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ABSTRACT 

Recent advances in photovol taic techno logy, the 
resu l t  of a U. S. Department of Energy program 
in partnership with indu s try, univers i ties, and 
uti l i ties, are described, An overview i s  given 
of the current and pro jected markets for photo­
voltaics. The discussion of the technology and 
markets sets the stage for the primary sub ject 
matter of the paper, which is the discussion of 
the U. S. experience wi th photovol tai cs in 
developing countries. Thou sand s of photovoltaic 
systems worldwide are providing rel iab le, 
cost-effective electrical energy in remote 
appl i cations such as telecommuni cations, water 
pumping, and vaccine ref rigeration. 

1. INTRODUCTION 

The modern era of photovoltai c s  ( PV) -- the 
di rect conversion of sunl ight into electricity 

began in the mid-1950's with the d i s covery 
of the s i l i con solar cel l  at Bel l Laboratories. 
The potential s of the technology were reali zed 
from the outset : PV could provide electric 
power worldwide with no cost for fuel, no 
pol l ution or other environmental effects, and 
s imple, relatively maintenance-free operation 
at remote locations. The modularity of the 
technology -- systems can be bui l t  in s i zes 
f rom a few watts to many megawatts -- was seen 
t� be a further advantage for these app l i ca­
t�ons. In spite of its potential, the u se of 
PV was relegated to providing power to space 
satel l i tes through the earl y  1970's as a result 
of i t s  high cost, and the low cost and easy 
avai labi l i ty of fossil fue l s. The oil embargo 
of 1973 changed the perception of photovol taic 
technology, and marked the beginning of a 
concerted effort, in the u. S. as wel l  as the 
rest of the world, to reduce the cost of PV for 
terrestrial applications. The U. s. Department 
of Energy's ( DOE) National Photovol tai c s  Prog­
ram was born from thi s cri s i s; the Program's 
aim i s  to develop PV technology whi ch can 
produce economically competi tive electr i c  power 
in uti l ity-s cale applications in the U. s. In 
the s hort time s ince its beginning, the P rogram 
has made tremendous strides in increasing the 
effi ciency and improving the reliabi l i ty of PV 
modules, and decreasing the cost of PV-produced 
electrici ty. 

It i s  a recogni zed fact that the bulk of the 
world's i ncreasing energy demands in the next 
couple of decades wi l l  come f rom developing 
count ries. Thi s  i s  based on the reali ty that 
the maj ority of the earth's popu lati on, several 
bi l l i on s  of people, live today without the 
benef i t s  of electric power, and the attendant 

benefits it provides through improved produc­
tivity and economy, and improved social cond i ­
tions ( health and wel fare, education, etc. ). 
The growth rate in energy markets is 9 to 10 % 
per year in developing countries versus only 2 
to 3 % in the developed world. This rai ses the 
question as to how the developing countries are 
going to meet such huge energy demands in order 
to achieve the minimum objectives of their 
economi c and social development programs. 
Thousands of PV systems worldwide are providing 
part of the answer to this question : 
modules are generating power in small remote, 
grid- i ndependent appl i cations such as tele­
communi cations, water pumping and vaccine 
refrigerat ion. In all these applicat ions PV i s  
today's economical power option of choice when 
the f u l l  l i fecycle costs and benefits of the PV 
system ( e. g. , rel iab i l i ty) are cons idered. 

Thi s  paper reviews the recent advances in PV 
technology which have occurred under the DOE 
Program. A short overview of PV markets, ·both 
current and projected, is also given. The 
di s cu s s i on of the technology and markets i s  
necessary t o  set the s tage for the primary 
sub ject matter of the paper which is the U. S. 
experience of u sing PV systems in developing 
countries in a variety of remote, stand-alone 
app l i cations which are cost-effective today. 
The conclusion s  reached from these appl i ca­
tion s, and the expectations and impacts of 
future technology advances are discussed. 

2. U.S. PHOTOVOLTAIC PROGRAM 

Developing cost-competitive photovoltaic power 
for utili ty- s cale app l i cation s  is a goal of 
both the u. s. government and industries. Over 
the last 11 years, the U. S. government has 
invested more than $800 mi l l i on in photovol­
tai cs - - much of i t  on long-range, high-ri sk 
research and development. The private sector 

both PV i ndustry and elect ric util ities -­
has i nvested hundred s of mi llions of its own 
dol lars, emphasizing near-term PV technology 
development and commerciali zation. The vast 
expert i se of our universities is tapped through 
subcontracts and col laborative research. 
Government, industry, and academi a  are pul l i ng 
together as a team to find the techni cal 
solutions requi red to estab l i sh photovol taics 
as a compet itive energy supply option. Thi s 
investment of f unds and people has paid off: 
the cost of PV-supplied power, without s torage, 
has decreased s ome forty-fold over the past 11 
years to about 30 cent s  per kilowatt-hour 
today; the expected l i fetime of commercial, 



Table 1: 
FEDERAL/INDUSTRY LONG-TERM (YEAR 2000) TECHNICAL GOALS (1986 DOLLARS) 

Based on a leveli zed electri city cost-target of 6 cents/kWh 

Flat-Plate Concentrator 
Systems Systems 

Module Effi ciency at 25°C (in %) 15 - 20 25 - 30 

Module Cost (in $/square meter) 45 - 80 60 - 100 

Balance-of-Systems Costs 

area-related (in $/square meter) 50 - 100* 125 

power-related (in $/kW) 150 150 

System Life Expectancy (in year s) 30 30 

* Balance-of-sys tem costs vary depending upon the type of f lat-plate system 
(f ixed, one-axis, or two-axi s tracki ng)

FEDERAL/INDUSTRY NEAR-TERM (EARLY 1990s) TECHNICAL GOALS (1986 DOLLARS) 
Based on a leveli zed electricity cost-target of 12 cents/kWh 

Flat-Plate Concentrator 
Systems Sys tems 

Module Effi ciency at 25°C (in %) 10 - 20 15 - 25 

Modu1e Cost (in $/square meter) 90 - 240 1 10 - 275 

flat-plate crystal l ine s i l i con modules has 
increased to 20 years or more; eff i ciencies of 
s i li con s olar cel l s  have doubled; and new 
photovoltai c material s and device conf igura­
tion s  have evolved whi ch have the potent i al for 
much lower costs· and/or greater eff i ciencies 
than the conventional s i l i con technology. 

The u. s. Department of Energy's (DOE) National 
Photovoltaics Program: Five Year Research Plan, 
1987-1991 [1] describes an aggres sive research 
program in photovoltai c materials, devi ces, 
modules, and systems to estab l i sh the technol­
ogy base for cost-competitive photovoltai c 
electrici ty. In the long term (year 2000 and 
beyond), the goal is to achieve photovoltaic­
generated electri city produced at a 3 0-year 
leveli zed co s t  of 6 cents per ki lowatt-hour. 
In the near term (early 1990-s), the Program 
intends to gain the technology improvement s  
needed t o  produce elect ricity at 1 2  cent s  per 
ki lowatt-hour. The Program i s  pursuing paral­
lel development paths toward these goals, 
including f lat-plate thin f i lms, f lat-plate 
crystal l ine s i l i con, and concentrating col lec­
tors. Table 1 s hows the respective goal s for 
f lat-plate and concentrator systems in terms of 
module effi ciency and cost as wel l  as goals for 
the other system parameters. The Program is 
under the d i rection of the Photovoltaic Energy 
Technology Divi sion of DOE, with the research 
activities performed and managed by the Solar 
Energy Research Insti tute (SERI) and Sandia 
National Laboratories. Program implementation 
i s  based on partnerships among the federal 
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government, private i ndustries, uni vers i ties, 
and electric uti l i ties. 

