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TITLE:

Solar Energy - Solution or Pipedream?

RATIONALE:

Solar energy has become a household word and is being proclaimed
by many as the answer to today's energy crisis. The sun is the
source of almost all the energy used on earth. It is free; it
shines everywhere. But is solar energy technologically sound or
just a gimmick? The purpose of this unit is to examine present
and past users of solar energy and to research its projected uses.

GOALS:

Students will become aware of the possibilities and the limita-
tions of solar energy as a potential solution to the energy crisis.

SUBJECT AND AREA:

This unit is designed for use in advanced high school science
classes.

OBJECTIVES:

The student will identify the variables of solar energy - intermit-
tancy (day and night) intensity (season and geography) and inter-
ruption (cloud cover weather conditions).

The student will be able to identify important characteristics of
the technology necessary for solar heating and coolin7.

The student will construct a simple solar collector.

The student will compare the wattage produced by a solar cell with
conventional methods of energy production.

The student will identify the major characteristics of photovoltaic
energy.



DAY 1

Display pictures that show solar energy in use.

Initiate a class discussion of solar energy uses with a question.
Do we use solar energy in our lives? Can we put it to better use?
Hoy effective is solar energy? What are possible problems in utiliza-
tion of solar energy?

Have students set metal panels -- red, yellow, blue, black, white,
silver -- in direct sunlight facing the sun. (Teacher may want to in-
volve students in painting panels with metallic paint.) Thermameters
should be attached to each panel and students may be asked to make pre-
dictions as to which will be coolest and warmest. Temperature should
be checked and recorded after several hours.

Direct students to watch newspapers, periodicals, and other media
for reports on use of solar energy.

Ask students to find at least one example of experimentation or
use of solar energy prior to 1940.

DAY 2

Discuss findings recorded in day one experiment with metal panel.
Discuss the relationship of findings to seasonal colors of clothing.
Does the color of the roof of a building affect its interior tempera-
ture?

Allow students to share findings of research , signed on day 1.

Day 3

Have a resource person discuss the use of solar energy in heating
and cooling. This might be an engineer or a builder who has used solar
principles in construction.

DAY 4, 5, 6

Construct a simple solar collector and carry out activities two
and three. (See attached activity list). Others may be used as the
teacher and student desire. Explanation follows.



DAY 7

Develop and deliver a lecture on solar
Lion available through libraries or federal

Show film #0499 "Here Comes the Sun."

DAYS

collectors, using informs-
energy information sources.

(Listed in bibliography).

Using Factsheet 4, (this is included in unit material) introduce
the concept of solar photovoltaic energy.

DAYS

Use the following experiment showing wattage of solar cell.
Develop the concept that solar cells may be an alternative source of
energy.

Materials: solar cell, volt meter, ammeter

Procedure: Connect solar cell to volt meter and amaeter on a
board. Take instrument outside and have students determine best angle
of cell to get maximum volt and ampere readings. Record data.

Back in the classroom have students compute wattage by multiply-
ing volts by amps. Convert to kilowatts.

Questions for discussion:

1. How does wattage produced by the solar cell compare with
the wattage required by some household appliances?

2. Could solar cells be used to power a city? a home?

3. How much surface area of solar cells would be required
for power needs of a hame?

4. What factors affect efficiency of a solar cell?

Background and technical information for this unit is attached in
a series of fact sheets and publications which are available to all
teachers. Sources for these teacher aids are listed in Bibliography,
at the end of this unit.



Activity 1.

Construction of simple solar collector:

14" soft ~all tubing
soled book and tooth

wood boa about V sra 4- ao4tod with a ahead adobe' or akar plead°

oolloator boa ocilloator

rubberorrn.teIp ipe

OMMIMINICUOMONWOMODOWAIIMINMDIA01q

&we carboy imudstad with gimarrwoca

Construct wooden box, place iron plate with tubing secured on sur-
face inside, paint flat black, cover with glass and place on roof.

fountalo.tanta

Water lines running from roof to classroom should be insulated.
Soft rubber sheathing used by air-conditioner contractors should
be ideal.

