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Sunmary 

The world photovoltaic industry has recently ~dergone major structural 

changes associ~ted with technical innovations. Trends in photovoltaic 

technology have gone through three stages associated vith single-crystal, 

polycrystal!ine and amorphous conversion materials. These material-based 

shifts have been largely supported by the public sector. The patterns of 

public sector sup,ort, have, however, been slightly different in Japan, the 

USA and Europe. These differences are related to variations in the industrinl 

policies of these countries. The rapid changes occuring in the technology and 

demand for major public sector support makes it difficult for most developing 

co1Dltries to enter the photovoltaic market as producers. However, a few 

countries may in th~ short term acquire technological capabilities related to 

peripheral (balance of system) parts of the photovoltaic syEtems. The 

state-of-the-art cell technology will for a long time to come be inaccessible 

to most developing countries. 
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IRTRODUCTIOR 

The world photovoltaic industry emerged fn the post-1973 era with much 

e;ithusiasm for the prospects of a rapid and widespread market penetration. 

Since then, the industry has been undergoing a.jor structural changes. This 

paper reviews the developments which have shaped the industry in the last 

decade and shows that the role of technical change has been a major factor in 

industrial re-organization while underscoring the role of the public sector as 

an institutional maker of these changes. The main theme of this paper is that 

trends in photovoltaic technology have evolved through three stages associated 

with single-crystal, polycrystalline and amorphous conversi6n materials. The 

material-based shifts have been largely supported by the public sector. The 

patterns of public sector support have, however, been slightly different in 

Japan, the USA and Europe. 

The paper is divided into five chapters. The first reviews the latest 

developments in photovoltaics. It highlights the main changes in innovation 

and their implications for indu~trial competitivenes. The second examines the 

institutional arrangements which have helped promote thP. industry. 

Comparisons and contrasts are drawn from the recent experiences of the USA, 

Japan and Europe with emphasis on the links between industry, government 

agencies, public sector institutions and universities. The third deals with 

recent patterns of photovoltaic coD1Dercialization. This chapter reviews 

coD1Dercial trends in the USA, Japan, Europe and the rest of the world and 

identifies the leading suppliers of photovoltaic systems as well as their 

corporate strategies. The fourth chapter deals with the international flow of 

photovoltaic technology and assesses the far,tors which influence the current 

state of technology transfer. The final chapter outlines po!icy implications 

of these changes for developing countries and identifies possible areas of 

co111er~ial involvement. 

I. TECHN!CAL CIIABGE IR PHOTOVOLTAICS 

Rapid technical changes are taking place in photovoltaic products and 

processes. Efforts are directed at improving existing technologies, 

investigating ~e~ materials And designing new industrial processes. These 

activities are'aimed at reducing production costs, improving product quality 
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and finally producing technologies that can compete with, and eventually 

displace, some conventional sources of electricity. Photovoltaic systems have 

been reliably used to power satellites since the 1960s. Since then costs have 

fallen from US$ 1,000 per peak watt (pW) to less than US$ 10 per pW in the 

1980s. The reductions in cost have been a result of innovation. The high 

production costs of photovoltaics result largely from expensive materials, 

energy-intensive processes, high labour costs (including band assembly of 

cells) and support equipment such as the array structure, electric wiring, 

battery storage, meters, power conditioning devices and voltage regulation 

equipment. The production costs of pbotovoltaics can be subsumed into the 

broad categories of capital and labour. Much of the innovation, especially in 

the USA, has been directed at rationalizing these factors of production with 

the help of the Solar Array Manufacturing Industry Costing Standards (SAMICS) 

computer progranme developed by the Jet Propulsion Laboratories (JPL) at 

Pasadena, California. The progr&D1De has been operative since 1977 and firms 

simply sell on the telephone with preliminary cost estimates and obtain a 

comprehensive analyal~_of the price of the finished array. SAMICS has also 

been used to model factories. Photovoltaic systems consitute two main parts: 

the conversion material and the rest of the photovoltaic system. 

A major R&D effort over the last decade has been to raise conversion 

efficiency. This process has had several techno-economic advantages. 

Firstly, it has led to a reduction in the cell material used for a unit of 

power output and secondly, it has helped save space in both production aad 

use. It has also contributed to reducing production costs. Silicon cells, 

which are widely used in photovoltaic systems, have a theoretical efficiency 

of 25 per cent, although laboratory cells have recorded 19 per cent efficiency 

and current operating systems yield only 10-13 per cent. Raising the 

efficiency has therefore significant cost-reducing effects. However, the high 

costs of producing silicon cells and the limits to raising their efficiency 

has led to the searc~ f~r alternative conversion materials. Some of the 

candidate materials are given below with their theoretical maximum conversion 

efficiencies. 

• 
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Teble 1. Candidate conversion materials 

Materiel 

eermsdwn 
Cldimium sulphide 
Cmlimium tellurile 
lndiwn phosphide 
81111iwn cnenile 
Aluminum-matimonile 

Soiree: 11.,,m et 11. ( 1981 ). 

Efftctency (I) 

13 
18 
25 
26 
27 
27 

Of these materials, cadmium sulphide and gallium arsenide are the most 

prospective. The latter converts a wide section of the solar spectrum and is 

therefore inherently more efficient than other materials. Moreover, this 

material does not lose efficiency when exposed to heat as much as other 

materials, a property that makes it an ideal option for use in concentrators. 

The turn to concentrators is partly due to the techno-economic imbalances 

between the high cost of conversion material and the imperative to reduce unit 

electricity costs. In concentrators, plastic, glass and metal replace 

conversion materials. For example, a concentration of 50 suns would require 

only 2 per cent of the material that would otherwise be needed. 

table 21 Highest Rroven cell ~ffi~i~~ (~Zl 

Type Efficiency St.ructare Area(an2) Developer 

Crystantna Single-crystal Uni¥entty or 
silimn 19.10 flolll 211111 4.00 Naw Sauth Wales 

Crystantna Single-crystal 
s11tmn 16.00 4.00 Spire Qrpontion 

Polycrystantna 11.00 ( alln)s/CU1"5ei 1.00 Boeing Aerospace 

Polycrystantne 10.90 Ql.5/Qff e 1.00 EastnNll Kodllk 

Amcrphous 8!118/TCO/p-i-n 
stltcan tG.10 1.09 RrA Qrponttan 

Amorphous 81ms/TCO/p-i-n 
stlfcon 06.50 1.00 Fuji Eldric 

Bl11hn CYD hltlrofeca 
.-..1c1a 20.3"l 1.00 Sptre Qrpcntton 

6111tum CYOhltrofa ...... 19.00 4.00 HuPs RBHll:'ch L1boretorit1 

Sow'ce: ftachettt ( 1984). 
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Other novel methods of increasing conversion efficiency include tandem 

cells under which different materials are used together to capture the 

different sections of the solar spectrum, however thesa approaches involve the 

re-arrangement of the various mat~rials. Alternative techniques are being 

applied which involve the re-arrangement of the solar spectrum itself. An 
example is the lUllinescent solar collector (LSC) which comprises a flat box 

with a reflective mirror base and a tc~ cover doped with luminescent dyes. 

The dyes absorb light an~ re-radiate it at wavelengths that can be converted 

by a specific material at one of the inner edges of the collector. The system. 

has a maximum theoretical efficiency of 70 per cent. Many of the technologies 

are still in the early stages of development and are still far from market 

entry. However, the dominance of single-crystal cells is being cballenged by 

polycrystalline and amorphous cells. 

