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Introduction

~Z "

olar photos oltaic cells have been called the ultimate energy .
technology  Environmentally benign und without moving
parts, solar cells directly convert sunlight, the world’s most
| abundant and widespread renewable energy source, into elec-
' fricity,” one of the most versatile and valuable forms of enérgy.
" 'Photovoltaic’ energy conversion is fundamentally different from’ 2l
other forms of electricity generation. Without turbines; genetators or
other mechanicaé equipment, it more closel® resembles photo-
synthes}is, the brochemical process that forms the energy basis of hifé
on earth. . . . . '

Solar photov oltaics may become one of the most rapidly expanding
energy sources—and one of the biggest grow th industries—of the late
twentieth century. Photovoltaics production has increased at a rate of
more than 50 percent annually torthe last five years, and a steady
stream of companies is entering the solar efectricity. business. Many
governments hgye dramatically boosted their >u;‘)£urt of plioto-
voltaics and international competition is_ growing. Amid steep de-
clines in the use of vil, recent abandonment of sy nthetic fuel projects
«. and financial troubles in the nuclear power industry,. photovoltas is
a striking exception.-a healthy “sunnse” industry in a sea of economic
and enérgy troubles. , N .

A*:pr()duct of mid-twentieth century solid-state physics, photovoltaics
does not fit the popular image of solar energy. It 15 a world of high
*technology laburatonies, secret plans, patents and weeklz rumors of
the “latestbreakthrough.™ Most of the pionéering research 1s done by
spedially -trained physicists and engineers who measure their prog-
ress in parts per billiun, a dramatic contrast to the mega-engineering
dominating the utility industéy today.

Yet the ﬁ:mmisc of photovyltaics has attracted a wide range of sup-

orters  back-to-natute homesteaders, enyvironmentahsts, politicians
4 Pl
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of all stnpes and hardened businessmen. Increasinglé, photovoltaics
15 a world of big business, with ol companiey contri
share ot the nearly half-bilhon dollars investdd worldwide in 1982.

. Although research and development still form much of the sslar cell
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industry, practical use of the technology is growing rapidly Many of
us regularly rely on solar electricity when making long distande
phone calls since all communicatipns satellites are powered by
photovoltaic cells. And in remote areas, telephones an other com-
munications equipment often rely on photovoltaics. On a more lim-
ited basts, sular cells provide power for waték pumping, desalination
and hghting. And there are approximately 10,000 solar electric resi-
dences, mainly n rurak areas without access to utility power lines.
Ray Rudd, a retired welder whe lives in the Beartooth Mountains {n
northery Montana with the help of solar electricity, notes that,
“When Aou're used to no lights in the hills, it's pretty darn slick to
ar lights.”! .

uses for sular cells only hint at the ultimate worldwide
Futentlal of photovoltaics. Solar electricity systems can provide re-
ngeration or milled flour at remote Third World villages. When
mounted on suburban rooftops, solar cells can supply reliable
inflation-proof electricity, as well as independence from outside
squrces of energy. Photoyoltaics can also'be insfalled at large, cen-
trahzed solar electnaty stations operated by utilities, helping to di-
versify the energy sources feeding into power grids. '

Photovoljaics 15 a proven technology,with an impressive record of
relidbility, Yet the widespread use of solar cells hinges on one major
challenge. cost réduction. At the current price of just under $10 per
peak watt of generating capatity it would take a $50,000 photovoltaic
system to meet the power needs of an energy:efficient modern
home.“ Prices have faﬁen by 50 percent in the last five years alone,
however, and new technologies and manufacturing processes are at
hand that virtually guarantee major cost reductions during the rest of
the enghtieSwSince there are su many uses for photovoltaics, no single

price makes 1t economically competitive. Already solar electricity is'

economucal for communications systems and for many small village
. t .
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applications. Soon it will be used by remote industries and towns as
well as by some utilities. Eventually photovoltaics will become a
common rooftop technology throughout the world.
Apsroximatel) 60 companies are now manufacturing photovoltaics in
20 different countries. Already-ov er half the solar cells produced each
ar are exported, and iny estment strategies,and marketing skills are
ecoming as important to success in the industry as tec%moluglcal‘
advanges Also cruaal are the policies of governments, which have
. glayed amajor role in the development of solar cells since the fifties.
evere reductions in the U.S. Government's photovoltaics program
by the Reagan administration have been welcomed by European and
Japanese competitors, whose governments are §te§ping u}) their
* support of phgypvoltaics. The United States is now in danger of lusing
‘its once overwhelming lead in the industry.

-~ Dev elopmentsﬁplanned or already uA‘der way make rapid progress in
photovoltaics a near certainty in the next few years. Worldwide pro-
duction of solar cells will expand at least fiftyfold and become a

tmulti-billion dollar business by the early nineties. And sometime

.« around the middle of the next century the world will likely get
' between 20 and 30 percent of its electricity from photovultaics.

Yet solar electricity will be even more important than these numbers
indicate Just as solar cells today serve an irreplaceable function
aboard satellites, they will also megt many needs on earth that would
otherw ist o unfulfifled. For many among the more than vne billion
eople still living without electricity, photovoltaics represents their
est chance for a reliable power supply.

’
-

1

A Space Age Technology

In early 1954, a small team of scientists at Bell Laboratories in the
United Stateswas trying to find a practical way to generate electnat
' for telep®one systems in rural areas not connected to a power gnd.
The Bell researchers were already familiar with the “photoelectric
. effect” —that light falling on certain materials could cause a spark of
o . ' ¢
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electnaity—thanks to the wo of French sciegtist Edmund Becquerel

in 1839. Tw entieth centugy ghysics, including the pivficening workof
8 Albert Einstein, revealed that tiny “photons™ or particles of light can ‘

strike the elettrons surgbunding atoms, causing a free stream of |

electrons—the basis of £lectricity. Using thi owledge, scientists
develofed primutive pAotov oltaic cells soon affyr the turn of the cen-
tury. Made of seledjim, these cells were extrdmely jinefficient and
exurbitantly expensye, httle more than'a stlentific curiosity. Turning |
this 1dea into a practigal power source was a daunting challenge

indeed.? .

As often happens in such endeavors, the initiallf/ unsuccessful efforts
of the Bell researchers were transformetd bysa bit of serendipity While
the sGentists were trying to improve the eg iciency of seleniym cells, a
separate Bell research team was developing anelectronic qeviee made  ».
of crystalling silicon. This team accidentally discovered that the sil-
1con denuedpmduced electncity when exposed to sunlight. The scieq-
tists immedately realized that the two teésearch effgrts shoyld b
merged, and within days they achieved a remarkablé breakthrough
Whereks the selenium eells convgrted only 1 percent of the sunlight
they absorbed into useful electnaity, the silicon solar cells converted
eight percent, a dramatic increase in efficienc?-. The scientists had
another reason for excitement. The material #hey were using—
stlicon—1s the world's second most abundant element, composing 28
" petcent of the earth’s crust. -

]

These research achievements were greeted with much fanfare amid |
the general technological euphora o? the Yiftigs. Solar cells seemgd to
promise an unhmited qupply of electricity, and the news media

. ;umred briefly on the photovoltaics bandwagon. In 1957 Busiyess
Week,,celebrating advances in photovoltaics research, envisioned an

_automatially ntrolled solar car in which “all the riders could sit

comfortably In the‘back seat and perhaps watch solar-powered TVvV."®
L3

It w‘ﬁ?‘;éti_\ugau.spfauus time, however, to develop a new energy tech-

nolugy «f1l cost less than $2 a barrel and large fossil fuel power plants,

were gerﬁg built at a record pace. The price of ‘electricity was falling.

o Moreover, 1954 was the same year that construction began on the
ERIC © = ° 8 | :
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- _ "It was the space program—the very
B symbol of modern technolf?y——that‘
~, rescued photovoltatcs from the * & o
e ? ’ . technological scrap heap.” P
] ~
- . '
. . PO J s ;
o / .
v ~ . \‘/‘ : 3 .
- ) . . .’
/ ) .

- world’s figyt commercial nuclear reactor. Nuclear power was going to
" be the source of electnaty “too cheap to meter.”” Massive government
programs ftad been launched to harness the atom. Compared with « 4 .
these efforts the idea of sunlight as an energy source seemed primi- 9
" tive.® . T -
Photov oltaies researchers also faced an urisettling, economic reahty.
Silicon cells develgped 1n the fifties were ruhl%ltnely expensive,
with costs as high as $600 per watt or $600,000 per hilowatt, several ’
hundred times as high as conventional electncity sourcess, After
building a few prototy pe photoyoltaic panels, Bell Laboratones shel-
ved its dev elupg;;(ent efforts. Although cost reductions were clearly
possible, photovoltaics «as a wampetitive, practical electrigity . source
. ,appeared to be well over the horizon. The major research effort
needed to lower custs could not be funded in afh era of dechning
electricity prices and*bouming nuclear powet plant construction.
Pl -
- It was the space program—the very symbol of modern technology —
that rescueafphotm oltais from the technological scrap heap. Amen- ‘
;an scientists in’ the late fifties were searching for a lightw eight and
.ﬁﬁ%stmg power source for satellites. Photovoltaic cells were the
answar. They have the additonal advantage of being more efficientin |
the 24-hour intense sunhght available in space. In 1958, just four
e@rs after the Bell Laboratories breakthrough, silicon solar cetls were
E)o sted 1nto orbit aboard Vanguard 1, the second U.S. satelhite.”

With the help of large cdffftgacts from the National Aervhautics and
Sﬁace Administration (NASA), four U.S. companies entered the
photov vltaics business and by the late sixties were producing hun-
"¢ dreds of thouhnds of sular cells \year (envugh to generate 80 kilo-
watts of powek). Amud. the htady \ompetition of t!i\c pust-Sputnik
space race, the Soviet Union was sdon equipping its satellites with
ilotm oltatcs as well. Today sdlar cells power virtually all satellites,
“including those for defense”as well as scientific research. Solar elec-
i tncity 1y particularly important to the growing world information.
economy stnee solar cells are used on satellites that relay long dis-
Ctance telephone calls, computer hookups and television trans-
missions. ‘ by .
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The achievements in solar cell research dunng the peak years of the
space program included a major increase n ethaency and a‘modest
reduction 1n cost to between $100 and $200 per satt by 1970.” Yet
photovoltaies was still far from practical for terrestrial use. Much of
the space program’s research efforts improved the efficiency and
durability ufsxﬁ’ar cells exposed to ghe ngors of conditions beyond the
atmosphere. In the early seventies solar cells were still at least 50
times as expensive as wnyvgntional tegchnologies for electrical genera-
tion. But cpst mattered httle since r:tltn ely few cells were requirgd
and the NASA budget was astronomical anyway. '

Rising tossil tucl'prlu:s in the s&enties spurred researchers to de-
[}

velop solar cells for use on earth. Between 1972 and 1975 new re-
search programs began in Lurope, Japan, the Soviet Union and the
United States. Perhaps a dozen private companies entered the solar
cell reseafth or production business. Although substantial tech*
nolugial challenges remained and significant profits in photovoltaics
were at Ie‘\.st several years away, thccrotcntm rewdrds seemed well
waorth thews to many scientists and entreprencurs.

Major advances have beery made in solar cell techndlo ry 1 the last
dewade, boostgng the cfftcieney of commeraal photovoltaic modules
to 10 percent and higher while improving reliabihty . More impor-
tantly, solar cell wsts have fallen to a tenth their level in the early
seventies. As a result, a steadily, growing market for solar cells has
been established and new companies have continued to enter the
businuss, Worldwide production of photovoltaics 15 measured by the
Kilowatts of geak capauty that the solar cells can generate The an-
nual manufacture \)(Pphutmulmu.s has grown from a few hundred
Kilowatts of peak power capaaty in the mid-seventies to about 8,000
kilow atts (8 megawatts) in 1982 —100 times the highest space program
level. (See Figure 1.) Altogether the solar cells manufacturcus)in 1982
«an provide as much puwer as 15 used by approximately 1,800 energy-
efficient modern houses. '

-

Single-cry stal sthcon cells similar to those rroduccd by Bell Labor-
atories continue to dominate the industry, althowgh many othr types
of solar cells are being developed. Silicon is one of a family of ele-
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ments known as senuieonductors that have propertiey in between
thuse ot a metal and nonmetal and so conduet electricity only slightly .
This 15 thwe basts ot silicon’s photoyoltaic properties, butseveral steps
are requiredito turn ordinary silicon—-the main component of sand -
into a solar cell. The stlicon must first be separated from the oxygen
with which it 15 normally combined and then.punfied to the poirdt
where there s less than one nonsilicon atpm per billion. This semi-
canductor grade silicon s orve of the purestiommerdial matenials in
the world, with a pgice tag between $60 and $100 per kilogram.'!

- . r
The punfied giliconf1s mylted at a very high tcmp%;;re and then
slowly drawn from p'vat to form a lar'gc ey stal abou} ¥-centimeters
\)‘ . / -t .
E MC ; l 1 . s ,
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in diameter and as much as a meter long, a procedure known as the
Cuoghralski process. The arystal s thep dad onats side and wat into
thin round wafers using a diamond saw, a procedure resembling an
extremely d:fﬁb{xlt‘\crsmn of shuing bologna. Unlike bologna, halt of
the silicon crystal, now worth hundreds o dollars per kilogram, 15
turned into useless dust by the slicing process. :

. *

The thin shees ot silicon crystal that remain must contain traces of two
materials 1n order to generate electriaty. One, usually boron, is
added to the molten silicon betore at 1s crystallized. Thosphorous 1s
later added to one side of each wafer, forming a barrier of clectric
charge between the two parts ot the solar cell that directs the flow of
-electrons. o S 3
° . € . . , " )
Metal contacts placed on the tront and back ot the solar cell form an
electric arcuit, and the cell 15 sealed with soft plastic and glass for
protection. Groups of cells are mounted on a ngid plate and wired
together to torm a photovoltaic panel 6r module, typraglly a square
meter in size, with a generating tapaaty of approximately 100 watts.
The whole device resembles a water heating solar collector except for
its distinctiv e dark round cells. When sunlight hts a .s\)lar‘ﬁmdurc the
sihcon electrons leave ther atomic “shells™ and, because of the elec-
tronic patternd of the photovoltaic device, electrons flow through
wires that join the sides ot the cells. Today commeraal solar modules
typrally turn 10 to 12 percent of the sunlght that strkes them in
clectniaty, ,and laboratory seffiaencies of 15 percent and: higher are
common. 4 - -

Y.

~

Several huntred companies are now involved m thé photovoltaws

industry Worldwide Of these about 60 manufacture and sell photo,

vltne modulés and .another hundred product raw matenals, €eom-
ponents or,solar eledtrie produds. A much larger group of tompa-
nues, .numbening well over a hundred, and im}uung some fajor |
corporations, conducts reseqrch and development on new types of

sular gells. Some of these companies may sqon enter the commeraal

market with new photovoltaic technologies. Total sales ot solar elec- +
tri. systems (imbed to approximately $150 milhon 1in 1982, and pn-
vate investment has reached close to $300 million annually, another

. 7"
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. " “Papua New Guinea, one of the least
developed parts of the world, has a so-
phisticated telecommunications network
run by solar electricity.”
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indication that the industry is moving from infancy to adolescence.
France, ltaly, Japan, the United States and West Germany are the
leading countries in photovoltaies today.". - . " 13

. Ly

s \ \
Current uses for solar cells are quite diverse, though they have
proved most poplilar in applications for which conventional energy
sources are impractical or simply not available. About a third of
today’s solar electric systems aré used at remote communications
installations. Approxitately 20 percent provide power for water
pumping, and another 15 percent are used at isolated houses! The
remaining solar cells meet needs ranging from electrical rust pro- N
tection ot bridges toghe lighting of fire,Jookouts'and aviation beacons.
Most of these systems, are still expensive, particularly since they
usually require battgries to sture electnaty for imes when the sun 15
not shining. But they dre usually less expensive than any other tech-
_nologies that can be used for'such small-scale remote applicatioris.'