Pump should have a small flow rate but develop enough pressure to
push water up to roof. Depending on climate, anti-freeze may be
added to prevent bursting pipes in winter.

Recirculate water during daylight only and take temperature read-
ings several times per day over a period of a few weeks. Deter-
mine maximum temperature reading.



Activity

Prepare three essentially identical collpctor systems and vary the
tilt referenced to horizontal. Set one collector so measure of
angle is equal to latitude above equator. Vary the other collectors
and determine the most efficient placement for your geographic loca
tion.

Activity 3

Use three identical
nect the three heat
mine if placing the
efficient. Propose

Activity 4

collector systems set at optimum angle. Con
reservoirs in series with each other. Deter
collectors in series or parallel will be more
an explanation for your results.

To get more realistic lasults, place a load on your system by draw-
ing off a small quantity of the hot water and make it up with cold.
A flow rate of about .1 total volume per hour would be a reasonable
load. Determine power rating of system by measuring flow rate and
average temperature change. If possible collect data over several
months.

Activity_ 5

To make the system more efficient, design and install a control
device to detect the temperature increase in the collector and
interconnect with the pump. The system should circulate water
when there is a heat gain in the coil and shut off when not.

ActivityLfil

If small experimental system begins to operate effectively, design
a larger model using a discarded hot water heater as the tank.
Try to use the hot water produced for as many useful purposes as
possible. Some examples are: hot water for washing glassware,
design a heat exchange and use the heat to warm aquariums, use the
heat to warm animal rooms, plant rooms or greenhouses.



4. ELECTRICITY FROM THE SUN 1
Solar Photovoltaic Energy "h" F°wier

ilmoIrna4
As the electric bill rises steadily Ihn spite of turned off lights
and idle air conditioners, the spartle of sunlight seems brighter
and brighter. If only ue could turn away from the fassilized sec-°
ondary forms of solar energy and mainline it.

ht Solar radiation can be converted directly to e/ectricity. This
is accompliahed routinely in the light meters built into popular
camera equipment. The device which accomplishes this magic conver-

program and much of the electronic equipment on the space vehicles

sion, the solar cell, was developed in the 1950's at Bell Labora-
tories. The first strong commercial impetus came from the space

is powered by similar devices. Solar cells are also used on cow-
munication and signaling equipment in isolated locations on this
planet. TO become a significant source of electrical energy for
routine use, however, there must be several successful generations
of research and development.

The best existing example of a large eolar cell generator is the
experimental 1000 watt (1 kw) array owned by the Mitre Corporation
near Washington, D.C. It is constructed of 20 panels and each panel

f g in tarn contains 700 or so individual cells. It cost $30,000.

fe
The present state of the art is summed up in the preceding three
sentences. Solar cell arrays with large capacity for electric pow

2 = er prodUction (1000 watts is about enough power for most household
R 1? needs) can be constructed. They are, however, too expensive for--

practical use. Even with akyrocketing costs, conventional power

a
plants can produce power at less than $1,000 per kilcuatt.* The

.

41
Mitre Corporation's array, at $30,000 per kilowatt, is the least
expensive solar cell array (in terms of dollars per kilowatt) assert-
bled up to 1975.

We will, in the sections which follow, describe how solar cells work,
why they are expensive, and report on some of the budding ideas
which may bring down their costs into the competitive range.

RESOURCES

The major attraction of solar energy is that it is free and plenti-
ful. WO have dwelt at some length in other "Fact Sheets" (see #7
"Solar Heating and Cooling", for instance) on the impressive size

*watts and kilowatts (1000 watts) are units of electric power. See
the Glossary, Fact Sheet #18 for further definitions.

This material was produced by the National Science Teachen Association under contract
No. 1X-76C-1G-3541 with The Emily Rseearch and Development Administration, now
the U.S. Deportment of Energy. The facts, statistics, Isto foam*, sod conclusion* sio those of
the authors.

9



of the resource base. There is plenty of power
available. The question is, tat MUCh can we
get when it is needed-how do we run the lights
at night? Even though solar cells do produce
acme energy from indirect light, storage will
have to be provided for cloudy days. In Fact
Sheet 07, there are maps showing the geographr.
ic and seasonal valuation of solar energy.

