued improVement of electrically calibrated pyroelectric detectors.
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DISCUSSION
Q What did you say the wavelength range was of the acoustic filter ?

A: The acoustic filters have been used up to about 2 microns already (e.g., from about
" 0.25 to 2) although not with a single filter but with maybe two to cover that range.
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SOLAR SIMULATOR SPECTRAL AND IRRADIANCE DEGRADATION
A. R. Lunde

The Boeing Co.
Seattle, Washington 98124

Measurement techniques of a solar simulator are essential when determining the
performance and degradation rate of solar cells. The spectral response of a solar cell
covers only a portion of the solar spectrum. For example, the solar cell responds in
the spectral range of 0.4 to 1. 1 microns. Its output is characteristic of the incident
spectrum and total irradiance. It is necessary to reproduce the initial environmental
condition in order to determine solar cell performance and degradation rate. There-
fore, the total incident energy and the spectral energy in the solar cell region must be
known. This paper describes briefly the measured changes of a solar simulator during
a solar cell degradation study and discusses how these changes might influence the test
results.

TEST ENVIRONMENT

The purpose of the test was to determine the degradation rate of solar cells. The
cells were exposed to simulated occultation environment. Periodic solar cell perform-
ance was determined by comparison to a standard balloon flown solar cell. The thermal
cycle consisted of a 1-hour exposure to the simulated solar beam and 1/2-hour dark
cycle. The solar cells were mounted inside a vacuum chamber (see fig. 1) which was
maintained at a pressure of 1><10'6 torr or lower. The solar cells were surrounded with
liquid nitrogen shrouds maintained at 100 K. Thermocouples were attached to the solar
cells for temperature indications. During the test the performance of the X-25L solar
simulator was monitored. This consisted of measuring the spectral energy distribution
from 0. 25 to 2. 50 microns with a Beckman spectroradiometer. The solar irradiance
was set daily during the dark cycle by rotating the simulator to illuminate a standard
cell and adjusting the lamp power to the same indicated solar cell irradiance. The lamp
power and total irradiance were also recorded using a TRW differential radiometer.
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SOLAR SIMULATOR PERFORMANCE

The performance of the X-25L solar simulator was determined from the spectral
energy distribution plots, the total irradiance, and the lamp power. It should be re-
itereated that the irradiance was set daily by maintaining a constant output from the
balloon flown standard solar cell. This would allow the total irradiance to change as
the spectral energy distribution was changing due to lamp and mirror degradation. The
lamp, collector, and folding mirrors were changed periodically when the lamp power
reached the maximum allowable operating level of 4. 2 kilowatts.

RESULTS AND CONCLUSIONS .

Figure 2 shows the amount of energy contained in the two regions of 0.5 to 0.8 mi-
cron and 0. 5 to 1. 0 micron as functions of number of cycles. This is presented to in-
dicate that the energy contained in the solar cell response region is relatively constant
over the test time. The scatter of these data is related to the method of measurement
and data reduction. The deviation of the 0.5 to 0. 8 micron region was +1. 07 percent,
and the deviation of the 0.5 to 1. 0. micron region.was +1. 25 percent from the total irrad-
iance.. It is noted that only the last 3000 cycles of data are presented because it was not
until this time that all the data were taken and could be presented in a meaningful man-
ner. Presented in the same figure.is the lamp degradation rate. .It can be seen how the
lamp power steadily increased while the spectral energy contained in the specified wave-
length bands remained fairly constant. Figure 3 relates the total irradiance change
against the number of cycles while the standard solar cell maintained a constant irradi-
ance. A very definite pattern of a decrease in total irradiance is seen as related to ‘
solar simulator degradation. Then, after a new lamp, collector, and mirrors were in-
stalled the total irradiance would return to the original level. The total irradiance de- -
creased approximately 4 percent between lamp and reflective surface changes. - This
could result in a temperature drop of 10° F (5. 5° C) in the solar cell temperature for a
cell initially operating at a temperature of 140° F .(600 C). The important factor to con-
sider is that a decrease in total irradiance will reduce the operating temperature of the
test cells. This in turn will result in increased efficiency of the cells (ref. 1). The net
effect is a decrease in the degradation rate of the solar cells over the operational life of
a lamp, collector, and folding mirror. It also points out the need for control of repeat—
ability of refurbishment of the solar simulator reflective opt1cs '

In summary, the characterlstlc performa.nce of a solar simulator is essentlal 1n )
determining the state of performa.nce of the solar ‘cells. It is suggested that total 1rrad1-
ance, spectral irradiance in the response region of the standard solar cell, ‘and temper-
ature of the test cells be known to adequately evaluate the solar cell performance.
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DISCUSSION

Q: Iam afraid I did not understand the last figure. Could you explain more what the
differences are between the irradiance that was held constant and the one being
_ plotted? :

A: The solar simulator irradiance was set by turning the solar beam on to a balloon
flown standard solar cell and maintaining the cell output at a constant value, by

' varying the power of the lamp. There was a certain amount of degradation of the
reflective optics and the lamp. At the same time we would also take readings of
the total irradiance. This is done with a total radiometer that looks over the entire
spectrum. The total irradiance was always decreasing with time to a point where
after the lamp power reached 4. 2 kilowatts, which is our limit, we would have to
change the lamp and put in refurbished optics. At that time we would return to a
different irradiance level. So the total irradiance was continuously changing while
we were maintaining a constant irradiance as seen by a solar cell. The fluctuation
at this time is about 4 percent wh11e earlier in the program we had as much as a
-10-percent fluctuation.

Are solar cells reversible? When the temperafure changes the sensitivity changes,

Q&
-is that correct?
A:  Yes. |
Q: Then, 1f the temperature comes back again does the sensitivity return to the original
- sensitivity?
A: Idon't claim to be a solar cell expert, but if the cell isn't degraded any I think it

would. However, solar cells do degrade so it depends on how long its been exposed
and to what its been exposed.

COMMENT: I think basically that, once the tempefature has gone fhrough its excursion
and comes back to 25° C, the sensitivity is exactly the same.

COMMENT: Everybody has been plotting various energies against wavelength and it
seems to me that in'the energy business we ought to be plotting against photon energy or
wave number or somethmg so that the area under the curve makes more sense. Perhaps
that's one of the thmgs the group might be thinking about.
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PROPOSED STANDARD FOR AM1 SUNLIGHT*
Henry Hadley, Jr.

Institute of Enérgy Conversion
University of Delaware
Newark, Delaware 19711

In order to test the electrical characteristics of solar cells under terrestrial con-
ditions, it is clearly necessary to have a reproducible source of ''sunlight.'' Because
of the variability of spectral response between different types of solar cells (for instance
Si, Cu,S-Cds, or GaP-GaAs), nonlinear quenching and enhancement effects as observed
in CuZS-CdS cells, and variations between individual cells of the same type, this source
should simulate terrestrial sunlight both in total power density and spectral distribution
as closely as possible.

In designing or evaluating a solar simulator, it is necessary to have a standard
" definition of the characteristics of terrestrial sunlight as a comparison. However, a
_ precise definition is not possible. Variability in atmospheric conditions, seasonal
changes, slant path and surrounding reflecting surfaces all contribute significantly to
the variability of terrestrial sunlight. The spectral distribution of extraterrestrial
(AMO) sunlight, on the other hand, has been reasonably well defined by various authors,
and definitions of the total intensity and spectral distribution may be found in the litera-
ture.

Attenuation of this extraterrestrial sunlight through the atmosphere has two main
sources: scattering, both molecular (from particles small compared to the wavelength)
and Mie or large particle scattering, and absorption by various atomic and molecular
transitions.

Atmospheric absorption is primarily due to water vapor, ozone, molecular oxygen,
carbon dioxide, nitrogen, and their disassociated constituents. The absorption spectra
of all these constituents are all well known. Considerable variations occur in concen-
tration and distribution with altitude resulting in major changes in calculated atmos-
pheric absorption.

Mie scattering is due to dust, water droplets, and other aerosols. Considerable
local variations occur which are predominant for lower altitudes; Rayleigh scattering

*Supported by the National Science Foundation, Research Applied to National Needs,
under Grant AER72-03489, formerly GI-34872.
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dominates when the atmosphere is exceptionally clear.

The necessary data thus exist to permit the calculation of the direct solar radiation
under any air mass condition for a given atmospheric composition. Using various
atmospheric compositions Gates (ref. .1) has calculated such distributions for a number
of air masses from Johnson's AMO data. Figure 1 shows the mean value atmosphere
AM1. 0 curve compared to the Johnson AMO curve (ref. 2).

The effects of the various absorption and scattering mechanisms may be seen. For
A < 0.290 micron, almost complete absorption results from the ozone and disassociated
oxygen (Schumann-Runge bands). The Hartley (0. 180 to 0. 340 ) and Huggins (0. 320 to
0.360 ) ozone bands produce structure in the blue. In addition, the weak Chappuis
band (0. 440 to 0. 740 ) reduces the peak intensity of the AMO curve. In the red and
near infrared, there is considerable structure due primarily to the complex absorption
spectra of water vapor. Also, molecular oxygen produces a strong but narrow absorp-
tion band at 7596 A and another at 1.27 microns. Finally, the scattering from aerosols
reduces the overall intensity.

Under actual deployment conditions, solar cells will receive not only direct solar
radiation but also a significant contribution from diffuse scattered skylight. This addi-
tional flux adds considerable energy in the blue region of the spectrum as shown in fig-
ure 2 (ref. 3) Addition of this diffuse skylight to the direct radiation produces the
global radiation of actual deployment conditions shown in figure 3.

It is proposed that for evaluating solar simulators the characteristics of terrestrial
sunlight be as defined by a curve of global radiation calculated in the manner used by
Gates from a well defined AMO spectral distribution and a ''standard atmosphere'' con-
taining specified amounts of the scattering and absorbing materials. Gates has recom-
mended 1 centimeter precipitable water, 0.35 centimeter per kilometer ozone liquid
equivalent, and 200 particles per cubic centimeter aerosol concentration. The AM1.0
global curve for these conditions is shown as figure 3 and has a integrated flux of 91.7
milliwatts per square centimeter. The tabulated energy distribution is given in table I.
This definition will have the useful advantage of being easily calculated for the different
slant paths (air masses) encountered in actual terrestrial conditions, thus providing
references for evaluating solar simulators under a variety of cell deployment conditions.

REFERENCES

1. D. M. Gates, Science, 151, 3710, 523 (1966).
2. F. S. Johnson, J. of Meteorology, 11, 431 (1954).
3. D. Deirmendjian and Z. Sekera, Tellus, 6, 382 (1954).
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DISCUSSION

Q On your last figure, what is your average value for the total insolation?

A: The total insolation depends on the particular standard atmosphere that is chosen.
The total insolation for that curve was 91. 7 milliwatts per square centimeter. The
values of water vapor and so on that you choose for a standard atmosphere can vary
the total insolation over 5, 10, or 15 percent. The strongest variations seems to
come, according to Gates, from the aerosol concentration and the water vapor
equivalent in the atmosphere. '
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TABLE L - AM1 DIRECT AND GLOBAL SPECTRAL DISTRIBUTIONS FOR STANDARD ATMOSPHERE OF 1.0 CENTIMETER H,0,

0.35 CENTIMETER PER KILOWATT OZONE, AND 200 PARTICLES PER CUBIC CENTIMETER AEROSOL

[Total direct radiant energy, 86.5 mW/cmz; total global radiant energy, 91.7 mW/cmZ; W () is intensity in mW/cmz/p
(values :1 mW/ cmz/ p.).]

A (mp) | Wp, )| W @) || % (mpn) | Wiy )| W @) 13 () | Wy 00 W )12 () | Wy ) | W @) ) & () | W 0| W 1)
285 1 12 540 141 152 815 89 89 1090 49 49 1410 1 1
290 2 14 545 142 152 820 86 86 1100 48 48 1420 3 3
295 12 25 550 140 150 830 87 87 1110 35 35 1430 6 6
300 21 35 560 138 147 835 88 88 1120 23 23 1440 7 1
310 28 46 570 137 145 840 87 87 1125 19 19 1450 8 8
320 35 54 580 136 143 845 85 85 1130 18 18 1460 10 10
330 42 65 590 135 142 850 80 80 1135 21 21 1470 10 10
340 55 76 600 134 140 855 70 70 1140 22 22 1480 9 9
345 60 81 610 132 137 860 61 61 1145 21 21 1490 1 11
350 61 88 620 130 135 865 49 49 1150 19 19 1500 14 14
355 62 82 630 127 131 870 50 50 1155 20 20 1510 17 17
360 60 80 640 125 127 875 52 52 1160 22 22 1520 19 19
365 58 7 650 119 122 880 53 53 1165 24 24 1530 20 20
370 59 ki 655 114 17 885 50 50 1170 23 23 1540 20 20
375 62 79 660 111 114 890 48 48 1180 29 29 1550.| 20 20
380 87 83 665 113 115 895 47 47 1190 36 36 1560 19 19
390 3 89 670 114 116 900 48 48 1195 37 37 1570 19 19
400 79 102 675 113 115 905 50 50 1200 36 36 1580 18 18
410 87 111 680 111 113 910 49 49 1210 35 35 1590 18 18
420 98 12t 685 109 111 915 38 38 1220 35 35 1600 17 17
430 106 126 690 108 110 920 35 35 1230 33 33 1650 16 16
435 111 131 695 107 108 930 30 30 ‘1240 28 28 1700 15 15
440 112 132 700 108 109 940 31 31 1250 24 24 1750 14 14
445 110 131 705 109 110 950 33 33 1260 24 24 1780 13 13
450 111 132 110 107 108 960 35 35 1270 27 -2 1800 12 12
460 119 139 720 97 98 - 970 38 38 1280 29 29 1810 10 10
470 135 153 130 82 82 980 55 55 1290 32 32 1820 5 5
475 139 157 740 66 66 990 66 66 1300 28 28 1830 1 1
480 141 158 750 62 62 985 66 66 1310 26 26 1840 0 ]
485 143 159 760 66 66 1000 65 65 1320 25 25 1850 1 1
490 144 159 710 82 82 1010 60 60 1330 24 24 1875 2 2
495 140 154 15 87 87 1020 56 56 1340 20 20 1900 1 1
500 138 152 780 92 92 1030 54 54 1350 11 11 1920 3 3
505 139 152 785 94 94 1040 51 51 1360 1 1 1940 5 5
510 141 154 790 93 93 1050 52 52 1370 1 1 1960 1 7
515 140 152 795 95 95 1060 52 52 1380 2 2 1980 6 6
520 138 150 800 93 93 1070 50 50 1390 1 1 2000 5 5
530 139 150 810 92 92 1080 48 48 1400 0 0
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DETERMINATION OF DIFFUSE RADIATION CHARACTERISTICS
FOR APPLICATION IN SOLAR ENERGY HARVESTING
B. H. Armstrong, J. V. Dave, and P. Halpern

IBM Scientific Center
Palo Alto, California 94304

The absorption and scattering of sunlight by the constituents of the atmosphere re-
sults in the attenuation of the direct solar radiation incident at the top of the atmosphere.
A good fraction of this energy removed from the direct solar beam reappears in the form
of diffuse radiation (or ''skylight'') in all directions due to the phenomenon of multiple
scattering.

For solar energy harvesting, flat-plate collectors mounted in horizontal positions
or tilted towards a preferential direction are commonly used. The efficiency of such a
collector depends on several factors, for example, spatial and spectral distribution of
the diffuse radiation, position of the Sun, time of day, day of year, and geographic lat-
itude of the site. The importance of diffuse radiation.to efficient harvesting of solar
radiation under turbid atmospheric conditions is well recognized, and the development of
collectors which accommodate diffuse radiation has been reported in the literature.
However, the detailed characteristics of diffuse radiation are not well known, even
though adequate theory now exists for calculating these characteristics. This paper
briefly reviews the current solar radiation data and the relevant radiative transfer
theory and points out the realistic atmospheric models which can provide the needed de-
scription of diffuse radiation.

LIMITATIONS OF CURRENT DIFFUSE RADIATION KNOWLEDGE

The current understanding of diffuse solar radiation is primarily based on the anal-
ysis of measurements of the spectrally integrated (wave length region, 0.3 to 5 um),
total (i. e., direct as well as diffuse) insolation made regularly at many weather stations.
The instruments used for measuring these quantities are normal incidence pyrheliometer
(direct solar energy), hemispherical pyranometer with occulting disk (diffuse sky en-
ergy), hemispherical pyranometer (total equals direct plus diffuse energy) and sunshine
recorder (total sunshine hours per day).
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. Because of spareness of normal incidence pyrheliometer data, several investiga-
tors have used hemispherical pyranometer and/or sunshine recorder data for obtaining
empirical relationships between direct and diffuse energy passing through a horizontal
surface (ref. 1). One major assumption common to developing such empirical relation-
ships of that one-half of the energy scattered by the atmosphere is returned to the Earth
in the form of skylight and the remaining half is reflected back to space. A number of
other assumptions and simplications have been made. We will first list the problems
connected with the currently accepted empirical relationships and measurements and
point out how the situation can be improved by modeling:

(1) Mechanical restrictions of measuring instruments (e. g., field of view and oc-
clusion of solar disk) preclude an accurate separation of direct and diffuse components.

