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The world photovoltaic industry has recently undergone major structural
changes associated with technical innovations. Trends in photovoltaic
technology have gone through three stages associated with single-crystal,
polycrystalline and amorphous conversion materials. These 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. These differences are related to variations in the industrjxl
policies of these countries. The rapid changes occuring in the technology and
demand for major public sector support makes it difficult for most developing
countries to enter the photovoltaic market as producers. However, a few
countries may in the short term acquire technological capabilities related to
peripheral (balance of system) parts of the photovoltaic systems. The
state-of-the-art cell technology will for a long time to come be inaccessible

to most developing countries.
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INTRODUCTIOR

The world photovoltaic industry emerged in the post-1973 era with much
eathusiasm for the prospects of a rapid and widespread market penetration.
Since then, the industry has been undergoing major 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 conversion 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 feor indu~trial competitivenes. The second examines the
institutional arrangements which have helped promote the 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 commercialization. This chapter reviews
commercial 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 intermational flow of
photovoltaic technology and assesses the farctors which influence the current
state of technology transfer. The final chapter outlines policy implications
of these changes for developing countries and identifies possible areas of

commercial involvement.

I. TECHNICAL CIIANGE IN PHOTOVOLTAICS

Rapid technical changes are taking place in photovoltaic products and
processes, Efforts are directed at improving existing technologies,
investigating ﬁew materials and designing new industrial processes. These
activities are aimed at reducing production costs, improving product quality




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 hand 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 photovoltaics 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 programme developed by the Jet Propulsion Laboratories (JPL) at
Pasadena, California. The programme has been operative since 1977 and firms
simply sell on the telephone with preliminary cost estimates and obtain a
comprehensive analysis 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 umit of
pover output and secondly, it has helped save space in both production and
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 search for alternative conversion materials. Some of the
candidate materials are given below with their theoretical maximum conversion

efficiencies.




Table 1, Candidate conversion materials

Materiel Efficiency (%)
Germanium 13
Cadimium sulphide 18
Cadimium telluride V)
Indium phosphide 26
Oallium arsenide 27
Aluminum-antimonide 27

Source: Maycock et al. (1981).

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.

able Highest oven ce
Type Efficiency Structure Area(cm2)  Developer
Crystalline Single-crystal University of
Silicon 19.10 flost zone 4.00 New South Wales
Crystalline Single-crystal
silicon 18.00 4.00 Spire Corporation
Polycrystalline 11.06 (CdZn)s/CulnSe;  1.00 Boeing Aerospece
Polycrystalline 10.90 CdS/CdTe 1.00 Eastmen Kodek
Amorphous 0!1s8/1C0/p-:-n
silicon 10.10 1.09 RCA Corporetion
Amorphous Oloss/TCO/p-i-n
silicon 08.50 1.00 Fuji Electric
Golljum CVD heterofecs
orsenide 20.34 1.00 Spire Corporation
Gatlium CVD heterofore
&raenice 19.00 4.00 Hughes Research Laboratories

Source: Fischetti ( 1984).




Other novel methods of increasing conversion efficiency include tandem
cells under vhich different materials are used together to capture the
different sections of the solar spectrum, however thes= approaches involve the
re-arrangement of the various materials. Alternative techniques are being
applied which involve the re-arrangement of the solar spectrum itself. An
example is the luminescent solar collector (LSC) which comprises a flat box
with a reflective mirror base and a tcp cover doped with luminescent dyes.

The dyes absorb light and 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 challenged 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 in 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 projertions show that single-crystal
wafers may not achieve the less than US$ 1-per-peak-watt needed to make
photovoltaics competitive with other sources of electricity. An alternative
technique being developed is to produce ribbons from molten silicon. A
typical ingot-wafer throughput is about 0.15 square metres (mz) per hour
while that of a ribbon machine is 0.5 mz per hour. Mobil Solar (USA) has
made ribbons with 12-14 per cent efficiency and Westinghouse Elec*ric (USA)
has produced ribbons with 16 per cent efficiency. The firms, as vell as
Energy Materials (USA) have pilot plants for ribbon production.