Single-crystal silicon is still the main source of photovoltaic 

electricity. These cells are produced from sawing round silicon ingots grown 

by the Czochralski process, originally developed for the semiconductor 

industry. This process however is slow, expensive and results fn material 

loss during sawing. It is costly and has a purity of 99.999999 per cent, two 

orders of magnitude higher than the 99.9999 per cent required for 

photovoltaics. Moreover, industrial projer.tions show that single-crystal 

wafers may not achieve the less than US$ 1-per-pealt-watt needed to make 

photovoltaics competitive with other sources of electricity. An alternative 

technique being developed is to produce ribbons from molten silicon. A 
2 typical ingot-wafer throughput is about 0.15 square metns (m ) per bour 

while that of a ribbon machine is 0.5 m2 per hour. Mobil Solar (USA) has 

made ribbons with 12-14 per cent efficiency and Westinghouse Ele~·ric (USA) 

has produced ribbons with 16 per cent efficiency. The iirms, as well as 

Energy Materials (USA) have pilot plants for ribbon production. 

Single-crystal cell production requires a high degree of process con~rol 

and firms such as Solarex Corporation (USA) and AEG-Telefunken (FRG) have 

turned to polycrystalline cells instead. Polycrystalline cells are made from 

silicon, but alternative materials with higher efficiency are now being 

developed. These include cadmium tellaride (Cdl~) and Indium dise.· nide 

(CulnSe
2
). A pilot plant h~• been built by Sovoloco Company, a j~int 

venture of Boeing Aerospace and Reading & Bates to develop indium diselenide 

polycrystalUne cells. Boeing haa demoJ&itrated a CulnSe2 with m.c;re than 11 
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per cent efficiency. The cells are produced through the thin film technique, 

using the industrial methods of high-speed coating perfected by the paper 

industry (Fischetti, 1984). 

While polycrystalline cells are trying to compete with single-crystal 

• cells, there is a rising generation of amorphous conversion material that has 

become the main focus of global photovoltaic R&D. Amorphous cells were first 

' manufactured in 1974. The cells recorded low efficiencies of about 1 per cent 

and have since been considerably improved. By 1982, RCA Corporation produced 

a cell with 10.01 per cent efficiency. This process was sub&equently acquired 

by Solarez: for attempted mass production. By 1983 amorphous cells accounted 

for 25 per cent of world photovoltaic electricity. These cells are easy to 

manufacture and handle. Japanese firms have been dominant in this field, 

largely because producing such cells lend themselves more easily to automated 

mass production. Most of the world's US$ 150 million devoted to photovoltaics 

R&D is now directed towards amorphous cells. 

Efforts to reduce the cost of conversion cells have tended to shift the 

share of total unit energy cost to the non-cell parts of the photovoltaic 

system, collectively known as the balance-of-system (BOS). This accounts for 

about 50 per cent of the total system costs. •.bout 33 per cent of BOS costs 

are directed towards electrical components (wiring, interconnects, control 

circuits, load management and voltage regulating devices), about 20 per cent 

to power storage, about 20 per cent to installation and che~:.ce>ut and the rest 

to array, structure and site preparation. Unlike the cell, BOS compon'!llts are 

usually made of stable technologies which are not likely to undergo any 

radical changes. As a result, the effects of BOS innovation on total coats 

has tended to be ~lower than those accruing from conversion material 

improvement. BOS cost reductions can also be effected through innovation at 

the cell level. For example, the use of larger cells reduces the need for 

interconnections and therefore cuts down on BOS coats. However, BOS-paecific 

innovations are required to reduce overall system coats. Apart from reducing 

BOS coats, there is pressure to match the reliability of the components with 

that of the cells. Some of these problems cannot be solved until the system 

i• in operation and the feedback incorporated into subsequent R&D. Thia is 

largely why the initial stages of photovoltaic penetration were devoted to 

testing. 
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Jable 3. Advanced battery development 

Type 

Zinc-chlorirm 

Zinc-bromirm 

Sodl1111-sulphlr 

lron-chromillll 
ndJx 

Mefor DINeloper Efftctenty 
( ct:-to-ci:) 

Eiaw Development Associ8t8s 70 
(US); furatawa Eladrtc (Jllpml) 

Exxon~ ch and Engi_.ing; 70 
Eraw Rlm'Ch Qrp. (UM); OEL 
Inc.. (l6\); Meidanshl Eladric 
Mmufll:bring (Jllplll); ~ 
981ls:hlft fiir EIB'QilSplicla' und 
Antr1ebssystlme (Austr11) 

ForoAerospa(l6\); Dow Qanlcal 80 
(~);0.lorideSUn Power(ll(); 
Coolpa1Jl1e Ber*ele d'E1'ar1ctt6 
(France); Brown BMri & Cie (FRO); 
YIB!ll ~ (Jllplll); Httm:hi; 
stmpi lnsituta "Qnmics ( 0.i•) 

Sohio (US\); Mitsui Engi_.ing 
and Shipbuilding (Jlpml) 

70 

SOlrm: lm"pette ( 1984). 

Volllnetrtc [nervf 
Density (Wh/1) 

70 

75 

250 
(Baden cell 
prturn1a) 

10 

One of the most significant BOS components is power storage. The 

conventional lead-acid and nickel cadmium batteries are expensive, 

inefficient, prone to ra~id discharges, relatively short-lived and require 

substantial maintenance, Alternative advanced batteries being developed are 

more powerful, long-lasting, reliable and easier to handle. The options being 

developed include zinc-chlorine, zinc-bromine, sodium-sulphur, hyd1-ogen

halogen and iron-chromium redox batteries. Unlike the conventional batch 

batteries, the advanced alternatives operate on continuous flows; the 

reactants and products flow through the battery in a continuous process.l/ 

All solid-state storage systems such as the flywheel are being developed as an 

alterna~ive. The flywheel being developed at the Massachusetts Institute of 

Technology's Lincoln Laboratory is expected to spin in a vacuum at a high 

speed (7,500-15,000 revolutions per minute) during the day and release enough 

energy for household use during deceleration at night. 

So far t~~re are three generations of technologies competing for market 

penetration: single-crystal, polycrystalline and amorphous cell•. It appears 

that single-crystal cells are reaching their conversion limits. The avenues 

1/ Jome, 1983. 
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for raising conversion efficiency while at the same time reducing unit energy 

costs lead necessarily to amorphous materials. This shows that the technology 

will still remain in radical flux until a dominant material emergeR. Much of 

the R&D in new photovoltaic systems has hitherto been devoted to product 

innovation while process technologies are still at pilot stages. Th.is 

situation is likely to continue until systems that favourably compete with 

conventional sources of energy enter the market and coaaand partial market 

stability. This entry is largely a function of technical change and 

institutional support for the emerging technological systems. 

II. IRSTITUTIOBAL LIIUCAGES 

The development of photovoltaic technology in the major producing 

countries has relied heavily on public sector support at three main levels: 

support for R&D, provision of markets and raising public awareness to the 

technology. It was largely through the support of the public sector that 

photovoltaic technology was developed to become potentially viable for 

terrestrial applications. The support for R&D has been conducted as national 

progranmes, the expansion of the market has involved international agencies 

and led to application of photovoltaic technology in the developing 

countries. While the R&D programmes set price goals and levels of efficiency 

to be achieved over specific time scales, the expanding markets provided 

financial and operating experiences that were subsequently used in R&D. Most 

of the R&D in the USA, western Europe and Japan has been carried out through 

co~plex government-industry, industry-university and govern:nent-university 

linkages which are important in the early development of science-based 

innovations such as photovoltaics. 

lbe USA had a major photovoltaic prograJ11De, the Federal Photovoltaics 

Utilization Programme (FPUP) under which the government authorized some US$ 98 

million for the 1979-1982 period. The funds were spent on encouraging 

government agenciea to incorporate photovoltaic systems into their activities 

and providing ma~ket support for the sale of modules. This was largely a 

procurement progr811De aimed at setting up small remote-type systems. This 

prograJ11De guaranteed a market for those technologies that were then ready for 

application and could not compete favourably with the conventional sources of 

electricity. Moreover, such a prograaae ensured that the state would meet the 

installation and monitoring costs. 
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Table 41 Interaediate-s!ze USA Government ~rogrannes 