(2) Insolation may be different at measurement and at collector sites.

(3) Common assumptions that one-half the scattered radiation returns to Earth as
skylight and that it is isotropically distributed are not valid under many situations of
interest. :

(4) The effect of surface albedo on the radiation received by inclined collectors is
usually neglected. '

(5) The spectral response of measuring instruments is usually different from that
of solar collectors.

(6) The ratio of diffuse to total radiation received at the surface depend on several
variable parameters which are difficult or impractical to measure such as atmospheric
composition, cioudiness, and reflectivity of the underlying surface.

(7) The meteorological insolation data base is of limited reliability.

ROLE OF BASIC RADIATIVE TRANSFER SIMULATION

IN SOLAR ENERGY EXPLOITATION

An alternate approach for obtaining a good understanding of various characteristics
of the diffuse component of solar energy received at the surface is by numerical simula-
tion of the transfer of solar radiation through realistic models of the terrestrial atmos-
phere by direct computation from the equation of radiative transfer.

We have recently developed and tested very efficient and accurate methods for ob-
taining direct numerical solutions to the radiative transfer equation for the Earth's
atmosphere (refs. 2 and 3). These methods can be employed straightforwardly to re-
move the limitations listed previously and to provide additional design parameters not
now available. In particular, with reference to the critical points listed previously,
such modeling can offer the following improvements.
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(1) In order to estimate the importance of circumsolar radiation on the operation
of solar energy conversion systems, information is needed on the gradient of sky
brightness from the edge of the solar disk out to about 5 at least, and further would be
desirable. This quantity, while very difficult to measure, can be readily calculated.

(2) Calculations can be carried out for models with different sets of meteorological
parameters characteristic of the different locations (e. g.,” Linke's turbidity factor and
horizontal visibility). The model results can then be used to derive empirical relation-
ships between energy passing through a tilted surface and some of the standard meteor-
ological parameters. |

(3) The models we have developed calculate both the intensity of the skylight and its
spectral distribution and include the effects of surface albedo. Further development is
needed only to make these models simple and cheaper to operate.

(4) As will be described presently, we have been able to include these variable pa-
rameters (atmospheric composition, cloudiness, and ground reflectivity) in our models
and demonstrate their effects.

(5) The model calculations can be used to enhance the reliability and extend the
scope of present methods of analyzing meteorological insolation data. As indicated
previously, the differences in geographic location can also be accounted for.

In addition to these points, such an investigation can also provide the distribution
of radiation at intermediate levels during scattered-cloud conditions. After combining
such information with bi-directional reflectivity of scattered clouds, it would be pos-
sible to simulate the effect of diffuse radiation in the presence of scattered clouds.

REALISTIC RADIATION TRANSFER MODELS FOR

SOLAR ENERGY SIMULATION

We have recently succeeded in applying the classical spherical harmonics expan-
sion method to the direct solution of the radiative transfer equation. Since this has
. yielded much more efficient and economical solutions than heretofore, it is now feasible
to perform model calculations that were not previously practical.

This spherical harmonics methods has been used to perform the most extensive
investigation to-date of the effect of cloudiness on the transfer of solar energy through
realistic models of the Earth's atmosphere (ref. 4). For this purpose, the solar spec-
trum in the 0. 285 to 2. 5 micrometers interval was subdivided into 83 subintervals of
unequal widths for meaningful simulation of the absorption characteristics of carbon di-
oxide, water vapor, and oxygen (02 and 03). Height distributions of water vapor and
ozone as used in this particular investigation are shown in figure 1. They correspond
to average, midlatitude summer conditions. Total amounts of ozone and water vapor
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in a vertical column of 1 square meter cross section are 0.318 atm-cm, and 2.93 gm-
cm'z, respectively. Two height distributions of aerosol particles (viz. '*Average'' and
""Heavy'' with 19.7 and 82.3 million particles in a vertical column of 1 cm2 Ccross-
section, respectively) were used for this work. The size distribution of these aerosols
is a modified gamma function commonly referred to in the atmospheric aerosol litera-
ture as Haze L, and it corresponds to typical distributions observed in the lower trop-
osphere over large continental areas. The data discussed in this paragraph were used
to develop eight models as listed in table I.

Results of the diffuse and direct energy emerging at the bottom of various atmos-
pheric models (tables 2 and 3 of ref. 4) are re-analyzed and presented in figure 2 for
ready reference. In this diagram, we have shown the variations (as a function of the
solar zenith angle) of the fraction of the diffuse component in total solar energy passing
through a horizontal surface at the bottom of the atmosphere. The results presented in
figure 2 are for the case when the atmospheric model under investigation rests on a
perfectly absorbing surface. Similar curves for the cases where the underlying surface
isotropically reflects a fraction R of the total energy incident upon it (Lambert's law of
reflection) can be obtained by making use of the data provided in table 6 and figure 13
of reference 4. In general, the value of this fraction can be expected to increase
with R. However, this is a second-order effect for horizontal surfaces.

From the results presented in figure 2 we can see that the contribution due to the
diffuse radiation increases i'apidly with increase in the solar zenith angle for all models.
It also increases with the dust content or turbidity of the atmosphere (model A or B, to
C, to D). The presence of even a weak absorption by aerosol particles results in a
small decrease in the contribution of the diffuse component (e. g., model D to D1). On
the other hand, as would be expected, the presence of a stratus cloud layer of moderate
thickness leads to a very large increase (models C1-ST and D1-ST) in the values of
this ratio.

As mentioned earlier, results presented in figure 2 are for the solar energy inte-
grated over the spectral region 0. 28 to 2.5 micrometers. In reference 5 we have also
shown that the ratio of diffuse to direct radiation is also 'strongly dependent on the wave-
length of radiation. Thus, the contribution due to diffuse radiation is bound to be differ-
ent for solar energy harvesting systems with different spectral responses and for il-
lumination engineering applications.
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DISCUSSION

Q: How many of the curves you have shown are analytical data and what correlation is
there with experimental data? How sensitive is this to the shape of the aerosol, and
do you worry if its cylindrical or spherical? Is your model predicted on what you
can actually solve mathematically or from the real world model of the aerosols?

‘A: 1think, as everybody who has studied radiative transfer in great detail knows most
of the work we deal with is for spherical particles. Since the original work was
done by me, we deal with spherical particles. We have not dealt with nonspherical
particles. I don't remember some of the other questions.

Q About 2 years ago people were coming up with cyclindrical models; the question re-
mains of how valid all these results were. Is there any correlation between the
real world and some of the analytical models which are based on what you can solve
mathematically?

A: I think that's one of the reasons why I am here today. I am not aware of the de-
tailed observations that are necessary to validate this type of model and I welcome
certainly any information pertaining to that. I had not validated this simulation
against observation simply because of time. Also, I am not aware of the detailed
observations of the meteorlogical data that are necessary - for example, the ver-
tical variations of the water vapor or the vertical variations of the aerosols, the
size distribution, refractive index, etc. So I welcome that information. To answer
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your question how realistic the model is, I think that in this case we try to be as
realistic as possible in terms of the latest approaches. We have put in a very de-
tailed spectral distribution in terms of breaking up the solar spectrum, we do con-
sider multiple scattering, and we have done considerable work in varying the re-
fractory index. Also, we have done other work on changing the size distribution
and in putting in clouds.

Can you indicate how sensitive your results are to these various parameters?

Yes. From what we have done it seems obvious that the clouds are the most sensi-
tive parameter in this particular model. I think that has been borne out also by
some of the observations that I have seen. For example, Dr. Peterson has pre-
sented in his observations that clouds apparently are the most sensitive to this
particular model. The second most important factor, if a cloud is not there, is

the imaginary portion of the refractory index; that is, how much energy is absorped
by the aerosol itself is the prime factor. So if you talk about a cloudless atmos-
phere then the aerosol parameter which is the most important is the imaginary por-
tion of the refractory index or the absorptivity capacity of the aerosol itself. Going
down from there it probably will have to do with the vertical distribution and the
sizes but I think that the aerosol in general is the one we have to look out for.

COMMENT: Well, first I would like to offer some data on diffuse, direct, and total
insolation and maybe we could get together and compare the model versus the measured
values. We make fairly routine measurements at Waterton of diffuse, direct and total
insolation. We tried to use some of these models, not your particular models, but
models by Dr. Turner of Willow Run and Dr. Frazer of Goddard. We tried to use some
of these models on Skylab and take out atmospheric effects and at the same time meas-
ure the atmospheric effects on the ground. One of the variables we had a real problem
with was the ground albedo. In your curve the albedo was zero.

A

Q@

A:

That's right.

Since the ground albedo affects the parameters, then the question is what is the
ground albedo?

I might just say that I unfortunately did not bring along the amount of output we have
for different reflectivities. But, your point is very well taken that the ground al-
bedo is a very important parameter and we did run cases where we do have albedo
varying from 0. 1 out to 0. 8.

It seems to me that a vital factor in any comparison which doesn't show in your
last set of results is not the fraction but the actual amount of energy that's trans-
mitted. For instance, the curve that you had as the highest will undoubtedly end
up as the lowest on that basis and that's the way the comparison I think will have
to be made.
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Since I am a meteorologist and come from a little different discipline and I will

have to convert to the quantities that are of interest here. That's one of the rea-

sons why I am here.

TABLEI - ATMOSPHERIC MODELS

Model Gaseous Aerosols Stratus
absorption - cloud
Height Refractive layer
distribution index
A No No = |--------- No
B Yes No | --=---==---
C Average 1.5t00.0i
D Heavy 1.5to .0i
C1 Average 1.5t0 .01i
D1 Heavy 1.5to .0li :
C1-8T Average 1.5to .0li| Yes
D1-ST Heavy 1.5to .01li| Yes
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LOW COST, LARGE AREA SOLAR SIMULATION
Vincent DeLeo

Spectrolab, Inc.

Spectrolab, Inc., has been the world's leading manufacturer of solar simulators for
almost 15 years. Most of our people have devoted a major .portion of their working life
to designing and building solar simulators. Solar simulators are not a side line with us.
They are a quality product, one in which we take great pride. We are specialists, and
our products are acknowledged for their quality. We have profited from our early ex-
perience, both good and bad. We are proud to offer our system to you. It may be the
finest system we have ever built.

Over the years, many major companies, including RCA and Honeywell, have built
solar simulators, but for one reason or another have dropped out of the field. In the
future, when you wish to modify the SPECTROSUN pulsed simulator to meet the con-
stantly changing, more stringent test requirements, we will continue to be available to
~ assist you. ,

The key to our pulsed system is the completely digital data acquisition and process-
ing system that provides accurate, corrected data within seconds after the pulse. The
data consists of up to 50 data points that are digitally printed out and drawn as a well-
defined I-V curve after a single pulse. The data are extremely accurate and repeatable.
The system is simple, versatile, and automated. It was designed to be a reliable test-
ing tool. Its time-saving features reduce operating costs. One pulse is required to
produce the entire I-V curve.

The performance of the illuminator is outstanding in the two most important param-
eters, spectral match and test plane uniformity of irradiance. The RAE in Farnborough,
England, our first customer, estimates that the most pessimistic error in Skynet panel
output, due to the difference in simulated and AMO spectrum, will be less than 1.0 per-
cent. The nonuniformity of irradiance produced by that system was 0. 4 percent or
better over a 2. 5-meter diameter and less than 2. 0 percent over a 5. 0-meter diameter.

The data have been proven to be repeatable from pulse to pulse over many months
of testing at RAE, BAC, NASA Goddard Space Flight Center, and under heavy use at
Spectrolab. Data from one SPECTROSUN LAPSS correlates well with that from an-
other. It is becoming the standard of the industry.
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Since the spectral emission is rich in the ultraviolet region between 0.3 and 0.6
micron, the system is usable for testing the new, high efficiency solar cells, which
have expanded response in this region.

The remaining s1gmf1ca.nt consideration is safety In systems such as these, un-
usual safety precautions must be taken. Ordmary interlocks, capacitor discharge cir-
cuits, and grounding may not be adequate. The stored capacitance of a pulsed system
can be as much as 25 000 joules. Spectrolab has taken extreme precautionary methods
to ensure test personnel safety.

In addition to providing normal interlocks, capacitor discharge circuits, and
grounding, the energy storage capacitors are only charged at the initiation of the pulse.
At that point,- the pulse is automatically flashed within seconds or aborted by actuation
of the abort circuit. Since only one pulse is necessary to complete the test, the hazard-
ous condition exists for only a very short time.

The large area pulsed solar simulator system con51sts of two major subsystems,
the pulse illuminator system and the data acquisition and processing system. A block
diagram of the data acquisition and processing system is shown in figure 1.

The primary function of the pulse illuminator system is to irradiate the solar panel
with simulated solar radiation. Its major components consist of a pulse forming net-
work (PFN) assembly and an illuminator assembly. Within the PFN assembly is a high-
voltage power supply and a sophisticated charge s'ensing device, which determines the
exact point at which the energy in the PFN should be discharged. The illuminator as-
sembly,A or lamp housing, contains the two xenon flash lamps and the lamp igniter, as
well as any auxiliary optics necessary to meet the desired performance levels (see
fig. 2). ‘ .

The other major subsystem of th1s simulator is the data acquisition and processing
system (see fig. 3). This system, synchronized with the operation of the pulsed simu-
lator, measures panel I-V performance characteristics, performs an analog to digital
conversion on all data, stores the digital information, provides mathematical correc-
tions, and prints'uncorrected and/or corrected panel I-V chdracteristics. Major com-
ponents of this system include a standard cell (provided by the user), an electronic load,
digital data processing equipment, and a digital X-Y plotter.

The SPECTROSUN LAPSS is the finest system of its type ever made. This is
true, whether you wish to consider the quality of illuminator irradiance, the ease of
operation, or accuracy of the data produced. -

DISCUSSION

Q: What's the cost of this low-cost system?
A: For a 15-foot-diameter beam you can do it for, let's say $70 000. By comparison,
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it would cost approximately a million dollars to do the same job for the same qual-
ity with a continuous system. o

Q: You say you generate the I-V curve by shaping the pulse.. Do you do this by shaping

the intensity of the light pulse or by sweeping the load bank during the pulse?
A: By shaping the intensity of the light pulse a bank of capacitors.
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Figure 1. - Electronic load block diagram.
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LOW COST, AM2 SIMULATOR
Henry Curtis

NASA Lewis Research Center
Cleveland, Ohio 44135

A low cost, AM2 solar simulator is in operation at the Lewis Research Center. It
is used to test flat plate collectors for terrestrial utilization of solar energy. The de-
sign of the simulator and performance of a small prototype have already been reported
(ref. 1). Although the simulator was designed to test flat collectors, it could possibly
be modified for the continuous testing of large arrays of solar cells. This paper gives
a brief description of the simulator and also presents its performance characteristics
such as irradiance levél, collimation angle, and spectral distribution of irradiance.

DESCRIPTION OF SIMULATOR

The simulator consists of an array of 143 quartz-halogen lamps with a correspond-
ing array of 143 plastic Fresnel lenses. This provides an irradiated area 1.2 meters by
1.2 meters (4 ft by 4 ft) at a distance of 4.6 meters (15 ft) from the simulator. The
lamps are General Electric model ELH rated at 300 watts - 120 volts. They consist of
a quartz halogen bulb with tungsten filament set in an ellipsoidal reflector. The reflec-
tor has a dichoric coating which reflects the visible and transmits a large portion of the
infrared. This reduces the infrared content of the output beam.

The lens,es,ar.éfplastié Fresnel lenses, grooved at 39. 4 lines pef centimeter - ,
(100 lines/in.). They are cut into hexagons, 15 centimeters (6 in.) across the flats. |
The lenses are purchaséd'as squares but are easily cut. The'comb‘inatiox}-'of one lamp
and one lens is the basic buildinig block for the simulator. A simulator can be built to
irradiate the desired test area by placing a number of lamp-lens cbxﬁﬁinations in an
array. L
Figure 1 shows a .c.:‘utaway‘ view of the simulator. The square front section is cov
ered with the 143 hexagonal lenses. A plate holding the 143 lamps is 28 centimeters
(11 in.) behind the lenses. The optical axis of each lamp is coincident with that of its
respective lens. Forced air cooling of the lamp bases is provided by an exhauster mo-
tor, with the direction of the cooling air indicated by the arrows in figure 1.
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SIMULATOR PERFORMANCE

Figure 2 is a plot of average total irradiance as function of lamp voltage for the
simulator. The irradiance ranges from 61 to 105 milliwatts per square centimeter as
the voltage varies from 90 to 114 volts. The AM2 level of 75. 7 milliwatts per square
centimeter is at approximately 100 volts.

The distribution of total irradiance in the test plane is shown in figure 3. Since the
area of the detector is such a small percentage of the area of the test plane (0. 03 per-
cent), we averaged four detector readings to obtain the average irradiance in larger
area increments. The test plane is therefore divided into 64 equal squares each
15 centimeters (6 in.) on a side. The average irradiance in each square is given in
milliwatts per square centimeter. The overall average irradiance during the distribu-
tion measurement was 76. 2 milliwatts per square centimeter. In figure 3, the areas
which are more than +10 percent from the average irradiance are marked. Note that
only 5 percent of the total area is outside this number.