Single-crystal cell production requires a high degree of prccess 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 (CdIe) and Indium dise. - nide
(CulnSez). A pilot plant has teen built by Sovoloco Company, a joint
venture of Boeing Aerospace and Reading & Bates to develop indium diselenide
polycrystalline cells. Boeing has demonstrated a CulnSe2 with mcre than 11




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 subsequently acquired
by Solarex for attempted massz 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 pover storage, about 20 per cent to installation and checxout and the rest
to array, structure and site preparation. Unlike the cell, BOS components 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 costs
has tended to be 3lower 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 costs. However, BOS-psecific
innovations are required to reduce overall system costs. Apart from reducing
BOS costs, 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
is in operation and the feedback incorporated into subsequent R&D. This is
largely vhy the initial stages of photovoltaic penetration were devoted to
testing.




Table 3, Advanced battery development

Type Mejor Developer Efficiency Yolumetric Energy
(dc-to-dc) Density (Wh/1)
Zinc-chlorine Energy Development Associstes 70 70
(US); Furakawa Electric (Japan)
Zinc-bromine Exxon Reseerch and Engineering; 70 IE

E Research Corp. (USA); GEL
Inc. (USA); Meidenshe Electric
Manufacturing (Jepen); Studienge-
sellscheft fir Energiespeicher und
Antriebssysteme (Austrio)

Sodium-sulphur  ForoAerospece (USA); Dow Chemical 80 250
(USA); Chiloride Silent Power (UK); (Based on cell
Compagnie Générale dEWctricité per‘ormance)
(France); Brown Boveri & Cie (FRG);
Yuasa Battery (Jepen); Hitachi;
Shanghei Insitute of Caramics (Chins)

Iron-chromium  Sohio (USA); Mitsui Enginesring 70 10
redox ond Shipbuilding (Japen)

Source: Zorpette ( 1984).

One of the most significant BOS components is power storage. The
conventional lead-acid and nickel cadmium batteries are expensive,
inefficient, prone to rapid 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, hydrogen-
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.
All solid-state storage systems such as the flywheel are being developed as an
alternactive. The flywheel being developed at the Massachusetts Institute of

1/

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 tl»re are three generations of technologies competing for market

penetration: single-crystal, polycrystalline and amorphous cells. It appears
that single-crystal cells are reaching their conversion limits. The avenues

1/ Jorné, 1983.




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 emerges. Much of
the R&D in new photovoltaic systems has hitherto been devoted to product
innovation while process technologies are still at pilot stages. This
situation is likely to continue until systems that favourably compete with
conventional sources of energy enter the market and command partial market
stability. This entry is largely a function of technical change and
institutional support for the emerging technological systems.

II. INSTITUTIONAL LINKAGES

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
programmes, 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
comaplex government-industry, industry-university and government-university
linkages which are important in the early development of science-based

innovations such as photovoltaics.

The USA had a major photovoltaic programme, 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 agencies to incorporate photovoltaic systems into their activities
and providing macket support for the sale of modules., This was largely a
procurement programme aimed at setting up small remote-type systems. This
programme 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 programme ensured that the state would meet the

installation and monitoring costs.




Table 4, Intermediate-size USA Government programmes

Application Location Size (kWp) Completed
Agriculture Mead, NE 2% July 1977
Rader Tracking Station Mt. Lagune, CA 60 Aug 1979
AM Radio Station Bysn, OH 15 Aug 1979
il L P o
mmw) E) Pass, TX 20 Dec. 1980
High School Beverly, MA 100 Feb. 1981
Shopping Centre Lovington, MN 100 Mar. 1981
Community College Blythevill, AR 240 May 1981
Light Mfg. Fecility San Bernedino, CA 35 Sept. 1981
Hospiteal Keuvei, HA 35 Sept. 1981
Public Science and Arts Ok lahoma City, 0K 135 Feb. 1982
Bufiding
Sky Hebour Airport Phoenix, AZ 225 Apr. 1982
Airport Utility Plant Detlas-Ft. Worth, TX 27 Jun. 1982
Office Building Albuquerque, NM 47 Jun. 1982
Junior College Senstoble, MS 101 Stopped
:!mt,lnl muvma y Washington, DC 300 1984
Centrsl Utility Sacramento Municipel 1000 1984
Utility District, CA
Source: Macomber ( 1984).