In spite of decreasing federal budgets in 
recent years, the technology has continued to 
make s i gn i f i cant advances. Improvements in 
materials and processing, solar cel l desi gn, 
and cel l  fabrication techniques have led to new 
records in cel l ef f i c iencies in nearly all 
material areas. Advancements in module 
eff i ciency, cost and rel i ab i l i ty have resu lted 
in a growing l i s t  of u. S. uti lities that are 
testing photovoltai cs . The conti nuing 
successes may be attributed to three factors: 
the strength of the technology; the health and 
aggressivenes s  of the indust ry, as exemp lified 
by cost-sharing of research programs; and the 
cost competitiveness of the product in an 
increasing number of appl i cations. In the 
following, we review the recent advances and 
major research directions in each of the PV 
technologies of interest: crystal l ine sili con, 
amorphous s i l i con, polycry stal l ine thin f i lms, 
high effi ciency (III-V) materi als, and 
concentrator cel l s. Summaries of the techni cal 
accompl i s hments are given in the variou s  annual 
Program documents [2, 3 ]. 

Crystalline silicon has been the workhorse of 
the PV industry to date with the bulk of the 
PV power modules u sed made from s ingle or 
polycrystal l ine s i l i con materials. S i l i con 
i s  one of the best unders tood materi al s, with 
a technology base rooted i n  the sem i conductor 
industry. Yet, in the past two years, maj or 



breakthroughs have been made in the labora tory 
with e f f i ciencies of 21 to 2 2% achieved by 
several r esearchers. The translation of these 
high e f f i ci encies to low-cost silicon 
mater i als, using low-cost cell fabri ca ti on 
processes, constitutes much of the current 
program activity. I n  addition, efforts are 
going into lowering the material costs by 
growing thin sheets (or ribbons) of si l i con 
direct ly f rom the melt, and thus eliminating 
the cost and a ttendant material waste of 
sl i cing an ingot, and growing a thin f i lm of 
polycryst a l l ine si l i con on a low-cost 
substra te. The latter approach has recently 
resul ted i n  a 12. 6% e f f i ci ent laboratory solar 
cell. The research is expected to improve the 
cost-ef fectiveness of today ' s  products, 
leading to crystall ine si licon modules whi ch 
are ava i lable a t  less than $2 per peak wa tt in 
the near future. 

The advent of amorphous silicon (a-Si) photo­
volta i cs has been one of the most exciting 
areas in the field . Fifteen years ago, the 
materia l was merely a laboratory curiosi ty; 
today, it has a large segment of the PV market, 
mostly i n  low-power consumer app l i cations. The 
advantages of this technology are : low silicon 
ma terial usage (about l /300th of that for 
crystalline sili con); the abi lity to deposi t 
the a-Si f i lms on low-cost substrates such as 
glass, steel or p lasti c by sca lable deposi tion 
processes; and the ability to fabricate entire 
modules, with interconnected solar cel ls, at 
once during f i lm d eposi tion. A range of 
app l i ca t i ons other than PV (such as xerography 
and thi n - f i lm transistors) has spurred a large 
investment in a-Si by the private sector. 
Solar c e l l  effi ciencies in the laboratory have 
reached 11 to 12% for single- junction cells and 
over 13% for mult i j un ction cel ls. (The l atter 
devi ce consists of two or more solar cells 
which a r e  sta cked on top of each other -­
either mechanically o r  mono lithica lly - - to 
provide a more e f f i cient use of the sun ' s  
spectrum . )  Submodules, about 1 square foot in 
area, are in the 8 to 10% range, whi le large­
area modul es, 3 or 4 square feet, are now 
produced at 6% effici ency. The state-of-the­
art in module size is a 4 ft. x 4 ft. module. 
The trend in the technology is toward the 
multi j unction devi ces, both for higher 
effici encies and for improved st abili ty. This 
requires research on amorphous si li con materi­
als whi ch are a l l oyed with germanium, carbon or 
other e l ements. The expectations are that 15% 
multi j unction module effi ciencies can be 
achieved at costs whi ch are a fraction of 
today ' s  crystalli ne si l i con module costs. 

A related area to amorphous si li con is that of 
polycrystalline thin films -- primari ly copper 
indium d i selenide (CuinS e ) and cadmium tel lu­2
ride (CdTe) . These materials are very effective 
in absorbing sunlight, so very litt le ma terial 
is requi red (typi ca lly 1 to 2 mi crons). The 
fi lms can be deposited by a variety of 
potentia l l y  low-cost methods on inexpensive 
substrates such as g lass. The range of 
efficiencies a chi eved is similar to a-Si (11% 
for labora tory cel ls), yet these materials have 
received far less attention to date. Another 
important resul t  is that these thin-film 
mater i a ls have been shown to be very stable i n  
laboratory tests. Effi ciencies o f  submodules 
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are above 9% for CuinSe and above 6% for CdTe2 
-- the latter result is on one of the f i rst 
submodu les of this si ze produced in the u. s. 
The research trend in polycrysta l l ine thin 
f i lms is a lso toward the h i gher efficiency 
mu lti j unction cel ls, aimed at produci ng module 
e f f i ci enci es in the 15 to 20% range. This 
requires development of a ll oy materia ls, such 
as CuinSe al loyed with gallium or sulfur,2 
and CdTe a l loyed with magnesium, zinc, 
manganese or mercury. One can a lso combine 
two types of materials in a mul ti j unction cell. 
For exampl e, the combination of an a-Si top 
cell and a CuinSe bottom cell, in a four­2 
terminal devi ce, has led to a greater than 10% 
effi cient submodule of nearly 1 square foot 
a rea. Increasing investments in the U. s. 
priva t e  sector in polycryst a l l ine thin f i lms 
are likely to result in the emergence of these 
materials as commercial PV products in the near 
future. 

High efficiency materials, such as gallium 
arsenide (GaAs), are formed f rom elements in 
columns I I I  and V of the period i c  tab le. The 
approach here is to develop cells whi ch may be 
somewhat more expensive, but produce more power 
per unit area because of the i r  higher 
effici ency. Such trade-offs in cost/ef f i ci ency 
form the basis of the DOE Program (see Table 
1). Ef ficiencies of 23. 7% were rea l i z ed 
recently in GaAs, whi le a novel thin-film 
approach, which uses only a few microns of 
GaAs by " cl eaving " the f i lm f rom a reusable 
GaAs substra te, has resulted in a laboratory 
e f f i ci ency of 2 2 . 4%. Ef f i ciencies of 35 to 
40%, under concentrated sun l i ght, may be 
a chi eved with mult i j unction cells using I!I-V 
a l loy materi als, such as AlGaAs and GainAs. A 
two-sta ck cell of AlGaAs and GaAs was measured 
recently to be 23. 9% efficient under one-sun 
i llumination . Research in the area of high 
e f f i c i ency cells is centered on the development 
of the exacting crystal growth processes needed 
to produce high qua l i ty materials. 