Application LOCllion Si2B(tWp) Qnpletld 

lq'iculbn Mald,1'€ 25 JulV 19n 

Rldlr Tracking Statm Ml LllJlll, rA 60 AIQ. 1979 

AH Rldlo Stat1on lysa,(lt 15 Aug. 1979 

tblsing/Yisitar Qlldre *bnlBricQls 100 Jim. 1980 
Nlll1cml Plrt Nlll0l 1'11n1181t, UT 

UPSfarNNa• £1 Pa, TX 20 Oii:. 1980 
SWstlltan (Utility) 

~Sdml BMrlV,HA 100 Feb. 1981 

Shopping Olntre lo'ltngllln, MN 100 Mr. 1981 

Qrnmunttv C»llaJt Blythlvill, AR 24'0 Mir/ 1981 

Li91l Mfg. Fticilitv Sin Bernmlino, ~ 35 Sept 1981 

Hospital KU,K\ 35 Sept 1981 

Public Sciera and Arts ~ISloma City, OK 135 Feb. 1982 
Bu1ldlng 

Sky Hllbour Airport Pl'mllx, It/. 225 ... 1982 

Airport utility Pin Dellas-fl Werth, TX 27 Jim. 1982 

Orta Bulldlng Al~, NM 17 Jim. 1982 

Jwttcr a.negs Slnetmle, MS 101 Stopped 

lntlrcultlnl Acttvtttes Washington, DC 300 1981 
Bu11dtng, 8lorQltawn lint. 

Qlntrel uttlltv Secnlnmta Municipal 1000 1984 
utmtv District, rA 

scu...: Mllmb.- ( 19&4). 

The initial f1Dlding was focused towards R&D with supporting experiments 

and involved universities, research institutes and the private sector. 

However the government actively supported the design, construction and 

operation of intermediate-type photovoltaic power systems ranging from 15 kW 

to 1,000 kW. By 1985 some 17 systems had been completed and were operating as 

planned. Similar plants are now being installed by the private sector under a 
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subsidy tax benefits scheme. In addition, federal laws require electric 

utilities to interconnect small (renewable energy) generators (less than 

SO MW) to their systems and pay a fair price for any energy produeed by the 

renewable ~.nergy system and fed into the grid. The incentives have led to 

increased private sector involvement in plant installation. 

The photovoltaics prograllll!e suffered from budget cutbacks, but despite 

' the reductions, photovoltaic R&D expenditure WP.s only second to solar, thermal 

and lilUch higher th&n. any other renewable energy system. The reduction in the 

federal funding for photovoltaics has had three main effects. First, the 

Department of Energy (DoE) through the Solar Energy Research Institute (SERI) 

has had to conrentrate on funding advanced R&D. Second, large corporations, 

especially oi~ firms have moved into R&D to fill the gap created by reductions 

in federal funding. Finally, private manufacturers have had to sell their 

current systems to iDDediate markets without having to wait for cost-reducing 

innovations. One of the effects of this latter development has been the 

construction of intermediate-sized photovoltaic systems, some of which feed 

into the national grid. 

The DoE has continued to support more specialized photovoltaics R&D 

since federal funding was reduced. Moreover, SERI has set up strong 

industr!al and university links to ensure that viable technologies are 

coDDercialized. SERI's target is to help in the production of modules that 

will produce electricity at US$ 0.20 per kWh by 1988. This is a short-term 

target that will eventually see costs reduced to US$ 0.15 per kWh, a figure 

that will have to be reached if photovoltaics is to favourably compete with 

electricity derived from oil. The DoE's strategy is to solve some of the key 

obstacles to the industrial production of the most advanced photovoltaic 

technologies. The tasks have been distributed to several leading federal 

agencies which maintain close collsboratfon with industry and universities. 
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Table 5. Privately-built p~otovoltaic systans 

BullcB' /SUppltar Appllcetlm lm:atlm Sl2e(kWp) CDnpletal 

Solerex Qrpcntm PYFm:tay Freder1ct I MA 200 <kt. 1982 

OJiJlaV Enarw Inc./ Qlntra1 utility Dentoo.~ 15.7 Dec. 1982 
Solarax Damanstretion, 

Del 11rYB Power 

Exml/Solar Power EpmtQrrtre WaltDlsnev 70 1982 
(Pavilion/utility) Wcrkl, Flcrida 

Mm Solr/BDM Qlntnl Utility. Hasparie, rA 1,000 Dae. 1982 
Soutta-n Cllltfcrnla, 
Edison ta 

ARCO Solr /Fl11r Qlntnl utility. Cllrra Plain, CA 16,000 1984 
PtEtflc Olis & Electric 

Solrm: Mmmber ( 1984). 

SERI is charged with the responsibility of ~onducting research in 

photovoltaic (amorph~us thin films, polycrystalline thin films, crystalline 

silicon, high-efficiency concepts and photo-electrochemical cells) materials 

while the Sandia National Laboratories deal with R&D in concentrators and 

power conditioning. The JPL focusses on single-crystal silicon cells and the 

processing of large-area amorphous silicon thin films. The work at the three 

centres is conducted in close collaboration with industry and university 

research institutes. SERI also manages subcontracted R&D, develops 

state-of-the-art measurement and device capabilities and transfer of 

technology to industry. During the 1984-85 fiscal year, SERI subcontracted 

cost-shared research on amorphous cells to Chronar, Solarex, 3M and Spire. 

SERI has also subcontracted Xerox to continue research on the light-induced 

degradation of amorphous cells and Chevron to continue work on materials 

purification. 

Apart from R&D, SERI also conducts the innovative concepts programme and 

the university participation programme. The innovative concepts programme is 

aimed at identifying new materials and device configurations. Promising 

innovative concepts are carried through a stage of preliminary research before 

they are selected for further R&D. The university participation programme is 
I 

aim'd at establishing an~ maintaining the infrastructure needed for conducting 

photovoltaic-related research at universities. This programme ensures that 
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university research is conducted in an atmosphere of academic freedom 

unhampered by restrictions, bureaucracy and excessive reporting. This 

progranme enables SERI to maintain contacts with universities and link them 

with industry. Rew concepts from universities can therefore be transformed 

rapidly into R&D projects depending on their relevance to the overall goals of 

photovoltaic development. 

SERI has its own internal research capability in every priority area. 

The internal research capability complements the subcontracted work and relies 

on methodologies and techniques developed by the institutes.l/ SERI employs 

a large number of photovoltaic experts. Techniques that have rotential market 

value are quickly subcontracted to commercial firms for further developmf;Jlt 

and market introduction and SERI therefore plays a crucial role in the 

institutional links between the government, industry and universities. 

SERI, in conjunction with othe~ government agencies, has participated in 

aid progranmes aimed at setting up pnotovoltaic ~lants in developing 

countries. This has been done in collaboration with t~e US Agency for 

International Development and the Rational Aeronautical and Space 

Administration (NASA). This public s~ctor collaboration has led to the 

establishment of photovoltaic pilot projects in countries such as Bangladesh, 

Burkina Faso, Egypt, Guyana, Mali, Morocco, Nepal, Niger, PcUlama, Philippines, 

Rwanda, Saudi Arabia, Tanzania, Thailand and Tunisia. The participation of 

SERI in international progranmes has also been extended to projects funded by 

the European Economic Co111111unity. For example, SERI is involved in two pilot 

projects set up by the Community in Greece and French Guyana and maintains 

links with other projects such as the activities of NASA and the US Centres 

for Disease Control (CDC) on testing photovoltaic refrigeration. This project 

was conducted in conjunction with the World Health Organization's Expanded 

Programme on Immunization (EPI). This progr8111111e offered ideal conditions for. 

establishing the role of photovoltaics in refrigeration, especially for 

medical purposes. Areas that could not be hitherto supplied with vaccines and 

other drugs could now take advantage of photovoltaic cells as a source of 

coolant energy. Western F.ueopean countries under the auspices of the European 

Economic Community (EEC) launched a major programme in the late 1970s 

ZI SERI, 1984. 
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involving state agencies, 1Dliversities, industry and public utilities. 