The initial funding 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 pover 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




subsidy tax benefits scheme. 1In addition, federal laws require electric
utilities to interconnect small (renewable energy) generators (less than
80 MW) to their systems and pay a fair price for any energy produced by the
renewable energy system and fed into the grid. The incentives have led to

increased private sector involvement in plant installation.

The photovoltaics programme suffered from budget cutbacks, but despite
the reductions, photovoltaic R&D expenditure was only second to solar, thermal
and nuch higher than any other renewable enerzy system. The reduction in the
federal funding for photovoltaics has had three main effects. FPirst, the
Department of Energy (DoE) through the Solar Energy Research Institute (SERI)
has had to concentrate on funding advanced R&D. Second, large corporationms,
especially oii 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 immediate 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
industrial and university links to ensure that viable technologies are
commercialized. 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 collaboration with industry and universities.
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Table 5. Privately-built photovoltaic systams

Bufider/Supplier Application Location Size (kWp) Completed
Solerex Corporation PY Factory Frederick, MA 200 Oct. 1982
Copley Enargy Inc./ Central Utility Denton, MA 15.7 Dec. 1982
Solarex Demonstration,
Del 1arva Power
Exxon/Solar Power Epcot Centre Walt Disney 70 1982
(Pavilion/utility) World, Floride
ARCO Soler /BDM Central WHility, Hesperia, CA 1,000 Dec. 1982
Southern California,
Edison No.
ARCO Solar /F luor Centrsl Utility, CarrisaPlain,CA 16,000 1984
Pacific Gas & Electric
Source: Macomber ( 1984).

SERI is charged with the responsibility of conducting research in
photovoltaic (amorphuvus 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
pover 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
aiméd at establishing and 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
programme enables SERI to maintain contacts with universities and 1ink them
with industry. New concepts from universities can therefnre 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 1nsritutes.z/

SERI employs
a large number of photovoltaic experts. Teckniques that have potential market
value are quickly subcontracted to commercial firms for further developmeat
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:r government agencies, has participated in
aid programmes aimed at setting up pnotovoltaic plants in developing
countries. This has been done in collaboration with the US Agency for
International Development and the National Aeronautical and Space
Administration (NASA). This public sector collaboration has led to the
establishment of photovoltaic pilot projects in countries such &s Bangladesh,
Burkina Faso, Egypt, Guyana, Mali, Morocco, Nepal, Niger, Panama, Philippines,
Rwanda, Saudi Arabia, Tanzania, Thailand and Tunisia. The participation of
SERI in international programmes has also been extended to projects funded by
the European Economic Community. 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 programme 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 Fueopean countries under the auspices of the European
Economic Community (EEC) launched a major programme in the late 1970s

2/ SERI, 1984.




- 12 -

involving state agencies, universities, industry and public utilities.
Photovoltaics R&D accounted for US$ 15.5 million over the 1975-79 period and
vas increased by some 190 per cent tc reach US$ 59 million ofer the 1979-83
period. The programme has focussed on the construction of 15 pilot
photovoltaic plants ranging from 30 kWh to 100 kWh. The construction of pilot

plants was aimed at building operating experience.

able European photovo]ltaijc ot ojects
Site Output (kWp) Application Main Contractor Co-sponsor
Aghie Roumeli 50 Village grid SERI-Renault French Gov't;
Oreece Oreek Public
Power Corp.
63 Swimming pool; Association Belgian Gov't
Belgiur) lighting Momentanée
IDE-ACEC
Fota 1.land 50 Deiry form Cork Uni.; AEG- Irish and German
irelard Telefunken Oov't; Irish Public
Utility
Giglio Island 45 Waler disinfection; PRAGMA Italian Gov't; ENEA
Itely cold storage unit
Hoboken, Belgium 30 Electrolysis ENI Belgian Gov't
French Ouyone 35 Villsge grid SERI-Renault French Gov't
Kythnosislend 100 Istand grid Siemens German Gov't;
Oreace Oresk Public
Power Corp.
Merchwood, UK 30 Local power supply  BP-Soler UK Gover nment
Mont Bouguet S0 Power for redio PHOTOWATT French Gov't; Télé-
France ond TV emitters diffusion de Frence
Nice, France S0 Nics Airport's PHOTOWATT French Gov't;
electronic devices Nice Chember of
Commerce
Peliworm Island 300 Recrestion centre AEG- FRG Gov't
FRG Telefunken
Rondulinu, France 44 Yillage grid Leroy-Somer French Gov't;
French Pub. Utility
Terschelling Is. 50 Power to neval HOLEC Dutch Gov't;
Nether lends school FRG Oov't
Tremitiis., itoly 65 Deselination unit Itolenergie Itolion Gov't
Yulcano islend , italy 80 Islend grid ENEL