The approach of concentrator cells is based on 
the combination of a smal l -area (and relatively 
expensive) solar ce l l  with low-cost lenses and 
systems whi ch concentrate sun l ight onto the 
ce l l .  The mult i j uncti on I I I -V cells described 
a bove hold the promise of very high eff icien­
cies i n  this approach. The recent excitement 
has been the achievement of greater than 28% 
e f f i ci encies in sing l e - j unction Si and GaAs 
concentrator cell in the laboratory. The 
former was demonstrated at a concentration of 
140 suns, whi l e  the latter was a chieved at 400 
suns. The GaAs devi ce was 27 . 5% efficient· at 
1000 suns concentration. Module -ready Si cells 
of up to 2 4% effici ency (at 150 suns) have been 
fabri cated and tested in concentrating modules. 
These resul ts, as we l l  as developments in the 
con centra ting modules themselves (e. g. , low­
cost Fresne l  concentra tor lenses, prismatic 
cel l covers which improve l i ght input into the 
cells, improved module reliabilities, etc. ), 
have created a resurgence of interest in 
concentrating collectors among the PV industry 
and utilities. One of the l argest PV concen­
trator systems in the world, a 300-ki lowa tt 
system, is currently under construction in 
Austin, Texas in a jointly-funded project by 
DOE. 



 

In a ddition to the materials and devices, and 
module research efforts described above, the 
DOE program supports research on PV systems. 
The goal of the systems development e ffort is 
to establish the system and balance-of-system 
technol ogy b ase and transfer it to industry. 
An important activity in this area is the 
Design Assistance Center (DAC) at the Sand i a  
Nationa l Laboratori es. The g o a l  of t h e  DAC is 
to accelerate the acceptance of PV wor ldwide by 
assisting industry in educa t ing the user about 
the benef i ts and use of the technology. The 
DAC does this through consultation, design 
summary documents, and workshops. The DAC a lso 
provides design assistance to a vari ety of 
uti l i ty, private, and f ederal proj ects in the 
U. S. and abroad. During 1987, the DAC has 
worked with over 100 users worldwide on PV 
systems ranging in size from l ess than 100 
watts to 3 00 kilowatts. The DAC has also 
p layed a key role in many of the PV system 
activities in developing countries descri bed in 
this paper. 

A continuing effort in systems evaluation is 
aimed at determining system reliabi l i ty and 
performance through the maintenance of a 
f i eld-performance data base in cooperati on with 
private system operators. The P rogram ' s
long-term commi tment to reliabi l i ty research is 
validating the dependab i l i ty of photovoltaic 
systems under actual operating cond i tions. Our 
r ecent findings lead to several sign i f icant 
conclusions : the overa l l  consistency of energy 
producti on data shows that performance 
degradation i n  modules over time has been 
minimal and that many early system problems 
have been overcome� system performance is well 
understood and can be accurately modeled, 
effectively ensuring the qua l i ty of new
designs� typical fai lure rates of cryst a l line 
silicon PV modules average wel l  below one-half 
of 1% per year� and current operation and 
maintenance costs· for large systems (of 25 kW 
or more) are about 0 . 5  cents per kWh, which 
compares f avorably with a l l  other energy supply 
technologi es. 

The success of the PV Program would not be 
possib l e  without the close col la borat ion of the 
PV i ndustry, uti lities, universi ties and the 
government. Cost-sharing research contracts 
with industry, sometimes under 50% cost-sharing 
a rrangements, have infused nearly $7 m i l l i on 
i nto the materi a ls and devices research i n  
1987 . More than 5 0  universities worked o n  
research proj ects f o r  t h e  Program i n  1 987, 
receiving $6. 7 mill i on. The private sector has 
cost shared system experiments in joint 
proj ects with the government, and many 
utiliti es initi a ted their own joint projects 
with PV industry partners to examine some of 
the newly evolving module technologies i n  a 
uti l i ty setting. As the research identifies 
the most promising materials and processes, 
col la borations with industry wi l l  guide our 
ef forts toward a cost-competi tive product for 
e lectric uti lities. 

3 .  PBOTOVOLTAIC MARKETS 

In order to view the U. s. i nvolvemen t  i n  
photovoltaics in deve loping coun tries in the 

proper context, i t  is important to review 
briefly the recent history and current status 
of PV markets worldwi de and the involvement of 
the U. S. PV industry i n  these markets. This 
wi l l  a lso provide a better appreciation of the 
wide range of applications of PV today. A 
detai led analysis of wor ldwide PV markets is 
given i n  reference 4.  Several DOE Program 
documents review the U. S. experience with 
today's photovoltaic systems and describe 
potential market opportunities for photo­
voltaics (5,6] .  

Photovoltaics i s  now used i n  applications 
ranging in power from a few mi l liwatts to 
sever a l  megawatts, with many of the appl ica­
tions cost effective. The advent of the 
microelectronics industry has resulted in the 
use of many megawatts of PV in mi l l i ons of 
calcul ators, watches, and other smal l  devices. 
I t  is estimated that some 130 mi l l i on uni ts 
(smal l  PV modules) were f ab rica ted for the 
calculator market in 1987 [4] . As costs have 
improved, so have the number and si z es of the 
consumer products uti l i z ing PV technology. 
Battery chargers, auxi l i a ry power suppli es, and 
emergency rad i o  power sources are just some of 
the new applications of PV now being brought on 
the market. A garden li ght, produced b y  a U. S. 
a-Si manufacturer, was sold in some 160,000 
uni ts in 1987, with sa l es expected to triple 
this year [7]. 

The system and ba lance-of-system technologies 
have now matured to the point that the only 
t echnical obstacle to the eventual widespread 
uti l i zation of PV in U. S. util i ty systems is 
coll ector (i. e. ,  PV module) cost. However,. the 
progress a lready made in this area has led many 
U.S . uti lities, as wel l  as third party 
investment groups, to begin to investi ga te 
large-sca le photovoltaic systems today. Three 
megawatt si z e  installations exist in the U. S. : 
the 1 MW plant at Hesperia, Cal i fornia (Arco 
Solar, Southern Cali forn i a  Edison); the 2 MW 
plant in S acramento, Calif ornia (DOE, Sacra­
mento Municipal Ut i li ty District); and the 6 . 5  
MW plant i n  Carrisa Plains, California (Arco 
Solar, Paci fic Gas and Electric). In addition, 
sever a l  utilities are l ooking at sma l l er -scal e  
power f o r  residenti a l  applications, as wel l  as 
examining new technol ogies such as amorphous 
si licon. The conclusions reached by the 
uti l i ties are very encouraging. The PV systems 
have proven to be extremel y  rel iable; the 
p l ants del i ve r  power, as expected, when the 
sun is shining. Operation and maintenance 
costs are comparable t o  . conventional 
technologies. The power d e li vered by PV is 

·an excel l ent match to the u t i l i ty demand -­
this feature of PV may make i t  a ttractive to
many uti l i ties well before the long-term cost
goals are rea l i z ed. From these l arge-scale
insta l l ations, it is estimated that the cost of
PV power today, wi thout storage, is about 30
cents/kWh.

