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SUMMARY 

This thesis regards the technological development and the diffusion towards niche markets of photovoltaic (PV) 
technology, or solar cells, from the perspective of innovation sciences. It focuses on the question how the 
direction of technology development is determined by 'technology push' and 'demand pull' factors. The 
research is motivated by the observation that until now, PV technology has not become as successful as has been 
predicted by many. 

The concepts of 'technological paradigms' and 'technological trajectories' as proposed by Dosi (1982) are used 
as framework. Dosi regards technological trajectories as paths of technological development that are embedded 
in broader paradigms, and are based on search heuristics (routines). Examples of such heuristics for PV are a 
high cell efficiency, a low price per unit of energy, a high energy per unit of mass or a low radiation sensitivity. 
We have constructed technological trajectories for PV technology using the method of citation network analysis 
for patents, as proposed by Verspagen (2005b). This methods seeks to establish main paths in patent citation 
networks, by attributing a value to each citation. We combined this analysis with a literature study on the 
development of PV technology. Because diversity of demand plays an essential role in the creation of various 
trajectories of technological development, diffusion patterns to various niche markets have to be taken into 
consideration. Recent experiences in rural electrification in South Africa have been used to explain failure of 
diffusion to the niche market of off-grid electrification in developing countries. 

The research question that will be answered in this thesis can be phrased as follows: 
What are the determinants of the actual development of photovoltaic technology, as given by its technological 
trajectories, and what is the influence of these determinants on the diffusion of photovoltaic technology in 
successive niche markets, in particular the niche market of rural areas in developing countries ? 

After performing the citation network analysis, we found two components in the citation network that are more 
or less independent. The earlier one, that arises out of the first PY-related patents in the 1930s, is dominated by 
patents on crystalline silicon wafer technology, the later one, that starts to grow around 1980, by patents 
concerning thin film technology. We identified these components as competing paradigms. As the growth of the 
'older' component stagnates at the end of the 1980s, apparently patenting efforts shifted from crystalline silicon 
technology towards thin film technology. This observation can perfectly serve as a signpost for a paradigm shift. 
However, crystalline silicon modules still dominate PV sales, so its seems more appropriate to speak of 
competing paradigms. The fact that the paradigm shift, as suggested by the citation network, can not be seen in 
diffusion patterns suggests that a lock-in effect occurs. Apparently, the market fulfils the ex post-selection role 
Dosi had in mind. This observation strengthens the role of demand pull in determining the outcomes of the 
innovation process. 

We studied the earlier component in-depth. In this component, we found two main paths characterized by a high 
aggregated 'SPNP' -value, which is used in citation network analysis to value citation paths. We identify these 
paths as separate technological trajectories. Contrary to our expectations, we found that these trajectories are not 
based on individual heuristics (routines), but can be associated with specific clusters of heuristics. The 
composition of these clusters corresponds with sets of heuristics that are characteristic for a specific niche. For 
instance, space photovoltaics is characterized by a strive for a high energy per unit of mass and increased 
radiation resistivity. We conclude that the (projected) diffusion of PV technology determines the cluster of 
heuristics that directs actual technological development. Application of this set of heuristics may hamper 
diffusion of the technology to another market, as was the case for the transport of space photovoltaics towards 
terrestrial applications in the early 1970s. 

Contrary to the ideas of Watson (2004 ), we find that individual heuristics are not exclusively characteristic for a 
paradigm. For photovoltaics, the scope of the paradigm is defined by the semiconductor material that is the 
fundament of the PV cell, not by the search heuristics. Moreover, search heuristics like cost per unit of energy 
($/kWh) that play an important role in the crystalline silicon-paradigm are also decisive in the thin film
paradigm. Phrased differently, the rise of a new paradigm as observed in this research has, in our opinion, been 
brought about by changes in the fundamental technological principles, i.e. technology push, not demand pull. 

The fact that two separate components in the citation network exist, suggests that thin film technology 
developed relatively autonomously from crystalline silicon. This situation might stimulate a further lock-in 
situation, and in extreme consequence, might terminate a technology, that is potentially cheaper. A reason for 
this might be the fact that fundamentally different process technologies are used. In other words, such a lock-in 
situation might be explained by a lack of knowledge flows over the boundaries of the paradigm. Note that this 
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might hamper a further decreasing cost of photovoltaic energy. This path dependence might be an obstacle in 
the competition of photovoltaics as a whole versus other electricity generation technologies, mainly 
conventional technologies like coal-fired power plants. However, answering the question whether such a 
situation will occur in reality is pure speculation. 

In summary, we have seen that both technology push and demand pull factors play a major role in the 
development of PV technology. The ideas of Dosi have proven to be very useful for an evaluation of these roles. 
From our results we conclude that the rise of the paradigm is determined by the (core) material technology: 
wafer-based crystalline silicon, or thin film technology. The boundaries of the paradigms in which technological 
development takes place are determined by technological factors. The actual technological trajectories are 
directed by heuristics that are based on demand preferences. 

On rural electrification in developing countries 
In the case study on the South African market for Solar Home Systems, we tried to answer the question how 
successful diffusion of photovoltaics has been in the market for off-grid rural electrification in developing 
countries. Also, we tried to determine to what extent this diffusion has been influenced by technological 
developments. We found that addressing the needs of people is essential for successful diffusion of PV in the 
niche market ofrural electrification. We argue that these needs should be addressed on a holistic 'energy' level, 
and not solely on the system level of PV. In the context of technology push and demand pull, neglect of user 
characteristics, or demand pull forces, hampers successful diffusion. Furthermore, of importance for Solar Home 
Systems is the affordability of the service, which makes cost per month a more relevant indicator than cost per 
kWh. We conclude that, at least for the South African case, considerable innovation takes place at system level 
with this heuristic in mind. Clearly, demand pull determines the direction of successful innovation here. 

Successful diffusion of PV technology in this niche market is not dependent on the cell or module technology 
that is used, but it is determined by system design. In other words, the niche market of rural electrification in 
developing countries does not a priori select between the two main paradigms that we distinguished, crystalline 
silicon or thin film technology. A possible lock-in in crystalline silicon will not be averted by developments in 
rural off-grid electrification. An exception to this might be cash sales of PV systems, that typically lead to low
power systems. The market for this system size is dominated by thin film technology. 

In our opinion, the use of photovoltaics in developing countries is highly overrated. It does not address the 
energy needs of the rural poor, who are perhaps more helped by suitable heat technologies, than electricity 
generation. Furthermore, the barriers to this market are too specific (innovation at system level directs towards 
cost per month, instead of cost/kWh), and the market is too scattered and small (no associated price decreases), 
to be of use for general developments of photovoltaics versus other energy technologies, globally. Still, 
providing off-grid electricity can have an important function in social development and addressing the more 
intangible dimensions of poverty. 

On methodology 
We found patent citation network analysis useful as a tool to determine technological trajectories. However, 
several problems are associated with it. A fundamental problem of citation network analysis is the demarcation 
of the patent collection that is subject of study. In this research we demarcated the data-set by a selection of 
USPTO technology-classes. A practical problem was that only the primary classification of patents could be 
taken into account. Therefore, several relevant patents were ignored. In this study, this resulted in an under
representation of important developments like the rise of polycrystalline silicon wafer technology. Also, this 
prohibits the analysis of possibly important knowledge flows from other sectors, in our case the much praised 
technology transfer from electronics industry to photovoltaics. 

Truncation effects possibly play a large role in establishing main paths in a citation network. Furthermore, 'deep 
links' in the network are not valued by the SPNP-measure. The approach advocated by Verspagen implies that 
more extensive citation paths are rated higher than 'deep links', short-cuts that relate older patents to new ones 
and bypass several other patents. However, from an innovation-theoretical perspective, these citation pairs 
might be extra interesting. 

Finally, the traditional drawbacks and caveats of general patent analysis also apply to citation network analysis: 
possible differences in value of patents, the time lag between application and issue, the fact that not all 
knowledge is patented and, last but not least, the question whether the actual practice of attributing citations to a 
patent correctly represents actual knowledge and information flows . 
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CHAPTER 1. INTRODUCTION 

This thesis regards the development and diffusion of photovoltaic (PV) technology, or solar cells, from the 
perspective of innovation sciences. It focuses on the direction of technological development over time and for 
different applications, as determined by technology push and demand pull-factors. Our main question is: is it 
possible to determine if one of these is more important in determining technological development and successful 
diffusion? The direction of technological development will be researched using citation network analysis for 
patents. We investigate the diffusion of photovoltaic technology by considering several niche markets that were 
dominant over time. Recent experiences in rural electrification in South Africa will be used as a case study 
regarding the diffusion to the niche market of off-grid electrification in developing countries. 

Photovoltaic (PV) cells are currently regarded by many as a major potential contributor to a sustainable energy 
supply. For developing countries, solar cells seem to offer the opportunity of cheap electrification in remote 
areas, as well as autarky in electricity supply. However, though the first cells were used in space programs fifty 
years ago, mass market adoption of PV cells still faces by many obstacles, especially with regard to cost per unit 
of energy (kWh). Compared to global energy use, the photovoltaic industry is still small. It consists of many 
manufacturers, and several designs and process technologies are competing. Diffusion is currently limited to 
niche markets, of which many owe their existence to government subsidies. In developing countries, the 
majority of (donor-stimulated) photovoltaic projects in the last decades has failed (Nieuwenhuizen, 2001). 

The notion of photovoltaics as a promising energy technology is not new, on the contrary. Throughout the past 
decades, an eminent role in energy supply has been predicted by many. The motivation for this research lies in 
the observation that photovoltaic technology has not become as successful as has been predicted. We try to 
explain this using both ' technology push' and 'demand pull' arguments. 

The concept of 'technological paradigms ' and 'technological trajectories' as proposed by Dosi (1982) will be 
used for an analysis of technological development of photovoltaics. A reconstruction will be made of the 
technological trajectories and paradigms that are identifiable within PY-technology in the last decades. We will 
use both patent citations and in-depth study of key technologies for this. Based on the specific design 
characteristics of solar modules sold on several niche-markets, an attempt will be made to determine whether 
specific trajectories are dominant in specific niche markets. Also, we will try to explain these time-dependent 
patterns. However, as the selection criteria of the mass market will differ from these niches, the dominant 
technology in a specific niche is not automatically the most suitable candidate for the main market. This has 
several policy implications. 

One of the niches is the rural market in developing countries where no electricity grid is available. This market 
is almost entirely dominated by off-grid Solar Home Systems (SHS), that supply individual households with 
electricity. Rural areas in South Africa and its neighbouring countries are good examples of this market. We 
choose to focus on the global diffusion of SHS in developing countries by using the situation of rural South 
Africa as main case-study. 