The spectral distribution of the simulator at 101 volts is given in figure 4. Also
plotted in figure 4 is the AM2 spectral distribution. Both curves are normalized to a
total irradiance of 75.7 milliwatts per square centimeter for comparison purposes. The
simulator gives a fairly good match to the AM2 spectrum. The main reason for the
good agreement is the reduction of the tungsten lamp's infrared output by the dichroic
coating on the lamp reflector.

The simulator beam subtense angle as measured by the change in total irradiance
with various aperture sizes is shown in figure 5. The irradiance drops to 95 percent
of the maximum value at approximately 120, thus defining the subtense angle. This im-
plies that 95 percent of the incident irradiance is within a 12° cone centered.on the nor-
mal to the test plane, or within +6° of the normal.

REFERENCE

. 1. Yass,; K.; and Curtis, H. B.: Low Cost, Air Mass 2 Solar Simulator. NASA TM
X-3059, 1974.

DISCUSSION
Q. When yoﬁ measured your _spectral distribution, did you do this near the beginning

of the lifetime of the lamps, and if so, did you check near the end of the lifetime
of the lamps?
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It was very near the beginning of the lifetime of the lamps and 5 to 10 hours into it.
That question has arisen in the past, and we do not measure the spectral distribu-
tion of the simulator per se over a period of time. However, we ran a couple

- lamps for 51 hours and measured the spectral distribution every 8 hours. I noticed

no discernible change.

Was the choice of AM2 for your simulator predicated on what you could achieve or
your assessment of what would be a more realistic choice?

The choice of AM2 was chosen by the people who are in the business of testing flat
plate collectors. We are in the instrumentation area, and the people in the solar
collector business came to us. They said they would like a simulator to simulate
AM?2 conditions. - The total irradiance does$ go well beyond 100 milliwatts per
square centimeter.

Related to that, is this based on the fact that the integrated radiation under a curve
has more time in the AM2 region?
I really can't answer that.

There seems to be a very interesting tradeoff between the short wavelengths and

. the long wavelengths so you get the same efficiency for the solar cell. I think that

must be dependent on the distribution of response in the silicon cell. I was wonder-
ing if you had done any sensitivity analysis to changes in distribution from the typ-
ical value you used?

No, I have just used one spectral response for silicon solar cells which Henry gave
me about 5 years ago and it's zero at 0. 35 and goes up slowly from there, This
probably does nbt include the newer cells which have a much better blue response.

Can you explain the variation in efficiency with voltage on the Iamps‘? Is there an
obvious reason for that?

As far as the 5 percent, this is a calculated change; however, ‘we measured the
spectral distribution from 90 to 115 volts, and we get that much change. The spec-
tral distribution does change that much. As you increase the voltage of a lamp
from 90 to 115 volts you are running obviously at a higher temperature. Thus, in:

a blackbody consideration, you are pushing energy from the infrared into the visible
and that's what's gomg on.

What is the cost of this system?

The lamps were about $5. 40 a piece, the lenses about $7.00, and the holders

about $0. 57 (143 of those). The structure was built on one or two outside contracts
which brought the total to about $7QO. 00 per square foot. Therefore, the cost is
$700. 00 times 16 square feet. That does not include a couple of additional features
such as an automatic shutoff which turns the lamps off slowly instead of immediately-
and a control device to change the tilt angle. If you add a few ite'r_ns like that, it




goes up to about $300. 00 per square foot. You could build it yourself. Instead of
using aluminum, you could make it out of sheet metal, plywood, and 2 by 4's espe-
cially if you are making it small. The cost-would then be considerably less. Iwas
talking to one gentleman and he built a much smaller one very recently. I think he
said eighteen lamps and his price was $13.00 per lamp. The GSA price 2 years ago
is a lot different from an individual buying a few lamps today. I haven't looked into
that. ‘
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GENERAL DISCUSSION FOLLOWING SESSION II

Q Your variations in efficiency with lamp voltage seem to be ‘at variance with things
that Henry Brandhorst was telling us, have you two had a chance to get together?
A Yes, we've gotten together several time and well, it's different things I'm compar-
- ing it against three different measured spectral irradiances with a bank of lamps
operating at different voltages. Ninety to one hundred and fourteen volts is a re-
spectable difference, this difference causes a rather large change in the color tem-
perature of the lamp and that pushes a lot of energy from the infrared into the vis-
ible. It's a calculated response against three different simulated measurements.
It is not a measured response against the actnal sunlight and that's the difference.

- COMMENT: At the time this system was designed, we were unaware of any long-life
Xenon arc Iamp solar simulator. We were fully aware of the systems that were avail-
able for zerojair mass simulation, but, as was pointed out, the cost of those simulators .
run of the'order of $10 000. 00 per square foot. The-approach here was design some-
thing at a low cost that would be readily available.

Q: There were a couple of discussions of diffuse contributions to the solar insolation.
Since solar cells either have a high index surface or will have an anti-reflection
" film, what kind of angular acceptance angle do these cells have? Over what kind of

a range will diffuse scatterings be important? Also, have the calculations given the

angular dependence?
A: We've been quite interested in the angular dependence of the performance of solar

' cells for quite some time. I think that certainly the problem that we will have in
_détermining how to measure solar cells for a terrestrial environment will be deter-
mined by how good the angular operation of a.cell is in terms of its hemispherical

~ performance. And certainly one of the things we have to consider is how the device
is used in various systems. This particular curve is representative of a conven-
tional silicon solar cell covered with various th1cknesses of cover glass. The very
first curve shows the relation between what you would normally expect out of a
cosine-type performance curve and what you would expect if you covered the cell
a.nd'lost performance as a function of the transmission. The first thing shown is '
the transmission curve or what the cosine law would say and the second thing is
what would happen to this cell if you had reflectance off the _surface of the silicon.
The second curve shows how the short-circuit current of solar cells performed -
relative to that corrected curve which takes into consideration the reflectance off
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the surface of the solar cell. You can see from this that silicon solar cells are
fairly good performers with angle of incidence. They follow the cosine law pretty
well. We can therefore say that the solar cell will be able to use the diffuse com-
ponent of solar radiation very well if it's put into an environment where it's able to
see it.

I think that it was brought out this morning that maybe the 0. 942-micrometer water
vapor band is important to solar cell performance. I was wondering if there are
any plans to try and simulate that?

We have no immediate plans to simulate water absorption in our simulator.

105



AN ANALYSIS OF THE INFLUENCE OF CELL CHARACTERISTICS ON
THE SPECTRAL SENSITIVITY OF CuZS-CdS SOLAR CELLS*
Allen Rothwarf

Institute of Energy Conversion
University of Delaware
Newark, Delaware 19711

For Cuzs—CdS solar cells, the photovoltaic response depends on the absorption co-
efficient o, the thickness of the CuZS layer d, the electron diffusion length L, the sur-
face recombination velocity S, grain radius R, the drift field in CuZS Fl, the interface
recombination velocity SI’ the field in the CdS space charge region Fz, and the mode
of operation of the cell (front wall, back wall, and reflection modes).

For all modes of operation of the cell, the contribution to the current from carriers
generated in the CdS can be neglected. For front wall cells the absorption coefficient
for photons with energy above the band gap of CdS (2. 4 eV) is greater than 10° per cen-
timeter, and hence the photons are largely absorbed in the Cuzs. For back wall cells,
the CdS thickness is such that the carriers are created near the surface and recombine
before reaching the junction. Thus, to determine the short circuit current one is pri-
marily interested in the absorption and the recombination processes which occur in the
CuZS.

We have calculated the expected light generated current density jL as a function
of ¢, d, L, S, R, F, SI’ and F2 for the four modes of cell operation. The expres-
sions are complex, and graphical results are given for some values of the parameters.
To see where the dependence on these parameters arises consider figure 1 which shows
the band diagram for the heterojunction and the several currents which can flow. One
can write

Jo=iR iy,

where jLO is the light generated current which crosses the junction, jLR is the com-
ponent which returns, and jL the component which flows through the electrodes.

*Supported by the National Science Foundation, Research Applied to National Needs,
under Grant AER72-03489, formerly GI-34872.
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The jLO component is a function of @, d, L, S, R, and Fl' For

LR = S

ng is the electron density at the interface and SI is an effective interface recombina-
tion velocity which depends on the junction area and on the density and capture cross
section of the interface states. For JL we can write

Jg, = ayvp

where vp = uCdS Fy for uFy values well below the thermal velocity. The value of
F2 can depend on both the wave length and intensity of the 11ght reaching the space
charge region of the CdS.

The dependence of ]Lo on grain size can be approximated by assuming a model in
which the grains are cylinders of radius R, and all carriers which reach the grain
boundary recombine there. For uniform generation the result is

1-d1-d
JLO‘JLOO—‘R 3R

where jLOO is the value expected in a single crystal.-

AL ugFinooles 4 L S, By ;
jp =38 — ()
L= — _ —_
SI + LogsFa :

where the dependence of iLoo ©n the remaining variables is indicated. In équatibn (1)
reflection losses, grid shading losses, and absorption in the cover plastic have been
omitted.

We have calculated jLOO (¢, d, L, S, Fl) for the four modes of opera?.tion of the
cell. In figure 2, the results for a front wall cell are illustrated. The ordinate is the:
ratio of the calculated value to the maximum value which would occur if all photons with
“sufficient energy were absorbed and all carriers created crossed the junction. The
absclssa is the product of the absorption coefficient o and the thickness of the Cuzs
layer d. The curves are for different values of L/d. The upper curves are for S=0
and the lower group for S = «. Figure 3 shows a similar set of curves for the back
wall cell. In figure 4 is shown a comparison of the front wall, front wall reflection,
back wall, and the back wall reflection modes for S=0 and L =d. Itis clear that the
reflection modes give higher currents than the nonreflectlon modes a.nd the back wall
cells higher values than the front wall cells. '
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However, lest one conclude that a back wall cell is better than a front wall cell in
all cases, it should be pointed out that the back wall cell gets no contribution from
photons with energy greater than the band gap of CdS (2.4 eV). These photons represent
roughly 20 percent of the AM1 spectrum, and because of the high o associated with
such photons, an even greater proportion of the potential current.

The effect of the drift field in the Cuzs Fy is illustrated in figure- 5 for a front wall
cell. The field is in units of kT/qL. The field enhances the S =« cases more than
the S =0 ones since the field serves two roles - one of keeping electrons away from
the surface and the other of modifying the expression for the current and carrier den-
sities.

Using the o as a function of 7\ results of Shiozawa et al. (ref. 2), we can convert
the previous curves into spectral response as a function of wave length. Using the in-
dex of refraction as a function of wave length (ref. 2), one can also include the reflec-
tion losses and compare the result to expexfimental curves. Figure 6 shows
"erOO/ ijax for several cases. Here 7, is the calculated fraction of light reaching
the Cuzs assuming n= 1.5 for the cover plastic and epoxy. The experimental curve
which is also shown is jL/q<I>, where & is the incident flux. The low values seen for
the experimental curve indicate either experiment difficulties in alining the optics and
calibration or the effect of the low intensity of the monochromatic light, since the re-
sponse to roughly AM1 white light indicates a value of jL/q<I> greater‘than 0.4.

In table I we have the results of calculations of the expected jLOO for AM1 and the
tungsten-iodide AM1 simulator for several sets of parameters.

In table II the values used for the calculations are given. Our results indicate that
the spectral response of the CuéS-CdS solar cel} is sensitive to a large number of pa-
rameters. A solar simulator which does not closely match the solar spectrum can not
be expected to give valid results for cells with significantly different parameters. As
the results in table I illustrate, the values expected for JLOO under AM1 can be larger
or smaller than the corresponding values under the W-I simulator.

REFERENCES

1. Progress Reports NSF/RANN/SE/GI-34872/PR74/2, PR14/4.
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DISCUSSION

[See DISCUSSION section following the next paper.]
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TABLE L

- CALCULATED LIGHT GENERATED CURRENT

DENSITIES IN CUZS-CdS SOLAR CELLS

Mode{ S| L, | D, Losses | AM1 - |W-I simulator -

pm | pm iLoo iLoo

mA/cm2 : mA/cm2
F 0]---|--- -0 35.2 33.5
B e | === 0 29.8 33.0
F --- | --- | Reflection 29.6 28.5
B N 26.0 28.9
F ---10.3 19.0 15.9
B -—-- 19.2 16.0
FR -——- 23.8 21.6
BR - 24.17 23.4
F 0.3 12.9 11.3
FR .3 16.7 16.3

B .3 12.1 12.5-
BR .3 15.7 16.9
F .5 16.4 13.9
rr |V 5| ¥ ] 20.5 18.9

TABLE II. - VALUES USED IN.CALCULATIONS

A, a, n .| Front | Back| AM1 &, w-1 &,
pm 10°cm -1 | wall, | wall, 1015/cm'2-sec 1015/cm™2 gec
- hr hr :

0.3-0.4 | 3.0 [3.17]0.75 [0.85 9 R
.4- .5 | L5 |36 .80 | .86 25 3.6
".5- .6-| .8 3.5 .82 | .86 38 . 20.7
6- .1 .45 3.3 | .83 | .87 39 - 44.8 -
T- .8 .30 3.1 .85 | .87 38 48.3
.8- .9 .23 |29 .86 | .88 " 30 48.3
.9-1.0 .10 2.7 .89 | .89 27 31.1
1.0-105] .05 |27 .90 {'.90 14 12.9
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SPECTRAL EFFECTS IN Cds/ CuZS SOLAR CELLS*
H. Hadley, Jr.

Institute of Energy Conversion
University of Delaware
Newark, Delaware 19711

Frontwall CdS/ CuZS solar cells have a spectral response from a wavelength of about
1 micron to well into the blue region of the visible spectrum and are thus well suited to
terrestrial application. However, the various parameters influencing the creation and
collection of the light generated carriers (for instance the CuZS absorption constant and
thickness) are not the same for all cells, giving rise to variations in the spectral dis-
tribution of the short circuit current.

For example, figure 1 shows the spectral distribution of Isc corrected to a uniform
intensity for the two cells 271B2 and 278C1. It is clear that there are significant differ-
ences in the blue sensitivity between these two cells. Investigation of a humber of cells
made at Delaware shows that this blue sensitivity variation is generally true, wh11e the
red region is relatively constant from cell to cell."

Thus, the spectral distribution of the illuminating source, especially in the blue re-
gion below the CdS band edge, is particularly important in determining the observed cur-
rent output for a particular cell. AMI1 terrestrial sunlight illumination appears as shown
by the shaded region of figure 2. Also shown are the spectral outputs of the tungsten
iodide (W-I), copper sulphate-water filtered simulated in use at'Delaware and NASA-
Lewis (solid curve) calibrated to AM1, and filtered high pressure xenon simulated in
use at S. E.S., Inc. (dashed curve). It is important to note that the W-I simulator is
deficient in the blue compared to AM1 sunlight, whereas the xenon is not. Also, the
W-I simulator is deficient in the near IR around 0. 950 micrometer due to the heavy
water filtering (5.1 cm). The xenon simulator has considerable narrow line structure
in this region, some of which is reduced with filtering. .

A comparison of the short circuit currents for a number of CdS/Cuzs cells under
W-I and xenon AM1 simulation should show this variability in the blue sensitivity clearly.
Figure 3 shows a histogram of the current ratios (Xe:W-I) for a number of recent Dela-

ware cells. Clearly, there are significant variations in cell response under the different
spectral illuminations.

*Supported by the National Science Foundation, Research Applied to Nationai Needs,
under Grant AER72-03489, formerly GI-34872.
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Figure 4 shows the I-V characteristics for cell 278C1 under various conditions.
This cell, as was shown, has a significant blue response to below 4500 A Curve 1 is
the response under W-I AM1 simulation while curve 2 is for 100 milliwatts per square
centimeter water-filtered xenon. Curves 3 and 4 are measurements under actual roof-
top clear sky conditions in Delaware. Here the measured intensities of direct (colli-
mated) and global radiation are below conventional AM1 intensities. Correcting these
measurements (curves 3 and 4) to a uniform 100 milliwatts per square centimeter would
produce the results shown in figure 5. Clearly, for this cell, the W-I simulation set
with a standard CdS references provided by NASA-Lewis does not match the rooftop
measurements nearly as well as the xenon simulation.

In summary, it is clear that for meaningful simulation of terrestrial sunlight it is
necessary to have a source that matches as closely as possible the spectral distribution
of sunlight. For CdS/ Cuzs, this is particularly critical in the blue region of the spec-
trum and xenon is seen to produce a better match to terrestrial conditions than the blue
deficient W-I source.
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The measurements of cell spectral response by Dr. G. Storti1 are gratefully ac-
knowledged. Measurements under xenon simulation were provided by S. E. S., Inc. ,
Newark, Delaware, whose cooperation is also gratefully acknowledged.

DISCUSSION

Q. There was a crossover in the IV characteristic in the next to last viewgraph. Is
that legitimate? '

A: These are all plotted on the same scale here and of course the measurements were
taken at different times. It is a legitimate crossover; it really exists. I can't ex-
plain it directly, other than to say there are resistive effects going on in some of
these cells and it might be due to that.