Source: CEC ( 1985).
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Like the USA, the EEC programme undertook R&D specifically to reduce
cell costs by improved processing and alternative materials. The work was
subcontracted to universities, research institutes and industry in the various
European countries. For example, Leuven University (Belgium) has a
subcontract to lock into alternative techniques of cell fabrication while work
on silicon thin film is undervay at Democritus University at Thrace (Greece).
Other work in cell processing has been subcontracted to Photowatt
International (France). Much of the work on amorphous materials is conducted
in universities. Research on morphous silicon is conducted at the Max-Planck
Institute (FRG), the University of Dundee (UK), the University of Sheffield
(UK), the University of Rome (Italy) and the Centre d°’Etudes Nucléaires
(France). Following the completion of the first set of pilot projects, the
EEC decided to establish more photovoltaic plants but with smaller capacities
on a more decentralized basis. This will provide more operating experience

and promote public awareness of the techmology.

European countries have not reached the level of US photovoltaic R&D but
the considerable support being offered by their governments through the EEC
would strengthen their position in both R&D and commercialization. It is
notable that the EEC programme is supported by a project on radiation data
collection for solar energy application. Radiation climatology data would
enhance policy-making in the application of photovoltaics. Already, the
programme has released volumes of the European Solar Radiation Atlag on both
horizontal and inclined surfaces. The work on radiation climatology is also
being extended to the use of satellite data for predicting surface solar
radiation. Such 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 programmes. France,
for example, has set aside US$ 154 million for photovoltaic developmer.c over
the 1982-84 period, of which the government'’'s contribution amounts to
US$ 52 million. The FRG has spent over US$ 40 million on photovoltaics over
the 1980-84 period. These countries are likely to increase their R&D spending
as competition with the USA and Japan intensifies. New institutional links
will have to be established to promote the transfer of technology from
universities and research institutes to industry.
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Another country that has relied on government support for photovoltaic
development is Japan. Photovoltaic R&D in Japan is conducted under the
"Sunshine Project” launched in 1974. The funding for photovoltaics has been
increasing rapidly. For example, the funding wvas raised by over 140 per cent
during the 1980-82 period alone, bringing the total allocation to US$ 30
million. By 1984, Japan was spending some US$ 60 million on photovoltaic R&D,
equally shared by industry and the government. Wwhile the US concentrated its
early photovoltaic R&D on crystalline material, Japan concentrated on
amorphous cells. These materials vere selected because they lend themselves
more easily to mass production. Under the project, the govermment funds a
dozen large companies and 10 research institutes. Unlike the USA, which has
dedicated photovoltaics firms, the work in Japan is done by large electrical,
electronics and materials companies. These include Toshiba, Hitachi,
Mitsubishi, Sanyo, Fuji Electric, Sharp, Matsushita Electric, Osaka Titanium
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 (MITI).

MITI's involvement in photovoltaics was strengthened in 1983 with the
formation of the New Energy Development Organization (NEDO). Among other
tasks, NEDO 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. The work was distributed to three major Japanese firms. Sanyo is

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

. wvorking 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 have hitherto been used

in non-industrial applications.

NEDO is also involved in setting up long-term links with foreign
countries. Market surveys have been conducted in the ASEAN countries and
demonstration projects, especially solar villages, are part of NEDO's
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activitlies. Already REDO is building a solar park at Malaysia's Kebangsaan
University at a cost of US$ 2.1 million. The park will use solar bactery
equipment, photovoliaic arrays -nd solar drying systems. This project was set
up in conjunction with the Japanese Nev Energy Fund, a body of private
concerns and wvill be implemented over the 1986-87 period. This arrangement
represents an example of the irstitutional links between the Japanese
government, private industry and research institutes to establish overseas

markets for photovoltaic products.