This remote-applications market for solar ei:ectric systems continues |
to grow rapidly. Today vil companies use photovoltaic power to help

monitor the vperation of their remote ﬁipellnm. Papua New Guinea,

one of the least deyeloped parts of the world, has a sophisticated
telecommunications netw ok run,by solar electricity. Photovoltaics 1s
also a main power source for pumping water, refngeration and hght-
ing in Rapua New Guinea. And photovultaic systems are literally
saving lives in the Canadian Rockies and Swiss Alps, where solar
electricity is used at remote rescte stations for stranded mountain
climbers and cross-country skiers." ' )

" Photovoltgics has already established an impressive record of re-

liabihty in extraordinarily harsh conditions. In space solar cells work
1N avacuum’at extremely high and low temperatures while constantly
exposed to intggse radiation. Back on carth phetovoltaic systems
~have been installed in communications sy stems on the frozeg fundra,
in fire lookouts atop high peaks and with water pumps ' parghed,
deserts Toughert tests for a new technology would be hard to design,
but therg have been remarkably few solar cell failures. In fact, the first
photoy oltaic system sent ynto space vperated without interruption for
Q i ) - ¢ *
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eight years—needlessly vccupying a radio band since its transmitter
had no cutotf device., .

Solar cells are rehable because they are solid-state devices with no
moving parts and relatively httle to go wrong. Sunlight interacts only
with the electrons in the cell and does not alter the material itself, so
sular cells can last indetinitely . This is not true ofany technology that ¢
has*mechanical parts—w hich must eventually wear out—such as a
wind turbine, diesel engine or nuclear power plant. The lifetime of
photovoltaic systems 15 limited only by supporting and protective
equipment that will likely last from 20 to 30 years. I%eliablc systems,
however, must be securely enclosed in plastic and glass since water
and other ympurities wan catse corrosion. Removing accumulated
dust or occasionally replacing storage batteries that may be included
an the system 1s the only maintenance required."

The Cost Reduction Game

Cost reduction 15 the key to solar electricity’s current role and future
Photovoltaies has so far followed a remarkable cost curve, with prices
falling by an average of more than 50 percent every five years. Re:
cently, average svlar module prices hnve.galummeted from $20 per .
peak ‘watt 1n 1977 to less than $10in 1982, (See Figure 2.) In few other
industries have costs fallen so rapidly. Yet even at today’s prices, a

photovoltaie system just large.enough to power a 100-watt light bulb

would cost at least $1,500, é‘ﬁfurther cost reduction is vbviously.
essential .!® .

N ]

R&D programs to reduce costs continue to take! recedence over
marketing and sales in the photovoltaics industfy today. Some indus-
try. leaders believe it is tov soon to.market photovoltaics and that
commerualization could distract from efforts to improve technologies
for the much larger markets of tomorrow. Even companies already
selling millions of dollars worth of solar electric >}'5tems eaclWear are
Elow[ng revenues back into research and development in order to

eep pace as the industry evolves, Allrealize that photovoltaics is a
dynamic field in which standing still could mean falling behind.

14' - . .
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* “’Solar cells are reliable because they are
solid-state devices with no moving parts /
+ and little to go wrong.”’

. \
i
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1975 v 1980 1982
Figure 2: Average Market Prices of iy
%tovoltaic Modules, 1975-1982 4

The largest industrial R&D programs in photovoltaics are in those
countries that entered thg field first. France, Italy, Japan, West Ger-
many and the United States. Other countries with smaller programs
~‘include Austtalia, Belgium, Brazil, Canada, China, England, India,
Mexico, the Netherlands, the Soviet Union, Spain and Sweden. No
. other country can yet match the size and diversity of U.S. R&D
efforts, but the Europrans and Japanese are challenging for the lead
* in some areas of research.!” ~ |

[N ~
In all these countries government Ia(ys a major role in devel‘oplﬁg
photovoltaics, often channeling R&B unds to universities as well as
private companies. And in most.nations, government assistancg fok.
photovoltaics has grown. The $150 million spent vn sular cell tech-
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nology b¥* Amefican, Eurepedn and Japanese governments in 1982
made.1t thg second most funded renéwable energy technoldgy, just
Behind solar heating gnd cooling."™ .- ,

Private investment in solar cell technology has risen even faster.
Wheréfls in the mid-seventies govemment R&D dwarfed private pro-
grams, approximatgly_ two thirds of the $500 million spent in 1982
came from private, indystry . Goyernments diréct much of their sup-
port to basic research and long-term goals, while private firms em-
phasize short-term aiuns andnt%\e development of commercial tech-
nologies. Increasingly, private investment in photovoltaics is being
used to develop, asseqibly line manufacturing processes that can
greatly lower production costs. | . .
[N} *

Buth guvernment and private research programs have set specific cost

.goalsfor each of the tarious compoments of a system, from silicon

refining to final ingtaligtion. These proErams regularly monitor
progress in the vandus areas and occasionally redirect research efforts
to more promusing mgterals or designs. The goals are undeniably

ambitivus, aiming to cut Prices five- to tenfold over the next decade.

These targets would have seemed fanciful in an era when technology
evolved™at a morg Igusurely pace, but this is the age of synthetic
materials, microelectronics and sudden breakthroughs Photoy oltaics
and mieroelectronic, 1n fact, are close cousins since they both rely on
semiconductors—oge reason that researchers are optimistic that cost
goals can be met.® ‘ .o,

The current cost of photo—;,{oltmcs is, high for a number of reasons.
wxpensive matenials, energy-intensive protessing large labor re-
quirefents (including the meticulous hand-assenggy of cells), and
extensive supporting equipment such as the array structure, electrical
wiring and battery sturage. Thrée broad avenues to reducing cosfs are
being followed. One 1 the development of inexpensive automated
inethuds of manufacturing single-crystal siljcon cells—the dominant
technology 'since the mi —fifties..Tgne second is to develop any of
several alfernative solaf cells that are likely to be much cheaper t&
produce. The main challenge here is to bbtain acceptable efficiencies

of at least 8 to 10 pertent using solar cell materials without the in-,

. .
.
- v, . *
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. ”The";o.als are undeniably ambitious,

= aiming to cut prices five- to tenfold over
> the next decade.”
. ’ M -
" -
. 3
¥
o, 7 . /’

e

herently good photovoltaic properties of cry stalline sithcon. In a third

cost reduction strategy, researchers are’ designing “systems that

greatly concentrate sunlight and so lower the cost of photovoltaic

electricity, ‘even with today’s expensive solar cells.
The largest and ‘most heavily funded R&D effort 15 to upgrade and
automate the manutacture of single-crystal silicon cells. By one count,
over a hundred industry and university zesearch teams are engaged
in various aspects of this effort. Researchers aim to cut the production
costs of purified silicon by at least two-thirds, to develop high-speed
crystal pullers and high-speed, multiple-blade slicing for the manu-
facture'of the wafers, and to automate the cell and array assembly
processes Some of these improvements have already geen intro-
duced in commerciak plants and others will be in the néxt few years,
Scientists believe that simply aufomating the manufacture of single-
crystal silicon cells using recently developed technologes gould cut
the cost of photosoltaics by more'than Kalf within the next five years,
while, raising efficiency to at least 15 percent.® -
Meanwhile, more innovative approaches to making low-cost photo-
voltaics are also under way. Several compdnies in the United States
are directly producing large sheets of nearly single-crystal silicon
using continuous ribbon growth techniques. These by pass the ex-
pensive and wasteful crystal growing and sliting stages and are a
major step toward automation. So far ribbon growth processes have
succeeded in the laboratory, yieldmg high-quality efficient cells, that
compare fivorably with the performance of conventional single-
crystal ¢ells. and,small-scale, commerdial production is under way.
The next step is large-scale commercial production, which mag' hap-
pen by the mid-cighties. This would be « significant advance for the
industlry and probably provide competition for conventional silicon

»

, cells. - .

Another solar cell technology with considerable potential is the poly-
crystalline silicon cell (composed of many crystals). Shced from’a
» large silicon ingot that is produced through an inexpensive casting
prdtess, these cells can be gfade from a less pure form of silicon that
costs only a fifth as nruch as scmicunductur-gr)dc silicon does today.
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The main challenge 15 in attaining a sutficiently high efficiency since
the "gran boundanes”™ befween the crystals natucally reduce the
: 18 effectiveness of a photovoltaic cell. Industry leaders are confident,
however, that polycrystalline solar modules can achieve 8 to 10 per-
cent efficiencies at a competitive price. Two companies in the United
States and vne in West Germany are independently developing poly-
crystalline photovoltaics. One U.S. company began manufacturing
the devices commeraally in 1982 apd soon wifl produce its own “solar

-

grade” silicon for these cells.” .

4
Recerviriggven more research attention ard the so-called “thin-film”
esolar cells made from a variety of ineéxpensive materials, including
amorphpus siicon and cadmuum sulfide. Restarchers hope that these
matenals can one day simply be spray -coated on glass ar rolled out in
_a continuous process much the same way photographic film is today
. Because such matenals can be a few micrometers or less in thigkness
(less than a tenth as thick as conventional phototoltaics), materials
costs can be reduced greatly . Photovoltaics specialist]. Richard Burke
believes that “the low-wost pot at the end_of the rambow lies in the
. use of truly thin-film photovoltaic cells.”** Indeed, if the currently
mudest efficiencies of such cells can be rased by 30 percent or so and
production costs drop as low as expected, thin:tilm technologies
could swiftly transtorm the photovoltaics market. Yet, thin-film solar
) * cells have skeptics as well. Just how they work i still not cgmpletely
understood, and sume thin-film materials may degrade over time.
© Many researchers dso question w hother'manuglcturing processes for
ethicient thit-hlm photovoltaics are higly to be commercialized in the
near future. ..

Solar cells made of amorpl{oub sthicon, are being aggressively de-
¥ veloped by industry and governnient in both the United States and

re.  Japan. Composed of randomly artanged or noncrystallized atorys,
amorphous siicon 15 a complex material resembling ordinary glass,

. but with an unusual charactenstic—it exhibits good photoyvoltaic
properties with the addition of small amounts o? hydrogen Since

today's amorphous sthcon photovultaic modules are enly 3 to 6 per-
cent effiuent, improv ed efficiency has so far been the mam target ot
research. : t
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The US industry has developed the most advanced amorphous
silicon cells, but has chosen to toncentrate on R&D. Meanwhile,
beginning in 1980 Japanese companies blazed the way to a wm-
mercial market by installing the cheap, low-efficiency solar cells 1n
pocket calculators where power needs are low and effigiency is rela-
tively unimportant This ingenious idea has allowed Japanese firms to
start building large plants and so gain experience in perfecting the
‘manufacturing processes for amorphous silicon. One result 15 that
several US firms that had been biding their time may soon begin
selling amorphous silicon cells commercially.** :

It probably will be close to a decade before amorphous silicon be-
comes a significant competitor-in most markets. But 1ts long-run’
potential to revolutionize the industry is enormous, manly because
amorphous silicon is ideal for high-speed, low -codt production. Many
photovoltaics researchers think that'it 15 the dggam technology of the
nineties. o

.

- Other rfaterials that can be made into. effective thin-film solar cells
include cadmium sulfide, copper sulfdetand cadmiume tellunde.
Rhotovoltaics using these materialshave not yet been.marketed on a
significant scale, but aircat deal of research 15 under way and at least

one U.S. company is designing a Targe cadmium, sulfide production ,
plant that it believes could- yield competitive solar cells. Other. re-
searchers, however, think that cadmium sulfide 15 too unstable to
make effective photovoltaics any time soon. Additional thin-film ma-
terials are being investigated intensively in md‘wtr cand universit
laboratories. Although most probably will neSer be. widely used,
surprising advances continue to be made regularly and the sheer
breadth of the research efforts provides ample reason for optimism.
One limitatiorr on some of these solar eIl materials, however, is that
they are quute rare or poisonous--as is the cae with indium or ar-

2

. Senic.”’ . .
: o
Scientists are alsu at work on a number of innovative solar cell de-
signs. Because particular photovoltaic materials vary in thesr sen-

sitivity tu different way élcn)iths of light, researchers are attempting to,
increase efficiency by stacking several different cell types and so

-
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convert a broader spectrum of the sun’s radiation into electriaty . This
~ design, known as the “tandem cell” or “multi-unction cell,” has
20’ already produced effiaencies as lugh as 25 percent in the laburatory,

butits practical market potential 1s still uncertain. One intniguing 1dea
. 1s that thin-film and tandem cell designs might one day be‘ecombined,
~—  vielding a low-cost and ‘high efficiency solar cell.* .

Anouther exating innovation 1s the electrochemicalgolar cell that uses

sunhght to produce hydrogen or sonie other useful fuel rather than

electriuty. By mounting silicon or another semiconductor next to a

s speaal hiquid electrolyte, the sun’s energy can be used to separate

- hydrogen atoms from water molecules. Efficiencies as high as 13

pereent have been achieved in the laboratory, and researchers are

now developing a production process as well as seeking cheaper

matenals for these cells. Since hydrogen has considerable’potential as

" a transpyrtation tuel that can be substituted for gasuline, producing

hydrogen inexpensively wsing the sun’s energy_would be a major
step toward resolving the world’s gil.problems.” * ’

.
»

Another approach to harnessing ‘inexpensive solar electriaty is an
. vphical coneentrator system that acts like a magn}f]ing glabs, increas-’

ing the amount ot sunfight striking a solar’pane] 10 to a thousand -

times. The effichency of most solar cells actually improves in more -
intense sunlight as’long as they are kept copl. Therefore, 1nexpensive
concentratyrs can help generate electncity economically even if the

cells themselves are tairly expensive.
: Parabolic troughs and Fresnel lens concentrator ave‘teceived the
most research attention in the last few years, a#d each design has
backers who feel it ean ‘Beatged to covér wide ateas at low cost—
allowing farms, industriés o utilities to generate power. Usually

. these systems indude mechanical “trackers™ that maintain an optimal
- angle to the sun throughout the day. The other key to a successful
woneentrator system is high efficiency cells»—us!xaI{ above 15 per-
cent. Most concentrawor systems employ either single-cry stal silicon

or gallum arsenide. The latter material has been used to protiuce |
sular cells with effiuiencies of over 20 peYcent in laboratories in the

.
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“Researchers well-versed in the field say
that anyone claiming to know what will

be tomorrow’s cheapest solar cell
W technology is a charlatan.”