Is this the same: cell? .
These are four curves from the same cell under different conditions.

Are these linear with sunlight?

Yes, they are. They are linear with intensity under the tungsten iodine simulation.
I assume they are linear under sunlight, too. I haven't made those measurements.
But they are linear over two orders of magnitude or more. I didn't go over two

1Supported by the Office of Naval Research under Grant N00014-71-C-0169.
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order of magnitude in intensity.

COMMENT: I think you just have a temperature effect. With the tungsten light you
have an awful lot of absorption of infrared and you probably would find, if you could
somehow get a thermocouple attached to the front of the cell, that that's just a thermal
effect.

A:  Well, the thermal effect may be present on the rooftop measurements, but the cell
- during the measurement under the tungsten iodine lamp was on a temperature con-
trolled block maintained at 22° C.

COMMENT: I'know what you're saying, but the temperature of the block and the tem-
perature of the cell surface are two different things. Under tungsten light you haire a
lot of energy which must be transferred through the cell. So, if you put a thermocouple
on the top of the cell, I think that you might see a temperature difference between the
top cell surface and the control block. : '

Q A point of clarification regarding the way you're measuring, or the way you're
recommending cadmium sulfide solar cells be measured, in terms of giving them
a figure of merit relative to their performancé in a terrestrial environment. You
suggested that the solar cell has a response that is different depending on the spec-
trum of the light which is incident on it and that the more blue the light the better it
looks. You recommended that the light should be something like AM1 solar simula-
tion. The question is, how often do you get an AM1 kind of an illumination on your
specimen and does AM1 really represent a meaningful illumination to give you a
value of how solar cells will perform in a terrestrial environment? Relatively,
there are many other illumination spectrums which are going to be more meaning-
ful in terms of the overall power output of the solar array. Why pick sbmething
like AM1?

A: AMI1 was chosen as an example. It doesn't have to be AM1. We were talking about
direct AM1; the global or total will have even more blue in it. We want to make
sure that the blue response is not discounted in the simulator because the cells we
are making have this blue response. If you're talking about back wall cells which
are under development elsewhere, then if you use the tungsten iodine simulator you
get a véry good response because it's rich in the red. So, we are just saying that
it doesn't have to be AM1, but you should have a good representation of the blue
part of the spectrum in any simulator that you design.

Q. Does it follow that the more blue you put in the better the cell response? i3 50, you
want to reflect not what makes the cell look best, but what gives you a figure of
merit of how well the cell will perform in a normal kind of terrestrial environment.

A: Yes, I agree with that. The problem is that it would be hard to give such a figure
of merit if you have a variability in the blue response.
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COMMENT: You have made the point I wanted to make. As it turned out, because our
simulator didn't have sufficient blue output, we didn't recognize that some of our proc-
esses enhanced the blue response while other processes did not. It was more or less
accidental that we saw the enhancement by using another simulator with bluer output.
Also, the French and Japanese reported to us that they had 6 and 6% percent efficient
cells. However, they checked out in our simulator at 4-;- to 5 percent. So this is how
the question was brought up and recognized. Now we can measure the spectral sensi-
tivity and not only increase the red but also the blue sensitivity. As a mater of fact,
there are some cells which increase in blue and decrease in red and vice versa. There-
fore, different processes, possibly even more than two, are going on. Finally, it is a
matter of not being blindfolded but working properly to obtain all the information. For
that reason I think that it is important that we have a better simulator which at least
has a blue component in it with some intensity.

COMMENT: This is a key point, but we don't want to dwell on it. John's point is also
good - just because it makes a better cell, if you're not really getting the light through
the package, if you are covering it with plastic that solarizes and cuts out that blue light,
then you don't want a simulator that just makes your cell look better if that's really not
what the cell is going to see eventually when it's used. The point here is that you really
have to try to duplicate how it's going to be used. '

A: Absolutely. AndI think the part of the blue we are looking at is not going into the
ultraviolet but is the near blue range, and that is exactly where AM1 and AM1. 5
and possibly AM2 will bring us. Possibly with some haze it even brings us into a
more bluish range.

Q: The question that John raised I'd like to expand to a broader issue than cadmium
sulfide. AMI, if you look in terms of relative times of day, or whatever, is rather
limited. One may not want to, for a real world simulation, design all the lamps for
AM1. Perhaps, in a broader issue, shouldn't there be some other standard - one
more closely related to the statistical real insolation that one sees and has to live
with?

Q Ithink Dr. Boer eluded to the fact that some cells are red responsive and some are

.blue. Is this a variable in the process control of the cadmium sulfide cells and is
the stability of the cadmium sulfide cell now controlled?

A: Let me address the first part of the question. Yes, the variations in spectral dis-
tribution seem to be due to process differences. If we dip for a longer period of
time and form a thicker copper sulfide layer and so on we can change the spectral
distribution. As far as the stability of the cells go, maybe I should let Allen answer
that.

A:  With stability, everytime you change a process, you introduce a possible new type
of degradation. That means that everytime you cha.hge something, you have to test
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‘those cells to see what their stability is and what their problems are. As Carl
pointed out, we haven't been aware of the blue sensitive cells long enough to do a
thorough study of their lifetime but they will be under test. We don't know that
stability problems, if any, exist there.

COMMENT: I think that it should be reiterated that for all the testing that's been con-
ducted, either at Delaware or now at Westinghouse, in general the coppér sulfide cell,
suitably protected from the atmosphere, shows high stability. At the moment, as

Dr. Hadley indicated, some of the cells we are looking at are of very recent manufac-
ture and we can't give accelerated test data. However, the initial indications are that
those cells will also be quite stable when suitably protected. I would like to put one plug
" in for the simulation that we're talking about. The suggestion is not that we use an
artificial blue-rich spectrum but that we use a simulation which reasonably matches
natural sunlight. And I would ask the weather people who are here, is it not the case
when you go from AM1 toward AM2 the overall spectral distribution is not changing
significantly and therefore we would not expect similar testing at AM2 to give any change
in actual efficiency for the cells that Dr. Hadley was talking about?

COMMENT: It seems here that coming back to what Dan Bernatowitz said yesterday, we
really have two distinct problems. One is testing or comparing cells, and the other is
really taking cells and designing systems. It looks like from the standpoint of systems
because the spectral distribution may be quite different, at different areas because of
diffuse components, that the spectral response to the cells is probably more useful than
testing under simulators. In other words, if one has a spectral response curve, one
can proceed, if the spectral characteristics of a given location are known, to the cal-
culated system performance. Going back to the way the semi-conductor industry oper-
ated initially, they didn't define a standard test circuit for a transitor. What they did
is get the characteristics of the device and then proceed to do designs from that stand-
point. So I would like to argue to some extent for developing standards for doing the
spectral sensitivity and using this as a basis for performance calculations rather than
simulator testing.

COMMENT: It is worthwhile to consider, and for silicon there would be no great prob-
lem. However, for the cadmium sulfide cell there are >intensity dependences which I
eluded to which require spectral response testing with a biased white light of some sort
to make sure that the charging at the interface, which is necessary to get the field to
sweep the carriers away from the junction, won't give you an erroneous result. So it's
worthwhile to consider but cadmium sulfide again may present a more complicated situa-
tion than silicon.
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PREDICTION OF TERRESTRIAL SOLAR CELL SHORT-CIRCUIT
CURRENTS BY SPECTRAL ANALYSIS
Henry W. Brandhorst, Jr.

NASA Lewis Research Center
Cleveland, Ohio 44135

The key to predicting solar cell performance is determining the short-circuit cur-
rent. This current depends on the intensity and spectral distribution of the light source
and the spectral response of the solar cell. Thus, for the terrestrial case, measuring
the cell current under natural sunlight is not continually available at test sites and
laboratories. Furthermore, the intensity and spectral distribution of natural sunlight
varies continuously. This variability makes predicting the solar cell short-circuit cur~
rent difficult. Fortunately, the spectral distribution of unclouded: sunlight may not vary
greatly because solar cell current appears to be proportional to sunlight intensity.
Therefore, errors in determining solar cell current in natural sunlight may only be a
few percent.

However, since terrestrial sunlight is not always conveniently available, another
means must be used for the routine measurement of solar cells. Unfortunately, no
artificial light sources exist whose intensity and spectral distribution remain constant
and duplicate terrestrial sunlight. These deviations in intensity and spectrum cause
different errors in the current of cells whose spectral responses differ. Therefore,
corrections developed for one type of cell are not applicable to others. Thus, an im-
portant part of any measurement method is how to correct for these errors - that is,
how to provide an accurate calibration.

The most common method which uses an artificial light source controls the total
input to the test solar cell by setting the light level with a calibrated solar cell whose
spectral response reasonally duplicates that of the test cell.” Then the output of the test
cell is measured. This method is sensitive not only to the spectral distribution of the
light source but also to the spectral response of the test cell. I the response of the
test and calibrated cell are not identical, large errors in test cell current can be ob-
tained. Figure 1 shows a spectral distribution of an artificial light source which simu-
lates outer space sunlight. Figure 2 shows the spectral response of two cells. I the
conventional cell in this figure were used to set the simulator, errors of the order of
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10 percent in the current of the high blue response cell can be obtained.

It is the purpose herein to present an alternate approach to the predicting terres- .
trial solar cell short-circuit currents that may better correct for the errors caused by
variations in cell spectral responses. This technique, pioneered by Gummel and Smits
(ref. 1) and further used by Mandelkorn (ref. 2), uses spectral response measurements
on the solar cells themselves. These spectral response measurements multiplied by the
solar spectrum and then integrated yield the short-circuit current of the solar cell.

The Gummel and Smits method is unique in that a detailed description of the solar spec-
trum is not required for an accurate short-circuit current prediction provided a suf-
ficiently wide range of spectral responses were used to calibrate the technique. This
technique has been in use at the Lewis Research Center for about 10 years (ref. 2) and
has shown an accuracy of the order of 2 percent on predicting outer space short-circuit
currents. Initial results on applying the technique to predicting terrestrial solar cell
short-circuit currents will be presented.

METHOD

The method as described by Gummel and Smits requires the simultaneous measure-
ment of a test cell and a monitor cell under a sequence of eight narrow bandpass inter-
ference filters. The ratios of test to monitor cell short circuit are obtained, and the
integrated short-circuit current of the test cell is obtained by

ISC = EiRiWi

where R is the test to monitor cell short-circuit current and W, is an appropriate
weighting factor for each filter. The weighting factors were obtained by Gummel and
Smits by measuring the short-circuit currents of a set of solar cells on a clear day
near noon at high altitude. This set of solar cells was carefully selected to encompass
the widest practical range of silicon solar cell responses available, and it included
radiation damaged cells. It is important to note that so long as the set of cells used in
such measurements has a sufficiently wide spread in spectral responses the weighting
factors can be determined without prior information on quantum efficiencies or on the
spectral composition of sunlight as long as the spectrum did not change during measure-
ment. Because the objective of this earlier work was the prediction of outer space cur-
rents, the terrestrial weighting factors obtained were also modified for the difference
in intensity between terrestrial sunlight and outer space sunlight at each wavelength
interval. However, neither the terrestrial nor the outer space filter factors were re-
ported. When the Lewis Research Center built up their simulator, only the filter fac-
tors for outer space were obtained.
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Therefore, it was necessary to determine a set of terrestrial filter factors. These
were obtained by reversing the Gummel and Smits technique and by multiplying the outer
space weighting factors by the ratio of the terrestrial intensity to the outer space inten-
sity at each given wavelength. A calculated AM1 spectrum was used. The spectrum
used was essentially that described by Thekaekara except that the Johnson AMO curve
was used. It is obvious that errors can occur in this reversal approach due to a lack of
knowledge of the spectrum used by Gummel and Smits. An absolute terrestrial calibra-
tion was not made because cells with-a sufficiéntly. wide range of spectral response were
not readily available. -

 EQUIPMENT

The equipment used is shown in figure 3. A light beam from a tungsten-iodine
3400 K light bulb is directed sequentially through eight narrow bandpass monochromatic
interference filters. Filter wavelengths are 0.4, 0.45, 0.5, 0.6, 0.7, 0.8, 0.9, and
0.95 micrometers, and they have a full width at half maximum of the order of 200 A.
The monochromatic 'light beam simultaneously illuminates a test cell and a monitor cell
mounted beside each other. No bias lights are included. These measurements on cad-
mium sulfide cells were not made. The short-circuit currents of the test and monitor
cells are digitally measured, and the ratios of test to monitor cell currents are taken
mathematically. These ratios could also be obtained electronically if desired. These
measurements, when properly calibrated, also yield the spectral response of the test
solar cell.

EXPERIMENTAL PROCEDURE

A group of 31 silicon solar cells was selected for comparing the short-circuit cur-
rent determined by the filter wheel technique and by natural sunlight measurements. The
outer space short-circuit current of these cells had been obtained previously by the air-
plane technique. Five different types of cells were measured: (1) uncoated conventional
cells (UC), (2) uncoated velvet-surface (low reflectivity chemically etched texturized
surfaces) cells (UV), (3) silicon oxide coated conventional cells (C), (4) silicon oxide
coated terrestrial (deeper junction) cell (T), and (5) Ta.2 O5 coated Helios (high blue
response) cells. The short-circuit currents of these cells were measured in clear, nor-
mally incident sunlight using a 10 to 1 collimating tube. All temperatures were con-
trolled to 25°+2° C. Solar intensity was measured using a normal incidence pyrheliom-
eter; intensities ranged from 85 to 95 milliwatts per square centimeter. Because it was
shown in reference 3 that solar cell short-circuit current is proportional to intensity
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under collimated conditions, all cell currents were adjusted to an arbitrary intensity of
100 milliwatts per square centimeter, which corresponds to the intensity obtained at
AM1. Therefore, these data will be referred to as AM1 currents although the true air
mass measured during these measurements was about 1. 7.

This group of cells was then measured in the filter wheel simulator shown in fig- .
ure 3; the ratio of the short-circuit current of these cells to the monitor cell was ob-
tained. These ratios were multiplied by the set of weighting factors derived from the
Gummel and Smits data and the Lewis filter wheel simulator. Integration yielded the
predicted terrestrial solar cell short-circuit currents.

RESULTS AND DISCUSSION

Table I shows the averages of the measured AMO to AM1 (100 mW/ cmz) current ra-
tios. The AMO values were from airplane calibration, and the AM1 values were from
the terrestrial sunlight measurements. :

A variation in this ratio is due to the differences in the spectral response among the
cells. The responses of the conventional (C), terrestrial (T), and uncoated velvet (UV)
cells were all similar and indeed these ratios varied only from 1. 14 to 1. 16. Also shown
is the average percent error in the predicted AM1 currents using the filter wheel simu-
lator. The percent error was obtained as follows:

Isc1, predicted ~ Iscl, measured , 16
I

Percent error =

scl, measured

Thus, a negative error indicates that the predicted current was less than the measured
current. It can be seen that the error is less than 2 percent for all groups with the ex-
ception of the uncoated conventional cell. This degree of accuracy is similar to that ob-
tained in predicting outer space currents.

Figure 4 shows graphically all the data from which the averages in table I were ob-
tained. A distinct relationship appears to exist between the AMO and AM1 current ra-
tios and the average percent error in the predicted terrestrial short-circuit currents.
The lack of perfect agreement is caused by the differing spectral responses of the cells
and errors in the filter weighting factors. However, the errors obtained for most cells
are as low as those obtained by using calibrated cells and artifical light sources. With
a more careful derivation of the weighting factors or an absolute calibration using a
widely divergent set of solar cells it is possible that accuracies of the order of +2 per-
cent for all types of cells can be achieved.
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Finally, the filter wheel approach appears to require a single reference spectrum to
be successful. However, it is possible that this requirement may not be restrictive for
terrestrial solar cell predictions. Based on previously stated data (VARIATION OF
SOLAR CELL EFFICIENCY WITH AIR MASS, p. 51), it appears that under collimated
conditions solar cell current is directly proportional to intensity. Thus, the slight
changes that occur in the terrestrial solar spectrum do not appear to greatly affect the
current of the cells. Therefore, the requirement of constant reference spectrum for
the filter wheel technique may be fulfilled and a high degree of accuracy can be achieved.

CONCLUSIONS

The accuracies (+2 percent) shown in predicting the currents for four of the groups
of cells measured in this study indicate that careful consideration should be given to
using the filter wheel technique for the independent prediction of terrestrial solar cell
short-circuit currents. With further study and calibration it is possible that accuracies
of the order of 2 percent for all types of cells may be achievable. However, before
cadmium sulfide cells can be measured, a provision for bias lights must be incorporated
into the equipment. '
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DISCUSSION

Q I can see where this would work for short-circuit current. But when you want to
get a complete current-voltage curve and the actual operating power, how do you
do that?

A: Once you've obtained the short-circuit current, it makes little difference (and I use
little very advisedly) what light source you use to get the I-V curve. Now with
CdS, if you use a red light source, you will get a wrong value. But say you use a
blue-rich light source like the bulbs Henry Curtis talked about yesterday. Then,
even with cadium sulfide, once you adjust the intensity to read the true short-circuit
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current, the I-V curve you obtain will overlay what you might measure in a xenon
simulator or anything else like that.