I n  between the consumer markets, where PV 
serves most ly as a conven i ent i f  not 
cost-effective source of power, and the 
uti l ity-sca le experimenta l systems, where the 
power del ivered is not yet cost-competi tive 
with other energy sources, exists the real 
market for today's photovoltaics -- the supply 
of power in remote, stand-a lone app l i cations. 
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Thousands of PV systems worldwide provide power 
to communications, water pumping, refri gera­
tion, and other sma l l -to-medium power uses. In 
this market segment, PV systems are not. only 
economica l ly viable but are the preferred 
choice over other al ternatives, as d iscussed in 
deta i l  in the next secti on. The cost of PV is 
not an impediment to the growth of these 
mark ets, rather the lack of awareness of the 
technology is what limits today ' s  market size. 

Figure 1 shows the historical trend in world PV 
markets over the past seven years. The f i gure 
ident i f i es shipments by PV manufa cturers in 
the u. s. , Japan, and other countries (Europe 
and rest of the world). The total module 
shipments in 1987 were 28. 6 MW [4], including 
8. 65 MW from the U. S. , 12. 45 MW from Japan, 
4. 7 MW from Europe, and 2 . 8 MW from the rest of 
the wor ld. Several trends are apparent from 
the f i gure. First, the i ncreasing share of 
Japan in the market is the resu lt of their 
domination of the consumer product market. 
Module shipments from Japan actually decreased 
from 1986 to 1987 as a r esult of a saturation 
of the calculator market. Second, the U. S. 
share of the world market has decreased from 
about two-thirds in 1981 to less than one-third 
in 1987. However, if the consumer products 
are not considered (8. 6 MW in 1987), the U. S. 
is the market leader in 1987 with about 8 MW of 
the r emaining 20 MW of power products. Of this 
latter total, some 18. 2 MW went into commercial 
products, with the rema inder used in various 
government-funded pro j ects. In terms of cell 
technol ogy, f la t -plate crystalline si l i con 
(single crystal and cast polyc rystal) modules 
supplied 62. 2% of the market (including well 
over 90% of the·power products), and amorphous 
sili con a ccounted for 37. 4%. The rema ining 
0. 4% included minimal shipments of concentrator 
modul es and fl at-plate crysta l l ine si l i con 
modu l es based on si li con r i bbon or sheet 
material. Concentrator modules, which in 
prior years had a much greater share of the 
market, are expected to increase in 1988 as a 
resul t  of various pro j e cts coming on line 
(e. g. , the DOE/Austin pro j ect). 

It is instructive to consi der the 18. 2 MW of 
commer c i a l  products in 1987 further as about 
two-thirds of this total includes module 
shipments to developing countries. Foll owing 
an analysis of the markets [4], we can identify 
three ma j or sectors where essentially all PV 
systems in developing countries fall.  These 
are : (1) Worldwide Communi cations and S i gna ls 
(about 9 MW): (2) Worldwide PV/Diesel 
Commercial (about 5 MW ): and (3) Worldwide 
Off -the-Grid Rural (about 4 MW). 

Communi cati ons and remote signals (mi crowave 
repeaters, rad i o  and TV transmission, tele­
phone, government/mili tary commun i cati ons, 
etc. ) constitute the l argest PV busin ess 
sector. Some 6 MW of PV modu l es were shipped 
to developing countries for this purpose in 
1987, including about 3 MW from the U. S. The 
second l argest business sector i ncludes uses 
such as water pumping, cathod i c  protect i on, 
vil lage power (tens of kW si zes), .and vaccine 
refrigerati on; about 80% of the 5 MW in 1987 
were used in developing countri es. The 
off -the-grid rural sector includes app l i ca tions 
such as battery charging, home l ighting, 
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power for radio and TV, and sma l l -vil lage power 
(up to a few kW). This market segment is 
widely dispersed, with some dozen countries 
each using about 200 to 300 kW in 1987. About 
2 MW of the PV modules in this market sector 
were shipped to developing countries, including 
about 1 MW f rom U. s. suppli ers. 

Pro j ecti ons of future markets in photovolta i cs 
depend on a vari ety of factors ranging from 
techni cal considerations (modu le costs and 
effici encies rea l i zed by the various 
technologi es) to economic variables (world oi l 
pri ces, e lectricity pri ces) to soci a l  concerns 
(envi ronmental issues, health concerns). The 
extent of u. s. government funding is seen to be 
a factor as we ll, as it may determine the rates 
at whi c h  the vari ous technology options wi l l  
transfer from the laboratory t o  the market­
place. For the stand-alone markets of interest 
in the developing countries, it is important 
to real i z e  that the market si ze is not as much 
dependent on PV cos.ts as i t  is on the abi lity 
to educa te users and penetrate the application 
sectors where PV is cost-effective today. 
Based on the anticipated growing demand for 
the technology, a forecast [4] of annual modu l e  
shipments is 3 0  to 35 MW b y  1990, 6 0  to 100 MW 
by 1995, and 100 to 200 MW by the year 2000 
in the three market sectors of interest to 
deve loping countri es, identified earlier in 
this section. The total PV markets are 
estimated to b e  about three times these 
figures. Module se l li n g  pri ces are proj ected to 
be (in 1987 dollars per peak watt) $4. 00 by 
1990, $3. 00-$3 . 50 by 1995 and $1. 50- $2. 00 by 
2000. The higher ends of the market f i gures 
(and lower ends of the price fi gures) are seen 
to occur unde r  f avorable economic and social 
conditions (e. g. , increasing o i l  pri ces, 
aggressive U. S. government program). The 
communicati ons market sector is seen to 
continue to remai n  the ma j or market, with the 
PV/d i esel market increasing and eventually 
surpassing it. App l ications in deve loping 
countries wi l l  continue to be the ma jor part of 
these three market sectors. 

The U. S. interest in PV markets in developing 
count r i es is cl ear. These markets represent an 
opportunity for the U. S. PV i ndustry to se l l  
and deve l op products, increase production 
capacity, and maintain economic competitiveness 



with foreign suppl iers. The U. s. PV industry 
is currently exporting over half of i ts tota l 
production : 4 . 5  MW out of 8. 65 ��in 1987, 
essentially a l l  to developing countries. 
Outside of consumer products, these markets 
r epresent the fastest growlng markets for the 
U.S. PV companies and are being aggressiv e ly 
pursued. An additi onal area where u.s. industry 
has been successful is in marketing PV module 
production capability in deve loping countri es. 
This includes everything from entire turn-key 
plants to parts of a process line such as cell 
fabri cation or modul e  lamination to test ing 
equipment for cells and modules. I t  is est i ­
mated that over 7 MW o f  PV produ ction-related 
equipment from the u. S. has been or is being 
inst a lled in countries like China, India, Saudi 
Arabia and Yugoslavia among others, with many 
other deals currently in negoti a ti ons. 
Clearly, as the PV markets become more and 
more competitive in the deve loping countri es, 
it is to their advantage to have the loca l 
capa b i l i ty to manufacture a l l  or part of the PV 
systems to be used in the country. 