To be able to grasp the complexity of this subject, and to fully understand the scope of underlying research, this 
chapter presents the reader with an introduction to the matter. Those readers already familiar with the subject 
could restrict themselves to section 1.3 and 1.4, in which the theoretical model and the research question are 
presented. 

The first two sections of this chapter are intended to sketch the landscape. In section 1.1 , a concise introduction 
is given on the role of energy in society in general. Also, it describes the complex role energy provision plays in 
developing countries, more specific sub-Saharan Africa. Section 1.2 introduces photovoltaics as one of the 
energy technologies that are available. The sections briefly describe the basic principles and possible 
applications, and intend to provide a motivation for the current interest in photovoltaic technology. 

Sections 1.3 till 1.5 are the key sections of this chapter. They are concerned with the motivation for the thesis, 
the theoretical model on which the research approach is based, and delineate the research questions that this 
thesis tries to answer. 
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1.1. Energy and development 

No one will dispute that access to energy is essential for modern society, and has always been vital to mankind. 
Energy is a basic need, essential for cooking food, boiling water, preserving food, spatial heating or cooling, 
transportation and productive use. The Industrial Revolution, with its enormous growth in income per capita, 
was literally fuelled by man's ability to exploit hydro power and the energy content of coal for productive 
purposes. Since that time, primary energy use in Western society has sky-rocketed and is still increasing. Fossil 
fuels like oil, coal and gas are major sources of primary energy. Despite strong developments during the last 
decades in nuclear technology and several forms of renewable energy like hydropower, biomass, wind energy, 
geothermal energy and photovoltaics, the same fossil fuels still dominate. They deliver over 75% of the world's 
primary energy in 2002 (IEA, 2004). 

The primary energy sources are often converted into other types of energy carriers before they reach the final 
user. Oil is refined and converted to LPG, ethane, naphta, car petrol and other fuel oils, while most coal is used 
for generating electricity (IEA, 2004). The use of electricity as energy carrier has many advantages, including 
the ease of converting it into other types of energy (motion, heat) and the ease of transporting it over long 
distances. A wide range of consumer appliances runs solely on electricity, ranging from lighting and heating to 
communication and entertainment equipment. Therefore, almost all households in the Western world are 
connected to electricity supply through a grid that connects central generation facilities (power plants) to the 
end-user. Of all energy carriers, electricity experiences the fastest growth. Its use in 2002 was almost three times 
as high as in 1973 (IEA, 2004). Still, it is worthwhile noting that in 2002, only 16% of the world's final energy 
consumption was provided using electricity as carrier. Oil was still dominating, especially in the transport sector 
(IEA, 2004). 

It is important to note that large regional differences exist, not only with regard to type of primary energy source 
but especially regarding levels of energy consumption (see Table 1-1). From the table it becomes clear that 
energy consumption per capita in OECD-countries is far higher than that in the developing world, i.e. most parts 
of Asia, Africa, and Latin-America. However, it is interesting to note that energy consumption per unit of GDP 
in the Western world is lower than that in Africa, suggesting that the latter uses energy rather inefficiently. 

Table 1-1. Selected indicators per world region. 
Population GDP (PPP) TPES TPES/population TPES/GDP (PPP) 

(million) (billion '95 US$ PPP) (Mtoe) (toe/capita) (toe/000 '95 US$ PPP) 

World 6195.66 43413.48 10230.67 1.65 0.24 
OECD 1145.06 25374.85 5345.72 4.67 0.21 
Middle East 172.76 1025.83 431.30 2.50 0.42 
Former USSR 286.76 1552.10 930.53 3.24 0.60 
Non-OECD Europe 57.82 358.26 99.68 1.72 0.28 
China 1287.19 5359.02 1244.95 0.97 0.23 
Asia 1988.11 5507.94 1183.91 0.60 0.21 
Latin America 425.54 2566.74 454.75 1.07 0.18 
Africa 832.43 1668.75 539.85 0.65 0.32 
Source: lEA, 2002. TPES represents Total Primary Energy Supply, in megaton of oil equivalents. 

From a Western perspective, the future of energy supply is related to geopolitical concerns, because the majority 
of oil reserves is owned by non-Western states. Furthermore, it is strongly connected with environmental 
worries associated with climate change. Although the exact consequences of climate change are unknown, it 
might have serious consequences for our present society. The temperature increase that brings about climate 
change is created by the enhanced greenhouse effect, which is an increase of the concentration of greenhouse 
gases in the atmosphere, caused by man. Burning of fossil fuels to generate energy is the main source of 
greenhouse gas emissions. The risk of human-induced climate change has increased interest in replacing fossil 
fuels with renewables like hydro-energy, wind power and photovoltaics. Using these sources of energy, further 
sustainable development might be achieved. 

The perspective on energy in the poorest developing countries is quite different, the main problem being 
poverty, not environment or geopolitics. Between 1981 and 2001, the share of the population living in poverty 
(defined as living on less than $1 per day) in Sub-Saharan Africa rose from 41 percent in 1981 to 46 percent in 
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2001 (World Banlc, 2004). In 2001, an additional 150 million people were living in extreme poverty. Hence, 
Sub-Saharan economic priorities are strongly shaped by the need to alleviate poverty (Mehlwana, 2004). 

Poverty can be characterized as the inability of individuals, households or entire communities to command 
sufficient resources to satisfy a socially acceptable minimum standard of living (Clark, 2002). It is important to 
note that this means that poverty has many dimensions (Szirmai, 2005). Thus, human poverty is more than 
income poverty, more than a lack of what is necessary for material well-being (Hilderink, 2004). The UNDP 
(1997) states that "If human development is about enlarging choices, poverty means that opportunities and 
choices most basic to human development are denied - to lead a long, healthy, creative life and to enjoy a decent 
standard of living, freedom, dignity, self-respect and the respect of others". 

The relation between energy and poverty is a very complex one. It is widely accepted that access to modern 
energy sources is a necessary, but not a sufficient, requirement for economic and social development (IEA, 
2002; DST, 2004 ). However, "strengthening the capacity of poor people to fight poverty by building their assets 
is an essential ingredient of a pro-poor sustainable development strategy" (Clark, 2000). Modern energy services 
enhance the life of the poor in multiple ways. Examples are a reduction in time spent on gathering fuel wood, an 
increased energy efficiency, the opportunity for education at night-time, an improved position of women as they 
tend to bear energy-poverty, the reduction of indoor smoke pollution, improved homestead security and access 
to modern communication services (IEA, 200; DST, 2004). It is obvious that some of them can be expressed in 
monetary or other quantitative terms, while others can not. 

Poor households tend to spend a higher proportion of their income on energy services than households with 
more resources (Clark, 2000; see Table 1-2). Many poor households, having a tiny cash flow, tend towards 
frequent purchases of small quantities of fuel which is a more expensive practice than buying fuel in larger 
quantities at a time. The use of old-fashioned stoves and heating systems that are energy inefficient also leads to 
a relatively high need for energy per capita. 

For cooking and heating, poor people in developing countries rely heavily on traditional biomass like fuelwood 
and dung (IEA, 2002). The proportion of the population depending on biomass is the largest in Sub-Saharan 
Africa, where 80% of the population relies primarily on biomass to meet its energy needs. In rural areas, where 
fuel wood is more likely to be gathered instead of bought, this number is usually even higher. Even if people can 
afford modern fuels like paraffin or LPG, these are often much more expensive, or are perceived as more 
expensive, than biomass. 

Table 1-2. Share(%) of energy expenditures in household income in 2000. 
Uganda Ethiopia India South Africa 

Gross National Income 
per capita (PPP,$ 2003) 
in 2003 

1,430 

Lowest quintile 15.0 
Highest quintile 9.5 
Sources: /EA, 2002; Worldbank, 2005. 
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The role of electricity, which is generally considered as a modern energy carrier, is quite a different story. 
Although access to electricity is considered as a basic right, in many developing economies large parts of the 
population lack this access. In 2000, 27% of the world ' s population did not have access to electricity (IEA, 
2002). The bulk of this group lives in Sub-Saharan Africa, where over three quarters of the population is not 
electrified. For rural areas this figure is even higher, up to 92 percent of the rural population has no electricity 
access (IEA, 2002). Still, many people in non-electrified areas use electric appliances. These are traditionally 
powered by rechargeable batteries and/or generators that run on fossil fuels (diesel). 

Note that it is a common misconception that electricity simply replaces biomass when a community or 
household is electrified. If available, electricity often only provides a minor share of all rural energy needs. We 
will further elaborate on this in chapter 5. Furthermore, there have been very few examples of job and income 
creation that was triggered merely by the supply of solar electricity. 
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1.2. Photovoltaics for electricity: an introduction. 

This section provides a brief introduction into photovoltaics (PY). For an elaborate treatment of the technical 
aspects, see chapter 3. For a more extensive discussion of the various markets, the role of price developments 
and its position vis-a-vis other technologies, see chapter 4. 

Although the principle of photovoltaic conversion (conversion of light into electricity) was already discovered 
by Becquerel in 1839 (Shah, 1999), it was not until the 1950s that the first photovoltaic cell was developed, at 
Bell Laboratories (1954). This cell was made of silicon. Initially, the main application of the new product was 
sought in a market that was booming at that time, the powering of satellites. The first PY-powered satellite was 
launched in 1958, although the function of the PY-system was only that of a back-up power system (Perlin, 
2002). 

After the oil crises of the 1970s, government programs regarding the extensive terrestrial use of photovoltaics 
started in the U.S. and Europe. This trend was reinforced by the public debate on the safety of nuclear energy 
which occurred after several major accidents, e.g. at Chernobyl in 1986 (Shah, 1999). In a later stage, the public 
interest in photovoltaic technology was fuelled by growing concerns about COi-emissions and global warming. 

During these years, the development of photovoltaic technology leaned heavily on the booming semiconductor 
electronics industry (Menanteau, 2000), using crystalline silicon wafers as input. There are two types of 
crystalline silicon (c-Si) PY cells, 'mono-crystalline' and 'poly-crystalline silicon ', the latter becoming 
increasingly dominant as the production process is significantly cheaper (Photon International, 2004). Currently, 
PY cells made of crystalline silicon dominate the total PY market, with over 80% of total sales (Andersson, 
2000). 

Still, crystalline silicon is not the only material that is suitable for photovoltaic conversion. The use of 
alternative materials like amorphous silicon (a-Si:H), cadmium telluride (CdTe) or copper indium diselenide 
(CIS) has also been researched widely. However, their use did not take off until the beginning of the 1980s. 
These types of cells are called thin film PY cells, because a much thinner layer of material is required for an 
optimal conversion of light into electricity. 