Would it be possible to modify this so one could obtain the spectral sensitivity at
various angles of incidence in order to determine the effects of diffuse radiation?
Yes. It's just the way you mount the cells, and I think that is fairly straightforward.
However, you must be a little bit careful how you do it.

Isn't it true that we're either looking at the source and the calibration of the source
when thinking in terms of a simulator or we're thinking of a detector (when thinking
in terms of the spectral response measurements of the detector) and the calibration
of the detector. So, if we forget for a moment the cadmium sulfide cell and all its
associated difficulties, which say the spectral response measurements are not the
way to go, then the following are some questions we need to ask ourselves: How
well can we duplicate the spectral distribution in an average AM1 or AM2 condition?
How long do those lamps last as a function of time? How well can they be calibrated
as a function of time as opposed to the detector? I guess the point I'm trying to
make is that it seems to me that it's a choice between the source, with its calibra-
tion and reliability, as opposed to the detector, with its calibration and reliability.
As one man put it yesterday, where do you want to put the responsibility - on the
source or on the detector? I think this is a question that has to be answered here.
The one nice thing about this system is that your light source doesn't make any dif-
ference. For your detector you have an option; solar cells were chosen because
they all have the same speed of response and the bandpass covers the range that
you're interested in.

When you consider the filter part of your source you have a problem, or you could
have, because the filter is part of it and the stability is important.
Yes.
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TERRESTRIAL SHORT-CIRCUIT CURRENTS

" TABLE 1. - USE OF FILTER WHEEL SOLAR SIMULATOR TO PREDICT

o

Silicon solar cell type Number | Measured aver- | Average percent
of cells {age of AMO/AM1 | error, AM1 fil-
Isc ratio ter wheel pre-
diction
Uncoated conventional (UC) 4 " 1.08 -4.19
Uncoated velvet (UV) 5 1.14 -1.44
Conventional (C) 11 1.15 +.5
Terrestrial (T) 2 1.16 -. 72
Helios (H) 9 1.18 +1.16
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Figure 1. - Comparison of solar spectra,
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Figure 2 - Comparison of solar cell spectral responses.

Figure 3. - Filter wheel solar simulator.
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TERRESTRIAL SOLAR CELL MEASUREMENTS
Engene L. Ralph

Spectrolab, Inc..
Slymar, California

Solar cell measurements can be made very reliably and close correlation from one
laboratory to another can be achieved if proper control of the light source and of the cell
temperature is maintained and if a properly calibrated standard solar cell is used to.
determine the intensity of the light source.

Historically, the first accurate measurements of solar cells were made in natural
sunlight on the Earth's surface. Performance characteristics were able to be measured
to within 15 percent accuracy using a thermopile (pyrheliometer or pyranometer) radia-
tion intensity standard. The inconvenience, cost of measurements, and limited volume
restrictions made indoor artificial light sources necessary. .

The first standardization work of any consequence was done by the joint meeting of
the West Coast Subcommittee of the AIEE. Sohd State Device Committee and the Semi-
conductor Photodiode Task Group of the IRE Solid State Devices Committee at Los
Angeles, California, on December 17, 1959 (ref. 1). This work defined a standard cell
package and defined the procedures to be used in measurmg solar cells agamst a pyrhe-
liometer intensity standard. :

Subsequently a task,force made up of representatives from various solar cell manu-
facturers prepared a JEDEC format for the Electronic Industrial Association (EIA) that
included solar cell test procedures, calibration techniques, and standardization criteria
(ref. 2). From that time on most of the emphasis has been on improving solar cell
measurements for determining space sunlight (AMO) performance. '

MEASUREMENT TECHNIQUES

There are basically two approaches for making accurate solar cell measurements:.
(1) Use of a light source of any spectral distribution set at the proper intensity using
~ a calibrated standard cell that is essentially identical to the cells being tested
(2) Use of natural sunlight at an intensity near 100 milliwatts per square centimeter
or an artificial light source that essentlally has the same spectral distribution

~as natural sunlight '
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With artificial light sources the procedure is to:set the intensity gsing the Is c of a
calibrated standard cell, then test other cells in the light source at a controlled temper-
ature. In the case of a natural sunlight test or an artificial light source test where the
intensity is not controllable, the standard cell Is c is measured at the same time as the
test cell so that the data can be extrapolated to the standard test conditions using the
equation

I, (Std. cal.)

I, (Expol) = Ise (Meas.)

| (Std. meas.)

In all of these tests care must be taken to control other test conditions such as collima-
tion angle, intensity uniformity of the light beam, fluctuation or drift, accuracy of read-
out system, spectral uniformity, and test fixture design.

CALIBRATION OF STANDARD CELLS

Standard solar cells to be used in the previous measurements should be encapsulated
to protect them from damage so that they can provide a stable reference. They should be
prepared in accordance with the requirements of JEDEC Publication No. 58. Normally
the calibration is performed in natural sunlight preferably under ideal conditions at a
high altitude site such as Table Mountain, California. Typical requirements at Spectro-
lab for calibrating cells are the following: three calibration points are obtained on at
least two different days; minimum intensity, 97 milliwatts per square centimeter; maxi-
mum sky radiation, 13 percent; intensity stable to +0. 4 percent in-30-second period; ‘no
clouds within 15° half-angle cone of line to Sun; cell temperature, 28°+2° C. Calibra-
tions done under these restrictions are reproducible to within a standard error of 2 per-
cent as shown by figure 1. Extrapolation to a standard test condition intensity of
100 milliwatts per square centimeter is-performed using the slope of the curve in fig-
ure 1 which is 0.7 percent current increase per milliwatts per square centimeter.

PERFORMANCE TESTING

‘Once a light source has been set .up and calibrated using a standard cell then:all
manufacturers solar cells or solar cell arrays can be tested and compared accurately.
It is recommended that the EIA Format JS4-RDF4 be used and followed in rating all ter-
restrial solar cell systems, with standard test conditions being 100 milliwatts per square
centimeter equivalent AM1, sunlight intensity, and-a cell test temperature of 28%12° .
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Additional performance data would be provided at typical operating temperatures and
sunlight intensities at.the option of .the suppliers and depending on the application.

REFERENCES

1. Lockheed Missiles and Space Division: Solar Cell Measurement Standardization.

Rep. LMSD-288184, Feb. 1960.

2. Electronic Industries Association: Performance Test Procedure for Solar Cells and

Calibration Procedure for Solar Cell Standards for Space Vehicle Service. JEDEC
Pub. No. 58, July 1966.

DISCUSSION

>

Why doesn't your regression intercept zero?

Because we're really at a high altitude and we're going through a spectral change.

If you noticed Henry's number on his extrapolation to AMO was roughly a 118 factor
instead of a 135 factor. The ratio of AMO to AM1 is 135 to 100. However, you only
get an extrapolation to AMO of 118 or an increase of 18 percent instead of 35 percent.
What's happening is as you go closer and closer to the AMO spectrum the curve is
bending and you don't linearly extrapolate according to a regression that would go
through the origin - it's a curve. So, we're on that portion of the curve, as you're
going through an AM1 region, and, as has come out several times in our discussions,
we're at a critical point in our spectrum change that is going to effect the solar cell
responses. :

Could it also be that the cell is nonlinear if you went down toward zero?

No. As you're going down toward zero, you're pretty much following that curve
right on down linearly. But we're right at the curve. Those data points are from
95 to about 105 milliwatts. If you went from 95 on down, it's a completely different
set of curves and a different slope.

Do the specificé.tions on sunlight, which you have in those standards, allow a rea-
sonable latitude for measurements in other parts of the country?

Those conditions are pretty hard to meet. I think Martin would probably be able to
do it in their test facilities. However, this is a high altitude test so most places
would not be able to meet those requirements. The variability is very small and
that's why that site was used as conditions were similar each time. Most places in
the country do not have conditions so similar day in and day out. I don't know if
anyone else wants to comment on whether those conditions can be met. Iknow JPL
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did some work in their backyard in Pasadena, and I think they did get good correla-
tions trying to do it at their elevation as compared to Table Mountain.

COMMENT: We've tried several different things. But if we tried to compare the pyrhe-
liometer measurements obtained in our backyard with the pyrheliometer measurements
obtained at Table Mountain we would find significant deviations in terms of the perform-
ance we would predict for the various solar cells. We have used, however, an AMO ex-
trapolation technique such as that which you get by plotting the log of the short-circuit
current against the air mass. But measuring under conditions at JPL and then trying to .
extrapolate to what we would get at Table Mountain would give us a different kind of hum- -
ber. In other words, at a lower elevation it just doesn't repeat that well.
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SOLAR CELL MEASUREMENT TECHNIQUES USED AT
NASA LEWIS RESEARCH CENTER
Russell E. Hart

NASA Lewis Research Center
Cleveland, Ohio 44135

Obtaining accurate values of the outerspace short-circuit current and performance
of solar cells has been a difficult problem for years. Attempts to simulate the outer-
space sunlight spectrum in the laboratory have not resulted in a perfect spectral match.
Thus, the problem of setting the intensity of the simulator becomes paramount. Because
of the imperfect spectral match and because of the temporal variation of the source, ad-
justing the light level with a slowly responding thermopile leads to large inaccuracies.
In fact, errors of the order of 10 to 20 percent can easily result from this approach. A
more accurate means of adjusting the simulator light level is to use a calibrated solar
cell whose spectral response closely matches those of the test cells. Thus deviations
in the source spectrum will be compensated for. Methods were developed for obtaining
the outerspace output of solar cells using either balloons or high altitude airplanes so
that a supply of calibrated cells is readily available. Of course, precautions must be
taken in the circuitry used to measure cells to prevent extraneous effects, such as con-
tact resistance, from adversely affecting the measurements. Finally, to complete the
solar cell evaluation, a means for obtaining cell spectral response must be available.
The objective'éf this paper is to describe the techniques in use at the Lewis Research
Center to obtain accurate measurement of the outer space performance of sqlar c‘ells.‘

EXPERIMENTAL 'TECHNIQUES,.

Several techniques are used at NASA Lewis Research Centei‘-to evaluate solar cells
for space use. These techniques are apphcable to estabhshmg standard testing proce-
dures for terrestrial conditions.
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Calibrated Solar Cells

As observed before, it is important to have calibrated solar cells of the same type
as the cell being tested in solar simulators. To calibrate cells-for -AMO conditions a
F-106 aircraft is being used as shown in figure 1. An opening was cut just behind the
radome on the left side of the aircraft. A 6-inch-diameter, 22-inch-long collimating
tube containing the solar cells is mounted behind the opening. The angle of the tube is
adjustable for the solar declination angle at the time of each flight. Cells are mounted
on a temperature controlled plate at the base of the collimating tube. Although ambient
temperatures of about -55° C are encountered, cell temperature is-controlled to
25%:3° C. The airplane is flown to 50 000 feet and then descends at a rate of 2000 feet
per minute to an altitude of 25 000 feet. During this descent, on an east to west track,
solar cell short-circuit current and atmospheric pressure are recorded on a data acquis-
ition system. Air mass is calculated from the atmospheric pressure and the declination
angle. A langley plot of the logarithm of the short-circuit current against air mass is
made to obtain the outer space short-circuit current. -Figure 2 shows the plot of a typ-
ical (2 cm by 2 cm) silicon cell without an AR coating. The change in slope at an air
mass of 0.5 is caused by dust accumulation at the tropopause. The position of this break
is variable. The data above the tropopause are extrapolated to AMO to obtain the outer
space short-circuit current. This current is then corrected slightly for the Earth-Sun
distance and ozone absorption in the Chappuia band. Data such as these can be taken for
any kind of solar cell. Flights occur all year except during the summer months when the
tropopause is too high. ‘

Light Source .

With the use of a calibrated standard cell with the same spectral response as the
cell being tested, almost any light source can be used to evaluate the unknown cells.
Because identical spectral responses are rarely obtained, the cells should be measured
in a simulator whose spectrum matches sunlight as closely as possible. The artificial
AMO light source currently used at Lewis is a Spectrosun X-25L solar simulator with
close AMO filtering. , o

In practice, a standard cell whose spectral response closely approximates the test
cell response is used to set the intensity of the solar simulator. The test cell is then
placéd in the collimated beam and the current-voltage (I-V) characteristic obtained.
From the I-V plots, short-circuit current IS'c’ open-circuit voltage Vdc’ maximum
power P .., curve power factor FF, and efficiency are obtained. Over the years
this system has obtained solar cell outer space short-circuit currents with an average
error of less than 2 to 3 percent.
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Electrical Circuit

A four-wire system such as shown-in figure 3 must be used to ensure accurate
data. The four-wire method eliminates the effect of wire and contact resistances. Be-
cause current does not flow in the voltage leads, the true cell voltage is measured by
the X-Y plotter. Next to errors in the short-circuit current, wire and contact resist-
ances are the most common source of error in device measurements. In-the load cir-
cuit shown, the bucking voltage applied to the cell is controlled by the ten turn potenti-
ometer. Load voltages up to +2 volts can be obtained. The 4- and 2-volt batteries used
are obtained by cutting one of the straps in a standard 6-volt automobile battery.

Spectral Responses

. At Lewis spectral responses are measured using 18 narrow bandpass interference
filters ranging in wavelength from 0. 35 to 1. 2 micrometer. During cell measurement
these filters are shifted over the samples sequentially. The light source is a 1000-watt
tungsten-iodine bulb whose voltage is carefully regulated. The light intensity through
¢ thefilters is measured with:a thermopile and requires the removal of the test plane. .
The thermopile is removed, the test plane and cell are replaced, and measurements are
made under each filter. The cell current under each filter and the corresponding inten-
sity are used to obtain the spectral response values. Reproducibility of these measure-
ments is 5 percent. This measured cell can then be used as a monitor cell against
which an unknown cell can be measured without using the thermopile. A simple ratio of
both cell currents, corrected for active area differences, multiplied by the spectral re-
sponse of the known cell yields the spectral response of the unknown cell. This system
is easy to use and reproducible. Figure 4 is a typical spectral response obtained in this
manner. The test cell is a 10 ohm-centimeter cell with no antireflection coating. It is
clear that the monitor cell spectral response must be accurately measured. Therefore,
further improvements in absolute spectral response measurements are desirable.

Alternate Light Source

The last system in use is a tungsten lamp light source using ELH lamps made by
the General Electric Company. The spectrum of this light source is similar to AM2
sunlight. A dichroic coating on the reflector reflects the visible part of the spectrum
toward the test plane while most of the infrared radiation from the bulb is transmitted
through the reflector. This has a side benefit of making the control of the sample tem-
perature easier. A light source using these lamps has been used to measure over 4000
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silicon cells of the same type. Samples of 50 cells were remeasured in the solar simu-
lator, and the results reproduced to +2 percent on all parameters. Thus, it appears
that this light source can be a useful tool for measuring cells of similar spectral re-
sponses, so long as a standard cell of the same spectral response is available.

CONCLUSIONS

In order to make accurate measurements of the outer space performance of solar
cells, a well-defined testing procedure has been evolved. This procedure uses cali-
brated solar cells whose spectral response closely matches those of the test cells to set
the intensity of an artificial light source. The spectrum of this light source reasonably
approximates the spectral distribution of outer space sunlight. Electrical measurement
circuitry uses a basic four-wire system. Over the years this system has obtained the
outer space performance of solar cells with an error of less than 3 percent. As sup-
plementary information, cell spectral responses are measured using 18 narrow bandpass
monochromatic interference filters. These measurements permit selection of an ap-
propriate calibrated solar cell to be used in adjusting the light source intensity.

Figure L - Collimating tube location in F-106 aircraft.
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A STANDARD FOR SOLAR CELL TESTING AND REPORTING*
John D. Meakin

Institute of Energy Conversion
University of Delaware
Newark, Delaware 19711

Solar cells are rapidly becoming a realistic source of electricity for terrestrial ap-
plications. In order that meaningful comparisons can be made between different types
of cells and between cells from different producers, it is essential that standardized
solar simulation and cell testing be established. The production of a reproducible and
reliable simulated solar spectrum is discussed elsewhere. Herein we attempt to lay the
groundwork for the meaningful and reliable testing and reporting of Solar Cell perform-
ance.

APPLICATION OF TEST RESULTS

There are two g_éneral classes of use for solar cell performance figures. The first
includes all préctical or deployment oriented uses where the total power output per unit
area of array is the critical parameter. The second use is related to the basic photo- -
voltaic aspects of solar cells, where the user of the data is concerned with such factors
as photon to carrier conversion efficiency within the device. .

For the practical application of cells, it is felt that, in prihcipal at least, all cells
could be configured to give 100 percent packing density. Accordingly, the cell area used
~ for computing practical efficiency should be the full light intercepting area of the cell
excluding only those main current carrying leads which would be either hidden behind the
cell itsélf or could be overlapped by an adjacent cell. The reported performance figure
could then be used to compute the potential array output for packing densities less than
~ 100 percent. ' _ ' ‘

For the fundamental analysis of cell performance the actual illuminated area of the
cell is of interest; therefore, photon efficiency will be computed using the total cell area
minus the area covered by opaque grids or other current co‘necting devices.