The key to successful penetration of the 
overseas markets l ies with the initia tives 
taken by the U.S. industry. This has been 
a ided by the efforts of the Committee on 
Renewable Energy Commerce and Trade (CORECT). 
CORECT, a commi ttee of 12 federal agencies 
mandated by Public Law and cha ired ·by the DOE, 
works to facil itate the wor ldwide use of 
renewable energy technologies through a variety 
of i nformation transfer and techn i cal assist­
ance activiti es. Provid ing technical education 
to the buyers and f i nancing orga n i z ations, and 
export education and assistan ce to U. S. f i rms, 
are expected to lead to incr eased sales of 
U.S. renewable energy products in developing 
countri es. Technical assistance for photo­
voltaic project feasibility, d esign, system 
procurement speci f i cations, and training is 
avai lable through Sandia ' s  Design Assistance 
Center (DAC) described earli er. 
As part of i ts efforts, CORECT (a long with 
var1ous federal, state, private and other 
organizations and agencies) sponsored the f i rst 
Photovoltaics: Investing 1n Development 
Conference, organized by DOE, in May 1987 [8]. 
This conference was attended by over 75 
decisi on-makers from over 30 countries, and i t  
enabled the u.s. P V  industry t o  demonstrate i ts 
products, representatives of the deve l oping 
countri es to express their needs for e lectric 
power, and the world f inance communi ty to 
understand the economics of photovoltaics . 
Over $1 million in U. S. industry sales has been 
reported to date as a d ir ect result of this 
conf erence, and prosp ects for further sales are 
pending. 

4 .  APPLICATIONS IN DEVELOPING COUNTRIES 

The ma jority of photovoltaic systems sold today 
are designed to provide power to remote, 
grid-independent or stand-a lone appl i ca t i ons. 
I f  there is a current need for a reliable power 
source i n  a remote area, PV is probably the 
r i ght choi ce. The si te may be di fficult to 
fuel, i t  may be impossible to guarantee local 
maintenance support, or extension of the 
uti l i ty grid may be too expensive to be 
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practical. Most, i f  not a l l, of the electric 
power needs encountered i n  d eveloping countries 
are chara cteri z ed by these problems. Since PV 
systems avoid these problems, they are being 
used in thousands of remote app l i cations -­
today. Photovoltaics is the ideal power source 
for such appl ications since PV systems require 
no fuel, need little maintenance, have a proven 
record of high reliabi l i ty, •and are completely 
modu lar. PV systems can b e  si z ed to the 
spe c i f i c  load, whether it is a few watts or 
several ki lowatts, matching the economi c and 
energy needs of the user. This provides the 
user with f l exib i l i ty in design that is not 
possible with conventional sources . In the 
foll owing, we review briefly the fea tures of 
stand-a lone systems, examine the questions 
involved in determining cost-competitiveness of 
PV systems, and review the experi ence with PV 
systems in f ive remote app l i cation areas in 
deve loping countries : communications, wa ter 
pumping, vaccine refrigerati on, l ighting and 
home power, and multi-use systems. 

4.1 Stand-Alone Systems 

Stand-a lone systems are typically con f igured as 
shown in Fig. 2; the simp lest con f i guration 
consists of the array subsystem, the storage 
subsystem, and the load subsystem. The 
distinguishing characterist i c  of the 
stand-alone app l i cation is that it must meet 
a l l  of the load with a near-uni ty ava i labi l i ty, 
day and n ight, as needed. Therefore, a l l  
stand-a lone systems employ some form of storage 
-- e i ther electrical or product. If the system 
is a hybrid, involving other energy sources 
such as a back-up d i ese l, then this other · 
source consti tutes the f ourth subsystem. 

The design of the stand-a lone system has been 
made rela tively simp le with the development of 
new design approaches. In all cases the f i rst 
step is to character i z e  the applicat ion (e. g. , 
peak /a-verage power needed, local i nsol ation 
l evels and seasonal variati ons). The next step 
is to determine the critica l ity of the load; 
that is, the a l lowable peri od of time without 
energy (e.g. , d ays or hours per year, on the 
average, that the system is not expected to 
deliver power). The l a tter term, i n  essence, 
ident i f i es the system ava i labi lity required . 
Onc e  the characterist i cs of the app l i cation and 
the system avai lability requi rements have been 
determined the actual d esign process begins. 

ARRAY SUBSYSTEM 

BATTERY SUBSYSTEM 

Fig. 2 .  Block di agram of a stand-a lone 
photovoltaic system. 



The f i rst step is the match of the power 
cond i t i oner or other power processing hardwa re 
to the load. Next, for a g1ven system 
ava i labi l i ty, one must select a set of battery 
capacity/array power values (from an infinite 
set which a l l  give the same system 
ava i l a b i l i ty) which are best suited and most 
economi c a l  for the application. The remaining 
steps i nvolve selection of the actual hardware; 
several papers and reports describe the 
considerations involved in this process [9, 10 ] .  

The PV stand-alone system has evolved into a 
commer c i a l  product of high reliabil ity. It is 
easy to design, bui ld, and use today; however, 
there w i l l  be further evolution in the future. 
Tomorrow ' s  system w i l l  have more power 
processing and control hardware, greater load 
hardwa r e  acceptab i lity, increased use of ac 
power, and lower costs. 

4.2 Cost Effectiveness of PV 

Stand - a l one systems were the fi rst app l i cat ions 
of PV to achieve economi c viabi li ty. There are 
two general classes of app l i cations from an 
econom i c  point of view. The first cl ass is 
economical simply because there is no other 
reasonable alternative to meeting the load. 
Remote lighting systems and security systems 
are examples of such app l i cations. For the 
cases of interest in deve loping countries, we 
deal w i th the second cl ass of app l i cations 
where PV systems are more cost effective than 
conventional sources on a total cost/benefit 
basis. Such cases include clear-cut si tuations 
such as d i esel repla cements, or cases where PV 
is cost effective based on the savings i t  
allows i n  overall installation a n d  operation 
costs. 

The best approach to look at the cost 
effectiveness of PV versus an a l ternative is 
worth further discussion, as there are several 
ways to compare two or more purchase choi ces. 
The comparison of f i rst costs may be 
approp r i a te if the choices have similar life­
times, and operat ing and ma i ntenance (O&M) 
costs. PV systems are usually not the choice 
on this cost basis. If one choi ce has 
sign i f i cantly higher O&M costs, such as the 
cost of fuel, some form of lifecycle costing 
must be used. In this case, the cost of fuel 
and m a i ntenance over the eva luation period must 
be brought back to the present time and added 
to the f i rst costs to obtain a more equitable 
compari son. However, it is often forgotten 
that a comparison based on lifecycl e  costs can 
sti l l be mislead ing since it imp l i ci t ly assumes 
that both options have the same reliabi l i ty. 
To correctly compa re PV systems to a l ternate 
energy sources, one must in clude the cost of 
not meeting the load in the costed 
conf i gurat ion. This total cost/benef i t  
analysis allows the comparison o f  a high 
reliabi lity PV system to a lower rel i abi l i ty 
conventi onal system. In essence, e conomic 
comparison on this latter basis consid ers not 
only the cost of having the system, but also 
the cost of not having the PV system. These-points can be -r11ustrated by considering the
three main remote app l i cations of PV systems. 

The t e lecommuni cations case is probably the 
simplest example to consider. In general, the 
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capital cost of the PV system will exceed that 
of i ts competition. For a remote site, there 
wi l l  be l i ttle dif f erence in inst a l lation 
costs . I f  only these f i rst costs are 
consider ed, then t he PV system might seem 
unattractive. However, when refueling and 
scheduled maintenance are considered, then a 
more equ i table lifecycle cost is obtained and 
the PV system will usually turn out to be more 
cost eff ective. In addition, most alternatives 
to PV have signi f i cantly lower rel iabi l i ty. 
Therefore, one must include the cost of 
down -time, the value of lost communications, 
and the cost of unscheduled maintenance. In 
some remot e applications, the cost of a sing l e  
unscheduled maintenance can exceed the cost of 
the entire energy system. These last costs 
constitute the costs incurred by not using 
photovoltai cs. 