Currently, PY generated electricity is still much more expensive than electricity that is conventionally 
generated. However, the exact ratio is strongly dependent on the assumptions and choices made in this 
calculation. Therefore, estimates for the costs of solar electricity vary between 3 to 15 times the price of 
electricity generated by burning fossil fuels (Schaeffer, 2004). Still, the conclusion holds that for the mass 
electricity market photovoltaics is presently not competitive. However, several niche markets exist where the 
application of photovoltaics can be very interesting, for a variety of reasons: 

• Remote areas (off-grid), both industrial and domestic 
• Subsidized grid-connected projects, both centralized and distributed (rooftops) 
• Building-integrated photovoltaics, often for architectonic reasons 
• Space applications (satellites) 
• Military applications (independent power supply) 
• Recreational homes and vehicles 
• Consumer products like watches and pocket calculators 

Regarding industrial and geographical dynamics, some interesting patterns can be observed as well. In 2003, 
Japan was the major producer of PY modules with about 50% of world market (Solarbuzz, 2005). Japan is also 
the country with the highest installed PY capacity, although it is rapidly being overtaken by Germany where 
generous government subsidies are provided. Over 50% of all production in 2003 was concentrated at four 
major manufacturers: Sharp, BP Solar, Kyocera and Shell Solar (Photon International, 2004). 

1.2.1. Photovoltaic systems 

The basic unit of photovoltaic technology is the photovoltaic cell, a flat layer stack which is approximately 10 x 
10 cm2 in size, and might be regarded as the 'atom' of PY. Each cell produces a certain current with a certain 
voltage, which for a typical cell results in a power output of about 2 Watt at approximately 0.5 Y DC. The exact 
output depends on the actual solar radiation, which varies in time and between different locations, and the 
efficiency of the cell, defined as the percentage of incoming solar power that is converted into electrical power. 
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In order to obtain a more useful output voltage than 0.5V, several PV cells are connected in series. Together, 
they form a module of which the current and voltage output depend on the number of cells, and their 
arrangement. Often, an output voltage of 12V is chosen. Most modules currently available on the terrestrial 
market have an output of circa 50 W in bright sunlight. On their turn, several modules can be connected parallel 
or in series and form an array. 

However, a module or array will not function before it is properly installed and exposed to sunlight. The extra 
elements that are necessary for this, form, together with the PV module or array, the photovoltaic system. It is 
important to realize that an essential difference between grid-connected and off-grid (stand-alone) systems is the 
way the generated energy is stored and used. For a grid-connected system all generated electricity is directly fed 
into the grid. For this, a so-called inverter is needed that converts 12V DC-current into 120/220V AC, which are 
the worldwide grid-standards. In the case of a grid-connected distributed system, the exact size of the system, in 
other words the amount of electricity it can generate during a certain period of time, does not have to match with 
the electricity needs of the owner. When more electricity is generated by the system than is consumed in the 
building, the surplus is fed into the grid. During periods of too little electricity generation, it is the other way 
around. 

For off-grid systems, the amount of electricity generated in a certain amount of time has to be equal to the 
amount of electricity consumed in that period. As production and demand of electricity normally not occur at 
the same moment, a battery is needed to store produced energy for later use. The size of the photovoltaic panel 
and the size of the battery depend on the solar irradiation, the peak demand of electricity and the time
dependence of this demand. Furthermore, the importance of the user can be of relevance: the consequences of 
black-outs in a remote holiday home might be less severe than of a black-out in a navigation buoy. Anyhow, the 
necessity of energy storage makes system costs for off-grid systems higher than for grid-connected systems. 

Additional features that we will not elaborate upon in this section include concentrators, and solar trackers. 
Concentrators are mirror-like constructions that focus extra sunlight on the photovoltaic cell, thus increasing its 
efficiency. Solar trackers change the orientation of the PV module depending on the time of the day and the 
season. This lead to a more perpendicular orientation towards the sun, which is beneficial for total power output. 
However, using concentrators and solar trackers also leads to higher system costs. 

For a proper understanding of this thesis it is essential to be aware of the definition of Watt peak (Wp ). The fact 
that the output of PV module is strongly dependent on solar irradiation, orientation, etc, makes comparison of 
different types and products difficult. Therefore, the Watt peak was introduced, defined as the power output of a 
module in Watt, when it is illuminated under standard conditions of 1000 Watts/meter2 intensity, 25°C ambient 
temperature and a spectrum that relates to sunlight that has passed through the atmosphere (AM or Air Mass 
1.5). This more or less corresponds to a clear summer day with the sun approximately overhead and the cells 
faced directly towards the sun. To translate the power of a module in Watt peak (Wp) into the energy (kWh) it 
delivers per year, the number of 'standard ' hours of sun per year have to be calculated first. As a rule of thumb, 
l Wp installed power in North-Western Europe delivers about 0.8-0.9 kWh a year. 

1.3. Theoretical model 1 

In this thesis, we investigate the balance between technology push and demand pull, and the way these forces 
determine historical, current and future developments of photovoltaic technology at the various levels of 
investigation. We will show that technological developments, as described by technological trajectories, cannot 
be addressed and explained without researching niche markets for photovoltaics. 

Large differences in users exist, ranging from large-scale grid-connected PY-systems in the deserts of Nevada to 
folding photovoltaic panels on spacecrafts, and off-grid Solar Home Systems in the rural areas of Southern 
Africa. The associated user requirements differ widely. Therefore, one might expect a strong influence of 
demand pull on the technological developments in these markets. 

In the second part of this study, we will focus on the role of photovoltaics with regard to energy services for 
remote rural households in South Africa. We examine the obstacles to widespread diffusion of PV in this niche 
market, and the recognition and neglect of user needs as factors influencing the direction of innovation in this 
market. We argue that for success to be sustainable, one should put more emphasis on demand pull, i.e. use a 

1 
Several of the concepts introduced in this section will be extended further in chapter 2. 
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holistic approach, not only taking into account technical hurdles but also financial, social and environmental 
aspects. 

The South African situation is an interesting case for solar energy. Since 1994 the post-Apartheid government 
embarked on a course of massive reform programs to stimulate the development of so-called disadvantaged 
groups, basically consisting of blacks in both urban (townships) and rural (homelands) areas. Off-grid 
electrification programmes were also part of this effort. A considerable part of this concerns photovoltaics. In 
order to implement PV successfully, several options have been tried and many lessons have been learned. 
Furthermore, the programmes and projects are relatively well documented, due to the various scientific 
institutions and consultancies that were involved in preparing and implementing the various PV projects. 

1.3.1. Technology push and demand pull 

Technological development is dynamic. The central theme of this thesis is the role that the intertwined concepts 
of technology push and demand pull play in the development of a technological system. Together, these 
concepts determine the actual technological path that is followed to fulfil specific human needs. This implicitly 
assumes that technological progress leads to increased satisfaction of human needs. 

Technology push refers to the mechanism that technological development is caused and directed by the 
'suppliers' of technology, e.g. universities, R&D departments operated by companies and individual inventors. 
Building on an increasing body of scientific knowledge and technological skills these actors develop all that is 
'technologically possible', although we will see later that in Dosi's view (1982) this is only valid within certain 
boundaries (technological paradigms). Intuitively, the concept of technology push is easy to grasp as the history 
of technology is full of appealing examples like the laser, which was invented by Bell Labs in the 1950s, even 
without a projected application in mind. For photovoltaic technology too, it is clear that its development has 
been dependent on both advances in science, like the discovery and explanation of the photo-electric effect, and 
advances in technology like the ability to produce doped layers that are essential for the function of a 
photovoltaic cell. 

However, very few innovations are solely shaped by technology push. One may even argue that this is never the 
case. Sooner or later, the (final) user of a technology will evaluate the technology he was provided with, either 
explicitly or implicitly in the form of future consumption patterns and technology choice decisions. This will 
result in certain varieties of the technology becoming dominant, while others, although technologically feasible, 
become obsolete. Thus, either smart suppliers of technology will adapt the innovations they deliver to the 
demand characteristics and requirements of the user, or market mechanisms will take care of this selection. This 
process, which is referred to as demand pull, forms an opposing force to technology push that might prove very 
powerful in shaping the direction of technological progress. A famous example is the disappearance of the 
supersonic Concorde aeroplane, technologically feasible and pushed by its builders, but finally unsuccessful as 
consumers preferred low-cost flying over the advantages of faster trans-Atlantic flights (Verspagen, 
forthcoming). 

1.3.2. Technological paradigms and trajectories 

Explaining the origin and process of technological development has proven to be much more difficult than our 
romantic view of the great inventors from the past suggests. Besides the fact that inventions are nowadays often 
the result of the work of complete research teams, it has been recognized by many scholars that an invention in 
the technological domain is merely the starting point of a complex process of innovation, successive diffusion 
and further development (Fagerberg, 2004). 

Furthermore, the importance of a sequence of incremental innovations tends to be underestimated in the linear 
model , as this model emphasizes radical innovation. However, many cases have proven that the success of a 
radical innovation depends largely on the incremental development trajectory that follows (see for example, 
Nuvolari (2004) on the steam engine). For this reason, Dosi introduced in 1982 the concepts of technological 
paradigms and technological trajectories (Dosi, 1982). Dosi proposes his concepts as contribution to the well
known debate regarding the origin of technical change: is an innovation initiated by 'technology push ' or 
'demand pull'? In his treatment, he tries to sharpen the various roles played by technology push and demand 
pull-factors. 

A technological paradigm is defined by Dosi as "[a] model and a pattern of solution of selected technological 
problems based on selected principles derived from natural sciences and on selected material technologies" 
(Dosi, 1982; italics by Dosi). Thus, in Dosi's interpretation the paradigm is initiated by a small cluster of basic 
innovations. Actual technological change however, is determined by a process of incremental innovations which 
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results in a technological trajectory. A technological trajectory is defined as "the pattern of "normal" problem 
solving activity (i.e. of "progress") on the ground of a technological paradigm" (Dosi, 1982). In other words, "a 
technological paradigm embodies strong prescriptions on the directions of technological change to pursue and 
those to neglect." (Dosi, 1982). 

1.3.3. Levels 

It is essential to realise that the combined forces of technology push and demand pull should be regarded at 
different levels (Van den Ende, 1999). That is, for almost every technology one can determine its merits and 
disadvantages with regard to other technologies at different levels of abstraction. For instance, current GSM
technology can be compared with other types of data compression like GPRS on issues like bandwidth and 
speed, but can also be regarded at higher level by comparing the GSM-system of a distributed network of 
receiver and transmission stations with direct communicating systems as satellite telephony. On an even higher 
level, one can compare cellular communication technologies with land-line systems, for instance when 
connecting remote areas to global communication systems. 