Photovoltaics R&D accounted for US$ 15.5 million over the 1975-79 period and 

was increased by some 190 per cent to reach US$ 59 million ofer the 1979-83 

period. The progranne has focussed on the construction of 15 pilot 

photovoltaic plants ranging from 30 ltWh to 100 ltWh. The construction of pilot 

plants was aimed at building operating experience. 

Table 6. European photovoltaic pilot proiects 

Site (Mput (tWp) Appli:llian 0.-spmal' 

,... Rmlneli so Yi18JaCJ"id SERl-Rlnaltt Franch &w't; 
6rea OrlllkPubHc 

,...Qrp. 

63 Swimming pool; ••mcitlian Be'lgilll &w"t 
191ltng f"IDl'lllHlmlie 

IDE-M:EC 

Fota1.~1md so Deiryfrm Qrt lmt.; AEG- Irish 111118ar1N11 
lrelerid TeWunbn b't; Irish PubHc 

utiltty 

81g1io lslmd 45 w• disinfection; PRMl1A ltaltm b't; ENEA 
Italy mid sflnga m1tt 

Hoboken, Belgium 30 Electrolysis ENI Be'lgtlll aw·t 

frmch~ 3:; Vtl1SJ!IJ"id SERl-Rlnallt Frenchb"t 

Kythnoslslmd 100 lslmdcrtd Silmn arm.tartt; 
er- Orlllk Publtc 

PonrQrp. 

Merchwood,UK 30 Local power' supply BP-Soler UK berfilllmt 

Mont BGUrJJll 50 Power for radio PtmOWATT French b't; 1616-
France RI TV emitters diffusbl cit France 

Ntca, France so ND Airport's PtmOWATT frenchb"t; 
electrontc mvtms Ntma.nbrrt 

Cam...-ce 

Pellworm Island 300 Rlcreltion mntre AEG- fAG C.'t 
FAG TeWunbn 

Raralltnu, France 44 Vtlleglt crtd IArCJ(-Samer Frenchb't; 
r ranch Pub. utmty 

Tertehentng Is. 50 POWlr to nMll tllEC Dutdlb"t; 
~lends IChool fAG cwt 

Tremttt Is., Italy 65 0.ltrlllltan unit ltllll• gte lteltmb't 

Vulcano Island • Italy 80 lslendcrtd ENEL 

Source: CEC ( 1985). 

• 



- 13 -

Like the USA. the EEC progr._e undertook l&D specifically to reduce 

cell costs by iaproved processing and alternative aaterials. The vork was 

subcontracted to universities. reseerch institutes and industry in the various 

European countries. For exaple. Leuven University (Belgiua) has a 

subcontract to look into alternative techniques of cell fabrication while vork 

on silicon thin fila is underway at Deaocritus University at Thrace (Greece). 

Other work in cell processing has been subcontracted to Photovatt 

• International (France). Ruch of the work on aaorphous -terials is conducted 

in universities. Research on aorphous silicon is conducted at the Rax-Planck 

Institute (FRG). the University of Dundee (R). the UniTersity of Sheffield 

(me:). the University of Rome (Italy) and the Centre d'Etudes llucleaires 

(France). Following the ce>11pletion of the first set of pilot projects. the 

EEC decided to establish aore photovoltaic plants but with smaller capacities 

on a aore decentralized basis. This will provide aore operating experience 

and promote public awareness of the technology. 

European countries have not reached the level of US photovoltaic l&D but 

the considerable support being offered by their governments through the EEC 

would strengthen their position in both R&D and coaaercialization. It is 

notable th~t the EEC progr ... e is supported by a project on radiation data 

collecticJD. for solar energy application. Radiation climatology data would 

enhance policy-malting in the application of photoToltaics. Already, the 

progr ... e has released vol1m1es of the European Solar Radiation Atlas on both 

horizontal and inclined surfaces. The work on radiation clillatology is also 

being extended to the use of satellite data for predicting surface solar 

radiation. Su.:h information is rot only useful in the design of photovoltaic 

modules, but it is also useful in their application. The various European 

countries also support photovoltaic R&D through national progr ... es. France, 

for example, has set aside US$ 154 million for photovoltaic developmer.c over 

the 1982-84 period, of which the government's contribution amo1Dlts to 

US$ 52 million. The FIG has spent over US$ 40 million on photovoltaic& over 

the 1980-84 period. These co1Dltriea are likely to increase their R&D spending 

as competition with the USA and Japan intensifies. Rev institutional links 

will have to be established to promote the tranaf er of technology from 

universities and research inatitutea to industry. 
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Another country that has relied on governaent support for photovoltaic 

development is Japan. Photovoltaic R&D in Japan is conducted 1Dlder the 

•S1DlBhin£ Project" la1Dlched in 1974. The f1Dlding for photovoltaics has been 

increasing rapidly. For example, the funding vas raised by over 140 per cent 

during the 198G-82 period alone, bringing the total allocation to US$ 30 

aillion. By 1984, Japan was spending SOiie US$ 60 aillion on photovoltaic R&D, 

equally shared by industry and the govemaent. While the US concentrated its 

early photovoltaic R&D on crystalline .. terial, Japan concentrated on 

aaorphous cells. These .. ter!als were selected because they lend themse!ves 

aore easily to aass production. Under the project, the governaent f1D1.ds a 

dozen large coapanies and 10 research institutes. Unlike the USA, which has 

dedicated photovoltaics firas, the work in J6pan is done by large electrical, 

electronics and materials coapanies. These include Toshiba, Hitachi, 

Mitsubishi, Sanyo, Fuji Electric, Sharp, Matsushita Electric, Osaka Titanim 

and others. Japan concentrates on bringing viable technologies to the market 

as soon as possible. Much of the marketing links are built in collaboration 

with the Ministry of International Trade and Industry (KITI). 

KITI's involvement in photovoltaics vas strengthened in 1983 with the 

formation of the Bev Energy Development Organization (REDO). Among other 

tasks, REDO aims at driving down the peak watt costs of electricity derived 

from amorphous cells to below US$ 2.24 and apply the technology to heavy 

electrical uses. The three-year project has a budget of US$ 13.45 million 

which is being spent on high-performance devices, large-area devices and high 

manufacturing efficiency. Moreover, the project also aims at reducing the 

performance degradation of modules to less than 15 per cent in a 10-year 

period. T'ne work was distributed to three major Japanese firms. Sanyo is 

working on the development of high-speed manufacturing processes while Fuji is 

working on large-area cells measuring at least 120,000 square milimetres. 

Mitsubishi is developing a method to manufacture high-performance, tandem 

cells from amorphous material measuring 100 square milimetres and exhibiting 

at least 12 per cent efficiency. This shift to industrial application is 

another innovative approach since photovoltaic systems ~ave hitherto been used 

in non-industrial applications. 

REDO ls also lnvolYed in setting up long-term links with foreign 

countries. Market surveys have been conducted in the ASEAB countries and 

demonstration projects, especially solar villages, are part of REDO'• 
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actiTit!es. Already REDO is building a solar park at Malaysia's Kebangsaan 

UniTersity at a cost of usj 2.1 aillion. The park vill use solar battery 

equipaent, photoTol~aic arrays ~nd solar drying syste11a. This project vas set 

up in conjunction vith the Japanese Bev Enf'r&Y Fund, a body of private 

concerns and vill be iaplemented over the 1986-87 period. This arrangement 

represents an exaaple of the institutional links between the Japanese 

gove:rnaent, private industry and research institutes to establish overseas 

~ .. rkets for photovoltaic products. 