MINOILIGY

Although there are several ways by which rad-
iant solar energy can be directly converted to
electricity, the most promising method at the
present is the "photovoltaic effect". "Pho-
tons," the "particles" which make up a beam of
light, if they carry sufficient energy, can
knock electrons loose from the atoms which
they strike. The solar cell carbines this
property of light with the unusual properties
of a "semiconductor"-the versatile devices
which form the heart of transistors. A semi-
conductor consists of a junction between two
dissimilar materials. A typical arrangement
is shown below:

Silicon

Microns

Photons
From
Sun or
Raiioisotope

Energy Out

',Silicon

Electron -

Hole Pairs

Junction

Electrons

The p-reqion is trarlsparent to light and very
thin (about 3 x 10-4 cm or 0.001 inch). Photons
of light entering this region, release elec-
trons from the silicon atoms. The electrons
flow in one direction across Chi junction and
the holes move in the other direction. This
sets up a potential difference, a voltage,
and if cirrAiitry is provided as shown, current
will flow, electrons toward the positive ter-
minal and holes in the opposite direction,
and 01ectric power will be available.

A hii ,pliallty silicon solar cell is capable
producir I a mAxiizum current of r About 30

IT..illiagvres 1>er C7114 (0.030 arrperes) and a max-
.frrl v>ltaqe of 500 mAllivolts (0.500 volts).
The eondit ions for these maxinum values are not,

the &in, and the maximisn power that

can be generated in full sunlight is about 15
milliwatts/cm2 (0.015 watts per square centi-
meter).

A typical solar cell is 2 am by 2 cm, a surface
area of 4 cm2. Its power output is very small,
about 0.60 watts and many cells must be con-
nected together to obtain an appreciable power
output. As an example, a 14 volt, one watt
panel measures 150 x 150 x 30 millimeters (a
surface area of 225 cmA) and has a mass of one
kilogram (about 214 pounds).

Silicon is the second most abundant material on
the earth, it is the major constituent of ccm-
mon sand. It is thus not initially expensive,
but to be efficient as a solar cell, it rust be
absolutely pure and, more importantly, it must
be in a pure crystalline form. Such crystals
are at present grown very slowly in small lots.

A cell is made by slicing a piece of single
crystal into wafers 0.012 inches thick (wasting
about half the crystal since the saw cut is
about as thick as the wafer). Then very pre-
cise amounts of other materials are introduced
into the two surfaces creating the n-type and
p-type materials and the junction which is the
boundary between them.

The requirement for extreme purity of the sili-
con and for a pure crystalline structure When
combined with the need for great precision in
the additicn of doping materials, has so far
required much careful hand work by highly skil-
led technicians and results in the high price.
As an example, the basic 2 am by 2 cm piece of
silicon for a solar cell to be used in space
costs about 40 cents, but the additional
processing costs $4.00.

There are several approaches to reducing costs.
mass production systers are being designed to
optimize each operation from the beginning,
with sand as the raw material, to the finished
cell. In a process being developed by Tyco
Laboratories and Harvard University,a very thin
die is lowered into molton silicon and silicon
is drawn into it by capillary action (as water
goes up in a thin tube). The silicon ribbon
can then be pulled slowly through the die and
holds that shape as it hardens. The ribbons
can be cut and fashioned into solar cells
without the costly grinding and polishing.
Tyco hopes soon to be producing ribbons
50 to 100 feet long.

The other major direction for research and de-
velopment is to improve the solar cell's effi-
ciency. TO generate 4000 Mv of electric power
(about 1 percent of our present generating
capacity) with 12 percent efficient solar
cells would require 80 square miles of solar
cell panels--about 100,000 tons of silicon.
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Annual U.S. production of pure single-crystal
silicon is about 500 tons at present.

The upper limit on cell efficiency is about 25
percent. Increased efficiency will lower the
oollectiag area needed; doUbling the effici-
ency cuts both the above figures in half.
Other sUbstances are being tried and one type,
a gallium arsenic cell, with an efficiency of
18 percent was produced recently. Cadmiumr
sulfide cells also have their backers.