United States and.Japan. So far the U.S. is clearly the leader in
developing concentrator systems for use with photovoltaies.™ . -

Photovoltaic concentrator systems face a number of problems that
could limut their usetulness compared to simple “flat plate” solar
systems. Tirst, concentrators must incude cooling, systems to radiate
away the heat that naturally builds up and reduces effiaency. One
innovative solution turns this problem into an asset, using the excess
heat to warm air or water. These expenimental thermal-photovoltaic
sy stems are 1n effect photovoltaic cogenerators. They have an overall
conversion effiaency as high as 30 to 35 percent, but their practicality
and cost-effectiyeness have yet to be demonstrated. A second prob-
lem 5 that most concentrator systems include mechanical devices.
They tend to break down more than nontracking systems and require -
more mamtertance. A broader limitation on all coneentrator sy stems
15 that they perform*wéll only in direct sunlight, whereas flat plate
photdvoltaics work adequately under light elouds or-haze. For this
reason, cheentrator systems may prove popular only in sunny re-
gions such as the Middle East, southern Europe, ;sub-Saharan Africa
or the southwestern United States.® -
- - .
Photovoltaic technulogy is becoming ever more complicated, offering
a bewildenng array otychallenges and potentials. Researchers welf?
versed in the field say that anfo'ne claiming to know what will be
tomorrow’s cheapest solar cell technology 1s a charlatan. Yet the
diversity 15 what makes photovoltaics so promising. Pnimary mate-
nals, manufactunng techmques, array designs and systems tech-
nologies wan be combied and recombined 1n dozens of ways. Major
cost reductions during this decade are virtually guaranteed and do
not require the spectacular breakthroughs achieved in, the past.
. . - a 4 -

Both government and private’ research programs have made major
fforts to preduct future costs and establish realistic goals, since cost is
the benchimark against which this technology is judged. The most
commonly dited goals are those established by the U.S. Department
of Energy {DOE) in the late seventies. DOE aimed to. develgp the
technulogy needed to bring market prices for photovoltaic modules
down to $2.80 per peak watt (in 1980 dollars) by 1983, to 70¢ per watt
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by 1987 and 40¢ per watt by. 1990. (See Figure 3.) The idea was to
make photovoltawes tully competitive with conventional sources of
2 clectncity by the nineties. ™ .
. 7 ‘.
U.S. 1980 Dollars
per Peak Watt b

Source U S Department ot Luergy
and the ELC Comnnssion

—actual average prices  »
*
. «
L

.., —European Economic

. " -

*s.. Community” goals

.

. ot * - \‘\—U S, '.'._.' ) .
. ‘\\ goals "..'_."
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\\\\\\\\ TSI
A~ B T
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1978 <1980 . 1985 : 1990

Figure 3: Market Prices and Price Goals fotr Photovoltaic
' Modules, 1978-1990" 4

. ’ ’ ‘ . . ’ N
In retrospedt, these goals were ambitious considering the modest
R&D programs established to achieve them. Although technologies
have been developed at about the pace expected, there are many
steps before a laboratory technology becomnes’an assembly line rod-
uct selling for just a few dollars per square foot. Laboratory efficien-
cies of 15 to 20percent are no longer rare. But efficiencies of 10 or 12
percént in inass-produced inexpensive modules are proving much
_ more difficult. Progress has been gradual rather than sudden, mainly
because industry lacks the capltaf’and large markets needed to sup-
Eurt investment in large-scale manufacturing plants. More modest
ut stll optimistic goals have been established recently by the,

&) ) .
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European Economic Commussion and the Japanese government. Em}:\

alls tor a 1985 figure of about $5 per peak watt (1980 dollars) and $2\*
per watt by 1990. Independent analy sts concur with these projeetions
,and most see rapid market growth'as a result of declining costs.
[nJaddition to lowered solar cell costs, the cost of several other com-
TPenents of a photovoltaic system must also be reduged. These com-
ponents typally includé electrical wiring, power conditigning, con-
trol devices, battery storage, support equipment for,the solar
+ modules, site pref)amtiun and nstallation. Collectively these are
known as the “balance-of-system” costs and they typicall run be-
tw een $6 and $12 per peak watt, awcounting for as mucE as 50" petcent
of total cost. As a'resudt, a full solar electric system today will usually
st bedween $15 and 325 per watt and sometimes more, depending
on the'size of the system, whether batteries are required, and other
variables. Balance-of-system costs have been falling in recent years
but not nearly as mpljly as svlar cell custg, This trend is expected to
continue, and the balance-of-sy stem cuu&ccuﬁunt for as much as 80
percent of the total cost b§™e early nineties.*

Lowerning ‘b_alanw-ul'—sy.stem Qosts is quite different from lowering
solat cell costs. Most of the technologies and procedures are already
used extensively by other indusyries and are not likely to undergo the
vast technical improvements tiat have charactenized photov oltaics
Lead acid batteries that have bfen used in automobiles for vver a galf
century, for example, are syl the least expensive way of sturing solar
power atd often awcvunt Jor well over half of the balance-of-system
wosts. 'Research and degelopment og improved batteries is con-
- tinumg, but improvemyndare marginal and commercialization of a
. new battery stechnology\appwpriate for photov oltaic sy stems is un-
hkely fQrft least ten yeats. Medqwhile, tie price of batteries is actu-
ally nsing because u?t’he high cdsts of labor and lead. The costs of

major materials used 1n sular eleu;tric installations— such «s structral
steel, concrete und copper wite—are even less likely to fall dramati- .
B ~~ v . -

g
Efforts are ungoing to improve power wonditioners, cut support struc-
&

ture wosts, and simphfy wiking and installation procedures. Standard-
O . , . .
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1zed phutovoltaie sy stems and-factory assembly are the most promis-
ing ways to low er these Copts, but each requires a major investment,
24 So far, the balance-of-system has been the black sheep of the photo-
,Voltaics famuly, and nether government nor industry 15 making a
large effort to reduce these costs. It 1s hkely, however, that as the’
market for photovdltaics ‘grows industry will begin developing
chéaper inverters, simpler array *designs and the hke. Meanwhile,
governments should keep track ‘of balance-of-system costs and pro-

vide targeted support for the industry in this area.

.

Although uncertainties remain, dearer price forecasts are puossible
than those a few years ago. Larger manufactuning plants employing
more advanied apd less expensive processes are scheduled to come
on line in the next few years. Andpintcnsc competition for, market
shares will tend to push prices dow n. Conventional crystalline siicon
cells, together with nbbon growth and polycrystalhine silicon cells,
will likc?y dominate the market for the rest of this decade, though
analysts differ as to which of these will be the most successful. Con-
centrators will probably be widely used in many applications, par-
ticularly utility plants. Beyond 1990 amorphous silicon and other
thin-film technologies hkely will capture the largest share of the mar-
ket, pushing prices to new lows. '

The photov oltaics market will evolyve gradually srather than in discrete
stages and at each poudt there should be a range of technologies to
choose from —each with its specialized apphcations. Module prices
will probably fall to approximatcg $3 per Watt (1980 dollars) by 1987
and to about $2 per watt by 1990. At that price a total solar electnic
system will cost between $4 and $8 per watt and generate electriaty at
a cost of 15¢ to 30¢ per kilowatt-hour (as opposed to vver $1 per
kilowatt-hour today). This 15 getting close to standard electnicity
pries 1 many parts of the world, inctuding Europe and Japan DPre-
. dictions beyond the early mineties are difficult to make since they are
dependent on technologies barely beyond the labomtur{ stage. But
further substantial cost reductions are hikely since the photovoltaics
market will be large ¢nough to attract big investments. Given the
nising costs uf most sources of electricity, induding coal and pudear
o '
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“Beyond 1990 there is a good chance that
amorphous silicon and other thin-film
*technologies will capture the largest
. . share of the market.”

a )
| .
power, photovoltaics is likely to be a competitinv e electnaty sourcein
all but a few areas of the world by the mid-mneties.™ 7 -
‘ Al

f
. » . M
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« The Birth of an Industry .

The photovoltaics industry has always stood apart ‘from other re-
newable energy industries. Whereas” wind power and solar water
~heaters “first found support among environmentalpts and do-it-
yourselfers, photovoltaics has been a realm of three-picce suits afd
carefully cratted investment plans. Today the solar cell industry at-
tracts over $300° million of private investment each year, pcrflapb
Awo-thirds of it in the U.S. Sales have grown >tcadify to approxi-
mately $150 million in 1982.% The industry 15 dinverse, with en-
tregrencurial firms éf a dozen employees competing alongside elec-
tronic conglomerates and oil companies that have Fained their
position by gobbling up small firms “Pac Man*’ .st{'lc. Which photo-
voltaics companies will succeed 15 uncertain, but dearly the strength
of the industry will hélp determine how soon solar electriaty 1y
widely used. :

.
‘ »

Most of the early investment in photovoltaics in the seventies came
from private risk capital and government R&D programs. As often
happens in new industries with low entry costs and promusing fu-
tures, small companies aboynded, each ﬁuur.sumg a rarmular tech-
nology. In the United States the solar cell industry closely followed
the ‘growth pattern of the semiconductor industry a decade carher.

. young suentists employed by large comparfies recognized the poten-
tial of photovoltaics and broke away to start ther own firms. R&D
fundd came mostly from venture capital supphed by.wealthy indi-
viduals who used the investments as tax writeoffs.*

Large electronics firms and other diversitied corporations have also
had a prominent role in photovoltaics. These dompanigs used therr
expertise in related fields to build research teams and ‘de<elop 1m-
proved photovoltaic devices, particularly in Europe and Japan, and to
alesser extent in the United States. Only a few such companies have
begun marketing significant numbers of solar celly, but many have
O
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impressive R&D progrdms and may be ready to commerdiafize ad-
vanced technologies in the near tuture. ) .

26 The solar cell industry has expandedy rapidly in recent years, and
important qualitative changes are inghitable with this growth. Be-
cause of the depth andediversity of the bechnology, no entrepreneur
can be assured that any given appch will succeed. An expensive
and technologially sugcessful R&D progham could be wiped out
overnight it a competitar achieves a dramatic breakthrough. The level
ot nisk 1y rsing because cost reductions incrgasingly depend on larges
stale manufagtuning processes that require sizable initial iny estments.
. Each year the amount ot investment needed to attain a competitive
osttion 1n the industry grows. Companies must somehow bridge the
inanual chasm that separates today’s modest sales and R&D pro-

grams trom the huge, virtually unlimited markets ot tomorrow.

The largest soure of new capital in photoy olfaics in recent years has
been the ol industry. By 1981, cigﬁ]t oil compames in the United
States and two in France had invested in photovoltaics, together
. . bangimg oyer $100 milhon to the industry c‘uE year. Petroleum firms.
have purchased controlling interest in some solar cell companies, and
they own a minonty share in others. Three solar celt firms that are
wholly or partly owned by ul companies -all from the United
Staten-hodpan estimated .80 percent of the worldwide market for
photovaltaies in 1981 according to the Center for Renewable Ré-
sources, a U.S. pubhic interest group. Others hold a dominant posi-
tion an developing new tcuhm)ﬁ)gi% not yet commercialized
. The rush tu invest in photov oltates vecurred sim ultanéously with the
withdrawal by sume o1l companies trom the solar water heater mar-
£ ket. One explanation 15 that the solar wllector indubtry depends
largely on ptumbing skills and the success of small retail outlets; areas
where the'ol industry has hittle experience. Although they also lack
expertise 1n semiconductor devices, oil firms do have experience ‘with
long-term, high-payoff R&D programs. Because of generally.tight
capital markets and high interest rates, few other companies can
invest tens of mithons of dollars in a speculative industry where large
payofts are at lghst five or ten years away. @il compaky execiitives see
O
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< "Oil company executives see photo-

voltaics as an emerging industry in
: . which they can use their financial
muscle productively.”

hotovoltaics as an emerging industry in which they can use their
inancial musde productively. Oil industry strategists also see in-
vestment in photovoltaics as.an important step in the creation of 27
diversified energy companies that will outlast the petroleum era.

These developments have raised a red fla%l for many solar energy
advocates. They fear that oil companies, with large holdings in ndtu- "~

ral gas, coal and uranium, are now getting a lock on sunshine as well.

A 1980 book by Ray Reece entitled The Sun Betrayed alleges that il
firms intend tu slow down the development of photov oltaicsntél;gl o1l

wells run dry, when they can then monopdlize the solar cell inddstry,.

«Karl Frieden of the National Cénter for.Economic Alternatives échoes

these fears, assarting that “the oil companies will hold solarfow er
hostage, while maximizing their protits from more limited con-
ventional fuel supplies.” A study of the photovoltaics industry by
Barrett Stambler of the Center for ?(enewab e Resources, though.more
restrained, condudes that the solar cell industry already lacks com- -
petitiveness and suggests that at least one company practices pre-
datory. pricing—selling photovoltaics below cost in order to dnve

other firms out of business.*

. v

. Most solar industry executives and mang independent analy sts reject
these chqr?;es. George Tenet of the Solar Energy Industries As-
sociation, which has several oil company members, claims that, “The

. number of competitors has con>i>ten.t{‘ increased and the selling
price has consistently decreased”. . . There’s no attempt to stifle
competition or suppress new technology.” Tenet and others point
out that vikand photovoltaics compete in separate markets and that
too many companies are currently involved for any one firm to con- .

*tain photovoltaics until the world runs out of oil. Industry analysts
note that patent protection in photovoltaic technology is inherently
weak and not likely to block the entry of new firms. And Morns
Adelman, an economist at the Massagchusetts Institute of Technology,
concludes that “The notion that the energy giants, controlling the
biggest part of the manufacturing capacity in photovoltaics, could set
the price artifidally high to protect their other inyestments is unre-
alistic,” e . ’
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The truth in this controversy probably lies somewhere between the
two extremes. Oil company investments have, in fact, spurred the
photovoltaics industry, and so far the wompanies with oil industry
support appear to have innovative, aggressive development pro-

rams. There 15 nonetheless cause for concern. Large corporations
tend to be relatively hidebound and unimaginative, whereas smaller
companies have made a disproportionate share of the world’s indus-
trial breakthroughs. In photovoltaics, the pioneering small companies
have been bought vut at an earlier stage in their developmeént than
was the wase in semiconductors and most other technologies. Oil
companies bring abunddnt capital to the solar cell industr),%ut they
have no expenence in ths field and their record of innovation may
not match that of smaller companies.*”

~

‘v

The trend towartl control of most energy sources by a handful of
multinational corporations, is itself cause for concern. Although the
photovoltaies industry remains competitive today, large worporate
control could damage 1ts dynamism at some point in the l}l)lture.
Government programs descrve Fart of the blame since they have
channeled most of therr funds to larger, more established firms. Gov-
ernments could foster more competition in the solar cell industry by
making special leans and R&D grants to small, innovative firms most
in need of capital.’’ Investment and innovation must go together if
solar electricity is to be widely used in the near future. ' .

’
‘

In internativnal markets competition in photovoltaics is virtually as-
sured. Of the approximately 60 establi>ﬁed sular module manufac-, 0
turers, Europe has 12, the {fpited States has 25 and Japan has 15.
Another 8 tu 12 companies are producing photov oltaics in dev eloping
wountres, all on a small scale. Klthough .S. firms still have the most
advanced solar cell technology, their share of the market fell from 80
percent 1n 1980 to 55 percent in 1982. Competition is intensifying, and
the number of companies continues to grow rapidly, particularly in
the Third World via joint ventures with European and American’
wmpantes. Obviously, early leadership will not riecessarily translate
into lasting strength in this rapidly evolving industry.*?