The participation of govenment agencies has not been liaited to 

financial and institutional support alone. State intenention bas also been 

~irected at the structure of the photovolcaic industry itself, aainly to 

consolidate the existing financial and mar.ket resources and strengthen 

national c011petitiveness. In France, for example, the State vas instI'Ullental 

in the creation of Photovatt, which is the consolidation of a 

photovoltaic-related ca,ability previously held by Elf Aquitaine, Compagnie 

Generale d'Electricite (CGE) and Radiotecbnique Compelec. This merger vas 

master-minded by the State solar energy agency, Coamissariat de l'Energie 

Solaire (COMES). This merger vas in response to the competitive threat posed 

by the USA, Japan and other European countries in photovoltaics.l/ The 

mergers however only promoted the efficient use of available photovoltaic-
' related resources and were therefore an ideal development. The real challenge 

vas to support this development vith ma~or R&D prograames. 

It is important to recognize the role of international agencies in the 

promotion of photovoltaic technology. The United Rations Development 

Prograame (URDP), for example, funded a World Bank-executed project on 

photovoltaic&. This was mainly a testing project to establish the economic 

viability of photovoltaic systems, the findings of which have been used to 

influence the direction of R&D in photovoltaics, especially through requesting 

manufacturers to design components to meet particular performance criteria. 

The role of the World Bank was influenced largely by the need to ensure that 

photovoltaic systems compete fairly with conventional systems, especially in 

water pumping. The industrialized countries have also used arrangements such 

as the Lome Convention to promote the export of photovoltaic modules. 

JI Hoffman, 1985. 
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Under the auspices of the EEC, BelgiUll has installed 750 photovoltaic 

systems in Zairean schools and hospitals for lighting, radio links and vaccine 

refrigeration. A teachers' college which uses photovoltaics has also been set 

up in Za~re. Similar projects have been set up in various developing 

co1Dltries 1Dlder ll1lltilater!al or bilateral agreements. The United Nations has 

also promoted photovoltaic application through various training and education 

schemes and the protlsion of infrastructure for photovoltaic-related 

research. Although SOile of these institutional activities do not have 

immediate effects on the .. rket, they create an awareness which in the 

long-term ...,. inflvence the penetration of photovoltaic systems in developing 

co1Dltries. 

Another public sector application which has not received much attention 

in the literat~re is the military application of photovoltaics. Although this 

end-use is still low (estim2.ted at u.1 MW of the world module output in 198~), 

it is likely to e%pand. ~roops usually rely on batteries for the supply of 

electricity to power coJllDUllication systems and other equipment. Photovoltaic 

systems are well suited for small-scale mobile uses and the ultra-modern 

rechargeable batteries are going to be increasingly used in conjunction with 
4/ photovoltaic systems.-

III. WORLD PHOTOVOLTAIC MARKET TRENDS 

The connercialization of photovoltaic modules has been largely 

influenced by the state of the technology and the level of public sector 

participation. This is closely associated with the fact that the technology 

is not competitive in large-scale uses and its penetration has been restricted 

to selected markets. A large number of modules has also been sold to the 

public sector for demonstration and testing purposes. The commercialization 

process has been dominated by firms now controll~1 by oil majors and the 

export of photovoltaic modules to the developing countries has been slower 

than predicted. However, current sales patterns are influenced by technical 

changes in photovoltaic& and has also changed the market share of suppliers. 

!/ Warwick, 1985. 
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Table 7. Wo~ld photovoltaic module production 

1980 1981 1982 1983 1984 

Shipmmts (MWpt) 

United S1eles 5.7 13.1 11.7 
Jlllm 1.8 S.O 8.0 
[lrqle 1.6 3.3 3.6 
Olhr 0.2 0.3 0.8 
T<n'AL 3.4 5.5 9.7 21.7 25.0 

McdJle prim (US$/Wpt) 15.0 11.0 10.0 8.0- 6.0* 

McdJk mies CUSS million) 40.0 60.0 80.0 150.0- :60.0* 

5'fstem snles CUSS million) 85.0 130.0 180.0 400.0- 600.0* 

*fstfmate 
Smrat t1lr,m:t ( 1985). 

The USA is still the domin.lllt supplier of photovoltaic modules although 

its share has been dropping. In 1982 the USA accounted for 61.2 per cent of 

world module shipment. This share dropped to 60.l per cent in 1983 and 46.8 

per cent in 1984. In the meantime, Japan's share has been rising steadily; it 

rose to 23.l per cent in 1983 and 35.6 per cent in 1984. European shipments 

have dropped from 18.2 per cent in 1982 to 15.3 per cent in 1983 and 14.4 per 

cent in 1984. These changes are accounted for by the patterns of technical 

change and public sector participation. Japan has increased its share of tl;e 

world market largely because of its use of amorphous cells in consumer 

electronic products such as calculatora, watches and toys. This is a field 

where Japan has a dominant position.~/ Sharp, for example, controls abo~t 
40 per cent of the world's calculator market. The high levels of shipment 

recorded by the European countries can be accounted for by the establishment 

of EEC-sponsored pilot projects as well as aid-linked exports to African 

countries. 

~I Juma, 1983. 
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Table 8. Photovoltaic application trends (k11p) 

1979 1980 1981 1982 1983 

PtlJLIC SECTCR 
~ 
us 100 250 '400 350 350 
EEC 150 150 300 2SO 250 
OUler 15 50 so 100 1020 

All' War Id lJ!IB 
OJmmwatcattoo 100 150 200 2SO 350 
Nlrliglllion/stpls 50 60 65 85 100 

PRIVATE SECT<ll 
Dlmonstnllllll 15 25 75 1250 25 

gmllnll"Cll) U!las 
C8Urdc IJl'C*dlon iO 25 50 55 55 
PllnPllWJ 30 75 100 100 75 
Remote housing 260 3«) 425 475 
Other 15 25 30 35 40 

<DCU1ER PROOOOTS 15 30 150 400 600 

SCU'at WIT/ti Sow lfa'l1Jls ( 1983). 

Early market studies assumed that photovoltaics would be applied to 

areas such as water pumping and rural electrification in the immediate term. 

This view led t~ the assumption that the developing co1Dltries would become a 

dominant market in photovoltaic applications. The situation has however 

proved different. These end-uses have seen much sl~wer growth than consumer 

electronics, central generators and telecommunications. There are several 

reasons why this has happened. The entry of amorphous cells opened new 

markets in consumer electronics. The cells still l.ave a high rate of 

degradation and are therefore more suitable for consumer goods. About 28 per 

cent of the world photovoltaic power output in 1984 was used in consumer 

electronics, which was largely amorphous silicon (some 7.0 MWp). 

The reduction of federal support for photovoltaic& forced producers to 

seek i11Dediate markets and as a result, a large share of US module shipments 

i• applied in central generators. About 24 per cent of the world photovoltaic 

application in 1984 was in central generators (about 6.3 MWp). This 

application is expected to expand in the USA. The other major use of 

photovoltaic cell• has been telecommunications, which accounted for some 25 
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per c~nt !5.0 MWp) Gf the world module shipment. The use of photovoltaics in 

tel£cOlllllUD.i~ations has been expanding in the developing countries, largely 

because the smallest diesel generators used to power equipment usually produce 

3 kW, which is too high for normal requirements. Photovoltaic modules can 

therefore be designed to match the power needs of telec011mUD.ication 

equipment, Other areas that have seen high photovoltaic penetration rates are 

cathodic protection and off-grip housing (mainly in the USA). By 1984, water 

~ pllllps accounted for about 1.6 per cent of the world photovoltaic power output 

(about 0.4 MWp); the envisaged large market has yet to be tapped although 

recent estimates show that photovoltaics ia becoming increasingly competitive 

with diesel engines in isolated areas. 