In our case, we claim that photovoltaic technology should be regarded at four levels: 

• Photovoltaic cell level, which only includes the 'core' photovoltaic technology 
• Photovoltaic module level , which only includes the 'core ' photovoltaic technology but can be 

physically and organisationally separated from cell level and requires quite different skills and 
knowledge. 

• Photovoltaic system level, which includes both the PY-module (panel) and the wiring, batteries, 
inverters and mounting poles, depending on the type of application and connection. 

• Energy system level, which regards the entire energy-mix needed by the user, e.g. type of energy (heat, 
electricity), amounts, consumption pattern and application 

Three of the four levels we propose correspond to the levels that constitute a photovoltaic system (see previous 
section). For reasons that will become clear to the reader later (see chapter 5), we claim that evaluating PV 
technology on a more aggregate level than just the PV system can be very beneficial for a better understanding 
of some of the obstacles for successful diffusion. 

1.3.4. Localization 

It is important to note that the specific setting, in which a technology competes with other technologies, has to 
be taken into account. This is especially true with regard to demand pull, as this is shaped by the needs that have 
to be fulfilled, or the application that is required. Different types of users will have different preferences. 
Therefore, a technology shaped by the requirements of one group of users makes it unsuitable for another group 
that differences from the first group on certain economical, technological, social or cultural characteristics. In 
marketing terms, one would speak of different market segments or niche markets. For instance, the recent 
enormous increase in SUV (Sport Utility Vehicles) sales in the United States is not likely to be copied in 
Europe, as the use of very energy-inefficient vehicles is far Jess acceptable by European standards. Another 
example is the possible widespread use of hydrogen as a energy carrier, which might be obtained rapidly in the 
Netherlands by mixing it with natural gas in the nation-wide gas network, while other European countries lack 
such a distribution system. 

However, one should be aware that this 'localization' is also applicable to technology push. Projected 
applications will not be the same for all actors, for instance companies with a background in different sectors, or 
experiences with different supporting technologies, will 'bet' on different varieties of a technology and will 
focus their R&D activities differently. 

1.4. Motivation of underlying research 

The motivation for this research lies in the observation that photovoltaic technology has not become as 
successful as has been predicted by many throughout the past decades. Although the first solar cell was already 
developed in the 1950s, diffusion remains limited to niche markets. The success or failure of PV technology, 
determined by its adaptability to the selection criteria on these markets, will have huge consequences for its 
future development. However, a variant of PV technology that is most successful in a specific niche market is 
not automatically the most suitable candidate for the mass market of the future, which notion has several policy 
implications. We try to understand historical developments and to identify possible obstacles using both 
'technology push ' and 'demand pull' arguments. 
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One of the markets on which photovoltaics has been pushed fervently is that of rural electrification in 
developing countries. However, several studies (Nieuwenhout, 2001; Cox, 2001) indicate that many off-grid PV 
projects have not been successful. To clarify this further, we aim to investigate this matter on a more aggregate 
level, from the perspective of technology push and demand pull. 

As stated earlier, the concept of ' technological paradigms' and ' technological trajectories' as proposed by Dosi 
(1982) will be used for analysis of these developments. Dosi's contribution to the ' technology push, demand 
pull ' -debate, i.e. the notion of 'technological trajectories and paradigms', has been appealing to many. However, 
it is often used in a metaphorical sense and empirical studies into this matter are scarce (currently, we are aware 
of Frenken (2000), Nuvolari (2004), Stolpe (2002), Watson (2004)). The method of citation network analysis 
(Verspagen, forthcoming), which has to our knowledge not been used in this field of research so far, is 
promising in this respect (see Box 1-1 ). 

1.5. Research question 

In this section, the aims of this research, the research question, the relevant sub questions and the 
operationalisation are discussed. 

1.5.1. Aims 

This thesis has the following aims: 

1. To apply the concept of 'technological trajectories' empirically to a case study, in casu photovoltaic 
technology. 

2. To explain the observed development path of photovoltaic technology using a combination of technology 
push and demand pull-factors. 

1.5.2. Research question 

Given the motivation for, and the aims of this research, the research question that will be answered in this thesis 
can be phrased as follows: 

What are the determinants of the actual development of photovoltaic technology, as given by its technological 
trajectories, and what is the influence of these determinants on the diffusion of photovoltaic technology in 
successive niche markets, in particular the niche market of rural areas in developing countries? 

1.5.3. Sub questions 

In order to be able to answer the research question properly, we believe that the following sub questions need to 
be answered first: 

1. What are the relevant technological paradigms and technological trajectories in photovoltaic technology 
over time? 

2. What diffusion patterns of photovoltaic technology can be observed? 
3. a. What is the role of technological paradigms and technological trajectories on the past and future 

diffusion of photovoltaic technology, in particular in the niche market of rural areas in developing 
countries? 

b. What is the influence of niche markets on technological paradigms and technological trajectories in 
photovoltaic technology? 

c. What can we conclude about the relative importance of technology push and demand pull-factors for 
technology development? 

4. What new insights can we derive from the application of patent citation analysis? 
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1.5.4. Operationalisation 

We propose to operationalise the aim stated above by 

I. Analysis of patent citation networks as proposed by Verspagen (see Box 1-1). 

2. Historical analysis based on secondary literature. 
The results of this analysis will be combined with the results from the analysis patent citation networks (1). 
The strength of this approach lies in the combination of 'objective' information and knowledge that is 
sensible from a technological point of view. 

3. Analysis of previous evaluations of the off-grid domestic market for photovoltaics in developing countries. 

4. Interviewing experts energy provision in rural areas in South Africa. 
Combined with the analysis of literature on off-grid photovoltaics (3), this allows us to pinpoint those 
design aspects and characteristics of rural photovoltaics in developing countries that are essential, or have 
been a barrier for diffusion in the past. 

Finally, the results of all parts of the study will be integrated and discussed in the last chapter of this thesis. 

Box 1-1. Introduction to citation network analysis. See chapter 3 for an elaborate treatment. 

The database of the US Patent Office (USPTO) consists of over 10 million patents, each identified with a uruque 
pate~t ~umber.~e patents are classified into a system .pf class~.~1,f:tnd s s acq~~ding to their nature or 
field '. of application (e.g. 438/57, Semiconductor Device Making, tovoltaic device manufacture). 
Furthermore, as most patents build on former knowledge the patent is related to previous patents through the use 
of citations. 

Using the combination of classes and citations, it is possible to construct a citation network. This 'tree' of 
patents that represents the progress of knowledge in a specific field (Verspagen, 2005b). For PV, this exercise 
yields ,a collection of thousands of,pate ·ng apR4?priate software, we can identify main paths.i°:;the 
network, i.e. those patents that are essential t e technological development in this field (V erspagen, 20056). 

Consequently, the patents on the main path c~°:;ge studied in-depth with regard to their content. The structure of 
the citation network may present new informatl~n on the technological development of PV. 
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CHAPTER 2. THEORIES OF TECHNOLOGICAL 
DEVELOPMENT 

Human development, both throughout history and nowadays, is fuelled by economic development. Of course, 
human development is more than economic growth alone, but economic growth is an essential and necessary 
part of it (Szirmai, 2005). It is widely recognised that a strong causal relation exists between economic growth 
and technical change (Dosi, 1982; Freeman, 1988; Thirlwall, 1999; Verspagen, 2004). Growth accounting 
studies (for example Maddison, 1987) have not been able to explain economic growth without attributing a large 
part of it to technological progress. Although this progress was originally treated as exogenous ("given by God 
and the engineers"), a lot of advance has been made in the last decades in opening the 'black box' (Rosenberg, 
1994) and understanding the deeper mechanisms of technological development. 

2.1. Technology push and demand pull 

One of the first to highlight the essential role that technology plays in economic development was Schumpeter, 
in 1934. His work concerns long-term fluctuations in the rate of economic growth. Schumpeter believed that 
these fluctuations or 'waves ' were caused by the regular emergence of major basic innovations that led to 
periods of accelerated growth (Verspagen, forthcoming). His ideas have been very influential, and many 
economists have elaborated on them (see for example Freeman and Soete, 1997). 

In a more micro-economic perspective, one might translate this into the widely researched relation between 
science or R&D and the successful launch of new products and processes. Scientific advances or new 
engineering insights may result in the development of a product, that (in an extreme 'technology push'
perspective) has to be sold to someone only in a later stage. Thus, technology push refers to the mechanism that 
technological development is caused and directed by the 'suppliers ' of technology. These suppliers are made up 
of a complex combination of different institutions and actors like universities, research institutes, R&D 
departments operated by companies, independent consultancies and individual inventors. Building on an 
increasing body of scientific knowledge and technological skills these actors develop all that is 'technologically 
possible' . The only constraint is the current state of scientific knowledge. We will see later that in Dosi ' s view 
( 1982) this is only valid within certain boundaries (see section 2.2.1 ). 

However, very few innovations are solely shaped by technology push. One may even argue that this is never the 
case. Sooner or later, the (final) user of a technology will evaluate the technology he was provided with, either 
explicitly or implicitly in the form of future consumption patterns and technology choice decisions. This will 
result in certain varieties of the technology becoming dominant, while others, although technologically feasible, 
become obsolete. Thus, either smart suppliers of technology will adapt the innovations they deliver to the 
demand characteristics and requirements of the user, or market mechanisms will take care of this selection. This 
process, which is referred to as demand pull, forms an opposing force to technology push that might prove very 
powerful in shaping the direction of technological progress. 

The role of (prospective) demand on technological development was first highlighted by Schmookler (1962, 
1966). In his research he investigated the relation between patenting activity, which he used as a proxy for 
innovative activity, and the actual and future size of a specific market. Focusing on developments in several 
capital goods industries, he found that "inventive effort is responsive to economic pressures and opportunities" 
(Schmookler, 1962). Note that this view is more radical than it nowadays seems, as it discards the (at that time 
dominant) view that technology is an exogenous determinant of socio-economic progress. 

The ideas of Schmookler and his followers have been evaluated and criticized by many (see for example Scherer 
(1982) and Mowery and Rosenberg (1979)). It has been shown that some of their results were flawed or even 
invalid, and can not be generalized without care. Especially Mowery and Rosenberg's criticism on a lacking 
consistent definition of the concept of , demand , is still relevant. Adner and Levinthal (2001) refer to the 
"inherent" diversity in market demand. Furthermore, there is an obvious difference between needs and demand, 
especially if these needs are latent: "Many needs are only recognized once it becomes possible to fulfil them .. . " 
(Verspagen, forthcoming) . 
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Still, the basic idea of the 'demand-pull hypothesis' has been widely accepted, and an intense debate between 
proponents of ' technology push ' and 'demand pull' followed. The debate was supported by many studies, for 
example a study on innovation in the chemical industry by Walsh, who concluded that "both supply and demand 
factors play an important role in innovation and in the life cycles of industries, but the relationship between the 
two varies with time and the maturity of the industrial sector concerned" (Walsh, 1984). Since, it has been 
established that both supply and demand factors play an essential role in shaping the innovation process (Adner, 
2001; Ende, Van den, 2005). 