It is not impossible that new photovoltaic
substances will be used. A cell made of a
junction between glass and inexpensive poly-
crystalline silicon (a conglomerate of cry-
stals rather than a single crystal) has dent-
onstrated an efficiency of 7 percent and may
provide an inexpensive solution. There is
also experimentation underway with ceMbina-
tions of solar cells and sunlight concen-
trators--mirrors or lenses--which increase
the output by focusing more sunlight on the
cells.

PRESENT AND PROPOSED SYSTEMS

A solar cell industry is already in existence
in this ccuntry. producing 1000 to 1500 m2 of
solar cells with a generation capacity of per-
haps 100,000 watts annually for a market of
more than $5 million per year. The space in-
dustry has been the major customer, but not
the only one. Solar cells are used also at
remote locations on earth and aboard privet,
and commercial boats to charge batteries and
power communication systems, etc.

Larger scale generation of electricity is in a
much more primitive stage of development. The
1 kw solar array of the Mitre Coropration is
being tested as a prototype household energy
source. An auxiliary storage system is also
under development and they will experiment with
hydrogen production by electrolysis. The
hydrogen can be used with a fuel cell to pro-
duce electricity on cloudy days.

A seccmd approach is taken by the Institute of
Energy Conservation at the University of Dela-
ware. The center attraction for this study is
Solar One, an experimental solar-powered house.
The heart of the system under study at Solar
one a rooftop unit combining a solar thermal
collector for heating and eeoling with solar
photovoltaic devices for electricity. The
project director, physicist Karl 55er, esti-

mates that almost 90 percent of the household
energy nvluirrnkints could be rut.

With Such A onninnat Ion, overall efficiencies
al hilh os 60 ivrcent are e.x1Xcted. A novel
!edit:to ls thk, tw,wity connection with the
conventional electric utility system. During
peak !".unl oht , the eel Is WM hi produo) more

IIPIENNIMMW

electricity than needed. This surplus would
be fed into the utility network for use else-
where. Since the utility load usually peaks
in the daylight and in the summer, times when
solar output is a maximum, this assistance
would be appreciated and perhaps credited.
Mier anticipates that solar generation of this
type might reduce peak loads by 10 to 20 per-
cent without the need for major electrical
storage.

Solar Coe will be an important proving ground
There are many difficulties to be sorked cot,
ranging from the technical and eoonomic rela-
tions with the utility; to the problems of
dirt and bird droppings on the collectors. It
is thus much too early to speak of costs, but
one estimate sets the costs of a 3 ft by 4
ft solar panel at 93C/ft2, plastic and glass
coverings at 83C/ft2, and insulation at
10O/ft2, for a total of $1.86/ft2. To this
Bider adds $3.50/ft2 installation costs and
projects electricty costs of 2 or 3 cents per
kw-hr.

Hardly an example of existing practice and a

literal "blue sky" proposal is the one put
forward by Peter Glaser of Arthur D. Little,
Inc. for a Satellite Solar Power Station.
This aMbitious paan calls for a satellite with
two wing-like solar panels, each about 3 miles
on a side. The satellite would be put into a
synchronous orbit; fixed above a spot on the
Earth (22,000 or so miles above the Earth's
surface) and since it would alwLys be in the
sunlight, would receive about seven times as
much solar energy as an Earthrbased panel. The
electric energy would be converted to microwave
radiation and beamed to Earth where it would be
collected and reconverted. It is calculated
that the solar satellite would produce more
energy in two years than was used to build it
and put it in space.

A satellite of this size is about 10,000 times
larger than any satellite which we have 99 far
orbited and a host of others problems have to
be solved. It is clearly a vision for the
next century.