These changes in consumption patterns also reflect corporate marketing 

as well as innovation strategies. ARCO Solar, a subsidiary of the oil major 

Atlantic Richfield (the largest US module producer) has embarked on central 

generator projects jointly with public utilities as a means of becoming firmly 

established in the local electricity sector. One of the recent additions to 

this output is the 16 MW plant at Carissa, California. The USA is 

concentrating on tapping local markets while at the same time expanding its 

exports through federal progrann~s. The total US module exports amounted to 

2.0 MW in 1983 and rose to 2.9 MW in 1984. This is an increase of about 45 

per cent but still represerts only 24 per cent of the total output. The 

exports were dominated by Solarex and ARCO Sc.tar. 

Table 9. us Pnotovoltaic shipments 

1982 1983 1984 

ArmSOlar 2.4'0 6.00 5.50 
~tflllEraw 0.45 4.50 3.00 
Solnx 1.30 1.30 2.10 
So•Pawr 0.4'0 0.4'0 
SOia: 0.20 0.30 0.4'0 
Phatantt 0.21 0.30 
Mabtl SOllr 0.04 0.07 0.08 
Mataroll 0.10 0.30 
Olhn 0.61 0.10 0.30 

TOTAL 5.61 13.07 11.68 

Sauna PY/!W91m6n1Mlnllllr,Aprt11984; Me;m:t ( 1985). 
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The Japanese have focussed their c01mercial targets on consuaer goods 

and have been slow in te~restrial applications. This is reflected by the fact 

that despite their 80 per cent increase in module shipments (from 5.02 MW to 

8.9 KW) over the 1983-84 period, terrestrial applications remained unchanged 

at 1.6 MW. The 300 kW that was added to the Japanese terrestrial applications 

vas mainly part of govel'Dllent and industrial experiments, but as indicated 

elsewhere, the Japanese govel'Dllent has invested in R&D for large-scale 

photovoltaic systems for industrial use. In the meantime, over 100 million 

photovoltaic-powered calculators were produced by Japanese industry. 

Amorphous cells account for about ~O per cent of Japan's photovoltaic 

production, a factor which limits the range of terrestrial application, given 

their high degradability. It is expected that photovoltaics will be 

increasingly incorporated into consumer products and other devices, such as 

cash and vending machines. It is notable that the US firm, Enerv Ccnversion 

Devices (ECD) which has been operating a joint venture in Japan with Sharp, is 

setting up plants jointly with Sohio (Standard Oil of Ohi~) to produce 

amorphous modules in the USA. The ECD and Sohio venture is organized under 

Sovonics Solar Systems. Sohio spends some US$ 30 million on photovoltaic 

development annually. 

The Sovonics venture represents a major shift in USA firms towards the 

connercialization of amorphous cells. The world share of amorphous modules 

vas 14.3 per cent in 1983 and rose to 27.8 per cent in 1984. In the meantime, 

the share of single crystal modules dropped from 50.2 per cent to 43.2 per 

cent. The growth in polycrystalline modules was marginal, rising from 14.3 

per cent in 1983 to 15.8 per cent in 1984. The posslbilities for 

polycrystalline application are being pre-empted by amorphous cells. Bearly 

all the global photovoltaic R&D expenditure of US$ 150 million is directed 

towards amorphous cells. Some of the funding is being directed at alloy 

materials which have hiterto not been used in connercial applications. 

Corporations such as ARCO Solar which have been dominant suppliers of single 

crystal cells are now turning to the production of amorphous cells. Solarex, 

which was acquired in 1983 by Standard Oil (Indiana), started shipping 

amorphous-silicon modules in 1984 using technology licensed from RCA, which 

has ceased to participate in this field (Iversen, 1984). Rev production 

facilities are also being established to produce amorphous cells. For 

example, Chronar has finished a 1 MW amorphous module plant at Port Jervis, 

USA, and another in Wales, UJC. It is expected that firms such as Chronar will 

seek to extend their markets in Europe. 
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Table 10. Japanese photovoltaic shipments 

1982 1983 1984 

Smr,40 0.50 2.00 3.50 
Shm'p 0.60 0.80 0.50 
Fuji 0.20 0.80 2.50 
K~ NIA O.«> 0.65 
ECO/Shrp NIA 0.30 0.-iO 
KllllMllsu NIA 0.20 0.10 
Knta 0.30 .... NIA 0.10 0.30 
Nippon Ela:trlc NIA 0.15 0.20 
Httm:ht NIA 0.07 0.15 
Jllpm Solr Enerw NIA 0.05 NIA 
Mttshubishi 0.10 ou..s 0.30 0.20 0.20 

TOTAL 1.68 5.02 8.90 

Sounm: PY lllWISfm6nt Nlws/tJllr, April 1984; tw,u.ct ( 1985). 

The coanercialization of photovoltaic& in European countries has 

remained 1DlStable and uncertain. The increases of the early 1980s were 

related to EEC pilot projects and aid-related exports. The completion of the 

EEC pilot projects has led to a reduction in the growth rate of photovoltaic 

shipments f1om Europe, leading to a further market squeeze by Japanese and 

European firms. This squeeze is likely to continue, especially when. given the 

choice of material in European photovoltaic production. Bearly all the 

existing plants in the EEC colDltries are based on crystalline silicon. The 

only ehift has been towards polycrystalline silicon among firlll8 such as Pragma 

(Italy). Others such as Telefunken, Photowatt, France Photon and Inergy 

Nouvelle have been dependent on polycrystalline silic~n. This technology, as 

pointed out earlier, is being pre-empted by amorphous cells and it is not 

certain how soon European countries are likely to shift to amorphous 

production as a competitive strategy, b1Jt the trans~tion 9eriod has started. 

Pragma, now controlled by Agip Oil, has invested US$ 30 aillion in developing 

amorphous cell capability. It also receive• govel-naent and public sector 

support for its R&D. European firms are likely to be left behind in the race 

for alternative conversion materials as th..-. USA embarks on even more advanced 

conversion R&D concepts. 
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With the relatively wealt industry-university links i~ photovoltaics, it 

is not llltely that the research now being subcontracted to universities by the 

EEC will be quickly transferred to the private sector for colllllercialization. 

The slow response tc technological transition is reflected by the rate at 

which the European countr~es have been able to enter the aaorphous silicon 

business. Moreover, the USA has quiclcly responded to the Japanese challenge 

and embarked on .. jor aaorphous silicon projects. Ironically, the Japanese 

entry into aaorphous silicon technology was based on resear-::h that was 

initially done in the UK and the USA. 

Table 11. luropean photovoltaic shipments 

1982 1983 1984 

T e'llf'm1kan (FAG) 0.60 0.95 0.75 
Frara PllJIDwllt 0.4'0 0.60 0.50 
fnllCIPldm 0.25 0.4'0 0.30 
He11os ( ltalY) NIA 0.35 0.30 
Pr1F11Cltaly) NIA 0.25 O.«J 
Anselm (Italy) 0.10 0.25 O.«J 
ZantlC 0.25 
S1emens 0.10 0.15 0.15 
lsphotan (Spain) NIA 0.10 0.15 
BP Solr(UK) NIA 3.10 0.20 
IDEBelpoltr 0.05 0.05 0.05 
[IBVf Nouvelle (Belg.) NIA 0.05 0.05 
Ohrs 0.18 0.04 0.10 

TOTAL 1.68 3.29 3.60 

SCUUs: PYllMISlmlnf NlnltJlllr. April 1984; Mlr,'aJck ( 1985). 