*Supported by the National Scienée Foundation, Research Appiied to National Needs,
-under Grant AER72-03489, formerly GI-34872.
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CELL TESTING

It is felt unnecessary to spell out in great detail the specific electrical techniques
for taking current and voltage measurements. Obvious precautions must be taken to
obtain meaningful current measurements near the short-circuit condition or voltage
measurements near open circuit, especially with cells showing low fill factors. A four-
point probe arrangement must be used.

There is both fundamental and practical interest in recording dark I-V curves. In
some cells the dark behavior is influenced both by recent exposure to light and by low
light intensities. If dark I-V curves are reported, they should be taken at zero illumi-
nation and after a sufficient time in the dark so that all transient effects have ceased. If
this condition is not met, then the reported curves should be annotated to show the actual
''"dark'' conditions.

Cells may be strongly influenced by the temperature at which the test is performed.
Accordingly, the cell temperature must be controlled by holding the cell against a suit-
able metal block and the actual temperature during testing recorded.

ILLUMINATION

It is not the purpose of this paper to present a definition of a standard illumination
such as AM1. However, it is proposed that for natural and simulated illumination the
flux be given as an Air Mass Equivalent, e.g., AM1.2. For simulated illumination the
type of source should also be stated. '

DEFINITIONS
Physical Parameters
Cell area - practical. - The practical cell area is the full light intercepting area

excluding only tabs or leads which are behind the cell or would be covered by adjacent
cells. ' '

Cell area - illuminated. - The illuminated cell area is the practical cell area minus
the total area of opaque grids or current collecting devices.
' Temperature. - The test temperature is that of a metal block held in good thermal
contact with the nonilluminated face of the cell.
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Electrical Parameters

Short-circuit current. - This is the current flowing through the cell at zero potential
drop. .
Open-circuit voltage. - This is the potential drop across the cell at zero current
flow.- : ‘

Current density. - This is defined as the total current flow through the cell divided -
by the practical area. It should be recorded in milliamperes per square c¢ntimeter.

Maximum power output. - This is the maximum product of the cell current and volt-
age. It should be recorded in watts. '

Maximum power output density. - This is the maximum power output divided by the
practical cell area. It should be recorded in milliwatts per square centimeter.

Open-circuit voltage. - This is the cell voltage at zero current flow and should be
recorded in volts.

Fill factor. - This is the ratio of the maximum power -output to the product of the
short circuit current and open circuit voltage. It may be expressed as a decimal frac-
tion or a percentage.

Input Power Density

‘Natural insolation. - This is the total incident radiant flux per unit area. It should
be expressed in milliwatts per square centimeter and as an AM equivalent.

Si.mulated insolation. - This should be given as the equivalent natural incident radi-

ant flux (i.e., AM1.0). If available, the actual total flux in milliwatts per square centi-
meter should be reported.
Practical efficiency. - This is defined as the ratio of the maximum output power

density and the input power density. It may be referred to as the efficiency and given as
a decimal fraction or percentage. :

Photon efficiency. - This is defined as the practical efficiency divided by the ratios
of illuminated area to practical area. It must be referred to as the photon efficiency and
may be given as a decimal fraction or percentage. : :

PRESENTATION OF DATA

PR . |

All measured and deduced parameters should -be presented with appropriate error
limits based on the measuring accuracy and precision. A suggested report format is
as follows:
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-Cell Test Results

CdScell . . . . . . e e e e e e e e e e e e e 283 A2
Cell area, M2 . . o o o v o e e e e e e 54. 510. 2
Test temperature, °C . . . . ... .. .. S 21+1
Ilumination, W-I, water filter, AML, mW/cm2 . . . . . . . o oo v e, 59
Open-circuit voltage, V. . . . . . . . . . . . . . .. oo 0.4710.01
Short-circuit current, mA/cm2 ........ e e e e e e e e e e e e 17. 540. 2
Fill factor, percent- . . . . . . .. e e e e e e e e e e e e e e e e e e e e e 72. 7T+2
Efficiency, percent . . . . .. . .. e e e e e e e e e e e e e e e e e e e e e 5.1+0.1
Photon efficiency, percent . . . . . . . . L ... L L. e e e 5.9+0.1
DISCUSSION

COMMENT: Everybody here has been talking about measuring cells by means of short-
circuit current. When we talk about useful engineering information for systems people,
I think the one thing we really have to consider doing is measuring power. I suggest
maybe the maximum power point or total power under the I-V curve would be a signif-
icant improvement in the measurement of solar cell output.

A: Most of those people, especially those with an eye to the application of cells, think
very routinely in terms of efficiency which, of course, is always peaked to the max-
imum power point of the cell. One point which has been reached, which I think
should be reitterated is alot of the aspects of the silicon cell do not carry over into
the CdS. One point which I did mean to mention is that if people are to publish I-V
curves, especially light and dark I-V curves, then it is necessary, especially with
CdS cells, to give the conditions under which these are taken. If you take dark I-V
curve first, you can get quite a different dark I-V curve than if you take a light I-V
curve and then immediately within the last half minute take a dark I-V curve. So
again I think a general plea should be made that when we describe experimental re-
sults we should follow the traditional rules that you make it possible for anybody to
read those results and go away and reproduce them by following you recipe and in-
structions. ‘
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GENERAL DISCUSSION FOLLOWING SESSION III

COMMENT: We have discussed the last couple of days many things that relate to array
measurements as opposed to cell measurements. One of the points I want to raise right
now, that we must have agreement on, is that we are going to focus solely in this meet-
ing on cell measurements and not array and systems problems because that is where we
are now. I'll propose that and open the floor for discussion on that subject.

COMMENT: What you said is the first thing I'd like to take issue with. The point of
making cell measurements is eventually to apply then, and it seems to me the first
thing you have to decide is what's significant. For example, is water vapor significant?
Cell measurements with or without a water absorption column may be very significant.
So, in order to make significant cell measurements, you have to bear in mind what the
systems are going to be. Dr. Redfield brought up the point that if you're going to have
an economical system you must decide on the optimum thickness of a silicon solar cell.
You don't want to waste alot of very valuable silicon in building a cell that's too thick if

_ you're not going to use the full spectrum of the cell. So I think this is an integral part
of this discussion. I agree, you can talk about cell measurements and you can talk
about systems measurements and you can conceive, for example, of taking cell meas- .
urements as a series of spectral points. But you have to keep in mind what the end pur-
pose is. Otherwise, you may be doing useless refinements.

COMMENT: I think, compared to the air column on top of the cells, the few thousandiths
of an inch of water vapor which you may have captured in encapsulation, or even the few
yards in the longest simulator I've ever seen, makes very little difference in terms of
additional adsorption whether you have 100 percent relative humidity or if you have

0 percent relative humidity.

- @ What do you mean you are not going to consider systems? . ,

A: The problem that we have facing us immediately is that there are people in the
ERDA and NSF programs making and evaluating devices and trying to find out
whether one approach has a performance advantage over some other approach. At
the present time we have no agreement on a standard testing procedure, a standard
light source, or a standard spectrum. We must in this meeting reach agreement on
those so that one of the recommendations of this workshop will be standardized test
procedures against which all experimenters can evaluate their cells. This does not
have to be the best of all possible systems because we have many unanswered ques-
tions which necessitate more research before we come up with an ultimate system.
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This would merely be an interim system that would take us through this next year
until we can meet again. The questions we're going to raise today will need to be
answered and then we can come back and have a second look at a more permanent
system. At that point, some of the array problems or measurements of the arrays
in the field are a reasonable consideration.

COMMENT: I think our meeting should begin to address the problems associated with
the so-called systems measurements. I don't want to detract from what you've said,
because I think it's very important. But, we also have a real time problem in under-
standing the systématic applications of the technology that we have. I think that it may
be possible in the course of the various workshops to broaden the discussion from per-
haps what you have suggested to something which may have a greater significance to the
community in terms of getting the data we need for all types of cells.

COMMENT: It seems to me from the number of ideas that have been passing around
that this is the kind of thing that is needed in order to characterize cells, but not the
arrays yet, in all the important parameters. A standard spectrum has to be chosen
taking into account the nonlinear effects of things such as cadmium sulfide. A mono-
chromatic beam has to be available. The angle of incidence from the normal has to be
variable. We have to be able to measure the power in the monochromatic beam. The
electronics may never be done this way, but this will give you an idea what has to be
done. You measure the current and convert it to a voltage. You measure a change in
current that corresponds to turning on and off a beam. You measure the total current,
the current which corresponds to having the standard spectrum on the cell. You do the
same thing for voltage across the load. You now have all the electrical parameters as
a function of incident radiation. For a fairly monochromatic beam, it's possible to
measure this response function at the standard distribution for various angles of inci-
dence. You get the actual response for the different angles of incidence, and this allows
you to go from your standard distribution to the particular distribution you expect in
your particular local environment. It seems to me that almost every question is fairly
well addressed by this system, except for arrays. We don't have enough power in a
monochromatic beam spread over the larger rays to do a measurement of this nature.
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RESULTS OF SESSION I WORKING GROUP - SOLAR INTENSITY AND
SPECTRUM CONDITIONS FOR TERRESTRIAL PHOTOVOLTAICS

John R. Hickey, Chairman

Twenty-one of the participants at the workshop were included in working group I.
The working group met for approximately 5 hours on March 20, 1975. The main func-
tion of the discussion of this working group was to establish a representative terrestrial
solar radiation environment. In addition, the group discussed a number of related topics
concerning the calculation and measurement of the terrestrial solar energy for use in
support of the photovoltaic program.

Since the charge to the subgroup by the workshop chairman was to concentrate on a
1-year interim period, the subgroup chairman attempted to limit discussion to this. A
set of recommendations and comments were developed from the discussions and were
presented to the general workshop attendees on March 21, 1975, It is obvious that fol-
lowup work by a smaller committee will be required in the near future to come up with a
refined set of recommendations. This report is essentially an attempt by the working
group I chairman to ellaborate on the meeting.

CHAIRMAN'S REMARKS

1. It had been established in a previous session that the wavelength scale of inter-
est was essentially that from 0. 35 to 1. 4 micrometers. ,

2. There was a need for additional people in this working group who were more
familiar with the present state of terrestrial solar measurements. Roland Hulstrom
had to leave before the working group session, and Mr. Goldberg of the Smithsonian Ra-
diation Biology Laboratory and Dr. K. Hansen of NOAA could not attend the meeting.

3. The necessary interaction with other disciplines employing solar radiation data
such as meteorology, atmospheric physics, other solar radiation utilization programs,
radiation biology, agriculture, hydrology, etc. will be necessary.

4, The fate of the recommendations made at the November 1973 NSF/NOAA work-
shop related to the NOAA measurement system and network should be more clearly
understood. Mike Riches of NOAA explained much of this both in the working group and
at the general sessions.
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5. There seemed to be a general feeling that the 1-year interim period put too many
constraints on the discussion, even for the topic of general measurement.

CONDUCT OF WORKING GROUP

The discussion began with a request for a recommendation on which solar curve to
employ. The basic result was that no acceptable measured terrestrial curve could be
employed. A number of curves including Moon's and Gate's work were reviewed. It
was the opinion of many that an extraterrestrial solar curve should be employed in con-
junction with a model atmosphere. Which extraterrestrial curve and which model then -
became the questions. It was recommended that a curve derived from Thekaekara's
curve (NASA SP-8005) be considered. Since curves were published in the NSF Workshop
proceedings it was felt that the basic data types and programs must be available there.

A number of persons thought the use of other curves and models might be more appro-
priate, but that the curve which would be derived by Thekaekara might be the easiest to
get for the interim period.

Attempts were made to ascertain which air mass (solar zenith angle) would be most
representative. For the continental United States and on a year round basis it was felt
that AM2 would suffice for the interim period.

The fact that the curve should be representative of Sun plus sky radlatlon rather than
only direct beam was discussed at some length. For blue sensitive cells it was felt that -
Sun plus sky was more representative of the true situation. It was noted that the curve
should be representative of some mounting configuration angle such as the latitude or
latitude plus 10° rather than either the direct or the global (horizontal) beam. No con-
clusions were made with regard to these matters. It is doubtful that any present atmos-
pheric model would calculate these fluxes directly.

Regarding atmospheric models, Dr. Halpern, of IBM, was consulted by the group on
what their (Dave, et al.) model could do. He explained that they were very committed
and that to perform such an analysis in the near future would be difficult. He suggested
that Dr. Baxter Amstrong be contacted soon if the committee wished to pursue this mat-
ter in the future.

The chairman expressed the feeling that the output of the cells was a function of the
integral of the product of the relative spectral response of the cell with the relative
spectral distribution of the incident light. This, of course, is a simple case omitting
temperature, angular dependence, and other effects. If the relative spectral response
of a cell is chosen, it can be convolved with many possible solar curves to ascertain the
sensitivity of the integral to the shape of the solar curve. This can be done using nu-
merical integration techniques without having to worry about actual measurements. The
method has been proven in filter factor analysis commonly used in filter radiometry. It
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was also mentioned that when this method is applied to calculating cell efficiencies by a
technique of dividing by the total incident radiation as measured by a conventional py-
ranometer or pyrheliometer the limits of the integral in the numerator are essentially
those of the cell response while the integral in the denominator has limits of the entlre
terrestrial solar spectrum. _

It must be pointed out, and it was a number of times during the workshop, that
clouds are the biggest modifier of solar radiation reaching the ground. Also, auxiliary
weather data would probably be required at sites where solar radiation is to be meas-
ured.

Mike Riches, of NOAA, explained a number of times the NOAA position regarding
the network and other special solar monitoring stations. It is the chairman's opinion
that NOAA should prepare a short report on this topic, which comes down to a cost
analysis versus data utilization and necessity.

Since some of the participants were knowledgeable concerning the recommendations
of the NSF workshop, the workshop proceedings were referred to a number of times.
This prompted the other attendees to request that they be supplied with c0p1es of the
proceedings so they would be prepared for future discussions.

It was a general opinion that good spectral response data should be obtained for the
various photovoltaic devices. It was felt that high accuracy absolute spectral response
determinations are fundamental to this field. The high accuracy methods described by
Jon Geist were referred to. It was generally acceépted that support of this type of funda-
mental rad.lometry should be supported by agencies sponsoring the photovoltaic work-
shop.

The matter of units was discussed briefly. It was generally accepted that SI units
be employed in reporting results in this discipline. As far as the solar radiation quan-
tities are concerned, the group preferred units of watt-meters, micrometers, etc.,
such that solar spectral curves would be expressed in wm™2- pm'l or in Wem ™2- pym
(Later in the general session there was a request that the solar radiation also be ex-
pressed in photon flux.) - '

-1

CONCLUDING REMARKS

It should be obvious that the discussion did not proceed in the orderly fashion as
delineated previously. The discussions varied from one topic to another and many topics
overlapped or had a direct bearing on each other. This is not meant to be a complete
recap of the working group, but a group of thoughts which were easily separated in the
mind of the chairman.

From such an attempt to classify the recommendations arising from the workshop,
the initial set of recommendations presented on March 21, 1975, were prepared. These

148



recommendations, in a somewhat modified and corrected form, are here restated:

1. The terrestrial solar curve to be used to assess photovoltaic response should be
one computed using an accepted extraterrestrial solar spectral irradiance curve, which
is corrected to a terrestrial curve using a model atmosphere.

(a) For the 1-year interim period, a direct beam curve for AM2 should be em-
ployed. This should be requested from Dr. M. Thekaekara of NASA/GSFC. A
tabulation over the wavelength range of 0.35 to 1. 4 micrometers should be re-
quested. The working group felt that this should be used for the interim period only
while a more representative terrestrial curve is developed.

(b) After the interim period a more representative curve should be developed
from a suitable extraterrestrial curve and model and the IBM group should be re-
quested by the organizing committee to develop such a curve using their 83 unit
spectral interval model. The letter of request should be submitted in the near
future.

(c) In the interim period the suitability of the curve should be assessed by a
comparison with available spectral data, specifically that being obtained by the
Smithsonian Institution. The extraterrestrial curve should be compared with new
satellite data from NIMBUS F.

2. The pertinent recommendations of working group 2 of the NSF/NOAA workshop
should be endorsed regarding the monitoring network and specifically.

(a) The spectral distribution in 0. 1 micrometer bandwidths at 10-minute inter-
vals at 5 stations should be measured and the auxiliary weather data such as cloud
cover should be reported for these stations. A subcommittee should be formed to
decide whether direct or global data are necessary.

(b) NOAA should:record high resolution high accuracy spectral radiation meas-
urements at Boulder. ’

“(c) A high quality mobile station should be operated as part of the NOAA pro-
gram.

3. The members of this workshop should be supplied with copies of the NSF/NOAA
workshop report.

4. The Report of the Workshop on Accurate Radiometry for Solar Conversion should
be brought to the attention of this organizing committee.

5. The high accuracy spectral radiometric analysis techniques described by Jon
Geist should be supported by this photovoltaic group.