ENVIRONMENTAL EFFECTS

Solar cells have a generally benige direct
environmental impact. The largest problem is
the amount of land needed. If a target gener-
ation of 1 x 10 kwhr/year is chosen (a reason-
able target for early in the next century),
then about 0.1 percent of the U.S. land will
have to be dedicated to this purpose. This
huge amount of land--20 million acres--
oovered with 10 percent efficient solar cells
would produce about 6 percent of all electric
energy we expect to use in 2020. It is a lot
of land, but highways mow cover 5 timas as
much land and crop land is 100 times larger.



Houses themselves--single family residences--
cover half as Ir.,ch land as is required and much
of the generation may be roof bop. This not
only saves land, but offers the possibility of
reducing the need for transmission lines, an
economic and aesthetic benefit.

There will be significant indirect environment-
al impact. The energy to process the millions
of solar cells will inevitably add to the en-
vironmental burden. It may take years, as it
did in the nuclear industry, for energy pro-
duction by solar cells to catch up with the
energy expended in their construction.

SUMMARY

Photovoltaic conversion of sunlight to electri-
cal'energy is pre.7ently accomplished, but at a
high price. The manufacturers estimate costs
of less than $15,000 for large orders, but
this is still 15 to 20 times higher than the
present mast expensive nuclear or fossil fuel
generation costs.

Mass production techniques from sand to cells,
new methods of growing silicon ribbons, use of
new materials, including polycrystalline mat-
erials and glass, and types of cells which use
other effects than the p-n junction should
eventually lower prices. In addition to the
research, there are equally difficult problems
of installation, storage, utility interconnec-
tion, etc., to be solved.

Solar power has become a popular issue, but
some propOnents expect too much too soon and
the figures we have quoted should temper un-
bridled optimism. Many feel, however, tnat
Federal optimism has been too bridled. The
goals of the most recent National Solar Energy
Research Development and Demonstration Program
(ERDA-49) are for 100 Mv of photovoltaic gen-
erating capacity by 1985 and 30,000 MV by the
year 2000. In support of this, the funding is
expected to grow from $5 million by 1980. It

appears, however, that the popularity of solar
energy in COngress is so great that more funds
than requested will not only be authorized,
but appropriated. The American people are
turned on to the iaea of free energy from the
sun (at almost any cost, apparently), and the
solar era may dawn more baghtly clA3 quickly
than expected.

REFERENCES

1. Solar Energy for Earth, American Institute
or Aeronautics and Astronautics, April 21,
1975, see esp. Chapter VII, "Photovoltaic
Power," pp. 46-59.

2. "Solar Cells: When Will You Plug Into
Electricity from Sunshine?" Jon F. Free,
Popular Science, 205, 52-55, 230-121,
December-DM:

3. "Energy Crisis Spurs Development of
Photovoltaic Power Sources," A. Rosenblatt,
Electronics, 47, 99-111, April 4, 1974.

4. "The Photovoltaic Generatiop of Elm,-
tricity," Bruce Chalmers, Scientific
American, 235 (4): 34-44, Octdber-1976.

5. "Photovoltaic Solar Energy Conversion,"
M. Wblf, Bulletin of the Atomic
Scientists, 32, 26-3i, April 1976.

Factsheet Titls

1. Fuels from Plants (Bioconversion)
2. Fuels from Wastes (Elloconversion)
3. Wind Power
4. Electricity from the Sun I

(Solar Photovoltaic Energy)
5. Eleckicity from the Sun II

(Solar Thermal Energy Conversion)
6. Solar Sea Power

(Ocean Thermal Energy Conversion)
7. Solar Heating and Cooling
8. Geothermal Energy
9, Energy Conservation Homes and Buildings

10. Energy Conservation. Industry
11. Energy Conservation: Transportation
12. Conventional Reactors
13. Breeder Reactors
14 Nuclear Fusion
15 New Fuels from Coal
16 Energy Storage Technology
17 Alternative Energy Sources:

Environmental Impacts
18 Alternative Energy SOurces

A Glossary of Terms
19 Alternalive Energy Sources

A Bibliography

AMIN

Copies of these Factsheets may be obtained from:
DOE-Technical Information Center
P.O. Box 62, Oak Ridge, TN 37830

-111111....-1111111111ft-

Printed 1977
Reprinted September 1978

4



v

e_