2.2. Technological trajectories 

Whether acknowledging its relation with economic growth or not, the notion of technical change has been 
appealing to many. All of us are familiar with the famous great inventors from the 18th, 19th and 20th century, 
who we admire for their genius and vision. Although this 'romantic ' view is very attractive, current reality is far 
more complex. Besides the fact that inventions are nowadays often the result of the work of entire R&D 
departments of companies or universities, it has been recognized by many scholars that an invention in the 
technological domain is merely the starting point of a complex process of successive diffusion and further 
development that leads to the final innovation. The so-called linear model of invention - innovation - diffusion 
has proven unable to explain the observations that were made in many case-studies: technical change is not only 
the result of progress in the technological domain, but is also clearly shaped by market and user characteristics. 
Also, innovation is an essential part of diffusion (Verspagen, forthcoming). In 1986, Kline and Rosenberg 
proposed a new model, the chain-linked model , that addresses these drawbacks (Verspagen, forthcoming). In . 
their view, a recurring interaction between demand-forces and supply-forces determines the outcome of the 
innovation process. However, the exact mechanism of this interaction remains unclear. 

The importance of a sequence of incremental innovations tends to be underestimated in the linear model as this 
view lays emphasis on radical innovation. However, many cases have proven that the success of a radical 
innovation depends largely on the incremental development trajectory that follows (for example, Nuvolari 
(2004) on the steam engine). To describe this process in more detail, Dosi introduced in 1982 the concept of 
technological paradigms and technological trajectories (Dosi, 1982). Dosi proposes his concept as contribution 
to the debate regarding the origin of technical change: is an innovation initiated by ' technology push' or 
'demand pull'? However, Dosi does not make an explicit choice between both. He presents a view in which the 
interaction between both mechanisms dominate. Still, Dosi tries to specify the differences in the roles that 
technology push and demand pull play in technological development. Given the discussion in the previous 
section, this is a very sensible stance. However, contrary to the expectations risen after reading the introduction 
of his article (Dosi, 1982), Dosi does not explicitly link the concepts he proposes to technology push and 
demand pull. In our evaluation of his ideas, which follows below, we try to make this link more explicit. Note 
that in Dosi 's approach, technology is regarded in its broadest sense. 

A technological paradigm is defined by Dosi as "[a] model and a pattern of solution of selected technological 
problems based on selected principles derived from natural sciences and on selected material technologies" 
(Dosi, 1982; italics by Dosi). In Dosi 's interpretation the paradigm is initiated by a small cluster of basic 
innovations, which notion we characterize as a 'technology push' perspective. Actual technological change is 
determined by a process of incremental innovations which results in a technological trajectory. A technological 
trajectory is defined as "the pattern of "normal" problem solving activity (i.e. of "progress") on the ground of a 
technological paradigm" (Dosi, 1982). In other words, "a technological paradigm embodies strong prescriptions 
on the directions of technological change to pursue and those to neglect." (Dosi, 1982). Therefore, we may 
regard a trajectory as a direction of advance within a technological paradigm. Recent examples of studies where 
a pattern corresponding to Dosi 's model has been observed are studies on the steam engine (Nuvolari, 2004), 
gas turbines (Watson, 2004) and civil aircrafts (Frenken, 2000). 

Dosi explicitly makes the distinction between 'normal' technical progress along a trajectory and the switch to a 
new paradigm, which can be associated with the distinction between incremental and radical innovations 
(Verspagen, 2004). Dosi suggests that the occurrence of a paradigm shift might be associated with a strong 
increase of a Schumpeterian-type of competition and long-term economic waves. However, in his work he does 
not elaborate on ways of defining a transition from one paradigm to the next. This absence is also signalled by 
Watson (2004), who concludes that in the history of his object of study, the gas turbine, in hindsight many 
points exist that could be the start of a paradigm. Watson concludes that, "as a tool to explain success and failure 
... paradigms are of limited use". He rates the concept of lock-in (see below) in this sense higher. Still, he finds 
paradigms useful to identify the selection environment. 
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The crucial role of selection, both ex ante and ex post, is in Dosi's perception played by economic, institutional 
and social factors. Clearly, this stance is built upon the 'demand pull' tradition. In the wide range of technical 
possibilities within a paradigm, a specific technological path is initiated while some kind of economic or social 
indicators (e.g. factor prices, government interests, military preferences) were used as a priori directing devices. 
The 'market' fulfils the role of ex post selection device (Dosi, 1982; Watson, 2004 ). It determines whether the 
products and processes that embody the developments made along a certain technological path will be 
successful, and thus whether this technological path deserves persistent following 

The idea of paradigm shifts has been appealing to many authors, also before Dosi's publications. Also called 
regime transformations or regime shifts (Andersen, 1991) the occurrence of this phenomenon has been studied 
for, amongst others, the computer industry (Ende, Van den, 1999), and the glass and cement industry (Anderson 
and Tushman, 1990). Saha! ( 1985) argues that paradigm shifts are inevitable. This statement is based on the 
point of view that technological trajectories should be interpreted as scaling trajectories, for example the on
going development of aircraft engines, which resulted in at least a doubling of aircraft performance without 
basic design changes (Saha!, 1985; Frenken, 2000). Sahal claims that" ... change in the size of an object beyond 
a certain point requires change in its form and structure as well". Thus, technological development within the 
boundaries of a paradigm must come to an end at some point in time (Frenken, 2000). 

The theorizing around technological trajectories can in a sense be seen as the technological exponent of 
evolutionary economics, of which the foundations have been laid by Nelson and Winter in the 1970s. (Nelson 
and Winter, 1982) They replace the neo-classical assumption of full rationality with the notion of 'routines'. 
Routines are formal and informal procedures that are used by firms and their employees to direct all their 
activities, including their efforts regarding innovation. These routines, or search heuristics, combined with the 
selection by the market determine the actual outcome of the innovation process. Watson (2004) argues that 
evolutionary economists have in this regard been occupied too much with internal (i.e. inside the firm) selection 
factors, but stresses that it is essential to view the selection environment in its broadest sense. In his study on the 
gas turbine he argues that the flexibility of the gas turbine has been essential for its success, because it allowed 
taking advantage of changes in the selection environment: at first, it was developed as an aircraft jet engine but 
later it was developed further as a power source in the oil, gas and electricity industry. 

The actual start of a trajectory, and its initial directory, is typically determined by historical contingency. As 
illustrated by Paul David (1985) in his famous treatment of the dominance of the QWERTY typewriter, 
"historical accidents" determine which design or technology will be dominant. Ex ante, it can not be forecasted 
with certainty which one of a range of possibilities will dominate, only that one of them will (Arthur, 1989). As 
David states, "a particular system could triumph over rivals merely because the purchasers of the software 
(and/or the hardware) expected that it would do so." 

Once a path has been selected, it might show a momentum of its own once its initial advantage becomes self
reinforcing (Arthur, 1989). This mechanism is referred to as 'path dependence'. The trajectory might become 
very powerful, i.e. widely diffused, and it might be difficult to switch from one trajectory to an alternative one. 
By many other authors this effect is described by the term 'lock-in effect' (David, 1985; Arthur, 1988). What 
companies have done in the past heavily impacts what they do in the future. This is true under the condition of 
increasing returns to adoption (Arthur, 1988), caused by: 

• Learning by using 
• Scale economies in production 
• Network externalities: what other users do, or in fact the expectations about what other users do, determines 

the choice of the individual adopter (David, 1985; Arthur, 1989). 
• Informational increasing returns: a technology that is more adopted is better known and understood. 
• Technological interrelatedness: the technology is supported by a larger infrastructure. 

When two or more 'increasing returns' -technologies compete, a technology that by chance gains an early lead 
will finally dominate the market: "Therefore the two technologies cannot coexist indefinitely: one must exclude 
the other." (Arthur, 1989). These increasing returns to adoption are to be regarded as the main argument for the 
interest in niche markets, as through a rapid development of a desirable technology in one market a lock-in can 
be obtained that has effects on a wider scale. However, under increasing returns also the development of an 
inferior option might result (Arthur, 1989). Examples given by Arthur are the design of nuclear reactors, petrol 
engines, and programming languages. 
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2.2.1. The scope of the paradigm 

Although the approach by Dosi is rather intuitive, the application of it in actual research is not entirely 
straightforward. One of the main problems that might occur is the definition of the scope of a paradigm. While 
Dosi (1982) referred to the more technological aspects regarding the design of a specific product, the concept of 
technological paradigms was extended by Freeman and Perez (1988) to so-called 'techno-economic' paradigms, 
which refer to "changes in technology systems [that] are so far-reaching in their effects that they have a major 
influence on the behaviour of the entire economy". They attempt to explain the alleged occurrence of long-term 
cycles (Kondratieff waves) in the economy by the emergence of new 'techno-economic' paradigms, for example 
as initiated by steam technology (Nuvolari, 2004) and widespread electrification (David, 1990). 

In this thesis we will stick to Dosi's original approach, focussing on the technology itself in a more limited 
sense. Still, this does not mean that the problem is automatically solved. The scope of a paradigm can be defined 
in many ways, and on different levels of aggregation (Watson, 2004). For instance, for the case of photovoltaic 
cells, should we think in terms of the principle (the conversion of light into electricity), the material (silicon vs 
other materials) or in terms of the application (e.g. small-scale off-grid systems vs large-scale grid-connected)? 
We will address this issue in more detail in chapter 3. 

2.3. Innovation and diffusion 

As we briefly touched upon in the introduction of this chapter, it has been observed for a wide range of products 
that the rate and type of innovation are strongly related to the diffusion of a product. In his standard text-book, 
diffusion is defined by Rogers (1995) as 'the process by which an innovation is communicated through certain 
channels over time among the members of a social system'. It is a stylised fact of innovation sciences that the 
diffusion of an innovation or product can be described with an S-curve (Rogers, 1995; Geroski, 2000). 
However, this notion falls under the linear invention-innovation-diffusion approach, and partly neglects the fact 
that 'underway' the innovation is often altered as different users have different needs. As Geroski (2000) states, 
'diffusion is about matching new technology to what is usually a wide range of different user needs'. 