The si tuation is more drarea t i c  in the case of 
water pumping. Here the PV system may be more 
cost eff ective even on a f i rst cost basis, 
since the modulari ty of the technology al lows 
i t  to be si zed to the load, resulting in PV 
modules that represent only a fracti on of the 
total system cost. The photovoltaic system 
usua l l y  includes storage (potable and 
livestock), whi l e  some of the al"ternati ves such 
as handpumps are supply on demand. As with the 
telecommunications example, a basi c lifecycle 
analysis i ncluding only fuel and schedu led 
maintenance usual ly results in a lower cost for 
the PV system. However, l imi ting the analysis 
to j ust these terms can underestimate the 
benef i ts of photovolta i cs. For examp le, a 

single well with a handpump will not be able to 
supply the needed water for typi cal village 
sizes i f  the wel l  depth is moderate-to-deep. 
Comparing a handpump to PV in these cases 
requ i res that the cost of dri l l ing another well 
be included. In many cases, d i esels are used 
to pump water a lthough they are grossly 
oversi z ed for the j ob. The h igh pump rates can 
result in premature well silting, while the 
cycling of the d i ese l can increase main tenance. 
Final ly, there is the basi c question of 
reliability. Not only must the true 
ava i labi l i t y of the a l ternative be consid ered, 
but also the .impact of the lack of wa ter on the 
hea lth and economics of the user. Thi s  problem 
is increased in these cases where no storage is 
provided. 

In the case of vacci ne refri gerati on, the PV 
system again might seem una ttractive on a fi rst 
cost only basis. When viewed using a basic 
l i fecycle anal ysis, whi ch incl udes the cost of 
fuel and its del ivery, the PV systems are seen 
to be very compet i t ive. However, the true 
value of PV in this case comes from i ts 
reliabil i ty. The va c cines being stored are a 
very high v a lu e  item, both in terms of purchase 
cost and potential health cost savings. The 
loss of these vaccines can consti tute an 
expense far exceeding the initi al cost of the 
PV system. In at least one country the 
ava i labi l i ty of kerosene refrigeration systems 
has been reported at unde r  50%. This has 
resul ted in thousands of dollars worth of lost 
vaccine. Harder to est ima te are the costs to 
the country in terms of incr eased rural hea l th 
care, infant mort a l i ty, and loss of vi l lager 
conf idence in the medical teams. The total of 
these impac ts constitute the cost of not using 
photovolta i cs. 

---



The cost effectiveness of PV systems versus an 
a lternative can be i l lustrated in more 
quantitative terms. F i gure 3 shows the results 
of a deta i led economi c analysis [11,12 ] based 
on experiences with over 2700 systems in 45 
countries covering f i ve appl i cation ca tegories : 
water pumping, communi cations, vaccine 
refrigeration, l ighting and home power, and 
multi -use systems. F.xamples of these 
appli cations wi l l  be described in the next 
secti on. The analysis summari zed in the fi gure 
was based on an investigation of system cost 
and actua l field exper i ence. The figure shows 
the range of si zes and loads for wh i ch photo­
voltaic systems (at about $8 per peak watt 
module cost) are the least-cost option. The 
"break-even-range "  depicts the load range where 
either PV or the a l t ernative could be the 
least-cost opti on depending on .the parameter 
values selected. 

For water pumping, PV b r idges the gap between 
the handpump, whi ch is sui table for low flows 
f rom sha ll ow wel ls, and the small d i esel 
generator. The PV system saves the cost of 
additional wells needed for the handpumped 
system at higher f l ows and deeper we lls, and 
avoids the extremely poor match between the 
d i esel and the moderate vi l lage wa ter supply 
needs . In a recent in-d epth study of PV, 
handpumps, and d i esel for rural water supply, 
Cabraal [13 ] makes an even stronger conclusion. 
Photovoltaics is found to be economic against 
both diesel and handpumps for vi l lages of 300 
to 2000 persons and water depths of 20 to 40 
meters. Even the initial cost of the PV system 
is found to be· less than comparab le handpump 
systems on a per capita basis due to the 
requirement for additional boreholes for hand­
pump systems. Photovoltaic l ighti ng systems 
have been found to have payback times of as 
little as e ighteen months when compared to 
kerosene and other fue ls. There are commerci al 
enterprises a lready i n  p la ce in several 
countries to supply individuals with PV 
l ighting systems. Simi lar si tuations exist for 
other stand-a lone app l i cations . 

For stand-a lone app l i cations with large energy 
demands, a PV/storage system by itself may be 
uneconomica l . However, by combining the PV 
system with a back-up energy source, such as a 
d i esel or gasoline genera tor, system economics 
can be improved. Such PV/foss i l  hybrid systems 
are being used, but their design requi res 
detai led model ing to determi ne the optima l mix 
of PV and back-up energy. Reliabil ity data and 
O&M costs need to be in cluded in the design 
process. Deta i led ana lysis i nd i ca tes that 
hybrid systems can economi cal ly displace up to 
90% of the d i esel f uel use [14 ] .  

Future stand-alone appl i ca tions are not 
ant� cipated to change dramatically from today's
opt�ons . As PV module costs decrease and 
�perating ·costs of other energy opti ons 
�ncrease, the econom i c  viabi lity l imits of PV 
systems are expected to expand greatly for a l l  
stand-alone appl i cations. 

4 . 3  Applications Experience 

The key finding of the study [11,12 ] cited 
above is that PV systems have been we l l  
a ccepted by the users based o n  their rel i -
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Fig. 3. Financial vi ability limits fer photo­
vcltaics in five app l i cation areas in 
deve loping countr i es based on deta i l ed 
e conomic analysis of the experien ces 
with over 2700 systems in 45 countri es. 

abili ty, independence from fuel, and minima l 
maintenance r equirements. The PV modules were 
found to be reliable, and, a lthough the 
performance of power cond it ioning and end-use 
equipment was somewhat less than the PV 
modul es, careful selection of f i eld-proven 
components should ensure successful system 
operation. The ma j or limitati ons to imple­
menting PV systems in developing countries 
wer e  found to be institutional support and the 
l a ck of long-term financi ng. This section 
revi ews some of the app l i cations exper i ence 
for photovol ta i cs in develop ing countries 
by citing examples of speci f i c  appl i ca t i ons 
in each of the five categories examined in 
the recent study [11,12 ] .  These examples are 
not meant to serve as the total ity of the U . S. 
experi ence wi th PV systems in developing 
countri es, but are used to i l lustrate the 
app l i ca t i on of the technology in cost-effect ive 
ways and to draw some genera l conclusi ons from 
the experi ences. 