S B .



The Eurvpeans and Japanese are mpiing rapidly to shed their under-
dogimage. Firms in these countrieg have made significant progress in
recent years, swiftly closingthe gap m some fields. French photo- 29
voltaics ex?)ertise has bdeh consolidated under two major
companies—Photowatt and France-Photon. The first has oil compan

and government fupding and the second is a subsidiary of a U.g.

firm. Similarly, West Germany has two large electronics companies
‘dominating the solar céll business. Italy too has made a major com-
mitment, with its government directly owning most of the country’s
%rowing hotovoltaics industry . In japamrge integrated electronics

irms such as Fuji, Sanyo and Sharp have staked out a strong posi-
“tion. By studying American techno og{ and carefully plotting ghelr
“own course, ﬁlpanebe companies have leapfrogged close to the “cut-
ting edge” in amorphous silicon production andbother areas, creating
a stir in the photovoltaics industry around the world.*

Photovoltaics is developing in a climate of global information-ex-
change and international %usine» relationships that would have
been inconcenvable a decade or two ago. Extensive travel.and com-
munication among scientists rapidly spread new technologies around
the world, and production processes are flexible enough that patents
cannot easily protect particular technologies. In the last few years, ¢
in_tgmatlondf]oint ventures and licensing arrangements have become »
Eopular in photovoltaics, allowing companies to enter foreign mar-

ets and boost sales. Solarex, an American firm that is one of the two
largest in the world, has already established ninejoiat ventures, most
of them " Europe., Japanese companies have signed licensing agree-
ments with U.S, firms that have helped move Japanese researchers
ahead in some technologies.* . .

Despite increased cooperation between some companies, inte{
national competition tn photovoltaics 15 intensifying. Solar cell pro-
ddetion and tﬁe share of solar cell exports have both increased. Com-
petiion in the Thitd World—particularly the raler\IX industrializing
‘'middle-income’’ countries’ such as Brazil, Mexico and the
Phifippines—is already intense and may help shape the immediate

‘ fulture of the solar cefllﬂipdustr).‘lnternational marketing skills will
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soon be 3s important as°technical expertise in determining market
share. . . .

Expenience indicates that Eurupeén and Japanese industries will have
some advantages in the market now evolving in phptol oltaics. Firms
in these nations have traditionally made over half of their sales
abroad, and their executives have long courted Third World buyers.
Indeed, some European and Japanese firms already market'in Third
World wuntiigs*many of the technologies compatible with photo-
voltarcs, such as pumps, generators and batteries. Establishing these
channels takes years and is almost as difficult as developing a néw
technology. - '

Integrating svlar electric systems into such existing markts already
has given French firms an advantage in West Africa, West German
firms .an edge in Latin America, and Japanese firms an advantage in
Southeast Asia. Some Amencan companies have begun selling their
products abruad via local sales representatives, and one company
claims that its staff members speak a dozen languages, fanging from
Urdu to Gréek. But many U.S. photovoltaic systems are marketed via
Eurgpean intermediaries—not a good omen for the American indus-
try.* ..

Government Prog&axﬁs and International Competition _ .

Since the beginning of the space program, governments have also
channeled funds into photdvoltaics, mainly for resear¢h and de-
velopment, but also tu help' commercialize technologies. Today the
Western industnal countries and Japan spend about $150 million each
year on photovoltaics, and most budgets are growing. Government
suﬁpurt for photovoltaics deserves high marks for its technical
achievements and for largely av viding the politically-motivated boon-
doggles that have plagued so many gov ernment energy programs.*®

The United States has traditionally had the largest government pro-
gram in photovoltaics, but the tide has turned, with the Reagan
administration slashing the photovoltaics budget from $150 million in

. . R .
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1980 to about $50 million,in 1983. Meanwhile, Europe and Japan are
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in the opposite direction. Solar cell budgets hav e increased in
European countries, particularly in France and Italy. The

whi
Europe. Together these

Euro.iean Economic Community has also stepped up its supEort,
ch includes a series of (denfonstration projects throug

out
rograms have an annual budget ap-

proaching $50 million 1 Expan the photovoltaics budget has risen
140 percent in two years ;o over $30 million. Including indirect gov-

ernment support, it¥s o
program,* .
‘ o

nly slightly emaller than that of the U.S.

Governments do a number of things with their photo\ oltaics funds.
They help support R&D both in industry and university laboratores.
They use loans and®grants to assist privaté panies in dev eloping
low-cost manufacturing processés.*And they create markets for solar
cells by purchasing photovoltaic systems for government facilities or
foreign aid projects. Effective support of the photovoltaic®industry
requires a balance between these different activities, a point that
enefgy planners in Washington have recently ignored. The remaining
U S. government funding is directed largely to basic R&D. Efforts to
help commercialize low-costteghnologies have been gutted. Industry
representatives, noting the large investments required to bridge the
gap between the laboratory and marketplace, say the value of the
remainigg R&D programs will be mjnimized if the government ig-
nores (ﬁmercia ization. oY '
- a . t
Ironically, a conserydfive free-market government is ignoring the
signals .of the marketplace, boosting support for the faufm nuclear
industry while cuttingoff funds for, rapidly growing solar cell compa-
nies. The results will not be apocalyptic, gut they will slow progress
inthe U.S Fortunately, European and Japanese programs retain their
balanced approadh. lzerhaps the mast effective government photo-
voltaics program in the wef!d today is in Japan. Originally modeled
after the U.S. program, Japanese efforts today stress cooperation
between industry and government. The government helps private
companies take all technologies through the pilot plant stage, and
long-term programs guarantee a continuing commitment regardless
of 'year-to-year political changes.*’
)
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The close relationship between European and Japanese firms and
_their governments is one reason that they are so strong in inter-

32 national markets. Development assistance programs sponsored by
France and West Germany help build markets for these hations’
corporatins, and photovoltaics has been a major beneficiary. 'In
Japan, the Ministry of International Trade and Industry (MIT1) has a
worldwide reputation for its success in helping domestic corporations
develop export markets. Though photovoltaics has received only .
modest support from MITI to date, assistance is expected to increase
rapudly as Japanese firms become active in the international photo-
voltaics market, which until recently they saw as too small to be
worth a major push. In cotptrast, the U.S. Agency for International
Development has funded stveral demonstrdtion projects, but does
httle to find markets for American technologies. The U.S. Govern-
ment's Commerce Department and various ovgsseas embassies today
provide only hmuted, unfocused assistance for U.S. photovoltaics
exporters.™

There s no easy way to predict future market shares in photovoltaics
However, thuse who du-climb out on the forecasting limb are betting
mainly on Japan. That country’s recent success in marketing high-
technology products around the world, combined with its growing
- nationalecommitment to photoboltaics, ake it a formidable com-
petitor. In recent years Japanese officials have made it clear that they
welcome the cuts in the U.S. photovoltaics program and hope to use
this upportunity to close ground on the U.S. industry.™ Unless U.S
Government programs are stepped up svon, or private industry dra-
matically boosts its investments, Japan will probably surpass the U.S
in solar cell sales by the close of this decade. Copsidering the strong
interest of Japanese companies in export markets, American homes
might one day be powered by solar electric systems made in Japan.

The photovoltaies industry nonetheless is likely to retain considerable
ﬁeo raphical diversity, with American and\European companies
olding substantial market shares for the foreseeable future. Before
o too long, dgveloping nations should also play an important part in
the industry, first by assembling systems using photovoltaic cells
made 1n industrial countries, and later manufacturing photovoltaics
<
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-that they welcome the cuts in the U.S.
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domestically. Already an Amer(?can firm offers an “off-the-shelf”’
solar cell manufacturing plant for sale anywhere in the world—a
quick way fer a developing nation to enter the photovoltaics industry.
Many developing countries will likely enter the photovoltaics busi-
ness via joint véntures with established companies, and already sev-
eral agreemens have been signed and others,are under negotiation.
India is developing a largely indigenous photovoltaics industry using
the skills of itsfscientific community and does not allow the import of
photovoltaic systems from industrial countries. A surge in photo-
voltaics manutacturing in the Third World is likely within the next

few years, led by Brazik, China, ‘India and the Philippines.? . .

i

As the solar electrnicity market grows, the high cost of transporting
bulky and breakable panels will likely encourage the manufacture ot
at least part of a solar electric system near where it will be used—just
as happens with most home appliances today. Leaders of many Third
+ World countries have indicated that they would Ii%e to develup indig-
enous photovoltaics industries, and some have already set up tanft?s
ict the import of complete systems. Indeed, joint ventures and
arrani;ementb may become so widespread that the question
of interfational leadership will be moot. In some cases, silicon might
be refifed in une country, the cells manufactuged in a second and the
system assembled in a third. At some puint, niost of the money spent
_onsolar electric systems will ikely be spent locally —for assembly and
installation. The cdntrast with the world oil market and its thin line of
tankers stretched across the oceans could hardly be greater.

. . .

.
~

Villages ‘And Rooftops N .
No other energy technology has the versatility of photovoltaics.
David Morris Of the Institute for Local Self-Reliance in the United
. States observes that, “Using the same energy source—sunlight—and
the same technology, we could have the most decentralized or the
most centralized form of electricity generation in history.”%* The
question of whith uses for solar electricity will prove most economical
and popular has already caused controversy. Adwocates of gen-
trglized solér power cite the economic advantages of large photo-
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voltaic systems since vne set of power lines and control devices can

senve a large installation. The partisans of decentralized solar electric-

34 ity counter that if solar electric systems are placed on rooftops and.

fully integrated into industnies and households, they could one day

' be cheaper than centrally generated power and permit energy inde-

pendence as well. No clear resolution to this argument is in sight, and
different uses of wlarggwer are likely to emerge simultaneously.

The current market for solar cells is limited, focusing on specialized

_applications*in areas not yet reached by* utility lines. These remote-
site uses are surpnsingly numerous and diverse, however, spread
throughout the developing and industrial worlds. And sales are
Frowmg rapidly. Portable solar cell modules, for example, are popu-
ar on boats and train cabooses. Remote mountaij cabins and scien-

. tific resehirch stations are beginning to rely on tovoltaics rather *
than dieYel generators. A market for photovoltaics to power micro-

. wave ¥dpeaters and other vommunications isstallations is growing
rapudly . iyonal-future uses for photovoltaics can be found at
remote mulitary installations—amounting to 100 megawatts of new &
solar cellsse cﬁ year in the United States alone, according to one
study. In thede and many other uses solar electric systems are now
more economital and reliable than alternatives.™ -

One interesting new use for photovoltaics is the hand-held solar
.calculatorha detice poneered by Japanese companies. Using a tiny
photovoltaic arrpy that generates only a few thousandths of a watt,
solar calculators] have no battery angf__nu on-off switch. When light, "~
strikes the solarf cells the calculatorautomatically turns on. Because
power requirements are sv small, the svlar array hardly adds to cost;
and the calcula':]mrs are suld competitively at $10 to $30. Without wires
or batteries, solar catculators operate effectively with the light av ail-
ble 1n most rhoms. And because both the %alculator and 1ts pawer
s)stem are sblid-state devices, they should last indefinitely. The
. Japanese hage developed a remarka{)l) strong market that in just a
few years has grown to between 10 and 20 million calculators annu-
ally. Industry observers believe that by 1985 half of the small cal-
culators gold worldwide could be light-powered. Japanese companies
are ry»« exporting svlar calculators and developing similar devices
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such as watches, children’s toys and small battery chargers for use in

remote areas.>”

During the next decade, small stand-alone uses for photovultaics will
almost certainly predominate. There are still millions of houses in
remote areas of Australia, Eurvpe, North America and the Soviet
Union that are not wnnected to power lines. And in developing
countries, the majority of villages and rural areas still lack access to a

the

heart of, darkness”

steady supply of electricity. The dream of extending central grids into
’ has faded in the face of mountin
World debts and the nising cost of vast networks of power liney, If

Third

millions of peasants and villagers are to have cleQricit{ in therr life-

times, most witl have to rely on small, decentra

systegs. >

ized energy

Today the only electriity alternative in most villages is a diesel gen-
erator, typically run just a few hours a day to supply power for
agricultural equipment and for a few lights in the evening. Buf diesel
generators are expensive and-—a bigger problem—unreliable, The?
_ require regular maintenance and an occasional complete overhaul.

\

diesel generato

Since there are su few trained mechanics in rural areas, broken-down

are a common sight today throughout the Third
. World. A spare #ngine is normally recommended for diesel generat-
ing systems, to be used when the first breaks down. When main-
*tenance and fuel costs are added to initial capital costs, diesel gen-
erated clectridity coSts between 20¢ and 31 per kilowatt hour —many

-

times typical electricity prices in industrial countries.”” -, .

Several recent studies have reached similar conclusions about the cost
of photovoltaics compared with diesel generating systems. For the
small-scale uses fur which diesels are inefficient

. electric systems are already economical. Loui

National Aeronautics and Space Adminstratio
break-even point for replaung a diesel generatpr with a solar system
_is now between one and three kilowatts, d pending on available
. sunlight‘@d the exact cost of the photovoltaiss. However, as solar

celll prices fall 50 percent or more as expected i
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- electricity in 14.villages by 1984.>

solar power will become economical for virtually all electriaty appli-

* catiohs in Third World villages.>®

Small-scale uses that are already economical include refngerators for
penshable food and medicines, cummunications >{btém>, television
sets, lights and mills. #ater pumping 1s a s:articu arly go use for
sular eﬁmtnut since sunhight is usually available when water 15 most
needed and diesel pumps are oversized for many small farms ‘and
households. In the Third World, just a few hundred watts of power—
miniscule by industrial nation standards—can have an enormous
effect on villageife, providing basic amenities for the first time'.

Since the late seventies, a large part of the market for photovoltaics
has been in developing countries. Interest has been particularly

.strong 1n the ‘Phili‘ppineb and Thailand, whose governments en-

courage the use,o0 ‘photmoltaics imported from Europe and the
United States fogcommunications, water pumping and other apph-
cdtions. A half dJzen developing countries will soorrhave h\digenous
photov oltaics industries. In India and Pakistan there 1s a rapidly
growing market for solar-powered mi¢ro pumps among small farm-
ers. And the Pakistani government mow plan>lto introduce solar

The foreign aid programs of industrial nations have also begun to
include pﬁoto\ oltaics, particularly those of France, the United States
and West Germany. France has had major programs under way since
the mid-seventies to nstall solar-powered pumps and television sets
in West Africa. The television sets, modified to require as little as 20
watts of power bring educativnal programs to people in remote areas
at a reasonable cost. The U.S. Agency for International Development
install®d eight speaally -designed solar-pow ered vaccine refrigerators
at rral health centers In 1982 and has another dozen small-scale
photovoltaics projects under way, mainly in Africa. In Somalia relief
groups have brought in over a hundred photovoltaic water pumping
systems to be used at refu&ee camps.®

.
»

International efforts to promote photovoltaics include studies and
demonstration projects sponsored by the United Nations. Develop-
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¢ “In the Thifd World, just a few hundred

" watts of power—miniscule by industrial

1 nation standards—can have an enormous
effect on village life.”