The fact that diffusion and on-going innovation can not be seen separately is characterized by the product life 
cycle (PLC), which was first introduced by Utterback and Abernathy (Utterback and Abernathy, 1975), and 
which can be regarded as dominant model for long-run industry evolution. Three phases are commonly 
distinguished in a PLC: the fluid, transitional and specific phase although the terms introductionary, growth and 
mature phase are also used (Van Dijk, 2004). The life cycle concept has also been applied in a broader sense, i.e. 
to technologies or to industries as a whole (Adner, 2001), and often the distinction between different types is not 
made explicitly. 

In the fluid or introductionary phase, the on-going design and development of the new product is dominant. 
There is a high level of uncertainty, and many designs compete for the interest of the consumer. This results in 
low process innovation which is impeded by frequent changes and adaptations of the product design. Initially, 
the number of active firms is small but starts to rise as soon as a market establishes. 

At this moment, the industry enters the transitional or growth phase as some standardisation takes place and a 
dominant design occurs. This occurrence is a critical moment in the process (Windrum and Birchenhall, 1998). 
Windrum and Birchenhall (1998) explicitly associate the concept of dominant design with the technological 
trajectories proposed by Dosi. The binding factor is a "focusing of innovative activity over time". "The 
trajectory concept can be appreciated as the dynamic analogue of the concept of a dominant design" (Frenken, 
2000). 

Anderson and Tushman (1990) perceive technological development as a faltering process in which 
technological discontinuities, which we might translate with basic or radical innovations, "trigger a period of 
ferment that is closed by the emergence of a dominant design. A period of incremental technical change then 
follows, which is, in turn, then broken by the next technological discontinuity". Regarding these technological 
discontinuities, Anderson and Tushman distinguish competence-enhancing or competence-destroying 
discontinuities. The first class builds upon previous knowledge that was already embodied in the 'old' 
technology, while the second class makes previous knowledge and expertise obsolete. The notion of 
competence-enhancing technological discontinuities is surprising, as it seems a contradiction in itself. Examples 
of this type given by Anderson and Tush man ( 1990) come from cement kilns and glass production. 
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In the transitional or growth phase, competition is still mainly based on product differentiation but process 
innovations starts to play a larger role as production becomes more large-scale. Although the number of entrants 
to the market is still high, especially in the beginning, the number of exits starts to rise as several firms are not 
able to manufacture the dominant design competitively. 

In the specific or mature phase, both product and process are standardized and the rate of (incremental) 
innovation is low, with process innovations dominating. A small number of large firms dominates the market as 
production is scale and capital intensive. Most manufacturing sectors in the specific phase can be classified as 
supplier dominated or scale-intensive in Pavitt's taxonomy (Pavitt, 1984). 

Returning to the discussion on the scope of a technological paradigm and its level of aggregation, Frenken 
(2000) argues that this is dependent on the position in the product life cycle. Before a dominant design has 
emerged, individual firms are busy "building up their competence base". As competing firms learn from each 
other and a dominant design occurs, a single trajectory becomes established at the industry level. Thus, "at this 
point, the relevant dynamics shift from individual design trajectories towards an industrial trajectory" (Frenken, 
2000). 

2.3.1. Niche markets 

In section 2.1 we briefly touched upon the "inherent" diversity in market demand (Adner and Levinthal, 2001). 
Lately, this diversity has been elaborated upon in the concept of niche markets, which has gained a lot of 
attention. Niche markets are market segments with either specific entry barriers (Tisdell, 2004) or specific 
characteristics that makes demands on a product that are different from the mass market (Raven, 2004). It has 
been argued that the latter might be a source of radical innovation (Raven, 2004). This illustrates that niche 
markets often are essential for the successful diffusion of an innovation. In a market segment that is protected 
from fierce competition by incumbent technologies or firms, new technologies or products have the chance to 
develop themselves through different types of learning and iterative rounds of diffusion and learning. When a 
certain stage of maturity is reached (e.g. standardisation, low cost), diffusion towards the mass market can be 
undertaken. In other words, the niche market exists until a dominant design occurs on this market that can be 
'exported' to the main market. 

The 'nurture' -argument as presented in the previous paragraph forms one of the main arguments for market 
protection. However, the focus on a specific (niche) market also brings distinctive risks along for the long-term 
development of a technology. High entry barriers might result in a low rate of competition, resulting in a slower 
pace of development than might have been the case in the 'outside' world. Also, selection on specific criteria or 
characteristics will lead to a different technological trajectory than might be optimal for diffusion on the mass 
market. 

2.4. The use of patents in innovation science 

In this research, we use patent data as a data source for our research. Patent statistics and analysis are a popular 
tool for those who study technological change. As few good measures exist on innovation and its hinterlying 
causes, patents as an object of research are attractive as they are available, by definition related to inventiveness, 
and they are based on what appears to be an objective and slowly changing standard (Griliches, 1990). Also, 
each of them can in principle be identified with a single innovation, an advantage that should not be 
underestimated. 

A patent can be defined as "a document, issued by an authorized governmental agency, granting the right to 
exclude anyone else from the production or use of a specific new device, apparatus, or process for a stated 
number of years" (Griliches, 1990). This number of years is currently twenty in the US. The right is granted 
after the application for a patent is examined on its novelty and potential utility by examiners of this 
governmental agency, which is in the US the United States Patent and Trademark Office (USPTO). Note that a 
patent is only valid in the country it is granted. Approximately two thirds of all patents applied for is granted. 
Once a patent is issued by the patent office, the patentee or assignee must enforce the patent himself, if 
necessary through suits in court. 

The rationale behind using a patent system is twofold (Griliches, 1990). First, it encourages invention by 
establishing a temporary monopoly for the inventor, that allows him to earn back any investments he made in 
making the new discovery. Second, the obliged disclosure of information regarding the new invention ensures 
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diffusion of this knowledge to other companies. Thus, both aspects intend to accelerate technological 
development. 

A patent contains a lot of interesting data (Ganguli, 1995; USPTO, 2005). Besides the actual text and figures 
that precisely describe the contents of the patent, it carries an individual number (the patent number), a title that 
extremely briefly summarizes the contents of the patent, the date of application and issue of the patent, and the 
name and address of the applicants (inventors) and the assignee, that is the person or organisation to which the 
patent is assigned (e.g. the company the inventor is working for). Furthermore, the examiners of the patent 
office assign every single patent to one or more classes or subclasses. It is important to stress that one patent can 
belong to several (sub)classes, sometimes twenty or more. The classification system is in essence based on 
technological and functional principles (Griliches, 1990), and not on industry, product, or potential use (Jaffe, 
1986). The system is tremendously detailed, and over 50,000 subclasses exist in the USPTO-system, some of 
them containing thousands of patents, some of them only one. Using the classification, it is possible to obtain a 
subset of patents that are related to one technology, e.g. photovoltaic cells. However, problems might occur 
related to completeness ('do we have all the relevant patents?') and contamination ('are all the patents in our 
subset relevant?'). 

2.4.1. Citations 

A last feature of patents, which we will treat a bit more extensively here as it is very important to this research, 
is the attribution of citations to a patent by the examiner. Citations are explicit references to previous patents, in 
which the citing patent cites the cited patent. "The citations serve the legal function of delimiting the scope of 
the property right conveyed by the patent. The granting of the patent is a legal statement that the idea embodied 
in the patent represents a novel and useful contribution over and above the previous state of knowledge, as 
represented by the citations. Thus, in principle, a citation of Patent X by Patent Y means that X represents a 
piece of previously existing knowledge upon which Y builds." (Jaffe et al, 1993). 

The final conclusion in the statement by Jaffe, Trajtenberg and Henderson can not be drawn without care. Two 
types of error may occur: citations that occur where there was no knowledge flow, and knowledge flows that 
occurred without being accompanied by a citation (Jaffe et al, 1993). 

Considering errors of the first type, citations without knowledge transfer, it is definitely not by definition the 
case that a knowledge flow from one patent to the other exist, or that communication between the inventors of 
both patents has occurred. In the US, the inventor is required to refer to patents that he used in the process of 
invention, and to supply a list of the state of the art (Michel, 2001). Roughly 60 percent of all citations in US 
patents has been brought up by the inventor (Criscuolo, 2005). However, the final decision to allocate citations 
is made by the patent examiner and not the inventor. The examiner is supposed to be an expert in relevant 
technology and thus able to identify relevant previous patents. As he has only very limited time to study a single 
application (Meyer, 2000), the classification system is at his disposal to perform this job quickly and thoroughly 
(Jaffe et al, 1993). 

For decades economic researchers just assumed that errors of the first type did not exist, but the issue was 
recently studied in more detail by Jaffe, Trajtenberg and Fogarty (2000). After a survey among citing and cited 
patentees they conclude that indeed statistically significant communication occurs, however a large amount of 
noise in the data exists. About half of all citations "do not correspond to any perceived communication, or even 
necessarily to a perceptible technological relationship between the inventions" (Jaffe et al, 2000). It seems that a 
crucial issue in this case is whether the citation has been brought up by the inventor or the examiner (Criscuolo 
and Verspagen, 2005). 

Errors of the second type, actual knowledge flows between patents without a mutual citation, can occur in many 
ways. It is obviously not in the interest of the inventor to have many citations linked to his new patent, as this in 
fact limits the scope of his patent, and potential profitability. Thus, the size of this error depends on the expertise 
of the examiner and completeness of his work. Note that this type of error is actual part of an even larger error 
(Jaffe et al, 1993), as a large body of knowledge transfer might have occurred from knowledge that has never 
been patented. 

2.4.2. Limitations of using patents to study innovation 

It is important to realize the limitations of the patent system. Only a small part of all knowledge is suitable for 
patenting. Scientific advances are published in scientific journals or presented at conferences, and are by 
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definition not part of the patent system. For sure, this knowledge has contributed to many patents (Jaffe, 1993). 
And even for those advancements suitable for patenting, only a part of it is actually applied for. Other parts are 
rather applied by the inventor in secrecy, or not applied for because the expected revenues are lower than the 
application and maintenance costs for the patent. This patenting propensity might vary over time (Pavitt, 1985). 

Besides this general remark, several major drawbacks are associated with the use of patent statistics. One of the 
major ones is the fact that the relative novelty and applicability of patents can vary wildly, which has major 
implications for their economic value. Trajtenberg (1990) showed that in the field of computed tomography 
(CT) scanners the value distribution was highly skewed. Almost half of the patents were never cited. 