6. SI units should be employed in all reporting of solar data and solar spectral data
related to this program.
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RESULTS OF SESSION I WORKING GROUP - TERRESTRIAL SUNLIGHT SIMULATION

Henry Curtis, Chairman

The topics for discussion in session II (as listed by the letter of invitation to the
Workshop) were

Irradiance and spectral irradiance standards

Measurement techniques for lamp sources and solar simulator systems

Lamp sources and simulator systems which accurately and reproducibly simulate

terrestrial sunlight at low cost

There were approximately 15 attendees at session II with the bulk of the discussion
concerning the choice of the source for terrestrial sunlight simulation. The main rec-
ommendations of session II are as follows:

1. A tungsten filament quartz-halogen lamp with same sort of dichoric filtering
should be the source for terrestrial solar simulation. The major considerations in this
choice were low cost, interim period of use, and availability. Of these the low cost was
the most important. There were strong reservations cconcerning tungsten lamps by
people with cells with significant response in the blue region (0. 4 to 0.5 um). It was
the general consensus that if a particular cell suffered by comparisons made using a
tungsten source further qualifying data could be given. There are also problems in-
volved in suggesting a standard source when there is little operational experience with
such sources.

2. All lamps should be operated at a constant voltage with total irradiance measured
using a black total detector. For testing purposes, the irradiance level should be set
using a standard cell (with a spectral response close to the cell being tested) supplied by
the same central testing lab. To obtain the desired irradiance level, either add lamps
or vary the distance, but keep voltage constant.

3. At the present time, the only standard of spectral irradiance is the tungsten
filament, quartz halogen lamp with reflector available from the NBS. Any measure-
ments of spectral irradiance of a source, made using a monochromator, should be re-
lated to this standard. An alternate method to measure spectral irradiance is with a
set of standard filtered cells supplied by a central testing lab. .

4. Work should continue toward measuring the absolute spectral response of cells.
Then the cell efficiency could be calculated using the standard solar curve from ses-
sion I.
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RESULTS OF SESSION III WORKING GROUP - METHODOLOGY FOR
MEASUREMENT AND CALIBRATION OF SOLAR CELLS

Eugene L. Ralph, Chairman

Although this working group had initial difficulty understanding the workshop objec-
tives and guidlines, these difficulties were resolved and some unanimous conclusions
were formulated. The key factor in resolving these qixestio’n’s was the realization that
an agreement on acceptable measurement methods was needed immediately that could be
used over the next year to make accurate comparative measurements of many different
types of cells at various laboratories across the country With these guidelines and
time periods in mind, the followmg conclusions and recommendatlons were unanimously
agreed on: .

1. It was concluded that a set of recommended data parameters be adapted as min-
imum standard measurements and standard test conditions for comparing different types
of cells and for reportmg performance data. Of course, additional data can always be
provided, but it was concluded that the following list represents the minimum data’ that
provides sufficient information to inteiligently contp_are cells:

Light intensity, ‘mW/ cm? (sunlight equivalent) . ... . . .. ... .. e e 100

Cell temperature, °c ... e e e Ve e e e e e L. oo, 282

Cell efficiency, mW/cm® . . . . . . M + 100
A

Total cell area including electrodes, A :

Short-circuit current, o at V,mV ... ... <20

Open-circuit voltage, V. with meter, kQ/V . . . . . . . . . oo v ... >10

oc ;
Light beam axis perpendicular to cell

2. It was realized that the acceptable test method was dependent on whether the
measurement was for research or scientific testing, production testing, or large sys-
tems testing. Consequently, a listing (following table) of proposed testing methods were
evaluated in respect to these various categories to see which test methods were accept-
able to everyone. H both a no and a yes appear, it indicates that at least one person ob-
jected and at least one agreed to this test method for some reason. A no indicates that
everyone objected to this method. . A yes indicates that everyone would accept the re-
sults of this test method. Since the ground rules were to consider test methods for only
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this coming year and time was short, no ratings were made for the systems tests.
The following table summarizes the results:

Test method - R&D tests | Production
: ' . tests
Filter wheel No/Yes . No
Tungsten? No No/Yes
Xenon (ﬁltered, pyrheliometer) No/Yes No/Yes
Xenon® (ﬁltered) Yes . Yes
Tungsten® (ELH) . No/Yes No/Yes
(SR biased x SD)° No/Yes No
Sunlight (pyrheliometer) Yes No/Yes
Sunlight simulator® No/Yes | No/Yes
aStandard sola.r cell set to equlvalent of 100 mW/cm of
sunlight.

Spectral response under biased light times sunlight
spectral distribution; absolute calibration.
) , CAbsolute calibration.
From this table it is clear that the only test that everyone felt was satisfactory for pro-

duction testing of a wide range of cell types was a filtered xenon light source set up with
a standard cell of the type being tested. This test method was also found acceptable for
R&D or scientific measurements. Measurements in sunlight against a calibrated py-
ranometer or other thermopile detector were found to be acceptable and accurate for
R&D tests but not satisfactory for production due to the limited test times.

3. It was agreed that standard solar cells must be properly packaged and protected
and calibrated by a recognized testing laboratory. The test method should be to test in
.sunlight against a calibrated thermopile detector. A standard must be similar to the
type cell that is to be tested in the artificial sunlight sources. That is, it should be
similar material, similar spectral response, and have been manufactured using essen-
tially the same fabrication processes.

4. Group III had the following general recommendations: .

(a) The minimum specifications for sunlight conditions during calibration of
standard solar cells still need to be defined and a committee should do this very
soon. This committee should specify cloud conditions, sky _radiation,' HZO content,
intensity, etc.

(b) A central laboratory should be designated reSpons1b1e for calibrating stand-
ards and setting up testing standards.

(c) A program should be started now to determine the influence and sensitivity
of various parameters which may or may not be important such as air mass, scat-
tered light, H20 vapor, seasonal changes, intensity effects, angle of incidence ef-
fects, and degradation of light sources effects.

(d) Preparation should begin now for the large scale systems testing require-
ments that will soon be needed.
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(e) The degree of accuracy needed in all these tests should be determined so
that excessive efforts for high accuracy are not expended if the accuracy isn't
needed for the applications. . '
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UNIFIED RECOMMENDATIONS OF THE WORKSHOP

Henry Brandhorst, Coordinator

Differences among the recommendations made by each of the Workshop sessions
were resolved during the Workshop by a meeting of the chairmen. These unified recom-
mendations were presented to and discussed by the Workshop as a whole. The agreed
upon recommendations of the whole Workshop for the interim period of 1 year are as
follows.

Solar cell measurements: It was agreed that measurements of solar cell perform-
ance in natural sunlight are the most acceptable. The details of the measuring proce-
dure to be used will be made available later. For laboratory measurements, a broad-
band spectrum filtered artificial light source was recommended. The light source will
most likely be a xenon arc lamp because this source contains the ultraviolet light needed
for accurate assessment of cell performance. Furthermore, many of these simulators
are readily available. The intensity of this light source is to be set with a calibrated
solar cell of the same spectral response as the cell to be tested insofar as possible.
The experience of the space program has shown that using this procedure results in
reliable measurements under artificial light sources.

Performance measurement: Several measurement conditions were specified by the
Workshop so as to put terrestrial solar cell measurements on a common basis. A cell
temperature of 28%:2° C was specified as was a 100 milliwatt per square centimeter

_intensity for the solar simulator. This intensity value was chosen for tradition, ease
of efficiency calculation, and from a desire to use as high an intensity as reasonable to
test cell operation. For the purpose of efficiency calculations, total cell area is to be

"used. Short-circuit current is to be measured at a less than or equal to a 20-millivolt
load, and the impedance of the voltmeter used to obtain open-circuit voltage is to be
greater than 104 ohms per volt.

Supporting measurement techniques: The Workshop recommended that an absolute
spectral response measurement technique which is applicable to all types of solar cells
be developed in a timely fashion. .

Program support: It was agreed that for theoretical calculations, a standard AM2
solar spectral distribution curve should be used. AM2 was chosen because it is more
representative of the spectral distribution viewed by a solar cell year round than an
AM1 distribution.
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Finally, it was recommended that a centralized national laboratory be established
to perform reference photovoltaic measurements, issue calibrated solar cells, and per-
form the R&D necessary to support the measurements program. It is anticipated that
the NASA-Lewis Research Center will fill that role for the ERDA.
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SPECTRAL DISTRIBUTION OF DIRECT AND DIFFUSE SOLAR ENERGY
RECEIVED AT SEA LEVEL OF A MODEL ATMOSPHERE*
J. V. Dave and P. Halpern

IBM Corporation Scientific Center
Palo Alto, California 94304

and
N. Braslau

IBM Thomas J. Watson Research Center
Yorktown Heights, New York 10598 .

Knowledge of the spectral characteristics of the direct and diffuse solar energy re-
ceived by surfaces near the ground is required in the photovoltaic harvesting of solar
energy, and in other fields such as biophysics and illumination engineering. These
characteristics depend on optical properties of various atmospheric constituents and of
the underlying ground, on the position of the Sun, and orientation as well as geometric
shape of the surface. Experimental determination of these multi-parameter dependent
characteristics has been classified as one of the major tasks in the field of atmospheric
radiation. Thus, it is customary to restrict such experimental investigations to a few
selected cases only (e.g., McCree and Keener, 1974). _ ,

Recently, Dave and Braslau (1974) have performed extensive calculations of the
transfer of solar energy through one-dimensional, but otherwise realistic, models of the
terrestrial atmosphere. For this purpose, they divided the solar spectrum (0. 28 to
2.5 pm) into 83 spectral intervals of unequal width for simulating the absorption bands of
carbon dioxide, oxygen, ozone, and water vapor. Computations of the direct as well as
diffuse spectral energy passing at levels with height h kilometers above the ground, and
with the parameter h given by h = 0(1)50 kilometers, were carried out after including
all orders of scattering and appropriate absorption by molecules, aerosols, and water
drops. Models used by them vary from a model with no gaseous absorption and no aero-
sols or water drops at one extreme to several models with climatic cloud cover and high
concentrations of aerosols at the other. This study of Dave and Braslau culminated in a

*Palo Alto Scientific Center Report 320-3332.
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voluminous set of data which can be used to obtain values of the direct and diffuse com-
ponents of solar energy in 83 different spectral intervals, 51 levels of the atmosphere
separated by 1-kilometer intervals, 8 different atmospheric models, 9 different posi-
tions of the Sun, and any reasonable Lambert reflectivity of the underlying surface.

As the existence of such data became known, several scientists from different dis-
ciplines inquired about the possibility of obtaining a part of the whole of these data in
graphic as well as tabular form. We hope that some of their needs will be met by this
report in which we have discussed spectral characteristics of the direct and diffuse
solar energy passing through a horizontal surface at the bottom of one model atmos-
phere. This model atmosphere corresponds to an average mid-latitude summer case
- but without any clouds, resting on a perfectly absorbing ground, and illuminated by the
Sun at 60° from the local zenith.

ATMOSPHERIC MODEL

The atmospheric model for which results are discussed in this report is referred to
as Model C1 by Dave and Braslau (1974). A vertical column of unit cross section of this
model contains 0. 318 atm-cm of ozone, and 2. 925 gm-cm'z‘ of water vapor whose height

sdistributions correspond to:those encountered under average mid-latitude, summer con-
ditions (McClatchey et al., 1970). This unit column also contains 19. 7><106 particles in
1-square-centimeter column with its height distribution having a stfong maximum near
the ground. Further information about the height distributions of these three constitu-.
ents can be found in figure 6 of the original report. A constant mass-mixing ratio was

" assumed for the other two absorbing constituents (viz. carbon dioxide and oxygen).

The size-distribution function of aerosol particles (assumed spherical) at any given
level is represented by a modified gamma function with a mode radius of 0.07 microm-
eter and referred to as ""Haze L'' by Deirmendjian (1969). This is a typical aerosol
size distribution observed in the lower parts of the atmosphere over continents. The
‘aerosol substance is assumed to be made of a material with a refractive index of
1.5 to 0. 01i (i. e., the aerosols absorb a small fraction of the energy incident on them)
independent of the wavelength. Spectral dependence of the scattering and absorption op-
tical thicknesses of this aerosol column can be found in another paper of Braslau and
Dave (1973 b). :

LIMITATIONS

The model of the atmosphere used in cur investigation is a one-dimensional, or a
plane-parallel, model. That is, the atmosphere is assumed to be homogeneous and of
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infinite extent in horizontal directions. Any nonhomogzeneity due to changes in the ab-
sorption and/or scattering properties of a unit volume is confined to the vertical direc-
tion only. The basic equation of the atmospheric radiative transfer for a plane-parallel
atmosphere is solved, for a given spectral region, by using the method of a direct nu-
merical solution of the spherical harmonics approximation to the transfer equation (Dave
and Canosa, 1974). In this way, appropriate absorption and all orders of scattering are
included automatically. _

This or any other method for solving the basic transfer equation for the scattering
as well as absorption phenomena is strictly valid only for the case of monochromatic
incident radiation. It is permissible to treat a part of the electromagneticlspectrum as
monochromatic when the absorbing and/or scattering properties of atmospheric constit-
uents vary gradually and by small amount with wavelength over the region under consid-
eration, and, furthermore, the Bouger-Langley law is valid. Over the spectral region .
of interest the absorption coefficients of ozone, water vapor, carbon dioxide, and ozone .
vary rapidly and by large amounts. Furthermore, because of the band structure and
overlapping of lines, the Bouger-Langley law is not applicable in the case of water vapor
and carbon dioxide absorption unless the absorption is fairly weak. In order to meet the
restrictions of monochromaticity in the strictest sense, one would have to divide the
solar spectrum into several thousand intervals. In spite of this, we feel that the spec-
tral division used by us provides reliable data of high practical value for about 69 of the
83 spectral intervals. The spectral regions for which the calculated diffuse solar energy
data can be in some doubt are those having strong absorption by carbon dioxide and wa-
~ ter vapor. Further information on this aspect can be found in sections 3d to 3f of Bras-
lau and Dave (1973 a), and in the fourth paragraph of the Introduction in Dave and Bras-
lau (1974).

RESULTS

2

Three quantities (expressed in the units mW-cm™ “- ym'l) pertinent to our discus-

sion are defined as follows:

Fox direct solar energy received by a horizontal flat surface at the top of the atmos-
pheric model '

F s direct solar energy received by a horizontal flat surface at the bottom (viz. sea-

level) of the atmospheric model

de diffuse skylight energy received by a horizontal flat surface at the bottpm of the
atmospheric model :
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Strictly speaking, these quantities represent power per unit wavelength interval.
The work energy is used in the customary sense.

'Values of Fo)\’ FsK’ and Fd)\ are plotted as functions of wavelength in microme-
ters in figures 1 and 2 for the spectral regions 0.305 to 1. 05 and 1. 05 to 2. 5 microme-
ters, respectively. These values are for the model C1 (Dave and Braslau, 1974) resting
on a perfectly absorbing ground and illuminated by the Sun at 60° from the local zenith.
Numerical values of these quantities are given in table I.

Values of Fo)\ quoted here are based on those reported in the Handbook of Geo-
physics (Howard et al., 1961). The reader interested in obtaining values of Fovo Fou
and Fg, corresponding to the most recent solar irradiance (Ph) data (Thekaekara
1973) can do so in the manner now described. '

Consider, for example, that Thekaekara (1973) gives a value of 105.9 mW-cm'Z-
pm'l at A =0.33 micrometer. Thus, the most recent value of F ~ for our model is
52.95 mW- cm'2-um 1 (note that a factor of cos f,= cos 60° = 0.5 is used to obtain the
normal component of the direct solar energy), wh11e the value used by us in table I is
55. 50 mW-cm -2_ p.m-l. Hence, our numerical results for A = 0.33 micrometer will
have to be multiplied by a factor of 52.95/55. 50, or 0.954. Accordingly, values of F o’
Fsh’ and Fd}t corresponding to A = 0.33 micrometer and the most recent solar irradi-
ance data are 52.95, 7.72, and 17.05 mW-cm'z—um'l, respectively.

The presence of the intervening atmosphere results in the introduction of several
additional absorption features in the spectrum of the direct and diffuse solar energy
emerging at the bottom of the model atmosphere. "The atmospheric gases responsible
for a given feature can be identified with the help of the results presented in figures 7
and 8 of Braslau and Dave (1973 a). Another important feature of the results presented
in figure 1 is that the diffuse solar energy received by a horizontal flat surface is
greater than the direct energy received by it for wavelengths smaller than 0. 375 mi-
crometer. This is due to much higher scattering efficiency of molecules and aerosols
at the shorter wavelengths. Consequently, we find small but significant displacements
among the maxima of the three spectral distribution curves. The F,, as a function of
A curve shows a maximum around 0. 46 micrometer, but that of st as a function of A
shows a broad maximum in the spectral region 0. 47 to 0. 60 micrometer, and that of
Fd)t as a funption of A shows a maximum in the range 0. 41 to 0. 46 micrometer.