&~ 2

ment Programme (UNDE}, the World Health Organization and the
.World Bank Their reports note that no established and sehiable mar-
ket now exists for photovOltaic systéms in most developing countries
and that the quality of the equipment s0ld is uneven. In many areas,
»protecting solar arrays ffom ‘dust storms and keeping them clean 1s
also a problem. Developmient specialists, however, are generally con-
fident that such obstacles can be overcome, and that photovoltaics
+ gradually will gain broad appeal for small-scale Third World uses.
hey are particularly interested in the potential of solar-powered
umping sy stems singe the lack of fresh drinking water and adequate
frrigation is one of the most urgent needs in many rural areas. By
combining solar electric systems with efficient low-head pumps,
. peasants and villagers should have an inexpensiye angF N atively

maintenance-free water gupply.*’

!

One of the more ambifious plans\for photovoltaics is to provide
electricity for villages. The first, experimental village system was 1n-
stalled on the Papago Indlan Reservatipn in Arizona in 1978. Since
then its 3.5 kilowatts of cells have powered water pumps, lights,
refrigerators and communal washing and sewing machines for the
Schuchuli village's 95 residents,“who previously had no electncity. In
1979 a 1.8-kilowatt photovoltaic array was installéd at the Tangaye
village in Upper Volta by the U.S. Agency for International Develop-
ment. It has been pumping 5,000 liters of water daily and .grinding
enough grain for 640 farhilies ever since. A much larger 25-kilowatt
system installed in a Tunisian village in 1982 is pumping water,
performing agricultural tasks and meeting household needs. The
village women, who once performed these tedious tasks by hand,
particularly welcome solar electricity.*?

Several other experimental \illa%ge systems have been set up and
carefully monitored, and all confirm the enormous potential of this
concept For many of the world’s poor who are still without electrici-
ty, photovoltaics may soon be a reliable power source. First, how-
ever, governments and international aid agencies must arrange inno-
vative financing. One thing the( can do is to use agricultural
extension services and subsidized [oans that are already in place for
Sther technologies to encourage the use of solar pumps and mulls.
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Today ‘only the wealthier developing countries q{’e.\purch‘wing photo-
voltaics, while many African nafions and othergthat most need a new
3g source of electricity carfhot afford it.*®

Decentrahized solar electricity >?>tem> are hkgly to play an important
role inindustnal ry ns as well. Solar cells ¢in be placed on rooftops,
turming buildings 1 kinds into electricity generators. Photoy oltaics
thus has the potential to give ordinary pgople a measure of energy
independence unprecedented insthe modgrn world. With solar elec-
Anc systems on their rooftops people wil) no longer be vulnerable to
fuel pnicg increases. With battery storagd, power would stay on evgn
if a storyh knocks down lowal electrical liies. All of this brings psycho-
logical patisfaction as well as practica enefits. Togethter with wind
turbinds, geothermal energy, co-gengration and small-scale hydro-

ower, photovoltaics could gradualfy decentralize power systems.

tilites would not only produce pgwer, they would become energy
broMrs, distributing electncity goherated by tens of thousands of
small producers. *

TG

A

fps are to evulve, rooftop sular power
systems must be connected With the utility grids that are the main
source of power in mogt ipfustrial countries. The main reason for
making the utility connegfon is economic. electrical battery, storage
can as much as double thé total cost of solar power. But batteries are
not needed 1f a utility provides backup electriaty. This requires an
electnaty inverter, aryfnexpensive device that conyerts direct current
into alternating currynt compatible with the electricity in utility lines.
Speaal controls regflilate the electricity going in.and out of a building,
and two meters installed—one measuring the electricity sold by
the utility to theouschold and the other measuring the power goihg
from the hougl to the utility. Another possibility is a single meter
ard as wgll_as forward. In some months, the utility
the customera check rather than a bill.*

If these new energy relations

s and engineers in the United States and Japan have already
begun/designing solar electric buildings. Like solar water heaters,

1ohu voltaiC systems require an unshaded southern exposure and
(S, 4
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durable matenals. *Lightweight photovoltaic panels need little ad-
ditional structural support, but they do require more roof space than
thermal collectors do—30- to 50-square meters for a typical 39
household-size system in a sunny region.

»

. ' N - ~
N N ™\ “Solar cells may one day become a
, ' major roofing material.
-9
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In the United States approximately one-third of existing residential
butldings could use photoyoltaics—a total of 20 million houses. How-
ever, taking maximum advantage of photovoltaic electricity will re-
3u)re¢that u}lg.tmit) be used more efficiently and that pew houses be «
esignéd with this technology in mind. A 1981 study by the Solar
Energy Resbarch Institute shows that in most parts of the Uniited
States a muderately-sized solar electric system on an energy-effident
hoyse can provide tore electricity than the houses uses. howc\ er,
much of this power would be generated w hen it 15 not needed by the
homeow ner (and Would be wﬁi to the utility). The household would
depend on the utilify for electricity when the sun is not shining."”

L A e !

The world’8 first speaally-designed photovoltaic residence was built
in Phoeni%, Arizona in 1980 with the help of the U.S. Department of
Energy funding. Since then, approximately a dozen solar electric
build%ng.s hav c%ccn Built, most of them experimental houses in the
United States. At 1édst ‘one architectural firm has begun designing
sblar eléctric homes commerdally, and others are considening enter-
ing the* field. Right now, however, this is a specialty market for
wealthy individuals with'gn adventurous spirit. A photovoltaic sys-
tem today adds at least’$60,000 to the cost of a house, and the solar
electric homes sold so far have mainly been in the .$200,000 to
$400,000 range. These houses have nonetheless been an important
proving ground, allow ing architedts to experiment with,different de-
signs, improving their aesthetics and ruggedness.®

l\‘

Because rooftop sular systems are exposed to the elementswnd falling
debris, they must be exceptionally durable. Récent innovative de-
signs itegrate’solar cells into the roofs themselves, and solar cells
may one day become a major rovfing material. One design mounts
{)hutowltau panels on tracks, allowing them to slide easily on or off
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the roof. Another compaty has developed a photovoltaic shingle that
provides power and also protects the roof. In all cases’ case of 1n-
40 stallation and repair 15 essential. Some solar electric systems can be
added to a properly designed house injust a few hours. Architects
*have already demonstrated that ‘solar electric buildings can be at-
tractive. While some are brashly modern— dominated by ther photo-
vultaie systems - others have o variet}y of traditional styles that make
the solar systems barely noticeable.”

S

P .
A buna fide market for solar electric houses should emerge when

photovoltaic module prices fall to about $2 per watt—approximately
one-guarter their current level This should happen by the carg nine-
ties. At this price a three-kilowatt photovoltaic system providing 50
ercent of an energy -effiaent household’s electriaty needs could be
mnstalled for between $12,000 and $18,000.* With™ tax credits such
-those already 1n place in some countries, solar electric houses would
clearly be economial. And as prices fall below $2 per watt, solar
electnic homes will be generating clectniaty ata price competitive with
utility generated power. . ) '

Some people look at rooftop photovoltaics as an energy panacea that
will svon price utilities nght out of the electniuty business. Such
views are gnuful and could be self-defeating. Solar electriaty 1s not
going tu become Lhuaf anytime an the foreseeable future. Rather,
photovoltaics will gradually reach price competitiveness with con-
ventional generating technologies and then only slowly undereut
thgm, probably around the turn of the century.

Communties 1n all but the most overdast dimates should eventually
be able to obtain at least)a quarter of. therr electricity from ruoftop
photovoltars. W hotov uitarc ?stcms will never stand.alone
if the goal 15 ec@nomucady tninterrupted power. The sun often shines
brighﬁ’y only "a few? hours a day, but electricity is needed con-”
tinuously. It makes sense, therefore, to link solar clectric systems
with other generating technologies, ingluding the many other re-
newable energy sources now being developed. Careful pﬁ;nning wn
produce a diverse but still econontical and reliable power system,*
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“It makes sense to link solar electric sys-

. ' tems with other generating technologies,
o, including the many other renewable .
energy sougces being developed.”
- ) . .
/ ” .
. A}
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Solar Power Stations - ) ) .

Decentralized uses of 'photqvo,l'?ic:. notwithstanding, large, cen- 4
tralize Cl:;hotovoltaic power systems have long fascinated some scien- 1
tists and planners. As early as the sixties University of Arizona re-
searchers proposed the use of massive solar arrays‘placed in desert
regions to supply, much of the world’s power.™ Large solar electric
ystems do Have some modest economies of scale, and, at least unti
?cerl\‘tly, they seemed to match most closely the popular conception
. ¢t how a modérn power system should be structured. Utilities have a
. Frowing intergst in photovoltaics, and centralized solar power, they
eel, ensures that they will get a piece of the action.

The most dubious plan for harnessing solar electricity is the satellite

solar power station. Several researchers in the United States have.

Kdroposed placing large arrays of solar cells—about the dimensions of
anhattan—in stationary orbit around the earth, using microwave

transmitters to convey the power to land-based receivers. A satellite

power station,_proponents ppint out, would receive intense 24-hour

sunlight outside the earth’s atmosphere. Designin§ and building the

first such “Manhattan-in-the-sky’* would take at least 20 yeays and

cost well over $100 billion, making it the largest construction project s

ever undertaken. It would also be the ,most centralized form of elec-

tricit[\; generation in history, butscientists agree thatit is a technically

feasible concept.”

Good theory does not always make good econoniics, and recent

studies cast serious doubt on the satellite solar power idea. It will be
. decades at least before the vast quantity of materials needed to build
~ an orbital power station can e economically boosted into space—or
thined front the moon Some skeptics gllestion whether construction
will ever be economical considering the large amount of energy re-

uired to overcome the earth’s grayitational pull. More disturbing are -
the potential health and environmental effects of a high-energy beam
aimed at the earth’s surface. People would inevitably be exposed to ’
low levels of microwave radiation that might cause health problems. .
The,earth’s atmosphere might also be damaged irrepatrably. Because
oflthe combination of staggering economic costi and environmental _.. .., ..
Q . .
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nisks; the U.S. Natiopal Academy of Sciences recommended in a 198]
study that no funds be committed to solar power satellites—an un-
usually firm judgment by the Academy against further research An
additional problem with satellite solar pover 15 the aura of science
fiction 1t gives to a technology with-many here-and-now
applicatians.’* . \
Other centralized photovoltaic designs show more promisé. Gov-
ernment and pmadte researchers in the last few years have begun
designing large, earth-based photovoltaic power systems. The effort,
however, has been overshadowed by much larger programs in
Europe and the United States to develop solar thermal pow er plants ©
using conggntmted sunlight to boil water and turn a turbine and
enerator. " Although these more conventional’solar systems have a
arge potential in some sunny regions, photovoltaics likely will be
more economical in the long run—and more flexible as well. Since
1980f0\ernment funding of solar thermal power systems has de-
chined while funding of p%'lotowltalcs has risen 1n most countries

Only a few large photovoltaic projects have been built so far. A
240-kilowatt solar power project using concentrators was campleted
in Anzona in 1982. It provides electricity for the Sky Harbor Airport
near Phoemix and was largely financed by the U.S. Department of
Energy. A similar systém, funded jointly by the Saudi Arabian and
U.S. governments, was installed in Saudi Arabia in 1982. It generates

. 350 kilowatts of solar power with diesel back-up for three Saudi

villages. Perhaps most exciting is the 200-kilowatt photovoltaic
gowered solar cell manufacturing plant built by the Marrland-based
olarex Corporatidon in 1982. Solarex calls this $6 million facility,
financed without government support, a “solar breeder” because its

. large bank of solar cells provides enough electricity to manufacture

another 200 kilowatts of cells every 28 days. The system is electrically
independent, with batteries for backup power. Solarex ufficials have
begun selling modified v ersions of the plant to industries in develop-
ing countries lacking extensive utility grids.”

Meanwhile, utilities i California lead in integrating solar power sys- -
tems into their, electriaty grids.’ The Sacramento Municipal Ultility
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District (SMUD) has begun work on a 100-megawatt (100,000 kilo-
watt) photovultaic power plant scheduled for completion by 1994 at a
total cost of over $250 million The first phase of the project, funded
partly by the federal and state governments, will place vne megawatt
(1,000 kilowatts) in operation by 1984. The project will use flat plate
arrays that occupy 1,100 acres of now-vacant land adjacent to the

power as the nuclear plant does. The first privately funded photo-
voltaic power plant is under way in southern Californa. Financed
and’ built by the ARCO Solar Company, the project will feed one
megawatt of pow er from flat plate solar arrays mounted on computer-
controlled tracking devices into the hnes of the Southern California
Edison Company in 1983. In Italy a oneqnegawatt government-
funded photovoltaic plant called the Delphos project is also sched-

uled for completion in 1983, - -

N
'

4 "_ -
Thesée utility projects aregharbingers of things to come. As many as
ten similar projects will likely be announced in the next few years,
mostly in areas of the western United States and southern Europe

wish to decommission. Utilit%' planners point out that land avail-
ability will not be a problem for the foreseeable future, particularly,

4 sinc? there is much unused land adjacent to existing Fower plants
and‘along power line rights of way. Beyond boosting electniaty sup-
—_plies, these projects create a large new market for the photovoltarcs

feasibility of all photovoltaic installations! The Sacramento project

are currently produced worldwide.

7

The Future of Solar Power
.
. Thebig news in the photovoltaics industry in the early eighties 1s that
itis prospering- -despite a worldw ide recession in which' many more
estal[;)lishcd industriés:are on the brink of insolvency. Production of
sular cells has expanded fivefold during a three-year period in which
the world economy grew at a meager 1 percent annual rate. Based on
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Rancho Seco nuclear power plant, and generate a tenth as much,

with ample sunlight and existing vil-fired power plants that utihties

alone could, by the-mid-eighties, add morg solar cells each year than

“industry, helping bring down costs and improving the economic ...
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mayufactiiring plants now under construction and unprecedgnted
marketing efforts on the part of several large companies, rolific
grodvth of abuut 50 percent per year is virtually guarantepd for the
nexd three to ik years. By 1986, the photovoltaics industry world-
wid WgIS robably be produding five times as many solar cells as it
did/in 1982. . )

Much more difficult to answer is the question of how widely photo-
voltaics will be used in the more distant future. Since the early seven-
ties, many predictions have been made about photovokaics, but most
should be taken with a grain of salt. They are usually based on
dubivus assumptions about the potential for cost reduction, future
economuc conditions and the rate of gtowth in electricity:demand. As
the estimates and assumptions are amassed, uncertainty multiplies

The goal of the U.S. photovoltaics program, as formulated by Con-
gress 1n 1978, was to double the manufacture of solar cells each year
in order, to reach an annual output of 2,000 megawatts of cells by 1988
(250 times the 1982 total). The U.S. Department of Energy sub-
sequently estabhished a target of obtaining one quad (quadrillion
Btu's) of eriergy from photovoltaics by the year 2000. This would
require an installed capacity of over 50,000 megawatts, which should
supply about half as much power as nuclear plants provide today "
The United States has already fallen short of the production trends
required to meet these goals, and there is now general agreement that
they will be reached much later than planneg. The Reagan gdmin-
1stration’s cutbacks in the photovoltaics bud%et and its abandonment
of commerciahzation programs have dealt U.S. photovoltaics goals an
additional ‘crippling blow.””