The participation of government agencies has not been limited to
financial and institutional support alone. State intervention has also been
airected at the structure of the photovolcaic industry itself, mainly to
consolidate the existing financial and market resources and strengthen
national competitiveness. 1In France, for example, the State was instrumental
in the creation of Photowatt, which is the consolidation of a
photovoltaic-related cspability previously held by E1f Aquitaine, Compagnie
Générale d'Electricité (CGE) and Radiotechnique Compelec. This merger was
master-minded by the State solar energy agency, commissariat de 1'Energie
Solaire (COMES). This merger was in response to the competitive threat posed
by the USA, Japan and other European countries in photovoltaics.ll The
mergers hovever only promoted the efficient use of available photovoltaic-
related resources and vere fherefore an ideal development. The real challenge

was to support this development with major R&D programmes.

It is important to recognize the role of international agencies in the
promotion of photovoltaic technology. The United Nations Development
Programme (UNDP), for example, funded a World Bank-executed project on
photovoltaics. 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, especlally in
water pumping. The industrialized countries have also used arrangements such
as the Lomé Convention to promote the export of photovoltaic modules.

3/ Hoffman, 1985.
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Under the auspices of the EEC, Belgium has installed 750 photovoltajic
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 Zaire. Similar projects have been set up in various developing
countries under multilaterial or bilateral agreements. The United Nations has
also promoted photovoltaic application through various training and education .
schemes and the provision of infrastructure for photovoltaic-related
research. Although some of these institutional activities do not have -
immediate effects on the market, they create an avareness wvhich in the
long-term may inflwence the penetration of photovoltaic systems in developing

countries.

Another public sector application which has not received much attention
in the literature is the military application of photovoltaics. Although this
end-use is still low (estimezted at 0.1 MW of the world module output in 198«),
it is likely to expand. Troops usually rely on batteries for the supply of
electricity to power communication 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

photovoltaic systems.il

III. WORLD PHOTOVOLTAIC MARKET TRENRDS

The commercialization 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

w public sector for demonstration and testing purposes. The commercialization
‘ process has been dominated by firms now controlled 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 photovoltaics and has also changed the market share of suppliers.

4/  Warwick, 1985.
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Table 7. World photovoltaic module production

1980 1981 1982 1983 1984
Shipments (MWpk)
United States -- - 97 13.1 11.7
Japen - -- 1.8 S0 80
Europe - - 16 3.3 36
Other -- -- 02 03 08
TCTAL 34 55 9.7 21.7 250
Module price (US$/Wpk) 15.0 11.0 10.0 8.0% 6.0%
Module sales (US$ million) 40.0 60.0 80.0 150.0% 160.0%

System sales (US$ million) 85.0 130.0 180.0 400.0* 600.0*

*Fstimote
Source: Maycock ( 1985).

The USA is still the dominant 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 60.1 per cent in 1983 and 46.8
per cent in 1984. In the meantime, Japan's share has been rising steadily; it
rose to 23.1 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 tle
world market largely because of its use of amorphous cells in consumer
electronic products such as calculato;s, vatches and toys. This is a field
2

vhere Japan has a dominant position. Sharp, for example, controls about
40 per cent of the world's calculator market. The high levels of shipment
recorded by the Buropean countries can be accounted for by the establishment
of EEC-sponsored pilot projects as well as aid-linked exports to African

countries.

5/ Juma, 1983.
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Table 8. Photovoltaic application trends (kWp)

1979 1980 1981 1982 1983
PUBLIC SECTOR
Demonstation
us 100 250 400 350 350
EEC 150 1S0 300 250 250
Other 1S S0 S0 100 1020
Rea! World Uses
Communication 100 150 200 250 350
Navigation/signals S0 60 65 85 100
PRIVATE SECTOR
Demonstration 15 25 s 1250 25
Conymerciol Uses
Cothodic protection 10 25 50 SS 55
Pumping 30 75 100 100 75
Remote housing -- 260 340 425 475
Other 15 25 35 40
CONSUMER PRODUCTS 1S 30 150 400 600

Source: Warkl Sokar Martets (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 countries would become a
dominant market in photovoltaic applications. The situation has however
proved different. These end-uses have seen much slower 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 photovoltaics forced producers to
seek immediate markets and as a result, a large share of US module shipments
is 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 cells has been telecommunications, which accounted for some 25
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per cent (5.0 MWp) cf the world module shipment. The use of photovoltaics in
telecommmications has been expanding in the developing countries, largely
because the smaliest 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 telecommunication

equipment. Other areas that have seen high photovoltaic penetration rates are
cathodic protection and off-grip housing (mainly in the USA). By 1984, water
pumps accounted for about 1.6 per cent of the world photovoltaic power output
(about 0.4 Mvp); the envisaged large market has yet to be tapped although
recent estimates show that photovoltaics iz 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 programmcs. 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 Scilar.