Water pumping is an increasingly important 
remote energy need. �he goal of suff i c i ent
supplies of clean wa ter �s a ma jor goal of a l l  
nations, a nd many worldwide organi zations such 
as the Wor l d  Health Organizati on (WHO) and the 
United Na tions. In a cooperative effort with 
the World Bank and the government of Bol ivia, 
the U. S. DOE recently instal led three sma l l  
pumping systems fer potabl e  water supply i n  the 
a lt i plano region of Bolivia near Lake Ti t i caca . 
The systems have opera ted reliably since their 
installation in August 1986, requi ri ng no 
maintenance. The systems (see Fig. 4) use sub­
merged, centri fugal pump/motor combinati ons. 
The photovol ta i c  arrays, ranging from 1 6 0  to 
3 20 watts, represent only a sma l l  fraction of 
the total system cost; the pump, plumbing, and 
storage represent the ma j or cost. A typi cal 
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Fig. 4. Photovoltaic water pumping system 
installed at Sanka Jahuira, Bolivia 
in August 1986. 

breakdown of costs is given in Table 2 [15 ] .  
The acceptance of the P V  systems by the users 
was immediate, resulting in a usage which has 
rapidly increased to two times that originally 
anticipated. For deeper wells, a jackpump is 
often better suited to the task, and there are 
numerous PV-powered jackpurnps in operation 
throughout the world. 

In addition to supplying potable water, numer­
ous PV systems are used to supply �ater for 
livestock and for crop irrigation (see Fig.S). 
Use of PV systems in such cases often results 
in increased overall productivity if the 
alternate means is either human or animal 
power. By replacing human power, the PV system 
allows the worker to engage in other productive 
crop or income-producing activities. Replace­
ment of animal power can avoid the animal 
product loss often associated with the use of 
farm animals for labor. 

The studies [11,12 ] of PV-powered water pumping 
systems have shown that their overall viability 
is a function of factors, both technical and 
institutional, whjch are not related to PV 
module performance. Successful systems have 

Table 2 :  COST SUMMARY FOR PV WATER PUMPING 

PV modules (160 W) $ 960 

Hardware (submersible pump/de 
motor, structure, cabling, etc.) 

2200 

Installation 270 

Water tanks (6 cubic meters for 
3 days storage) 

2000 

Shipping 70 

TOTAL COST $5500 

Fig. 5. Irrigation of one hectare of fruit 
trees in Tunisia using a 1500 watt 
photovoltaic system. 

incorporated careful selection of pumps, 
motors, and controls. The availability and 
proper use of credible data on solar resources 
and well yield characteristics have helped to 
avoid significantly oversized and undersized 
systems. Effective training of local personnel 
corrects misconceived user expectations and 
reduces system downtime. 

As with water pumping, there is a growing 
worldwide interest in extending health care to 
everyone. The World Health Organization's 
Extended Program for Immunization has the 
eradication of polio and other preventable 
diseases as its near-term goal. To achieve 
this goal, energy must be available to rural 
health clinics throughout the world, especially 
for vaccine refrigeration. ?hotovoltaics, with 
its characteristics of high reliability and 
unattended operation, is ideally suited to 
these applications. The WHO has approved 
PV/battery-powered refrigeration systems (e.g., 
Fig. 6) for vaccine storage. The U.S. DOE has 
recently completed the initial phases of a 
cooperative effort �ith the Organization of 
American States and the Pan American Health 
Organization resuJting in installation of two 
vaccine refrigerator systems each in El 
Salvador, Guatemala, and Honduras (see Fig. 7). 

The power needs of such vaccine refrigeration 
systems are typically small, about 100 to 200 
watts. This allows the collectors to be easily 
mounted on the roof of a health clinic or on 
the adjacent grounds. The low de voltage makes 
the systems safe even if one comes in contact 
with the connections. These systems have been 
made more attractive by the availability of new 
no-maintenance, lower-cost batteries. A 
typical breakdown of the costs for a PV vaccine 
refrigeration system is shown in Table 3 [15 ] .  
The extra first costs for the PV modules and 
batteries are more than made up by the uncer­
tainties of fuel supply for kerosene or propane 
powered units, the complex temperature control 
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Fig. 6. Photovoltaic vaccine refrigeration 
system includes refrigerator, PV 
module, battery, and voltage regulator. 

'-A 

Fig. 7. Vaccine refrigeration is one of the 
most va lued applications of PV in 
developing countries. Six systems 
were recently installed in Central 
America. 

PV modules (160 W) $ 960 

Hardware (4 cubic feet refrigerator, 
structure, battery hous�ng, etc. ) 

970 

Installation 200 

Batteries (�kWh for 6 days storage) 300 

Shipping 70 

TOTAL COST $2500 

procedures needed with the latter units and 
the frequent maintenance. Also, the real cost 
of a vaccine storage fail ure is not j ust 
confined to the lost vaccines. There is a 
direct peop le cost in terms of poorer hea lth, 
increased infant mortality, and disease. A 
recent study adds further credibility to PV­
powered versus kerosene refrigerators. The 
viability of many vaccines is dependent on °maintaining the temperature between 4 and 8 C. 
Kerosene refrigerators do not have thermostats, 
which necessitates comp lex daily maintenance 
procedures and ad j ustments of several kerosene 
burner parameters by trained personnel. The 
study confirms that PV systems have much to 
offer in simplifying maintenance needs. 

Table 3: 
COST SUMMARY FO� PV VACCINE REFRIGERATION 

Institutional support is critica l to the 
success of PV-powered vaccine refrigeration 
systems. Effective training must be conducted 
so users understand the operating principles of 
the system, the consequences of overloa ding, 
and the required maintenance procedures. Also, 
complete coordination with end-user organiza­
tions results in an understanding of the 
particu l ar vaccination program and leads to 
more efficient and appropriate system designs. 
Knowledge of load power consumption under field 
conditions and availability of credible sol ar 
resource d ata are also important requirements 
for system design. 

The first app lications to turn to PV systems 
were not water pumping or health care, but 
rather those app lications requiring an 
extremely reliable power source in isol ated 
locations. This is certainly true for·the 
telecommunications industry, and has resulted 
in the widespread use of PV systems to power 
microwave repeaters and regional telephone 
systems . As discussed above, this market 
sector for PV power modules is the largest in 
both developing and developed countries, with 
about 10,000 new insta l l ations per year 
currently . System sizes range from relatively 
large (few kW) telecommunications systems 
operated by governments or private companies to 
sma ll (one-module, one-battery) radio systems 
used in health-care communications networks 
(see Fig . 8). In Colombia, for example, some 
10,3 00 PV systems with over 540 kW tota l capac­
ity are supplying communications, signa ling, 
and other sma l l  power needs; ten years ago, 
some 90% of the 6500 vil lages with 100 or 
more inhabitants lacked tel ecommunications 
[16]. With refueling and maintenance at the 

remote locations very expensive for conven­
tiona l diesel systems (even in North America, 
see Fig. 9), many countries (e. g. , Telecom 
Austra lia) have turned to photovoltaics to 
power their remote communications networks. 
There are abundant examples from developing 
countries as wel l  [11]. In remote signal­
ling, there are thousands of navigation aids 
(see Fig . 10) all over the world powered by PV 

today, with thousands more added every year. 
The U .  S .  Coast Guard has increased the number 
of PV-powered navigationa l aids to 12,000 in 
1987. Previously these types of applications 
used primary batteries which needed to be 
replaced on a periodic basis, making operation 
extremely expensive. Photovoltaics eliminates 
this cost al lowing more systems to be dep loyed. 
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Fig. 9 .  Power for telecommunica tions and 
remote signals constitutes the largest 
market sector for PV power modules 
today. Photo shows radio communica­
tions in Northern Canada. 

Fig. 8. Photovol taic telecommunication system 
provides power for television and 
receiving equipment in a remote area 
of Oman. 

Fig. 10. Thousands of navigation aids are 
powered most cost -effective ly by 
photovoltaics all over the world 
today . 