What‘mht wrong? Dues the slippage of these targets mean we should
reduce efforts to harness photovoﬁaic electricity? In truth, the main
problem 15 not with solar cell technology but with the goals them-
selves, which.call for unrealistically rapid progress. Photovoltaics
continues to follow a remarkably ambitious cost curve, but because of
the large nvestment needed in automated manufacturin%\processes,
progress gets tougher the further prices fall. Laboratory achievements
-~
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. "’Energy conservation and mgdest eco-
S i nomic growth are now the driving forces
: in the energy marketplace—something
that no realistic photovoltaics forecast

can ignore.”

dPeen impressive, but time and money are needed to get from the
;the factory, aninevitable truth in any new industry that photo-
voltaics forecasters tried to sidestep. Their goals called for solar elec- 45
tricity to become widespread much faster than has nuclear power,
.while spending only a small fraction of the funds that have been
committed to nuclear power development. ’ . 4
Predictions about photovoltaics also aften assume that the world has

an nsatiable appetite for electriaty. Many analysts echo the unre-

alistic forecasts of the utiity industry, whchI still sees electricity use in -
industrial countnes growing by two-thirds in the next 18 years. The
unspuken assumption in these forecasts js that despite rapidly rising
electricity prices, the world will continue to substitute electnaty for .
all other forms of energy. Some boost their forecasts even higher by
assumin_ﬁ_,that the electnc car will be commonplace within the next
decade.’ _

Such analyses are well out of hine with current energy trends. Energy
consertation and modest economic growth are now tﬁe driving forces

in the energ) marketplace—something that no realistic photoyoltaics .
forecast can ignore. Data from sev eral major industrial countries shows

1 to 2 percent yearly grow th in electricity use in recent years, in some
cases slower than the grow th rate of the economy as a whole. Credible
forecastgenow project very slow or even no ﬁrqwth in electricity use
during the next two decades. Interestingly, this low growth rate has
been partly caused by the very trends that boost the prospects for
photovoltaics—soaring costs for ¢oal and nuclear power plants. Elec-
tricity prices will almost certainly continue to rise during the next
decade, since coal and nuclear energy are by far the largest new power |
sources coming on line during this period, and many power plants are
suffering massive cost vverruns that have yet to be financed. Assum-

ing rapid electnaity growth during this period is wishful analysis
reminiscent of the early days of nuclear power.”” . .

Because of slower growth in electricity ‘use, the absolute size of the
market for photowulftaics during the next two decades will be smaller
than was assumed a few years ago. In the major industrial countriesp~
which already have considerable utility overcapacity, few new power
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plants are needed. Newelectricity generation, however, will be

needed in developing codntries and in industrial nations, as older

6 power plants are replaced. These will be sizable markets for photo-
ﬁ voltaics, though not as large as was once thought.

* A~
As a result, photoy oltaics will likely be introduced gradually over the
next 20 years. This is actually an asset, because if solar electric sys-
tems are introduced slowly, they can be linked effectively to existing
power sources and employed in the most efficient manner. Nuclear
_power provides a good example of.what can go wrong if a technology
is'too quickly forced on an unprepared world.

In an energy-conserving era, solar electricity has a major role to play.
Photoyoltaic technologies and energy consenvation technologies have
a naturally synergistic relationship. ?he lower the pow er requirements
of aparticular device, the more practical solar electric systems become.
One improvement helps encourage another. French and Japanese
companies, for instance, have worked hard to reduce the electricity
needs of television setg and calculators so that they can be powered
with solar cells. Alargé®\merican “all-electric’” house would be hard to
power with photoyoltatcs, but the “low-enérgy’ houses now popular
in Scandinavia would be quite adaptable. The more that electricity
requirements can be regluced in households and industries throughout
the world, the closer we will be to widespread, practical use of photos,
voltaics. Photoy oltalcsé(m turn, will spur the increased efficiency of
motors and buildings.® , -

A few predictions are now, possible. Based on the most recent cost
trends, photovoltaics should begin replacing most diesel generators
and become the largest new source of electricity for villagesin develop-
ing countries within a few years. Third World governments and
international aid agencies, however, must help introduce solar electric
_systems if they are to be widel{v used. Most important are financing
mechamisms for poorer areas of the Third World. By the late eighties,
centralized photovoltaic power stations should become conyventional
generating technologies in many regions, and utilities will help lead
the war in introducing solar electricity. By the early nineties, rooftop |
e :

solar electric systems should begin to catch.on.
&) .
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Worldwide annual production of photovoltaics is likely to rise to
between 200 and 300 megawatts.of capacity by 1990 and to over 1,000
megawatts by the end of the century. This will make the photovoltaics 47
business a bl{lion dollar industry by the late eighties and push it close
_to the $10 billion mark by the year 2000. Total installed s®ar electric
capacity will probably be between 5,000 and 10,000 megawatts by
century’s end. Althou%h this will be enough capacity to supply only a
few percent of the world’s electricity, it will set the stage for the rapid
. ntroduction of sular electnaty in the following years. By the middle of
the next century photovoltaics may be providing between 20 and 30
* percent of the worldls electricity and serving as a cornerstone of 2 g
sustainable global, power system.®'

The exact lpace of photov oltaics dev elopment and the installed capacity

in particular years will depend mainly on how fast large-scale; low -cost

. manufacturing processes are introduced. Today the largest photo-

. voltaics plants being built produce betw een two and three megaw atts

» worth of solar cells a year. Building more advanced plants that annu-

ally produce solar cells capable of generating 20 or 30 megawatts could

lead to module costs of less than a quarter the current figure. Thecatch,

of course, is that such plants will be expensive and companies will not
build them until the market grows substantially. X

The most important step that governments can take is to help stimu-
late the market for sular electric sﬁstems through the use of tax credits
and lvans, and by purchasing photovoltaics directly for use on gov-
ernment bulldings, military faciities and for the poor. Demonstration
Erojects and educational programs such as those of the European

conomic Community can also encourage production. Equally critical
15 the success of the photovoltaics industry in raising needed capital.
Careful planning ams)uluse relationships between photovoltaics com-
panies and the investment community are essential.

If government suppurt of photuvoltaics is compgred with support of
nuclear power—another modern technology for electricity -
generation— the disparity is ubvivus, Eventoday governments spend
several billiun dollars annually on advanced nuc%ear technologies—
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vver ten times as much as they spend on photovoltaics. Yet evenunder

optimistic assumptions breeder reactors and fusion power plants will
48 take longer to enter widespread use than will photovoltaics.™ While

dozers of companies are working independeritly on photovoltaics, no
private firm has invested a dime in breeder reactors without massive
government backing. By restoring some balance to energy develop-
ment programs, governments could get more for their taxpayers’
money and dramatically boost the pace of photovoltaics com-
merciahization. If sular cell technolo?’ had received the kind of intense
multi-billion dollar support in the fifties that nuclear power wasgiven,
photovoltaic systems would already be’common en rooftops.

Of course, the benefits of sular electricity cannot be measured simply in
kilowatts ur percentage points alone. Photovoltaic systems cause
fewer environmental problems than any other means of generating
« “electnaty. They are a particularly striking contrast to coal and nuclear
power, the most rapidly growing electricity sources today Each of
these puses environmental risks on an unprecedented global scale.
Photovoltaics, on the other hand, is a major step toward an ecological
and sustainable energy systes® )
}
Photovoltais also has.a strategic value that other energy sources lack.
[t wall make small amounts of power availablgin virtually any corner of
the globe, allowing developing countries to lea frog the now pro-
hibitively expensive process of extending electricity grids to all areas.
Rarely du the world’s poorest have a chance to benefit from one of the
worl«}'b most advanced technologies. Photovoltaics not only can help
remOve sume of the drudgery of village life, but by powering commu-
nications systems 1t can help educate people and ind together emer-
s ging nations. . . )
.. - .
The "putentnal contribufion of pMBtot oltaics is perhaps most visible in
the happiness of an African nomad whg experientes running water for
the first time. It1s alsu clear in the improved health of an Indian villager
who uses solar electricity to refrigerate food and medicine. Thanks to
the advances being made in this seemingly exotic new technology, the
living standards u%hundreds of millions of people can be significantly

raised in the next few decades.
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~ Notes

.

1. Quotation from ARCO Solar News, April 1982.

| 2. Figure-assumes-a-3-kilowatt-system atan installed- cost of $17 per peak
watt or close to twice the cost of the photovoltaic module alone. The (ost
could be much higher with a larger system. For details, see sections,of this
paper: “The Cost Reduction Game,” and “Villages and Rooftops."”

3. Projections are the author’s and are described more fully in the last section
of this paper: “The Future of Solar Power.” -

4. The early developrgent of photovoltaic cells 15 described in Ken Butti and
“John Perlin, A Golden Thread..2500 Years of Solar Architecture and Technolug
(New York. Van Nostrand Reinhold and Co., 1980), and Paul D. MaycocK
and Edward N. Stirewalt, Photovoltaus. Sunlight to Electricity in One Step (An-
dover, Mass.. Brick House Publishing, 1982). Additional details were sup-
plied by Calvin Fuller, who was on the original Bell research team, private
communication, March 1, 1982.

5. “Solar Cell 1s Ready for Commeraal qus," Business Week, July 20, 1957.

6. Photovoltaics has had advocates in the scientific community since the
fifties, but until recently these people lacked any real political dout. For a
good history of U S. attitudes toward solar energ and its political status
vis-a-vis nuclear powet, see Lamont C. Hempel, The Politws of Sunshine, an
unpublished ductoral dissertation of the Tublic Policy Program, Claremont
Graduate School, Claremont, Calif., 1982. ‘

7. Cost estimate is from Calvin Fuller, private communication, March 1,
1982.

8. Maycock and Stirewalt, Photovoltatcs.”
9. Ibid.

10. Thp 8,000 kilowatts figure is the author’s estimate based on the as-
sessments of various industry analysts. See, for example, “IEEE Conference
Report. Optimism Prevails,” Photowltaw Insider’s Report, November 1982,
which describes the results of a September survey of photovoltaics analysts.
Historical figures are based on Strategies Unlimited, 1980-81 Market Review
(Mountain éiew, Calif.. 1981). The 1,800 houses figure is based on the as-
sumption that the hpuses use an average of 800 kilowatt-hours of electnuty
each month and that the solar arrays operate on average at 25 percent of their
o )
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a acn{-t) pial uf the sputhern U.S. Since electricty 1s often ‘used at imes

g, more photuvultaics and electrical storage would
the needs of this many houses.

when the syn s not shi
be required to actually n\é

11. Good overviews of pnventional solar cell technology are included in
Maycock and Stirewalt, Mhotowoltars, Ed Roberton, ed., 'ﬁle Solarex Guude to
Solar Electriuty (Rockville, Md.. The Solarex Corporation, 1979), Bruce Chal-
mers, ‘The Photovoltaic Generation of Electncity,” Scientific Ameriean, Oc-
tober 1976, and Yvonne Howell and David Adler, “"How Silicon Solar Cells
Work,” Sunwerld, Vol. 4, No. 1, 1980.

12. The photovoltais industry 1s described in U.S. Department of Com-
merce, "Photuvoltaies Industry Profile,” unpublished, 1981, Barrett Stambler
and Lyndon Stambler, Competition in the Photovoltais Industry. A Question of
Balance (Washington, D.C.. Cefiter for Renewable Resources, 1982), and
Suence Applications, Inc., Characterization and Assessment of Potential European

and Japanese Competition in Photovoltans (Springfield, Va.. National Technical
Information Service, 1979). Total sales and investment figures are not col-
lected, su the figures used here are estimates based on the above sourwes and o
the assessments of industry analysts as reported 1n varwus 1ssues of Photo
voltaic Insider’s Report and World_Solar Markets. .

13. Figures un current uses of_photovoltaics are estimates by U.S. photo-
voltaics wnsultant Paul Maycock, pnvate communication, March 8, 1982,

-

14. The three exampl\es are drawn from Arco Solar News, various 1ssues.

15. Phutovoltaies techinolugy 15 fundamentally different from all other tech-
nolugies for electnaty generation used today. It is the only technology that
dues not rely on a medhannal turbine and electrical generator. In both cost——
and Lifeime terms photovoltais has the potential to achieve performances
beyond thase uf any conventivnal technolugies. One of the central challenges
cumes in designing support equipment that 15 longlasting enough to allow
photovoltaics to reach its potential. PR

16. Unless utherwise noted, price figures used here are in U.S. dollars per
peak watt of generating capacity, which is the amount of power a solar
module yields & hen placed 1n full,sunlight at noon. This does not include the
balance-uf-system wsts for the support sfructure, wiring, installation, etc.,
whith add 50 tu 100 percent to the price of a photovoltaic system today—an
1ssue discussed at the end of this sa:tion.lgﬁe $1,500 figure for a 100-wati™——
light bulb-assumes a total system cost of $15 per peak watt. Such a system
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would fully hght the bulb unl{, when the sun is shining bnghtly. The actual y
cost of electriaity generated by a solar electnc system vanes widely, de- S

ending on how sunny the dimate. A 1-kiluw att sy stem mught produce three 2 ‘

lowatt hours of electniaity each day in one region’ (12 percent wapaaty factor) J, 1 |
and six kilowatt hours in another (25 percent capaaty factor), yielding a 100 ‘
percent difference in electncity costs. The historicaf price figures aré egd-
mates based ‘on 'vanous sources, including Strategies Unhimited, 1986-81
Market Review. These figures are in current dollars, so if the figurg # were
adjusted to account for inflation, the price trends would be even pfore dra-

-

matic. y

17. Overviews of photovultais R&D programs are includegin Science Ap-
plications, Inc., Characterization and Assessment of Potential Biropean and Japan
ese Competitiog in Photovoltais, Robert R. Ferber, U.S. Jg¥Propulsion Labora-
tory, "The Stdtus of Fureign Photovoltaics R&D,” in [}/5. Congress, House of
Representatives, Subcommuttees on Energy Develppment and Applications,
and Investigatjons and Oversight, Committee pfi Science and Technology,
Joint Heanngs, June 3, 1982, and Monegon JAd., The Future of Photovoltaic
Electricity. The Next 20 Years (Gaithersburg, SAd.. Monegon, Ltd., 1982).

18. Author's estimags®¥aSed on Robpft R. Ferber, private communication,
November #L 87, and Internati fal Energy Agency, Energy Research De-
velopment @M Dimonstration in theAEA Countries (Paris: 1982).

19. Although photovoltais #fid microelectronics are related, the cost reduc-
tion strategies employ ed g€ quite different. Microelectronics custs have been
reduced pnmanly by sfueezing an extraordinary amount of comphicated
electronic arcuitry gfito tiny sihcon wafers, whereas photovoltaics re-
searchers aim tu froduce large quantimesnx a semiconducter material
cheaply. Cost gluction in photovoltaics is nfinly dependent on the de-
velopment offhexpensive mass production techniques,

scribedin Henry Kelly, “Photovoltaiy Power Systems. A Tour Through the
Altefnatives,”” Suence, February 10, 1978, Jeffrey L. Smith, “‘Photovoltaics,”

tence, June 26, 1981, Charles F. Gay, “Solar Cell Technology: An As-
sessment of the State of the Art,” Solar Engineernrg, March 1980, and H. L.
Durand, "Photovoltais. Present Status and Future Prospects,”” Sunwwrld,
Vol. 4, No. 1, 1980. Y g

20. Tecbriques for reducing the cogt of single-crystal silicon cells are de-

-

21. Companies that have develuped Erocesses to grgw ribbons or sheets of
slnglqrgr%stdl stheon cells indude the Energy Materigls Corporation, the Mo-
©  r Energy Corporation, Motorola, Inc. and Wegtinghouse. All are in the
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L.S. and some are llcensmgbthe technologies abroad. The various manu-
facturing processes are described in Maycock and Stirewalt, Photovoltans, and
Joseph E Loferskt, "Photovoltaics 1. Solar Cell Arrays,” [EEE Spectrum, Feb-
ruary 1980. . .