Table 9. US Fhotovoltaic shipments

1982 1983 1984
Arco Soler 240 6.00 $.50
United Energy 0.45 450 3.00
Solerex 1.30 1.30 2.10
Soler Power 0.40 0.40 --
Solec 0. 0.30 0.40
Photowstt 0.21 0.30 —_—
Mobil Soler 0.04 0.07 0.08
Motorols -- 0.10 0.30
Others 0.61 0.10 0.30
TOTAL 5.61 13.07 11.68

Sources: PV /nvesiment Newsletter, Apri) 1984; Maycock ( 1985).




The Japanese have focussed their commercial targets on consumer goods
and have been slow in terrestrial applications. This is reflected by the fact
that despite their 80 per cent increase in module shipments (from 5.02 MW to
8.9 MW) 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 government and industrial experiments, but as indicated
elsevhere, the Japanese government 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 sbout "0 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 1s notable that the US firm, Energy Ccnversion
Devices (ECD) which has been operating a joint venture in Japan with Sharp, is
setting up plants jointly with Sohio (Standard 0il of Ohic¢) 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
commercialization of amorphous cells. The world share of amorphous modules
was 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 possibilities for
polycrystalline application are being pre-empted by amorphous cells. Nearly
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 commercial applications.
Corporations such as ARCO Solar which have been dominant suppliers of single
crystal cells are nov turning to the production of amorphous cells. Solarex,
which was acquired in 1983 by Standard 011l (Indiana), started shipping
amorphous-silicon modules in 1984 using technology licensed from RCA, which
has ceased to participate in this field (Iversen, 1984). New 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, UK. It is expected that firms such as Chronar will

seek to extend their markets in Europe.
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ab Ja se photovolta h
1982 1983 1984
Sanyo 0.50 200 350
Sherp 0.60 0.80 050
Fuji 0.20 0.80 2.50
Kyocers N/A 0.40 0.€6S
ECD/Sherp N/A 0.30 0.40
Komatsu N/A 0.20 0.10
Kaneka —_ —_ 0.30
Haocen N/A 0.10 0.30
Nippon Electric N/A 0.15 0.20
Hitachi N/A 0.07 0.15
Japan Solar Energy N/A 0.05 N/A
Mitshubishi —_— — 0.10
Others 0.30 0.20 0.20
TOTAL 1.68 $.02 8.90

Sources: AV /nvestment Newslettar, April 1984; Mayecock ( 1985).

The commercialization of photovoltaics in Buropean countries has
remained unstable 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 from Europe, leading to a further market squeeze by Japanese and
European firms. This squeeze is likely to continue, especially wher given the
choice of material in European photovoltaic production. Nearly all the
existing plants in the EEC countries are based on crystalline silicon. The
only ghift has been towards polycrystalline silicon among firms such as Pragma
(Italy). Others such as Telefunken, Photowatt, France Photon and Enerzy
Nouvelle have been dependent on polycrystalline silicon. 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, but the trans.tion period has started.
Pragma, now controlled by Agip 011, has invested US$ 30 million in developing
amorphous cell capability. It also receive. government and public sector
support for its R&D. European firms are likecly to be left beliind 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 weak industry-university links in photovoltaics, it
is not likely that the research now being subcontracted to universities by the
EBC will be quickly transferred to the private sector for commercialization. -
The slow response tc technological transition is reflected by the rate at
vhich the European countries have been able to enter the amorphous silicon
business. Moreover, the USA has quickly responded to the Japanese challenge N
and embarked on major amorphous silicon projects. Ironically, the Japanese
entry into amorphous silicon technology was based on resear-h that was -
initially done in the UK and the USA.