The developing countries have not been significant in the 

co1nercialization of photovoltaic systems. So far, their output has only 

changed from a minuscule 0.28 MW in 1983 to 0.70 MW in 1984. The largest 

growth rate has been recorded in India which has expanded its output from 

0.11 MW in 1983 to 0.30 MW in 1984. The rest of the shipment is accounted for 

by Brazil, and Singapore, which has an assembly facility. All the output from 

the developing countries is single-crystal. India is likely to increase its 

output and Saudi Arabia has set up a single-crystal module plant aimed at 

supplying local and regional markets. The world photovoltaic market has also 
I 

seen the entry of the Australian Tideland Signal which shipped 0.05 MW in 1983 

and 0.10 in 1984. 
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The developing countries have re111a!~ed targets for photoYoltaic 

c011aericalization despite the disappointing sales in the last five years. ".'be 

EEC is a majt"r supplier of modules to ~ese cot • ·ries as part "f their aid 

progr&1mes. Individual countries such as Italy and France ship over half 

their photovoltaic output to developing countries, mainly to Africa. One of 

the major eaerging markets for photovoltaics is India, which has hitherto been 

partially protected against external coapetition. The government has 

liberalized the ~hotovoltaic market and local Indian firms are seeking joint 

ventures with US, .Japanese and European firms. The Indian firms insist on the 

state-of-the-art technology. 

Table 12. Developing comitrv shipments 

Bllnl t£ ( 1111111) 
Hllialt/nntca (BML!il) 
In (India} 
Sollr O.•lllr (Sings.} 
Ollttrmntal Dev. (India} 
00..S 

TOTAL 

1982 

NIA 
NIA 
NIA 
NIA 
NIA 
0.20 
0.20 

1983 

0.01 
0.07 
0.10 
0.08 
0.02 
NIA 
0.26 

ScKrcas: PY llltWfltml NtJwslllflr, April 1984; t1.-:t ( 1985}. 

1984 

0.10 
0.20 
0.20 
0.08 
0.02 
NIA 
0.70 

The COllllercialization Of photovoltaic& has been dominated by large oil, 

electronics and ~lectrical companies which have long-standing experience in 

the management of new technologies. The shift towards amorphous cells permits 

these corporations to complete the vertical integration of their photovoltaic 

activities. With single-crystal technology, photovoltaic producers were 

dependent on the supply of ingots from three main sources in the world; Volker 

(FRG), SEMIX (USA) and Pragma (Italy). This control was broken with the shift 

to polycrystalline material which saw the entry of new material producers in 

the industry. l'his diversification now provides the firms with the 

opportunity to look into new materials and remain self-sufficient in their 

supply. The 1983-84 period saw the entry of at least seven firms into the 

amorphous silicon business. These were Solarex, ARCO Solar, Chronar, Kyocero, 

Taiyo Yuden, Sharp/ECD and Kaneka. Already the industry has experienced 

take-overs which were specificially aimed at acquiring capability in amorphous 

technology. So far it is still not certain whether the current amorphous 
I 

materials will dominate the market in the medi1DD term. 
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It is likely that other firms that have photovoltaic-related technology 

will enter the market. Firns such as Pilkington could take advantage of the 

amorphous technology to sell their glass as part of the encasement. Judging 

from SERl's research progranme, it appears that the screening of new materials 

for photovoltaic properties will continue to be a significant R&D area and it 

is going to take considerable R&D before a dominant material emerges. The 

ri~e of amorphous cells, which had an efficiency rate of merely 1.0 per cent 

in 1974, indicates how dependent the photovoltaic market is to technical 

change. This adds to the lm.certainties concerning the traditional sources of 

electricity that the systems seek to compete with. 

IV. PHOTOVOLTAIC TECHNOLOGY FLOWS 

The international flow of photovoltaic technology has been largely 

influenced by the domiuant conversion technology and the expected market 

penetration. Photovoltaic to.chnology has gone through three partially 

overlapping generations: single-crystal, poly-crystal and amorphous cells. 

These three generations have not only shaped the structure of the industry,but 

have also influenced the patterns of technology transfer. In the first place, 

the fact that the technology has been in a state of constant flux has reduced 

the widespread diffusion of process know-how. Secondly, the high process 

control that is associated with ingot growing made it difficult for new firns 

to enter the market or for the technology to be quickly diffused. Thirdly, 

the \Dlcertainties surrounding the competitiveness of photovoltaics, coupled 

with the rapid rate of technical change, reduced its rate of diffusion and the 

flow of process technology. 

As ~ result of these factors, the flow of photovoltaics technology has 

been largely between the USA, Europe and Japan. The transfer of photovoltaic 

technology to the developing countries has been restricted either to assembly 

facilities such as the Solarex plant in Singapore or to near-obsolete 

single-crystal cells such as the Spire 1 MW plant for Saudi Arabia. In nearly 

all the known cases of technology transfer, the flow has been mainly turn-key 

plants with very little transfer of know-how. This has resulted from the fact 

that the technology itself is jn constant flux and much of the R&D is 

conducted at the point of origin or in \Dliversity and government centres. The 

shipment or plants has therefore been largely to enter a specific market and 

reduce module assembly costs. 
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The case of Japan has been quite different. The ECD/Sharp joint venture 

has meant the transfer of US amorphous technology to Japan, but in return, the 

USA, through Sovonics, has acquired the engineering and production know-how 

that enables the Japanese to get a product onto the market faster than other 

countries. This cross-flow of technology is based on the realization that the 

two parties have complementary capability. It is notable that the Japanese 

aimed for amorphous cells when the rest of the world was banking on 

single-crystal cells and when polycrystalline cells w2re unveiled by Solares, 

new firms sought to entP.r the market with this innovation. As a result, firms 

such as Holec (Holland) acquired the technology from Solarex hoping that it 

would have a better performance than the single-crystal cells. This hope was 

not realized and Holec had to cease production. 

The most important part of a photovoltaic system is the conversion 

materisl. The fabrication of the cell is linked to the rest of the BOS 

components and therefore the process technology will not be settled until the 

cell is stabilized. However, firms such as Spire have started producing 1-MW 

plants producing single-crystal modules for export. Saudi Arabia has acquired 

one such plant and other plants are destined for Canada and China. It is not 

certain how convertible this plant is to new conversion materials. Spire's 

strategy is to form a standardized collection of BOS components onto the 

market and not wait lDltil the dominant cell has emerged. The logic behind 

this reasoning is that any new cell will be readily incorporated into the 

plant. It is also notable that Spire does not include cell fabrication in the 

technological package but only BOS component production and assembly. 

While such plants are being set up, using the near-obsolete 

single-crystal technology, other firms are extending their international 

operations with amorphous technology in the belief that these cells are likely 

to dominate the market in the future. Chronar has set up a 1-MW plant in 

Wales (UIC) and is negotiating for similar facilities in France and Morocco. 

ECD has already signed a Memorandum of Understanding with China to work 

towards establishing process facilities there. It appears that China is not 

only opening up its market for Japanese plotovoltaic products but is also 

searching the international market for the technology. The Spire agreement 

would provide China with the required knowledge for the production of BOS 

components while the ECD joint venture would enable them to have access to the 

state-of-the-art amorphous technology. China is in a strong bargaining 
I 

position given its large, dispersed population which provides an ideal market 

for stand-alone or decentralized grid modules. 
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The use of US photovoltaic technology in Japan is not restricted to 

ECD. With the use of ion implant machines from Spire, the Japanese fiI'lll Hoxan 

has been able to build a 9 MW single-crystal plant at Sapporo. The sheer size 

of this plant indicates that the Japanese did plan to take advantage of 

economies of scale in a technology that is likely to be displaced in the long 

run by amorphous materials. At this production capacity prices are belov 

US$ 5 per pW. Hoxan is a nev firm in the business and it appears that their 

strategy vas to go for scale economies vhile the technology vas still viable. 

Tb.is corporate strategy is built on the realizatiun that the mass production 

of amorphous cells is just starting and there is room for the co-existence of 

different cell types on the market. Moreover, 8ll0rphous cells themselves are 

goi.,,g to undergo efficiency- and process-related changes. 