Several attempts have been made to circumvent this problem (Trajtenberg, 1990; Hall, 2001). Many attempts 
are based on the use of citations (others for instance on patent family sizes, see Harhoff, 2003). The general idea 
is that patents that are 'important' in the sense of certain citation-indicators are more radical or novel than 
others, and thus have a greater potential impact (Akkermans, 2005). We will treat two of these indicators here as 
they might be relevant to this study. The first one is the indicator 'number of citations received', based on the 
idea that a patent that is cited many times has a relatively large impact on subsequent technological 
development. The second indicator is 'number of patents cited' . If many patents are cited, especially if they are 
classified in different technology classes, the accompanying combination of different knowledge can be seen as 
more original, thus suggesting a radical instead of incremental innovation. 

2.5. Theories of technological development revisited 

In this chapter, we discussed a selection of literature on both technological development and patenting. We feel 
that knowledge of this theory contributes to a better understanding of our aims and research questions. It is clear 
now that the determinants of actual technological development can be characterized as either technology push, 
or demand pull. Both have a role in the development process, but obviously detailed empirical studies are 
needed to clarify this further. Underlying thesis comprises such an attempt. 

The concepts of technological paradigms and trajectories will be used as framework for our analysis. We 
learned from the previous sections in this chapter that no unambiguous way exists to determine the exact 
boundaries of a paradigm. Therefore, we will pay special attention to this. This might result in an answer to the 
question whether these boundaries are set by technology push, or demand pull-factors. 

Like Nelson and Winter, Dosi emphasizes the role that a limited selection of search heuristics (routines) plays in 
technological development. In our interpretation, it is this cluster of search heuristics that we need to find, 
through analysis of the technological trajectories that we construct. The nature of the heuristics might indicate 
whether technology push or demand pull directs technological development, and at what level this mechanism 
takes place. 

Furthermore, we have seen that demand is heterogeneous. Accepting this means that in a sensible analysis a 
distinction has to be made between the various applications, or niche markets. However, in our view the concept 
of niche markets is only useful if we, with hindsight, can identify differences in the applied PV technology. 
Otherwise, it would be difficult to maintain that the diversity of demand influences technological development. 
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CHAPTER 3. TECHNOLOGICAL TRAJECTORIES OF 
PHOTOVOLTAICS 

In this chapter we address the first sub question of this thesis, "What are the relevant technological paradigms 
and trajectories in photovoltaic technology over time?". Furthermore, we will focus on the heuristics that guide 
the development of these trajectories. This helps us to answer the question, whether technology push or demand 
pull-forces direct technological development. To be able to answer these questions, we have constructed 
technological trajectories for photovoltaics using patent citation network analysis (section 3.2). Preceding this, 
we present a brief history of PV which allows comparison of the constructed trajectories with historical data 
(section 3.1 ). Finally, we will evaluate the methodology on its merits and disadvantages, which allows us to 
answer sub research question 4, "What new insights can we derive from the application of patent citation 
analysis?". The conclusions that we can draw from or analysis are presented in section 3.4. 

3.1. Brief history of photovoltaics 

In this section we present a brief overview of the history of photovoltaic technology from the first attempts to 
construct a solar cell, till the end of the 20th century. We focus on the different lines of development that have 
been pursued, and the rationale behind these developments. This gives us a good feel for the heuristics that 
dominated technological development. Furthermore, we will try to quantify these developments, interpret them, 
and order them in a structured way that allows comparison with the results on patent citations. For a more 
narrative history of photovoltaic electricity, we refer to 'From Space to Earth: the story of solar electricity' by 
John Perlin (2002). As we will go into detail on some of the topics, those readers not familiar with the basics of 
semiconductors or photovoltaic technology are advised to use a standard textbook as reference, for example the 
one by Messenger (2000) or Green (1998). 

The first photovoltaic cell 

Although the principle of photovoltaic conversion was already discovered by Becquerel in 1839 (Kazmerski, 
1997), it was not until the 1950s that the first photovoltaic cell with a reasonable efficiency was developed. This 
cell was developed at Bell Telephone Laboratories in 1954 and was made of crystalline silicon (c-Si) . It was 
able to convert almost 6 percent of the sun ' s energy into electricity (Perlin, 2002). Before that time, many 
scientists had already tried to design an efficient solar cell. Mainly they used selenium as active material, but 
compound semiconductors like cuprous oxide, lead sulfide and thallium sulfide were also tried (Kazmerski , 
1997). However, the maximum efficiency obtained so far was a mere 0.5 percent. This was also the case for 
Russell Ohl, a Bell Labs scientist who patented a rudimentary solar cell made of silicon in 1946 (pat.nrs. 
2402662 and 2443542). 

The breakthrough came when Bell Labs' Calvin Fuller and Gerald Pearson joined their knowledge of the silicon 
transistor with the attempts of their 'energy generation '-oriented colleague Daryl Chapin to develop a more 
efficient solar cell (Perlin, 2002). By controlling the impurities that both improve silicon' s conductivity and give 
it a net positive or negative charge, they were able to construct a so-called 'p-n junction'. This junction is the 
heart of every photovoltaic cell (see Figure 3-1). Their invention, combined with a novel anti-reflection layer 
(see below) and the ability to make good electric contacts to the cell, led to their novel result (pat.nrs. 2759861, 
2780765 and 2794846). The first module tested in actual operation consisted of 9 cells fabricated manually at 
Bell Laboratories. It was used to power telecommunications services in Georgia, USA, and delivered about lOW 
on a bright day (Green, 2005). This corresponds to 2 percent module efficiency, which is much lower than the 6 
percent cell efficiency due to the low packing factor of the cells. A low packing factor means that a large part of 
the module ' s surface is not covered with photovoltaic cells, and therefore the efficiency calculated over the 
entire module surface turns out to be quite low. 
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Figure 3-1. Schematic of a photovoltaic cell. Source: Goetzberger, 2003. 

Space, the first successful application 

Although the first presentations of the new technology gave rise to high expectations and excitement, the initial 
search for applications of the silicon solar cell was not very successful (Perlin, 2002). The high cost of pure 
silicon, which was necessary to obtain reasonable efficiencies, was a major obstacle. Initial manufacturers like 
Hoffman Electronics (originally National Fabricated Products) had a hard time finding customers. However, the 
benefits of photovoltaics were firmly established when, pushed by a few determined individuals, the first solar
powered satellite Vanguard I (1958) became a major success (Perlin, 2002). While the original chemical 
batteries stopped working after a few weeks, the 6 silicon solar cells, providing 50 milliwatts of power, 
continued operating for years (Kazmerski, 1997). 

With the space industry virtually being the only customer of the solar cell industry for the next 15 years, the 
main objectives in product development were unique for the specific requirements of space operation (Bailey, 
1998; Menanteau, 2000): 

• A high energy output per unit of mass (kilogram), as the mass of a satellite determines the launching costs 
which are extremely high (between $11 ,000 and $66,000 per kilogram in 1998) (Bailey, 1998). This results 
in the observation that the net cost is substantially lower for an expensive high-efficient solar array than a 
cheap low-efficiency array. 

• Reliability, because maintenance and repair are impossible in space. This includes coping with the effects of 
thermal stress, which can be much more severe in space than on earth. 

• Resistance to radiation, as the detrimental effects of cosmic radiation are much larger outside the earth's 
atmosphere. 

These heuristics were widely followed in industry, research laboratories and universities. The 'high energy 
output per unit of mass , -routine was almost directly translated into a search for nigh efficiency' designs and 
cells: obtaining more electric energy for a given weight of the modules. Note that a different approach, lowering 
the weight of a module while keeping the energy output stable, can result in a similar rise in energy output per 
unit of mass. However, this implies a totally different research strategy from a technological point of view, e.g. 
searching for low weight support structures instead of searching for new semiconductor materials. 

To obtain higher efficiencies, several lines of design were pursued (Bailey, 1998): 

• Single-junction cells using a different semiconductor material 
Compound semiconductor materials like GaAs, GaAlAs, GalnASP, InAs, InSb and InP theoretically have a 
higher efficiency than Si, because their respective bandgaps are closer to the theoretical optimum 
(Messenger, 2000). This results in a more optimal combination of voltage and current, and thus a higher 
output power. Furthermore, these materials are more radiation-resistant, and most of them are easily 
controllable as well (Kazmerski, 1997). 
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• Multiple bandgap cells, either monolithically grown or mechanically stacked 
Multiple bandgap cells, or tandem cells, consist of two or more active semiconductor layers with a different 
bandgap, stacked on top of each other. The concept is intuitively very simple: because the portion of the 
light that is not absorbed in the top cell can be utilized by the bottom cell, a larger part of the solar spectrum 
is used and higher efficiencies can be reached. Tandem cells can basically be constructed in two ways: by 
producing the layers at once in the same process (monolithically grown), or by combining two layers after 
manufacturing them individually (mechanically stacked). 

• Concentrator cells 
Concentrating sunlight on a photovoltaic cell can enhance its efficiency significantly (Bailey, 1998). In most 
setups, parabolic mirrors are used that concentrate light, sometimes reaching levels of a factor 100, on 
relatively small cells. Concentrator cells are very suitable for the use of expensive materials and multiple 
bandgap cells, as less semiconductor surface is needed. Drawbacks are the low yield in diffuse light, and 
increased complexity in array design, the latter also because the temperature of the photovoltaic cell must 
remain within limits, while focusing light leads to strong local temperature increases. Furthermore, the use 
of concentrators actually results in a significant weight increase that has to be compensated for as well (see 
patent 3232795, by Boeing, 1966). 

• Surface texturing and anti-reflection coatings. 
Texturing the surface of the photovoltaic cell reduces reflection of incident light greatly, because a large 
part of the reflected light is still coupled into the cell (Ghannam, 1997). It also leads to longer pathlengths 
for rays that enter the cell, which increases absorption probabilities. Surface texturing can be done by 
anisotropic etching. By using an extra coating with an optical bandgap intermediate to those of silicon and 
vacuum, and by choosing an optimal layer thickness, the reflection of incident light is reduced even more 
(for instance pat.nr. 3091555, Texas Instruments, 1963). 

As soon as spacecraft grew in size, covering the surface of the satellites with solar cells was not sufficient to 
fulfil their increasing power needs. Therefore, enlarging the sun-facing surface of a satellite became an object of 
study as well. Foldable and deployable panels, covered with photovoltaic cells, were designed by NASA (for 
instance pat.nr. 3780424, 1973) and companies like TRW (see for instance pat.nr. 3756858, 1973 and pat.nr. 
3783029, 1974). 