Table 1]1. European photovoltaic shipments
1982 1983 1984
Telefunken (FRG) 0.60 .95 0.75
France Photowatt 0.40 C.60 0.50
Frances Photon 0.25 0.40 0.30
Hellos ( Italy) N/A 0.35 0.30
Pragme (Italy) N/A 0.25 0.40
Ansaldo ( Italy) 0.10 0.25 0.40
Zontec —_ —_— 0.25
Slemens 0.10 0.15 0.15
Isophoton ( Spein) N/A 0.10 0.15
BP Solar (UK) N/A 0.10 0.20
IDE Belgosoler 0.05 0.05 0.05
Energy Nouvelle (Belg) N/A 0.05 0.05
Others 0.18 0.04 0.10
TOTAL 1.68 3.29 3.60

Sources: PV /nvestnent Newslettar, Noril 1984; Maycock ( 1985).

The developing countries have not been significant in the
commercialization 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 1is 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
seen the entry of the Australiah Tideland Signal whica shipped 0.05 MW in 1983
and 0,10 in 1984,
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The developing countries have remsi-zed targets for photovoltaic
commericalization despite the disappointing sales in the last five years. The
EEC is a major supplier of modules to *hese cot . ries as part of their aid
programmes. Individual countries such as Italy and France ship over half
their photovoltaic output to developing countries, mainly to Africa. One of
the major emerging markets for photovoltaics is India, which has hitherto been
partially protected against external coampetition. The government has
liberalized the photovoltaic 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.

Jable 12, Developing coumtry shipments

1982 1983 1984
Bherat HE (India) N/A 0.0t 0.10
Heliodynemica (Brazil)  N/A 0.07 0.20
CEL (indis) N/A 0.10 0.20
Soler Generstor (Singa.) N/A 0.08 0.08
Continental Dev. (India)  N/A 0.02 0.02
Others 0.20 N/A N/A
TOTAL 0.20 0.26 0.70

Sources: AV /nvestment Newsiatiar, April 1984 ; Maycock ( 1985).

The commercialization of photovoltaics has been dominated by large oil,
electronics and :2lectrical companies which have long-standing experience in
the management of new technologies. The shift towards amorphous cellis 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. 7This diversification now provides the firms with the
opportunity to look into new materizls 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 vhich were specificially aimed at acquiring capability in amorphous
technology. So far it is still not certain vhether the current amorphous
materials will dominate the market in the medium term.




It is likely that other firms that have photovoltaic-related technology
will enter the market. Firms such as Pilkington could take advantage of the
amorphous technology to sell their glass as part of the encasement. Judging
from SERI's research programme, 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
rise 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 uncertainties 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 dominant conversion technology and the expected market
penetration. Photovoltaic technology 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 firms
to enter the market or for the technology to be quickly diffused. Thirdly,
the uncertainties 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 a result of these factors, the flow of photovoltaics technology has
been largely between the USA, Europe and Japan. The transfer of photovoitaic
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 in constant flux and much of the R&D 1is
conducted at the point of origin or in university and government centres. The
shipment o/ 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 vhen polycrystalline cells were unveiled by Solares,
new firms sought to enter the market with this innovation. As a result, fimms
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 hoﬁ 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 until 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 (UK) 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 plLotovoltaic 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
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 firm 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 below
US$ 5 per pW. Hoxan is a nmew firm in the business and it appears that their
strategy vas to go for scale economies while the technology was still viable.
This 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, amorphous cells themselves are

goiang 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 23 Chronar to enter the market with plants based on new conversion
materials illustrates the uncertainties concerning the sources of innovation
and position of firms in the market structure. The late 1970s and early 1980s
saw the rapid emergence of subsidiaries of oil majors. It was felt then that
this control would make it difficult for developing countries 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 facilities in the developing countries 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 which have so far not been implemented. In the meantime,
firms are emerging which tend tc specialize in the export of productive
facilities to the developing countries. The US firm, Sunpower, for example,
has plans for a US$ 1.2 million contract with the Philippine Sunpover
Industries and Development for photovoltaic manufacturing. This arrangement
involves the setting up of facilities to produce thin film modules for
export. Sunpover 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 optimism over assembly plants in developing countries was
based on the view that since 50 per cent of module production costs went to
BOS components, it would be possible to have them assembled in the developing
countries using cheap labour. Moreover, reductions in cell costs would
increasc the share of BOS components that have been partially standardized and
are not likely to undergo any major cost-reducing changes. This view was also
supported by the assumption that the developing cow.tries would be a major
market for photovoltaic systems, especially in water pumping and rural
electrification. Such assembly plants have so far not been set up on scales
previously envisaged. One of the reasons for the slow 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 moment. The possibilities for selected assembly
sites in the developing countries still exist but will have to await the

emergence of dominant conversion materials.