22. Polycrystalline ingot technolmg;& 15 described 1n Maycock and Stirewalt,
Photvvoltars, and J, Lindmayer and Z. Putney, “'Semicrystalline Material from .
Metallurgical Grade Silicon,” in Fifteenth IEEE Photovoltaic Specialists
Conferene —1981 Proceedings, Kissimee, Flonda, May 12-15, 1981. Additional
details were provided by Len Magid,-Solarex Corporativn, pnvate commu-
nication, October 27, 1982, Solarex is the world leader in developing this
technology. Crystal Systems 1n the U.S, and Wacker Chemie of West Ger-
many are also working on polycrystallﬂ\?e cells.

23. J. Richard Burke, "Photovoltaics. Down to Earth at Last,” Solar Energy
Research Journal, Spring 1981. An overview of thin-film solar cell technologies

“is included in Maycock and Stirewalt, Photovoltaics.

24. Research progress in amorphous silicon 15 described in.vanpus papers
included in F :ﬁee{nlh {EEE Photovoltaies Spectalists Conferen.e— 1981 Proveedings.
See'also “Sanyo Electnc, Fuji Electric Boast Amorphous 51 'V Efficiencies of
6.91%, 6.47%,” Solar Energy Intelligence Report, April 27, 1982, Paul Danish,
“Japanese Produce Amorphous Cells with Over 7.5% Conversion Ef-
ficiency,” Solar Times, October 1981, “RCA Achieves Record 10% Efficienc
for its Amorphous Silivon Cells,”” Photovoltaic Insider's Report, September 1982,
and "“Japanese Firm Gets 7% Efficiency,” Solar Engmeenng and Contracting,
October 1982. Japanese companies produced 700 kilowatts of amorphous
sthicon cells in 1982 and by 1984 will have at least 5,000 kilowatts of manu-
facturing capabulity, according to Paul Maycock, “My Fact Finding Tour of
Japan,” Sular Age, September 1982. Japanese companies developing am-
orphous silicun cells in¢lude the Fuj Electric Company, the Sanyo Electric
Company and the Sharp Corporation. Leading U.S. firms include ARCO
Solar, the Chronar Corporation, Energy Conversion Devices, IBM and RCA.
A particularly exating joint venture in amorphous silicon was announced by
the Sharp Curpuration in Japan and Energy Conversion Devices in the United
States in 1982, described in Burt Solomon, “Sharp, ECD to Produce Silicon
Cells in Japan,” Energy Daw, June 22, 1982, and Wayne C. Johnson, "“Sharp-
ECD Solar Receves i—M !year PV Machine,” So{zr Engineering and Con-

-.The entry of the Chronar Corporation into the com-
merctal market for amorphous silicon cells is described in Burt Solomon,
““New Low-Cost Photovoltaic Cell Goes on Market,” Energy Daily, June 3,
1982.
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25. Research onthin hlm matenals is descnbed in vanous papers induded in
Fifteenth IEEE Photoroltans Speutalists Conference—1981 Proceedings. See also
Paul Blythe, Jr ¥ Thin Film Solar Cell Research Pro’resses,"-Su{w Engineer-
ing. April 1981, ‘Boeing Achieves Hl};hcbl Efficiency Ever for True Thin-Film
Photovoltaic Cell,”* Solar Energy Intelligence Report, August 4, 1980, Solar En-
ergy Research Institute, Environmental Health, Safety, ank Regulatory Reviere of
Sc%:ch'd Photogolta. Options (Spungficld, Va.. Natonal Techmcal Information
Service, 1982). ‘ L. :

26. Donald L. Feucht, “’Recent Progress in the Development of Advan'ced
Solar Cells” and ] Stankiewicz and W. Giriat, ¥Materials for Tandem Solar
Cells,” Yoth from Fifteenth [EEE Photovoltaws Specahists Conference—1981 Pro-
ceedings! ’ : :

27. “{BL Develops Simple, Inexpensive Method for Dissociation of Water

Sunlight,” Svlar Energy lgh' Iigence Report, September 27, 1982, "Texds
Hails Cheap Hydrogen,” The Energy Daily, October 12, 1982.

. Various concentrator designs are described in ;m ers presented to the
Fifteenth IEEE Photoveltarcs Specialists Conference—198 If))'owedmgb. See also E.
C. Boes, B. D. Shafer and D. G Scheueler, “Economic Motwvation for Photo-
voltaic Concentrator Technology,” Sandia National Laboratory Report, un-
published, 1981.

/
/

29. A stgong case for conéentrator technology’s future competitiveness in
sunny regions is made in Harbinger Research Corporation, Photowltan Power
Systems Patents. A Tedinteal and Economu Analysts (Whate Plains, N.Y.. Madsen
Russell Associates, Ltd., 1982). ﬂ '

30. U.S. Department of Energy, Mult: Year Progrant Plan, &National Photo-
voltates Program (Washington, D.C.. U.S. Governmen{!’rinhng Office, 1980).
31. Manufacturers often make claims about effigencits and costs based on
laboratory experiments., Such claims must be studied carefully in order to
judge their significance  There is a large gap in this field between laboratory
technologies and commercial technologies. Some companies have faled to
live up to the short-term expectgtions fostered by their own executives.
European and Japanese goals are described in EEC Commussion, Photovoltan

Power for Europe (Dordrecht, Netherlands. D. Reidel Pubhshing, 1982), and
Robert R. Ferber, ““The Status of Foreign Photovoltaics R&D.”

32, The information on balance-of-system costs is from Louis Rosenblum,
Q f Photovoltaic Energy Systems as Determined by Balance-of-System
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Custs,” a National Aeronautics and Space Administration Technical Mem-
orandum, June 1978. Updated figures, induding the 80 percent projection for
the early mineties, were provided by Louis Rosenblum, a photovoltaics con-

54 sultant,” private communication, November 4, 1982 Further analysis of
balance-uf-system costs can be found 1n the Electric Pow er Research Institute,
Photovoltaic Balance-of-System Assessment (Palo Alto, Calif.: 1982).

. 33. .Louis Rusenbluny, “'Cost uf Photovoltaic Energy Systems as Determined

. by Balance-uf-System! Custs.” Battery storage 1s discussed further in William

' D. Metz, Energy Storage and Solar Power. An Exaggerated Problem,”
Science, June l97§. _ £ ) o
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3. These figures are the author’sgstimates based on assessments of various
analylsts. See, for example, ”Mﬁ;k Predicts PV Future,” World Sular Mar-
kets,” August 1982, and ’JgEE

onference Report,” Photovoltaic Insuder’s Re-
port, November 1982. : .

35. Figures are estimates based on discussions with various industry analy-
sts, -

ot

36, The early development of the photovoltaics industry is discussed in

Maycock and Stirewalt, Photovoltarcs, ’ :
- 37. Ol xompan mwlvement\f@)to»oltaics industry is described in

detail in Stambler and . Stambler, Competition 1 the Photoveltaics Industry,
Major vil wmpanes that have invested in photovoltaics include Amoco,
ARCO, Chevron, Elf Aquitarre, Exxon, Gulf Oil, Mobil Oil, Phillips Petrol-
eumn, Royal Dutch Shell, Shell U.S., Sohio and Fotal.

. 1 ,
38. Ray Reeve, The Sun Betmged. A Report un the Corporate Seriz .S™Solar
Energy Develypment (Buston. South End Press, 1979), Stambler and Stambier;
Competdtion i the Photovoltars Industry . Karl Frieden s quoted in Ralph Flood,
“Big Oil Reaches for the Sun,” New Scientist, November 12, 1981. )
39. George Tenet 1s quoted in “’SEIA Hits CRR Report on PV Market, Calls
Industry 'Extremely Competiive’,” Solar Energy Intelligence Report, March 1,
1982. Morns Adelman 1s quoted in “Big Oil Reaches for the Sun.”

40. These puints are discussed extensively in Stambler and Stambler, Com-*
petition in the Photovoltaics Industry.

41. Ronald L. Wilcox, in ~’Oil Companies and Photovoltaics: A Potential
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Mb’nop'ol{;," Sdlar, l,azL" Repurter, NovemberDecember 1981, polhts out that
existing U.S anti-frust laws will not impede o1l company purchases of

photovoltaics firms Qther approaches, including the granting of small busi- |
ness loans, are therefore needed to maintain a diverse indusfry. 55

42. The intérnational photovoltaics industry 15 descnibed in Stamblet and
Stambler, Competition in the Photovoltaics Industry, Science Applications, Inc., :
Characterization and Assessment of Potentual Européan tind Japanese Competition,

and William J Murray, “Marketing Photovoltaigs. The Europeans are .
Coming,” Solar Engineering. Additional informapon was_provided by Robert

R Ferber, US. Jet Propulsion Laboratoty, private communication, Nov-

ember 11, 1982 and Robert Johnson, Strategies Unlimitéd, private commu-
nication, November 12, 1982. ’ . e '

43. Murray, “Marketing Photovoltaics”, “France Plans PV Expansion,” «

+ World Solar Markets, July 1982, "Will German Solar Survive the Recession?”

World Solar Markets, month unknown, 1981, Douglas L. Finch, *“The Japanese .
Photovoltaic Threat,” Solar Age, February 1981, %Aaycock, “My Fact Finding
Tour of Japan.” . o ’

"~ 44. Solarex joint veptures are described in the Solarex International Newsletter,
(various issues) Several of the large Japanese photoxoltaics companies have
agreements with U S. cpompanues for thie transfer of solar cell technologes,

- according to news reports. :

45. The natural advantages of European and Japanese companies in Third
World iparkets are we -describedpm Science Applicafions, Inc., Char-
actenization and Assessment of Potential European and.Japanese Competition. The
current market in developing companies, which 1s particularly competitive in
Southeast Asia, was described by, Louis Rosenblum, a photovoltaics con-
syltant, private communicatiorr, November 4, 1982. * ]
46. Government programs are described in Wilham D. Metz and Allen L.
Hammond, Solar Energy in Amera (Washington, D.C.. Amenican Assouatiun
for the Advancement of Science, 1978), James W. Fortenberry and John L.
Hesse, “Overview of the National Photov oltaics Program,” in Proceedings of
the 5th Natwnal Passive Solar Conference, Amencan Section of the International
.Solar Energy Society, Amherst, Mass., October 19-26, 1980, Paul Maycock,
" "Overview of the U S. Photovoltaic Program,”” in Fifteenth IEEE Photovoltaic
_ Specualists Confereme - 1981 Proceedings, R.” Ferber and K.-Shimada, “Japanese
[’.ff’\e tovoltaic R&D,” U.S. Jet Propulsion Laboratory, Pisadeng, Calif., un.
pub ilshed, 1982, New Energy Development Organizatlon, “R&D of Photo-




"~ “voltaic Conversion Systems,” Govemment of Japan, Tokyo, unpublished, ,

1980, "EEC PV Conference Emphasizes Research,” Worlid Solar Markets, June

. 1982, and Saience Applications, Inc., Charadterizaton and Assessment of Poten-

‘ 5 tial European and [apanese Competition.

47. Robert R. Ferber, "The Status of Foreign Photovoltaics R&D”, “EEC PV
Conference Emphasizes Research.”” The U.S. photovultaics budget 1n fiscal

, year 1982 was+78 milhion. The budget for fiscal year 1983, which began in
October 1982, has riot been deaded vn by Congress, but most likely will be
between $45 milion and $50 mullion, according to Dick Munson of the Solar
Lobby, private communication, November 8, 1982.

48. These puints are made 1n private by both industry and government
researchers, thuugh many will nut upenly (nticize the Reagan approach for
fear uf losing government contracts or their jobs. An additional problem
plaguing the U.S. R&D prugram today 1s uncertainty Recent budget appro-
pnations by Congress have been made after a fiscal year begins, so re-
searchers do not knuw how much their programs will hav e to be cut even as
thuse programs proceed. JThis has caused chaos for some program managers
and has led to a general dechine in morale among researchers. For further
industry views on the effects of budget reductions, set U.S. Congress, Gen-
eral Accounting Offie, Industry Views on the, Ability of the U S. Phototbltaics
Industry to Compete i Foregn Markets (W ashington, D.C.. September 1981).

" 49. The differences between the vanous national R&D programs are de-

scribed 1n Robert R. Ferber, “"The Status of Foreign Photovoltaics R&D.”

v 30. Suence Apphcations, Inc., Characterzaion and Assessment of Potential
European and.Japanese Competition, U.S. Congress, General Accounting Office,
Industry Views. S

51. Dr. Takashi Hongwme, Director of Solar Energy for the New Energy

Develupment Organizationin Japan, expressed satisfaction at the prospect of

U.S. budget cutbacks in a private communication, June 6, 1981.

- 52, "Spire Offers a Furst. 'Off-the-Shelf’ PV Cell, Module Integrated Produc-
ton Lines,” Phutovoltat Instder's R?ml, April 1982, Information on Third

communication, November 12, 1982. .

LT 53, .David Murns, Self Relant Cities (San Francisco. Sierra Club Books, 1982).
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54. Remote-site uses for photovoltaics are described i Maycock and Stir-
ewalt, Photovoltaics and jn various periodicals. '

A
55. “Japan Dominates PV Calculator Market,” ’V%r!d Solar Markets, Sep-
tember 1981, Paul Maycock, “My Fact-Findifig Tour,” Robert Feldman,
“Japan Leaps Ahead in Solar Energy. Opens Largest Solar Cell Plant,” Ele.-
trome Engneering Times, September 14, 1981.