The overa ll reliability of PV-powered communi­
cations systems is dependent on selecting 
charge control lers and load equipment that 
have been field proven under the appropriate 
(sometimes harsh) environmental conditions. 
This requirement is not unique to PV, but 
applies to conventiona l systems as wel l. 
Advancements in electroni�s and system design 
have reduced the power requirements consi­
derab ly over the years -- systems requi ring 500 
continuous watts in 1970 require less than 100 
watts today. A ma jor cost -driver (as wel l  as 
reliability concern) in these systems is the 
battery. Because batteries are the only 
component requiring maintenance, user awareness 
of the state-of-charge and electrolyte level 
is important to ensure maximum battery life and 
reliability. The use of low-maintenence (e.g., 
sealed) and deep-discharge batt eries is 
preferred. 

· 

Photovol taic power for area lighting and home 
power systems is emerging as a significant 
technology in the developing world. Applica­
tions involve one- to-two module systems (tens 
of watts) used in individual households (to 
power lights, radio, television, refrigerators, 
etc. ) as well as systems used to provide are? 
lighting for community and security purposes. 
The predecessors of the PV systems have been 
kerosene, candles and primary batteries 
lighting from these sources was often expensive 
and of poor quality. A prime example of the 
PV experience in this area is that in French 
Polynesia and Tahiti. The South Pacific Insti­
tute for Renewab le Energy (SPIRE) has instal led 
nearly 2500 systems spread over 23 islands. 
(Of the total popu lation of 180,000 people, 

some 40,000 live on outer islands separated by 
hundreds of miles of water, making fuel 
delivery very difficul t  and expensive. ) The 
newer systems �se 400 watts of PV modules, 425 
ampere-hours lead-acid battery storage, a 
battery charge regulator designed by SPIRE, and 
strict ly de loads for lighting, refrigera tion, 
and communications. I ndividua l  rather than 
centralized systems with distribution are 
preferred fer two reasons : first, to encourage 
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energy conserva tion by the individual users; 
and second, to have a degree of redundancy for 
small, isol ated communities in case of system 
failure. Direct subsidies or loans from the 
government have encouraged the users to install 
the PV systems. The overa l l  impact of PV has 
been to improve the qua lity of life and pr·oduc­
tivity in these countries through improved 
socia l activities, education, and communica­
tions. 

The most important technical factor in the 
successful use of PV-powered lighting and home 
power systems is the selection of fiel d-proven, 
reliable charge control lers. The availability 
and distribution of spare parts for the load 
and power conditioning equipment is a basic 
jnfrastructura l need that must be met to ensure 
successful widespread system implementation. 



Fig. 12 . A 25 kW v i l la ge power system in 
Tun i s i a  provi des power for water 
pumping , agri cultural tasks , and 
household need s. Thi s i s  a jointly 
funded pro ject by the Republic of 
Tunisia and the United Sta tes . 

Fig. 11. The Waramuri Health Stat ion in rural 
Guyana receives electri cal power from 
a 1. 5 kW photovoltaic sys tem. 

Multi-use systems are consi dered an important 
appl i ca tion for PV becau se of the l arge number 
of unelectrified vil lages in locat i ons remote 
from the gri d in a l l  developing countries. Of 
some 560,000 villa ges in I ndia , for example , 
only 17% are electri fied ; some 350,000 of these 
vi l l ages have less than 500 inhab i tant s ; Two 
types of systems are included here : mini­
uti l i ty systems (whi ch include centra lized 
generation and a d i � tribution network to the 
whole communi ty) ;  and di spersed load centers 
(whi ch are desi gned to power a variety of loads 
at the s i te of appl ication) . Typ i cal sy s tem 
s izes are up to 5 kW for d i spersed and up to 
about 30 kW for central ized appl i cations (see 
examp les in Figs . 11 and 12, respectively) . 
One of the pol i cy dec i s i ons , in fact , concerns 
whether centralized or d i spersed sys tems are 
preferred in a given s i t uation. There are 
numerous mu lti-use PV systems in exi s tance in 
developing countries (in Afri ca , Asia , and 
Centra l and South Ameri ca) for rural electri­
ficat ion and vil lage power mos t  of these 
systems (as other energy generat ing systems) 
are financed by government s  and interna tional 
organizations. Key factors in the viab i l i ty of 
PV-powered mu lti -use systems were determined to 
be ( 11, 12 ] : the reli a b i l i t y  and comp lexity of 
power condit ioning equipment ; and the infra­
s tructure for sys tem mana gement . Effective 
local management i s  clearly very important ; 
a sense of local " ownership " results in a 
commi tment to sys tem succes s , ensuring an 
adequate supply of spare parts and ava i lability 
of techni cal support. As these sys tems get 
larger , effective mana gement (both technical 
and adminis tra tive) wi ll become even more 
cri t i cal. 

5. CONCLUSIONS 

Research progress in photovolta i c s  i s  leading 
to new ef f i ciency records �n a l l  ma teri a l  
area s , and the transfer o f  new technology from 
the laboratory to the marketpl a ce . Fhotovol­
ta i c  modules today are more effi cient , more 
reli able and les s cos tly than they were a few 
years ago . Thi s  i s  the res ult of an 
aggress ive , goal-oriented U. S .  government prog­
ram in partnership with indus try , universi ties , 
and u t i l i ties , with the ultima te aim to produce 
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cost-effect ive FV electricity in U. S. u t i l i ty 
markets . From a number of succes sful , 
megawa tt-s ize u t i l i ty experiment s ,  i t  can be 
concl uded that the acceptance of photovolta ics 
by ut i l i ties i s  a virtual cert ainty the 
only rema ining technical obstacle is the cost 
of the PV modules. 

After three decades of research and develop­
ment , photovoltaic technology has rea ched the 
status of being "appropr i a te " for vast numbers 
of app l i cat ions today. I t  is " appropriate " 
in that i t  i s  the most economi cal , rel i able , 
and ava i l able energy source for the whole 
spectrum of remote app licat i ons. Photovol t a i c s  
offers the promise of improving the qua l i ty o f  
l i f e  for b i l l i ons of people bringing them 
the benef i ts of safe , economical , and rel i able 
electri c  power on a s cale sui ted to their 
need s and economy . Achieving that promi se 
requires education of the users , but not 
because the technology is complex . Rather , 
education i s  neces sary beca use the technology 
is new and somewhat "mysteriou s " ;  there is no 
noi se , moving part s , or pol lut ion . The U. s .  
experience with photovol taics in developing 
countries has shown that the overall weak 
l ink in implementi ng these systems is institu­
tiona l support . Because FV i s  a relatively 
new technology , there i s  no establ i shed 
infras tructure to support tra ining , ma in­
tenance , and repai r .  Educat i on of the users , 
government s , and f inancing organiza t i ons 
should enhance the acceptabi l ity of the 
technology and lead to the development of the 
needed infra structure. The experience with 
thou sands of PV systems ha s also shown that 
today ' s  PV sys tems are already accepted 
because of their reliabi l i ty , independence from 
fuel , and minimal maintenance requi rement s .  
In many of these remote , st and-a lone app l i c a ­
tions , photovoltai c s  i s  today ' s  power option o f  
choi ce on a tot a l  cost/benef i t  bas i s .  
Continued advances i n  PV technology - - and the 
expected reductions in module costs -- shou ld 
lead to ever-increa s i ng app l i cations in both 
the developing and developed world. 
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