It appears that some firms are interested in automated production and
will most likely consider setting up production facilities in the
industrialized countries to take advantage of advances in automation and local
photovoltaic markets. Firms such as ECD are already adopting Japanese-type
automated production thereby pre-empting the need for cheap labour. This
development is linked to the fact that photovoltaic sales are growing faster
in industrialized countries than in developing countries. It appears
therefore that the rate of technology flow to the developing countries is
likely to be slower than originally projected. This, however, may change as
access to automated production technology is uneven even among 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 country
markets may lead to the establishment of labour-based production facilities in
those economies.

Much of the technology flow in the 19808 has been between EBuropean and
US firms. This flow was associated with trans-Atlantic corporate links which
were made in the late 19708 to enable US firms to have access to developing
country markets through traditional European links with former colonies. For
example, Solarex established corporate links with European firms such as
Holec, France Photon, Moteurs Leroy-Somer and Solaris. The Solarex link with
Moteurs Leroy-Somer was significant because the latter controlled a pump
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manufacture company, Po-bes Guinard. This enabled Solarex to couple its
photovoltaic systems with the pumps exported to developing countries by Pompes
Guinard. On the vhole, the flow of photovoltaic technoiogy to other countries
is likely to be limited to a few countries, while widespread offshore
activities associated with the semiconductor industry are not likely to occur

in the near future.

V. IMPLICATIONS FOR DEVELOPING COUNIRIES

The development of photovoltaics has a number of features which raise
several policy questions for developing countries. In the first place, the
decision of a developing country to enter the market as a producer will be
influenced by the size of the local or envisaged market. In this respect,
countries such as India and Brazil have a higher chance of entering the market
as producers, but the situation is not as simple 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 know-how
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.

Not only does entry into the market require a strong scientific and
technological base, but it also needs complementary industrial know-how. Many
of the techniques now 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 know-how, 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 & major conclusion of a recent World Bank
testing and demonstration programme. Building BOS capability requires the
ability to unpackage photovoltaic systems. Indeed, the current trends in
innovation show continued system-packaging as a ﬁeanl of raising system
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efficiency while at the same time integrating the production process.

However, wvhile this is going on opportunities to acquire BOS technology are
also emerging. The sale of BOS manufacturing plants by Spire provides an
opportunity for some developing countries to acquire design concepts relevant
for module assembly. The acquisition of such plants alone will not guarantee
the transfer of technology. The process needs to be associated with carefully
vorked out policy guidelines which enable the importing countries to
agsimilate the know-how.

It is difficult to judge vhether in the long run the industrialized
countries will be willing to transfer cell-related technology to developing
countries. This paper has argued that this will be restricted tc a few
countries in the short and medium term. Countries with potentially large
markets, such as Brazil, China, India and Mexico have a stronger bargaining
position and could have limited access to cell-related know-how. 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 most countries is to constantly monitor the
changes occuring in the technology (amonz other technologies of course) and
base their policy decisions of technological expectations and their possible
contribution to the local energy budgets. Countries sych as Brazil, China and
India wvhich 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 countries such as those in
Africa may seek access to the technology from a collective forum given the low
bargaining power of individual nations.

CONCLUSION

This paper has reviewed recent developments in photovoltaic technology
and shows that the industry has been undergoing :najor structural changes.
These changes have been associated with technical innovations in conversion
materials and the related public sector support. It was pointed out that the
technical transition has gone through three different types of conversion




materials (single-crystal, polycrystalline and amorphous). 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
major public sector support makes it difficult for most developing countries
to enter the photovoltaic market as producers. However, a few countries may
in the short term acquire technological capabilities related to peripheral
parts of the photovoltaic systems.
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