56. Information un the energy dilemmas facing developing countries can be
found in the World Bank, gryzcrgy in the Developing Countries (Washington,
D.C.. 1980), Thomas Hoffman and Brian Johnsort, The World Energy Tniangle.
A Strategy for Cooperation (Cambridge, Mass.. Ballinger Publishing, 1981), and
Amulya Kumar N. Reddy, “Alternative Enel:iy Policies for Devel(win
Countries. A Case Study of India,” in Robert A. Bohm et al., eds., Worl
Energy Production and Productivity, Proceedings of the International Energy Sym-
posium I (Cambridge, Mass.: Ballinger Publishing, 1981). )

57. Studies,that have examined the economics and reliability of diesel ge-
nerators igclude “Report of the Technical Panel on Solar Energy,”” prepared
for the United Nations Conference on New agd Renewable Sources of En-
ergy, Nairobi, Ken}ya, August 10-21, 1981, Development Sciences, Inc., “The
Economic Costs of Renewable Energy,” Agency for International Develop-
ment, unpublished, April 2, 1981, Louis Rosenblum, “Status of Photovoltaic
Systems for Applicdtions in Developing Countries,”” National Aeronautics
and Space Administration, unpublished, 1981, and Norman L. Brown and
James W. Howe, "“Solar Energy for Village Development,” Science, February
10, 1978. Although diesel engines are widely used in rural areas, there is a
dearth of detailed surveys indicating theirr numbers and reliability. Anecdotal
evidence provided by individuals whu have traveled widely in developing
. countries.indicates that the machines are out of order more often than not.
This 1ssue deserves study since if initial indications are nght, diesel engines
should be introduced more carefully and in many cases be replaced.by re-
newable energy technologies.” % . s
58. Lows Rosenblum, .“Status of Photovoltaic Systems”, Dennis Elwell,
“Solar Electricnzl Generation 1n Developing Countries,” Mazingira, Vol. 53,
1981, Lloyd O. Herwig, "Economic Compansons Among Selected Operating
Small Solar Power Systems,” U.S. Department of Energy, unpublished, July
1981, Steve Hogan, The Future of Photovoltaic Energy Conversion m Developing
Countnies (Golden, Colv.. Solar Energy Research Institute, April 1980), Char-
les Drucker, "Third World Bnefing. Photovolfaics Debated,” Soft Energy
Notes, May.June 1982. In spme areas there are other renewable sources of

ERIC .
m . L sy 5 7




. e - . ! ‘

\

electnaty that may be more economical, such as wind power or biomass
However, these energy sources are scarce in many regions, and as the price
ot photovoltaics falls, it 1s ikely to become the most widely used rural electric-
ity technology. Sunlight 15 fortunately quite plentiful in most equatorial re-
10ris. . .1
8 R - ‘ .
59. ' PV Equipment Manufacturers See Growing Market in Third World,”
Solar Energy Intelligence Report, February 22, 1980, Rebecca Kauffman, “India
Promotes Zocal PV for Space and Pumping,” Renewable Energy News, April
1982,  Pakistan Gets First of 14 PV %enerators,“ World Solar Markets, October
1981, Robert Gibbs, ''Photovoltaic Cells. Transforming the Sun’s Rays into
Electnaty,” RéD Mexww, May 1981, Stephen Allison, “gelling Solar Pumps in
Pakastan,”” VITA News, October 1982. Information on the market in the Phil-
appines and Thailland was provided by Louis Rosenblum, private commu-
nication, November 4, 1982. ‘ !

60. 'NASA Agﬁroves Third World "PV Projects,” World Solar Markets, De-
cember 1981, Chnstopher Joyce and William G. Mahoney, “NASA Backs
Worldwide Solar Power Project to Aid Poor,”” World Environment Report,
March 15, 1982. Additional information on U.S. AID funded programs was
rovided by Lows Rosenblum, private communication, November 4, 1981
. European aid prugrams and their promotion of photovoltaics are described in

Saience Applications, Inc., Characterization and Assessment of Potental Exropean
and Japanese Competition. The French program to introduce solar- owered
television sets was described b{) Emile Gouriou of Bureau Yves Eloussin,
private communication, September 3, 1981. The 100 pumps in Somalia are
described in ARCO Solar News, Summer 1982.

61. A major study on solar-powered ﬁurwas sponsored by the United
NationsDevelopment Programme and the World Bank and carried out by
Bntish engineering consultants Sir William Halcrow ‘and the Intermediate
Technology Development Group is described in “Solar Pumps Can Com-
ete,” World Solar Markets, August 1981. See also Jack ] Fritz, “Photovoltaic
ater Pumping. A State-of-the-Art Review,” National Academy of Sciences,
unpublished, May 1982. . ' . .

62. Bill D’ Alessandro, "'Villagers Light tiie Way. Solar Cell Power in Gup-
sight, Arizona,"* Solar Age, May 1979, William J. Bifano et al., “A Photovoltaic
Power System, in the ﬁemote African Village of Tangaye, UpPer Volta,”
NASA Technical Memyrandum, unpublished, December 1979, “Ambitious
30 KWHJ PV System to be Completed in Tunisian Village,” Photovoltaic In-
sider s Report, September. 1982, 1100 KW/p Village Power PV System Being
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Constructed on Greek Island of Kythnos,” Photovoltaw Insider's Report, Sep- *
tember 1982, .

63. The immense energy finanang problems faung develuping countnies 59
and ways to resolv e them are described in Hoffman and Johhson, The World,
Energy Tnangle, The World Bank, Energy in the Developing Countries, and”
Maurnce Strong arid Mahbub ul Haq, The Castel Gandolfo Report on Rencwable
Energy. Toliies and Options, presented to the North-South Roundtable Semi:
nar at the United Nations Conference on New and Renewable Sources of
Energy, Nairobi, Kenya, August 10-21, 1981. .

64. Charles H. Cox lil, "Power-Producing Homes. Making the Utility Con-
neetion,” Solar Age, December 1981, Miles C. Russell, "An Apprentice’s
Guide to Photovoltaics,” Solar Age, July 1981, Richard Kemp, Solar
Electricity—Space Age Technology on a Do-lt-Yourself Level (Ann Arbor, Mich.. .
Aatec Publications, 1981). .

65. “Residential Retrofits Offer Enormous Existing Market, New Stud
Demonstrates,” Photovoltaw Insuder's Report, May 1982. Solar Energy Researc
Institute, A New Prospenity. Bulding a Sustainable Energy Future (Andover,
Mass.. Brick House Publishing, 1981). The study examined the impact of a
4.5ckilowatt (35-square-meter) photovoltaic system instdlled on an energy-
effiaent huuse that uses between 420 and 480 kilowatt-hours of electricity
monthly in three cities. Fresno, California, Washington, D.C., ahd Madison,
Wisconsin. In Fresnu and Washington there 15 a net sale of electriaity by the
homeowner to the utility, and in g/iadison they break even. However, in all
cases the homeow ner must rely on the utility for a sizable amount of power—
between 46 percent and 62 percent of total needs.-

66. Vanwus sular electric houses,are described in Burt E. Nichols and Steven
J. Strong, ““The Carhisle House. Solar Electric Residence 1s Energy Self-
Sufficient,” Solar Engineering, A‘pril 1982, Roger J. Osten, Jr. and Steven .
Strong, A Prototype Passive Sofar Heated and Cooled Photovoltaic Powered
Residence for the Northeast,” in Proceedings of the 5th Natonal Passive Solar
Conference of the Amencan Section of the International Svlar Energy Souety, Am-
herst, Mass., October 19-26, 1980, and Dave McNary, ”’A Small Boom in
Home Systems,” Solar Age, August 1981.

\ <
67. Murray A. Toback, "IV Home Installation Yields Important Data,” Solar
Engimeering, November 1981, Miles C. Russell, “’Residential Phdtovoltaic Sys-
tems Designs,” Solar Enimeermg, Nuvember 1981, Gordon F. Tully, J. Stewart
Robgrts, and Thomas A, Downer, “The Design Tradeoff for the Mid- to
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Late-1980’s. Phutovultaies versus™Passive,”” Proceedings of the 5th Natiunal Pass-
ive Solar Corfference. ./
1Y
60  68. These figures inude balance-of-sy stem wosts of between $4 and $6 per
peak watt. R 3-kilowatt system cuulc{ supply more than half, of electricity
Tequifements in sinny areas and considerably less in some Jdoudy regions.
Climate will continue to be an important determinant of economi easilhty.
69. Fur a discussiun of diverse renewable resvurce-based electnuaty systems,
see Damel Deudnezvand Chnistopher Flavin, Renewable Energy. The Power to
Chovse. New York. W. W. Norton & Co., forthcoming. More work is needed
un the integrativn of decentrahized photovoltaie systems into utility gnds.
Preliminary studies indicate that sume sgeual measures will have to be taken,
but that there are no vverwhelming vbstacles so lung as the sular electnc
share uf tutal power supply dues nut exceed 30 percdnt. Sular electriuty will
displace baselvad generating plants in most regions and will reduce peak
power requirements even further in hot, dry dimates. For further infor-
mation see M. Hassan and J. Klein, Distributed Photovoltai. Systems Utdity
Intgrface Issues and Their Present Status (Washington, D.C.. U S. Department of
Ehergy, 1981), R. O, Mueller, B’ K. Cha, R. F. Giese, "Solar Photovoltaic
Power Systems. Will They Reduce Utilit{ Peaking Requirements?”, Suene,
July 10, 1981, and R. W. Boardman et al, Impact of Dispersed Solar and Wind
Systems un Electric Distribution Planuny and Operation (Springfield, Va..
ational Technical Information Service, 1981).

\

70. A centralized, desert-based solar power system for the U.S. was pro-
osed in Aden Baker Meinel and Marjonie Pettit Meinel, Rower for the Pcuglc
Tuusun, Ariz.. privately published, 1970). A similar scheme was profuscd ¥y

William Cherry of NASA, one of the early photovoltaics advocates. His plan,

desinbed in Maycouck and Stirewalt, Photoveltans, walls for solar arrays by

1990 to cover, 31,500-square miles, or 1 percent, of U.S. land in order to

~-~-supply all electricity.

71. The unginal propusal for a satellite svlar power system is Peter E. Glaser,
"Power from the Sun. Its Future,” Suence, November 22, 1968. Alsq see Peter
E. Glaser, "Evolutiun of the Solar Ruwer Satellite Concept. The Utilization of
Energy from.Space,” presented at the Sewond United Nations Conference on

the Exploratiun and Peaceful Uses of Outer Space, in Vienna, Austria, Au-
%ust 9-21, 1982. Fur a critical view of the idea, see Adam Hochschild, “Shut-
tling Manhattans to the Sky,” Mother Jones, May 1978. ‘
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72. It would take 15 years for a satellite solar power system to generate as
much energy as 1s required to build 1t, a very long energy payback period
compared to must energy. suurces, induding terrestrial photov oltaics, accord-
in% to R. A. Herendeen, T. Kary, and J. Rebitzer, “Energy Analysis of the
Solar Power Satellite,” Scence, August 3, 1979. Detailed cntical assessments
of the concept are National Science Foundation, Electric Power from Orbit. A
Critique, ‘? a Satellite Power System (Washington, D.C.. 1981), and U.S. Con-

ress, Office of Technology Assessment, g)lar Power Satellites (Washington,

.C.. 1981). These studies puint out that photovoltaics will be economical for
use on earth lung before they will be economical through orbiting power
stations. .-

73. Extensive development of solar thermal power plants was the centert
prece uf Amenan and Eurvpean solar research programs throughout most of
the seventies. Several experimental plants have been erected in the svuth-
western Unuted States, Italy and Spain. The largest, a 10-megawatt plant in
Barstow, Cahfornia, cost $140 mullion. These projects have been widely criti-
azed, mainly because they are expensive and appear to draw funds away
from other solar energy technologies. In the last few’ years solar thermal
power plant budgets have been reduced and phutovultaies budgets increased
N most cougtnes. See Gerald W. Braun, The U.S. Department of Energy Solar
Thermal Systems Program (Golden, Colo.. Solar Energy Research Institute,

1980), Chfford S. Selvage, “Some European Solar Thergal Power Systems, "

’”

Solar Engmeering, July 1979, and Bnan Gallagher, “Solar Thermal Power
Towers. A Costly Boondoggle?,” Report Senes No. 107, Citizens Energy
Project, Washington, D.C., 1981. :

74. Large photovoltaie prujects are descanbed in “Major Sular Prujects Round
the World,” World Solar Markets, December 1981, and “’Contractors for EEC
Photov oltaic Generator Programme,”™ World Svlar Markets, month unknown,
.1981. See also “Fresnel Lens PV Systems Starting Up at Saudi Villages,
Phoenix Airport,” Solar Energy Intelligence Report, Apnl 5, 1982, ] J. Fendley,
“Solar Energy in Saudi Arabia. The Soleras Project,” Helws, July 1982, and
“"The World’ First Solar Breeder,” a 1982 promotional brochure of the
Sularex Corpuration. Several large ?hotovultmc projects sponsored by the
European Economic Commission will be completed in 1983.

75. "ARCO to Build 1-MWe PV Array, Sell Power to SoCal Ed,” Solar E(’L’E\{
Intelligence Report, Apnil 5, 1982, and 100 MW—Phase One,” Renewable En-

eryy News, February 1982 The Italian. project 1s described in “Major Solar

Projects.” (
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76. U.S. Congress, ‘Svlar Photovoltaic Energy Research, Devel\)pmenmd
Demonstration Act of 1978,” Washington, D.C., 1978, U.S. Department of
Energy, Multi-Year Program Plan, Natwnal Photovoltaies Program. A maximum
practial’” figure of one quad for the year 2000 was used by the landmark
study, Domestic Policy Review of Solar Energy (Washington, D.C.. U.S. De-
partment of Energy, 1979). Since nuclgar power plants operate on avera
vver 30 percent of their rated apacity an Fhotowltalcs operate at-ufider 25
percent, it takes at least two megawatts of solar cells to generate as much
power as one megawatt of nuclear capacity.

77. U.5. Cungress, General Accountin Office, Probable Impucts of Budget
Reductns on the Da'chgnncnt and Use of Photguoltar Energy Systems (Wash-
ington, D.C.: March 1982). ’ *

78. For a utility industry view of electnaty trends, see “33rd Annual Electri-
«al Industry Foremst,"rzlr.’dnml World, September 1982. Even Electrical World
has been greq;li reducing its forecasts in the last several years as con-
servation has taken hold, For equally bullish views of electricity trends by
ghoto»oltalcs analysts, see Monegon, Ltd., The Future of Photovoltwc Solar
lectruity. The Next 20 Years (Gauhersburg, Md.. 1982), and Maycock and
Stirewalt, Photoveltaics. '

79. Growth in U.S. electriaty use in_the last five years has averaged 1.7
ercent per year according to the U.S. Department of Energy, Munthly Energy
eutew, October 1982, Similar trends in Europe are re%orte in “EEC Nudlear

Makes Big Gains Despite Overall Energy Dechine,” European Energy Report,

February % 1982. Prujections of very slow growth in electricity use include

Solar Energy Researgh Institute, A New Prosperity, and Robert H. Wilhams,

Our Energy. Regavung Control (New York. McGraw-Hill, 1981).

. . [
80. French efforts to lower the electricity requirements. of television sets in
order to puwer them with phutovultaies were described by Emile Gourtou of
Bureau Yves Houssin, private communication, September 3, 1981. Many
puuneenng users of ghutuwltau systems are working to reduce the power
needs of apphances. See, for example, W. L. Peters, "Eow Power Appliances
Render PEotm ultaies Affordable,” Canadmn Renewable Energy News, De-
cember 1981. . < :

81. These projectiuns are the author’s and are based on the analysis in earlier
sections of the paper, particularly the cost projections made in the section,

game." The 20.to 30 percent limit is determined by
space limitatiuns 1n sume Teglons, but more importantly by reliability prob-
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lems that result if photovultais supplies too large a share e electricity In
a power gnd. For a review of photovoltaics projections artous indust
analysts see "IEEE PV Conference Report. Optimism Prevails,” Photovoltaic
Insider’s Report, November 1982.

82. The Ford Foundation, Nuclear Power Issues and Choces (Cambndge,
Mass.. Ballinger Publishing, 1980), U.S. National Academy of Saences, En—
ergy i Transition. 1985-2010 (San Franasco. W. H. Freeman and Co., 1979).
Each of these studies takes an optimistic view of advanced nuclear tech-
nologies but cundludes that neither breeder plants nor fusion reactors will be
widely commeraalized until well after the turn of the century.
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