In table II, we have given values of the ratio (Fd)t/ Fs)x) of the diffuse to direct solar
energy received by a horizontal surface located at the bottom of two different model
atmospheres for nine different zenith angles (9 ) of the Sun and A = 0. 535 micrometer.
One of the models is the model C1 described earher, the other-model referred to as D1
contains 82. 3><,1(.)6 particles in its vertical column of 1 square.centimeter cross section.
This 4. 2-fold increase in the aerosol content is arrived at after increasing the aerosol
content of the 0 to 5 and 12 to 25 kilometer regions of model C1 (see fig. 6 of Dave and
Braslau, 1974). The ratio Fa/ Fg) increases rapidly with an increase in the zenith
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distance of the Sun. For model C1, the diffuse component is about one-seventh the di-
rect component for the case of overhead Sun, but about 1.2 as much as the diréect one for
the Sun at 80° from the local zenith. Values of these ratios increase with an increase in
the aerosol content, but not linearly. A 4.2-fold increase in the aerosol content results
in the increase in the value of Fd)\/FsA by a factor of about 3.3 for 60 = 0° and by a
factor of about 7. 4 for 90 = 80°.

"CONCLUSION

In the preceding sections we have presented representative results of an extensive
simulation study to show the spectral dependence of the diffuse component in the total
solar energy rate received by a horizontal surface at the bottom of the atmosphere.
These results can be used for inferring general trends and for preliminary planning in a
variety of solar energy applications. Desirability of providing such simulation data for
other zenith angles of the Sun and atmospheric models can be determined after assessing
the degree of interest of the scientific community. There is no basic difficulty in gen-
erating such simulation data for any one-dimensional model of the terrestrial atmosphere
and for cases where a much finer division of the solar spectrum is used. To this effect,’
it should be pointed out that capability now also exists for determining the gradients of
sky brightness as a function of wavelength and zenith angle of the Sun (Dave, 1975 a
and b).
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TABLE II. - RATIO OF DIFFUSE TO
DIRECT SOLAR ENERGY RECEIVED
BY HORIZONTAL SURFACE

LOCATED AT BOTTOM

OF ATMOSPHERIC
MODELS C1 AND D1%

[Wavelength, 0.535 ym; Lambert
reflectivity, 0.]

Solar zenith | Ratio of diffuse to direct solar
angle, energy, F dA/ Fo
deg :
For model C1 | For model D1
0 0. 147 0. 481
15 . 152 . 500
30 . 170 . 566
40 . 193 .651
50 .232 . 804
60 .304 1.112
70 .471 1. 969
5 .670 3.308
80 1. 196 8. 852

4pave and Braslau, 1974.
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Stationary Silicon Solar Cell Cdnverter Calculations®

\

Werner Luft

International Rectifier Corporatior{ El Segundo, California

The power output from a’silicon solar cell con-

verter depends on its geographical location. The .

article shows how the required amount of silicon
solar cells for a given power output is determined
for any place on the globe; the optimum angle to
which a stationary converter should be tilted;
and how the required storage device capacity for
continuous operation is calculated.

INTRODUCTION

There are many places on earth where conventional
electrical power is not readily available. If electrical
communication equipment such as receivers, trans-
mitters, or relay links are to be operated in such places,
special means for power supply must be devised. One of
the most suitable of the unconventional sources is the
silicon solar cell converter.

The silicon solar-cell converter can not only provide
electrical power anywhere a reasonable amount of sun-
shine is available, but it can also operate for long periods
without attendance. This second advantage is of es-
pecial importance for microwave or radio relay links.
However, when continuous power output is required
day and night through the whole year, the converter
must be complemented with storage devices.

It is the intent of this article to show how the required
amount of silicon solar cells for a given power output
can be determined for any place on earth; the angle
such a stationary converter should be tilted to, and the
capacity required by the storage device to insure con-
tinuous operation throughout the year.

NOMENCLATURE

Collector area, m®

Declination of the sun, degrees

Geographical latitude, degrees

Time angle from solar noon, degrees

Sunrise hour angle (true solar time), degrees
» Relative optical air mass

Optical air mass

Atmospheric pressure, millibars (1 mb = 10

dyne/em®

G Total insolation on a surface perpendicular to the
sunrays, wm™

WIS OR S N

F\»  Spectral correction factor for silicon solar cells

¢ Angle with z-axis of normal to horizontal surface
element, degrees '

& Angle of south-facing flat collector with hori-"
zontal surface, degrees .

T Angle with z-axis of normal to tilted collector
surface, degrees

A Angle between actual latitude and optimum
latitude for given declination and collector
angle £, degrees

P Power, watts
I Current output, amperes
14 Voltage output, volts
Fr  Temperature correction factor of output voltage
for silicon solar cells
Q Charge, ampere-hours
Subscripts
. N North
S South
Opt Optimum
Max. Maximum
Equations and Definitions
$=(n/2) — An = (7/2) + Ag (1]
m = 10" pm, [2]
Axopt = on + &5 Agopt = ¢s + &n (3]
AOpt ot A = )\ [4]
cos¢ = cos{ sine + sin ¢ cos ¢ cos k (5]
COS Pmax = €OS { Sin ¢ + sin { cos ¢ [6]
cos ® = tane/tan ¢ _ (7]
cosT = cos (¢ + £) sine
+ sin (¢ + £) cospcos« (8]
€08 Tax = c0s {({ + £) sing + sin (¢ + £) cose [9]

Insolation on clear days

The amount of solar energy received on an area of
the earth’s surface varies over the day and over the
year. The daily variations are caused by the spinning
of the earth and the yearly variations by the change in
solar declination.!-

a'Repr:[nt:ed from Solar Energy, vol. VI, no. 1, January 1962..
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The power input on a horizontal collector of area A
is given at any moment by the equation:

P, = AGcos¢ [10]

and for a collector facing south and making an angle of
£ with the horizontal by the equation:

Pi, = AGcosT [11]

Figure 1 shows the geometry and nomenclature used for
the angles.

Since the power input is proportional to cos ¢ or cos I’
it is necessary to determine these quantities. Both ¢ and
T can be expressed in terms of {, the declination ¢ and
the time angle x as shown in Eqgs. [5] and [8].

The relation of { to a latitude is given by Eq. [1] and
the solar declination ¢ is given in Fig. 2 for each month
throughout the year for the Northern and Southern

FHETTHEETTL

F16. 1—Geometry and nomenclature.

s

)
- DEX

i

oN gI! ~DEGREES

L)

(=]

o 3

8

HEMSPHERE DECLINAT!
|
v
SOUTHERN HEMISPHERE ICLINATION%

)

0:it |__ e
JAN FEB MAR APR MAY JUNE WLY AUG SEPT OCT NOV DEC

F1a. 2—Solar declination as a function of date for Northern
and Southern Hemisphere.

®

1
-
/1

8
-
%z
Frit

o

g
1

o1 T

90 80 70 60 50 40 30 20 10O 10 20 30 40 0
DEGREES

F1G. 3—c08 ¢max 88 & function of latitude for Northern and
Southern Hemisphere with the 21st of each month as param-
eter.

1

0 10 20 -30 -40 -50-60 70 -80 90 80 70 60 50 40 30 20 10 O
A

F1G. 4—c08 I'max 88 function of A.

a function of latitude for each month. This figure to-
gether with Fig. 4 which gives the number of sunshine
hours on a clear day throughout the year permits a fast
determination of the relative magnitude of the in-
solation on a horizontal surface at any part of the globe.
c0s I'max cannot conveniently be represented in the
same way since this would require one graph for each
angle ¢{. Therefore, cos M'max is shown in Fig. 5 as a
function of A which is defined by Egs. {3] and [4].

The insolation intensity G is not constant, but varies
with the length of path in the atmosphere through
which the sunrays must pass, i.e., the optical air mass.
The relative optical air mass (m,) is a function of cos ¢
which is shown in Fig. 6. The optical air mass (m) is a
function of height above sea level and thus atmospheric
pressure, and can be determined from the relative
optical air mass using Eq. [2].

SILICON SOLAR CELL CHARACTERISTICS

The output from a silicon solar cell depends not only
on the input power intensity, but also on the spectral
distribution of such input. The relative response of
silicon cells to solar radiation increases with increasing
air mass. For calculational purposes it is convenient to
use a solar input which has been corrected for spectral
variations. This enables us to work with the nominal
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efficiency of silicon cells which refers to optical air mass
one. In Fig. 7 which shows the insolation as a function
of air mass the corrected insolation is given by the
curve F\G.*

The typical output characteristics of a silicon solar
cell having a nominal efficiency of 10 % and an active
area of 1 em® operating at a cell temperature of 30 C
are given in Fig. 8 for several values of F)\(i. The effect
of increased area per cell is the same as for parallel con-
nection of cell, viz., a proportional increase of output
current. An increase in voltage is obtained through
series connection of cells or cell groups in parallel. The
voltage is proportional to the number of cells in series.

* The correction factor is based on the following atmos-
pherical conditions: Precipitable water = 20 mm, Dust: 300
particles per em?, Ozone 2.8 mm.#
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Increased temperature decreases the output voltage
by approximately 0.54 % per degree centigrade. It is
therefore of importance to keep the solar cell tempera-
ture as low as possible. To achieve this, the collector is
best placed on top of a hill to allow maximum cooling
by the wind. Under no circumstances should the cells be
placed under glass leaving an air layer between the
glass and the cells, since such an arrangement acts as
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a heat trap. Also, care should be taken to allow maxi-
mum cooling at the back of the converter. This cooling
is achieved by causing the air to flow in direct contact
with the back of the cell modules which are usually the
basic building blocks of the converter. .

It is necessary to avoid shadows falling over any part
of the converter while operating, since this may drasti-
cally reduce the power output.?

voltage by V. which gives the number of cells to be
connected in series.

Example

Determine the number of solar cells required to supply
500 mw at 20 v average output over any time of the year
at Holsteinsborg, Greenland (Ax = 66° 56, sea level),
the following additional data being known.

1954 to 1958 J F M A I M ' ] l J ' A l S 0 N | D
'Temperature
Max.° C ................... 5 9 9 10 19 18 20 19 14 11 6 4
Min.°C................... -30 ~32 —24 -19 —11 -4 -3 -1 -3 —-12 -21 =26
Clouds % ................. L. 51 45 46 47 48 50 45 55 56 57 58 51

To obtain the maximum power output, the converter
must be tilted to the. correct angle {. This angle will
depend on the time at which maximum power output
is desired. For intermittent load, optimum output may
be needed when the average amount of sunshine is least,
whereas, for continuous load throughout a year, the
yearly output over the full year should be optimized.
At any particular time, the optimum angle, fop:, is
given by the differerice between the latitude and the
declination. When optimum power output over the full
year is required, several trial and error calcula,tlons may
have to be made,

CALCULATIONS FOR A CONVERTER OF
GIVEN OUTPUT

1. Determine ¢, c0S ¢max and the sunshine hours per
day for each month of the year.

2. Determine { and £ -

3. Calculate cos¢ and cos I' from sunrise to sun-

. down for each month and tabulate the hourly averages
for cos¢ and cos T'.

4. Tabulate m, for each average value of cos¢, as
well as m if the location is not at sea level, and F\G.

5. Tabulate the product of F\G and cos T for cor-
responding values.

6. Determine an optimum voltage (Vo) per cell
which corresponds to the input energy (F;G cos I') and
tabulate the output current from one cm?® active cell

" area for each value of F)\G cos T at that voltage.

7. Tabulate the products of current and time (Q)
and sum up the products over the day.

8. Plot the obtained charge vs. date and integrate.
Divide the required output by the average output to
determine the active cell area required for clear days.
Divide this area by the percent clear sky to obtain the
total active area in parallel.

9. Determine the cell temperature from data of the
ambient temperature and correct Vo, for the actual
temperature. Divide the required charging or operating

We tabulate first ¢, 0S ¢max , hours of sunshine for
clear days for the 21st of each month as shown in
Table 1. Inspection of Table 1 reveals that the solar
input is negligible for December and small for November
and January. The first month for which attempts
should be made to supply the full required power is
February or March. If we choose March the storage
system must be increased. The ultimate choice will de-
pend upon the relative cost for solar cells and storage
.batteries. Since solar cells present the higher cost item
we have chosen March as first month for full power
output. The optimum angle of the collector for March
21 (pn = —0.11) is:

fort = Ax — on = 67 degrees.

We now calculate cos ¢ and cos T from sunrise to sun-
down. The results are plotted-in Figs. 9 and 10. From
these figures the average values of cos ¢ and cos I' over
one hour periods are tabulated as shown in Table 2.

From Fig. 6 we determine the relative optimal air
mass and from Fig. 7 the corresponding values of F\G
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F1c. 9—Daily variation of cos ¢ for Holstemborg ©7°
north) for several months of the year..
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J F M A M J J ’ A l S (o] N D
i 2 2 2 21 2 2 21 21 21 2 2
Declination ¢., Degrees |—20.09 [—10.87 |—-0.11 |411.56 {420 +23.44 {+20.65 |+12.42 |4+1.05 |—10.32 |—19.72 |—23.44
€08 Pmax 0.05 0.218{ 0.39 0.57 0.68 0.725 0.69 0.58 1 0.41 0.22 0.06 0
Sunshine on clear day, 4.3 8.4 |12 16 20 24 20 16 12.3 8.5 4.5 0
hrs
TaBLg 2
. i . Output per cm? active area @ 30°C
Month Time cos ¢ cos I' mp 'f :‘G, F *gnf_",s'
12 ma ma-hr
Feb. 12 0.215 0.970 4.55 510 495 - 0.35 14 28
—-10.5 13 .189 .910 5.15 470 428 12 24
14 .138 .765 6.9 370 283 8 16
15 .067 .590 14 150 88 1.5 3
71
March - 12 .387 .988 2.57 690 681 - .35 19 - 38
0 13 .360 925 2.75 670 620 ’ 17.5 35
14 .310 790 3.20 630 498 14 28
15 .288 605 3.42 600 363 10 20
16 150 385 6.4 390 150 3.5 7
17 .050 130 15 130 17 0 .0
128
April 12 -.570 .965 1.75 810 781 .37 20.8 41.6
+12 : 13 .545 .902 1.82 790 713 19.3 38.6
' 14 .496 765 2.0 770 589 15.6 31.2
15 425 590 2.35 740 437 11.6 23.2
16 .338 370 2.92 660 244 6 12
17 .240 130 4.1 550 71.5 0 0
18 .140 0 -— — — — '
19 .043 ——
146.6
May : 12 .680 .925 1.48 850 786 .37 21 42
+20 13 .655 .865 1.54 840 726 19.6 39.2
14 .606 .742 1.65 820 608 16.2 32.4
15 .538 .570 1.85 790 450 12 24
16 .452 - .360 2.2 750 270 6.6 13.2
17 .360 130 2.75 680 -88.5 0.6 1.2
18 . .268 0 - — — —
19 177
20 .093
21 .025
152.0
June . 12 720 ) - 906 1.40 865 784 .37 20.9 41.8
+23.4 : 13 .696 . 847 1.45 850 720 19.4 38.8
: 14 .647 L7125 1.56 840 609 16.2 32.4
15 .583 5565 1.71 815 T 442 11.8 23.6
16 .500 .355. 1.98 770 274 6.6 13.2
17 _.410 .130 2.42 720 93.6 0.7 1.4
18 316 . 0 - — — —
19 225
20 .145
21 .079
22 .033
23 010 e
’ 151.2

for each value of cos ¢ whxch is ent.ered in Table 2. Then_

the product F\G cos T is tabulated.
From Fig. 8 a voltage of 0.35 v per cell will cause the

cell to operate in the vicinity of the optimum power -

locus illustrated by the dashed line. Now tabulate the
output currents at 0.35 v per cell in Table 2. The cur-
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rent is multiplied by the time for which the cell gives

such output (which is twice as much as indicated in the
hour column) to obtain the charge. The charge per day
is added up. For March this makes 128 ma-hrs/day
average. The output per cm® active cell area for every
month is then tabulated in a similar manner. Plotting
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the data allows us to draw a curve as shown in Fig. 11.
Integrating the area under this curve graphically deter-
mines the average output per cm’ of active cell area per
day. In this case, the average is 95 ma-hrs/day-cm’.

The output required from the converter is 24 X
500/20 = 600 ma-hrs/day. Consequently, 600/95 =
6.32 cm’ of active cell area in parallel is required. This
corresponds_closely to four cells of standard 1 x 2 em
size.

The voltage per cell is 0.35 v at +30 C. The maxi-
mum ambient temperature is only +9 C for March,
but we may assume that the cell temperature during
windless periods is 20 C above the ambient. The tem-
perature coefficient of the voltage is approximately
0.54%/C. The actual voltage per cell is therefore
0.352 v.

The number of cells which are required in series is
20/0.352 = 57 and the total number of cellsis4 X 57 =
228. Since the sky is clouded for about 50 % of the day
the actual number of cells required is 228/0.50 = 456.
To this number of cells there must be added a sufficient
number of cells to compensate for the blocking diode
which should-be used to avoid discharge through the
converter under periods of no ilumination.®

The required storage capacity of the battery is equal
to the sectioned area in Fig. 11, which is 10.42 amp-hr
Depending on the discharge deemed advisable, the
actual required storage capacity of the batteries is ob-
tained. For instance, assuming maximum discharge to
70% of rated capacity, then the batteries must have a
capacity of 10.42/0.30 = 35 amp-hr at 20 v.
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