It is notable that the shift to amorphous cells outside Japan has been 

pioneered by emerging small and medium-sized firms. The decision by firms 

such a~ Chronar to enter the market with plants based on new conversion 

materials illustrates the un.~ertainties concerning the sources of innovation 

and position of firms in the market structure. The late 1970s and early 1980s 

sav the rapid emergence of subsidiaries of oil majors. It was felt then that 

this control would make it difficult for developing coun.tries to enter the 

photovoltaics market, but the problem seems to be the nature of the technology 

rather than the structure of the market. This argument, however, does not 

preclude the negative effects of monopolistic control. 

The location of production facilitie3 in the developing coun.tries to 

take advantage of cheap labour has been part of the strategies of firms such 

as Solarex. So far only the Singapore case has materialized. There are 

numerous proposals vhich have so far not been implemented. In the meantime, 

firms are emerging vhicb tend tc specialize in the export of productive 

facilities to the developing coun.tries. The US firm, Sun.power, for example, 

has plans for a US$ 1.2 million contract with the Philippine Sun.power 

Industries and Development for photovoltaic man~facturing. This arrangement 

involves the setting up of facilities to produce thin film modules for 

export. Sun.power intends to give technical, marketing and training facilities 

under a five-year project that was scheduled to begin in 1984. Cell 

production was set to start in two to three years and similar projects were 

being considered in six other countries. 
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The initial optiaisa over assembly plants in developing countries vas 

based on the viP-V that since 50 per cent of aodule production costs vent to 

BOS cOllponents, it vould be possible to have thea assembled in the developing 

countries using cheap labour. Moreover, reductions in cell costs would 

increas!. the share of BOS c011ponents that have been partially standardized and 

are not likely to undergo any aajor cost-reducing changes. This viev vas also 

supported by the assuaption that the developing cour~tries would be a aajor 

market for photovoltaic syste11&, especially in vater puaping and rural 

electrification. Such asseably plants have so far not been set up on scales 

previously envisaged. One of the reasons for the slov transfer of production 

facilities to the developing countries is the rapid rate of innovation in 

conversion materials which is making photovoltaic process technologies 

near-obsolete at any one llOllent. The possibilities for selected assembly 

sites in the developing countries still exist but vill have to avait the 

emergence of doainant conversion materials. 

It appears that soae fil'llS are interested in autOll&ted production and 

vill most likely consider setting up production facilities in the 

industrialized countries to take advantage of advances in aut011&tion and local 

photovoltaic markets. Fil'llS such as ECD are already adopting Japanese-type 

automated production thereby pre-empting the need for cheap labour. Tb.is 

development is linked to ~he fact that photovoltaic sales are growing faster 

in industrialized co1Dltries than in developing co1Dltrles. It appears 

therefore that the rate of technology flow to the developing countries is 

likely to be slower than originally projected. Tb.ls, however, may change as 

access to automated production technology ls lDleven even &ao!lg industrialized 

country firms, some of which may use the cheap labour as a basis for 

competition. Moreover, the need to have access to .specific developing colDltry 

ma~kets may lead to the establishment of labour-based production facilities in 

those economies. 

Much of the technology flow in the 1980• has been between European and 

US firms. This flow was associated with trans-Atlantic corporate links which 

were made in the late 1970• to enable US firms to have access to developing 

colDltry markets through traditional European links with former colonies. For 

example, Solarex established corporate links with European firms such as 

Holec, France Photon, Moteura Leroy-Somer and Solaria. The Solarex link with 

Moteurs Leroy-Somer was significant because the latter controlled a pump 
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aanufacture COllP&DY, Pompes Guinard. This enabled Solarex to couple its 

photoYoltaic syste11a vith the P1111P8 exported to deYeloping co1Dltries by Poapes 

Guinard. On the whole, the flov of photoYoltaic technology to other co1D1.tries 

is likely to be liaited to a fev countries, while widespread offshore 

actiYitie3 associated vith the seaiconductor industry are not likely to occur 

in the near future. 

V. mPLICATIOllS FOR DEVELOPillG COURIRIES 

The development of photoYoltaics has a nmaber of features which raise 

seYeral policy questions for developing countries. In the first place, the 

decision of a developing country to enter the aarket as a producer vill be 

influenced by the size of the local or envisaged market. In this respect, 

co1Dltries such as India and Brazil have ill higher chance of entering the market 

as producers, but the situation is not as staple as that, since photovoltaic 

production is not only science-intensive but requires specific 

microfabrication techniques. The rapid rate of scientific advancement, 

especially in material sciences has been the basis of technological knov-hov 

in this field. The level of public sector involvement and the activities of 

universities as exemplified by SERI's institutional network illustrates the 

need for scientific advance as a necessary requirement for technological 

development. 

Kot only does entry into the market require a strong scientific and 

technological base, but it also needs complementary industrial Jmov-hov. Many 

of the techniques nov used in the photovoltaic industry have been adopted from 

other sectors of the economy. This fact is reflected in the patterns of 

market entry and corporate restructuring. While some of the developing 

countries may have access to traditional single-crystal knov-hov, the shift to 

thin film and ribbons based on amorphous materials requires new initiatives in 

technology acquisition or local development. 

Despite these problems, some developing countries can build 

photovoltaic-related capabilities in BOS components and loads. The need for 

local BOS manufacture has been a major conclusion of a recent World Banlt 

testing and demonstration progr ... e. Building BOS capability requires the 

ability to unpackage photovoltaic systems. Indeed, the current trends in 

innovation shov continued system-packaging as a ~eans of raising system 
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efficiency while at the saae tlae integrating the production process. 

Rovever, while this ls going on opportunities to acquire BOS technology are 

also merging. The sale of BOS unufacturing plants by Spire provides AD 

opportunity for SOiie developing countries to acquire design concepts relevant 

for aodule assembly. The acquisition of such plants alone will not guarantee 

the transfer of technology. The process needs to be associated vlth carefully 

worked out policy guidelines which enable the illportlng countrJes to 

asslallate the lcnov-hov. 

It ls difficult to judge whether in the long run the industrialized 

countries will be willing to transfer cell-related technology to deTeloping 

countries. This paper has argued that this will be restricted tc a fev 

countries in the short and aedlua tera. Countries with potentially larg~ 

-rkets, such as Brazil, China, India and Mexico have a stronger bargaining 

position and could have llaited access to cell-related Jcnov-hov. These 

countries have on-going R&D projects and some of them (specifically China and 

India) are actively seeking joint ventures with photovoltaic manufacturers. 

On the whole, no general policy guidelines can be given on the potential 

entry of developing countries into the photovoltaic market. What, however, 

seems an ideal strategy for llOSt countries is to constantly monitor the 

changes occuring in the technology (amoni other technologies of course) and 

base their policy decisions of technological expectations and their possible 

contribution to the local energy budgets. Countries s~ch as Brazil, China and 

India which are already searching the international market for technologies, 

will require different policy guidlines based on their current level of 

technological advancement in this field. Other co1Dltries such as those in 

Africa may seek access to the technology from a collective forum given the low 

bargaining power of individual nations. 

COBCWSIOI 

This paper ha• revievti recent development• in photovoltaic technology 

and ahova that the industry has been 1Dlder1oing .najor •tructural changes. 

These chanae• have been associated with technical innovation• in conversion 

materials and the related public sector support. It va• pointed out that the 

technical transition has gone through three different type• of conversion 
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.. terials (single-crystal, polycrystalline and aaorphous). These changes were 

linked to industrial re-organization and different patterns of public sector 

support. The rapid changes occuring in the technology and the demand for 

.. jor public sector support maltes it difficult for most developing countries 

to enter the photovoltaic market as producers. However, a fev countries may 

in the short term acquire technological capabilities related to peripheral 

parts of the photovoltaic systems. 
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