It is important to realize that reducing the price of the modules is not among the routines summarized above. 
Price was initially a relatively minor issue in space applications, due to the extremely high launching costs and 
the fact that solar energy had (and still has) an almost monopoly with regard to energy provision in space. 
Furthermore, the common practice of custom-made satellites, each one optimally designed for its purpose, 
prevented standardization of the solar panels (Bailey, 1998). This insignificance of low costs was contrary to the 
terrestrial situation. Here cost reduction was essential to compete with other energy technologies suitable for 
remote applications, let alone to fulfil dreams of large scale solar energy provision (Merrigan, 1977). In 1960, 
the cost of powering a remote telecommunications station with solar panels was several times higher than for a 
power supply using diesel generators, including supply. In chapter 4 the cost related aspects of PV are 
elaborated further. 

In fact, only the second and fourth routine, multiple bandgap cells and surface texturing can be fruitfully applied 
on earth. In hindsight, a lot of research on the first and third routine, new materials and concentrators, has been 
promoted and funded under the notion of cheap electricity on earth, while these routines do not contribute 
significantly to reaching that goal. 

The striving for higher energy-to-mass ratios also resulted in interest in thin film technology (see below for a 
more extensive treatment). As Kazmerski (1997) states: "The first serious thin-film solar cells, Cu2S/CdS 
(sometimes [misnamed] "the cadmium sulfide cell" even though the active layer is the cuprous sulfide), were 
actually developed for space applications with the promise of better power-to-weight ratios - especially 
important for early satellite missions". However, reliability problems seemed an insurmountable obstacle. 
Initially, silicon remained the material of choice for space photovoltaics. 

Silicon solar cells in-depth 

Mono-crystalline silicon (c-Si) is made using the so-called Czochralski (Cz)-process (Ghannam, 1999)., The 
source for c-Si is melted and refined quartz, which is widely available on earth (Green, 2000). From the melt, a 
large cylindrical single crystal, called the 'ingot', is slowly drawn. An ingot is typically 10 to 15 cm in diameter, 
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can be over 1 meter in length and weighs several tens of kilograms (Green, 2000). After cooling, the ingot is 
sliced into thin, circular 'wafers', that are less than 1 mm thick. This is a costly process, because silicon is a very 
hard material which can only be cut using diamond plated sawing blades (Goetzberger, 2003). Initially, over 50 
percent of the material was lost in this process as saw dust (Sittig, 1979). Sometimes an extra cutting step is 
added before slicing, in which the wafers obtain a square or quasi-square shape which allows a higher packing 
of the later solar cells. At least for space applications, this is common practice. 

The equipment used for the Cz-process was in fact developed for the much larger micro-electronics industry 
(Menanteau, 2000; Green, 2000). This brought considerable learning effects and cost savings for the 
photovoltaic industry. Furthermore, ingots or wafers that contain too many defects and are thus considered "off
specification" for the electronics industry, are perfectly suitable for solar cells and can be bought at relatively 
low cost. Minor faults in a wafer are devastating for an individual chip, but often almost negligible for a 
photovoltaic cell with a much larger surface. For years, this flow of 'waste ' material has been one of the major 
inputs of the photovoltaic industry (Woditsch, 2002). Combined with relatively cheap excess capacity in the 
electronics industry the PV industry relied on the electronics industry for its silicon input. It is only recently that 
specific solar-grade silicon is being developed and manufactured (ref). 

At the end of the 1970s, new attempts of making silicon were pursued by Solarex in the US and Wacker and 
AEG Telefunken in Germany, pushed by high raw material costs. This resulted in the introduction of 
polycrystalline, or multicrystalline, silicon as active material (Perlin, 2002; Green, 2005). It is made by slowly 
solidifying molten silicon in a container (Green, 2000), is less crystalline and has less sophisticated electronic 
properties than mono-crystalline silicon (c-Si) . Therefore, the material is only used for solar cells. However, it 
can be produced at lower cost by skipping production steps which makes it exactly suitable for terrestrial 
applications. Possible defects that are introduced can be partly neutralized by surface treatment with materials 
like aluminium or phosphorus (Kazmerski, 1997), a process known as gettering (Ghannam, 1997). Like with 
monocrystalline silicon, the polycrystalline ingot is sawed into wafers that are further processed into individual 
cells. Furthermore, by using rectangular containers, rectangular ingots can be produced that allow the 
manufacturing of square cells without wasting expensive semiconductor material (Ghannam, 1997). 

The slicing step, which was a major source of Joss in the process for years, was greatly improved when wire 
sawing was introduced. A wire of several kilometres in length is moved across the crystal, whilst being wound 
from one coil to another (Goetzberger, 2003). Silicon losses were reduced with about 30% and the ability to 
produce thinner wafers was enhanced. This saves on material costs (Bruton, 2002), and can be beneficial for cell 
efficiency if combined with light trapping (Ghannam, 1997). Furthermore, productivity in the slicing stage was 
significantly improved (Menanteau, 2000). This innovation, apparently introduced for the first time in an actual 
production line by Photowatt in 1985 (Green, 2005), is referred to by Menanteau (2000) as "probably the most 
significant breakthrough of the 1980s". 

Figure 3-2. Multiwire sawing. Source: Goetzberger, 2003. 
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Box 3-1. The PV industry's silicon supply 

The PV industry's silicon supply 

A big uncertainty for the future of crystalline silicon-based PV is the supply of high purity silicon (Kazmei:ski , 
1997). Historically, rejected material from · s il\\;t~&try was used, but recently the dem'.111~ for 'solar 
grade' silicon outnumbered the size of this i (Sarti, 2002). With the PV industcy projected to grow 
strongly, this problem needs to be addressed. On th~shor~.i f~rm, thinner wafers, less wire sawing losses and 
recycling of silicon waste can offer a solution.,ffo oey~ain a 'J~)lg term solution, several promising processes to 
produce dedicated solar. grade silicon exist thal are based on upgrading low-cost metallurgical silicon. 

It is worth mentioning that since the 1980s, several attempts have been made to find an alternative way to 
produce suitable silicon material. The most successful ones are the ribbon silicon techniques (see pat.nr. 
4323419, Atlantic Richfield Company, 1982; pat.nr. 4383130, Solarco, 1983). Ribbon silicon technology is 
aimed at producing thin layers of silicon ('ribbons') that can be used directly as wafer (Bruton, 2002; 
Goetzberger, 2003). The expensive casting and wafering steps in the current production of multicrystalline Si 
can be evaded. On an engineering level , ribbon Si has the potential to reduce costs with at least 30% relative to 
other crystalline production technologies (CLSA, 2004). Several forms of ribbon technology exist at the 
moment that are used in commercial production processes. In 2001 , ribbon Si had a market share of 3.5% 
(Goetzberger, 2003). 

Another recent development we want to mention here is the development of so-called HIT technology, 
heterjunction with intrinsic thin layer (Green, 2000; Goetzberger, 2003). The technique is a combination of c-Si 
and a-Si:H technology. Absorption of sunlight still occurs mainly in a wafer of mono- or polycrystalline silicon. 
This wafer is contacted on both sides with amorphous silicon films. The Japanese company Sanyo is the main 
supporter of this technology, and claims that high efficiencies can be achieved. Currently, HIT technology is 
being commercialized. 

From wafer to cell 

The first processing step for finished wafers is etching, both to remove damage from the sawing step and to 
create a pyramid-like surface. Surface texturing enhances light trapping (see for instance pat.nr. 4229233, IBM 
Corporation, 1980), which is beneficial for the efficiency of the cell (Green, 2000). Next, a p-n junction is 
created in the wafer, which was already given p-type properties during crystal growth by adding impurities in 
the silicon melt, often boron. n-Type material, often phosphorus, is diffused into the wafer surface, resulting in a 
shallow p-n junction. 

hosphorus 

metal 
Figure 3-3. Typical solar cell structure including the innovations treated in the main text (Green, 2000b). 

Next, electrical top and bottom contacts to the cell are applied. Obviously, major complication for the top layer 
is here that light has to be able to enter the semiconductor layer. The standard for this was set around 1976 by 
the American company Spectrolab, which introduced the process of screen printing (Green, 2005). The 
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technique consists of printing a metal paste on the solar side of the wafer through fine openings in a grating, 
after which the paste is dried in a furnace (Ghannam, 1997). Screen printing is also in use for back side 
metallization, and applying anti-reflection coatings (titanium dioxide or silicon nitride) on the solar side. The 
latter step is essential for polycrystalline cells, as texturing their surface through selective etching is much less 
effective (Ghannam, 1997). Later, around 1985, Kyocera introduced surface passivation for multicrystalline 
silicon using silicon nitride before screen printing the contacts. Combined with the higher packing density 
possible, this "largely eliminated any performance disadvantage of the multicrystalline approach at the module 
level" (Green, 2005). The results of all these steps together can be seen in Figure 3-3. 

An alternative way of applying front contacts, buried contacting, was developed by the University of New South 
Wales, Australia, in 1985, and applied by BP Solar since 1992 (Green, 2005). This type of contacting results in 
improved performance through better response to blue light (which is absorbed very close to the surface) and 
much lower electrical resistance and optical losses (Green, 2000). Finally, for multicrystalline silicon an 
antireflection coating is added to the cell as well. 

Thin film cells2 

Next to silicon, several other materials exist that have photovoltaic properties. In literature, these materials are 
often characterized by the term 'thin film' -technology, because the layer required to absorb most of the light is 
much thinner than for crystalline silicon. This is caused by the fact that these semiconductor materials, unlike 
crystalline silicon, have a direct bandgap instead of an indirect one, which results in an enhanced absorption 
probability of light. For instance, to obtain a 90% light absorption, it takes only 1 µm of GaAs versus 100 µm of 
Si (Goetzberger, 2003). Therefore, from the viewpoint of material utilization, the development of thin film 
photovoltaic cells has always been interesting (Kazmerski, 1997). 

The number of possible materials for solar cells is actually quite large. The more well known are hydrogenated 
amorphous silicon (a-Si:H), cadmium telluride (CdTe) and copper indium diselenide (CIS). They all have in 
common that their production process is fundamentally different from crystalline silicon (c-Si). A thin film 
material is created, or 'deposited', by the random growth of a layer of this material on a substrate. The exact 
process conditions during deposition strongly influence the properties of the layer. A wide range of deposition 
techniques is available, each with its own merits and disadvantages. 

The heart of a thin-film solar cell is, as is the case for a c-Si solar cell, formed by a p-n junction. However, the 
layer stack of thin-film solar cells differs from c-Si solar cells. The substrate is often glass, but can be a flexible 
metal or plastic foil as well. The front contact is supplied by a transparent conducting oxide (TCO) layer like 
ITO, zinc oxide (Zn02) or tin oxide (Sn02), which is necessary because the conductivity of thin films is much 
lower than that of crystalline silicon. A metal back contact completes the structure (see Figure 3-4). 

Light 
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Figure 3-4. A typical thin.film solar cell configuration (Chopra, 2004). 

2 This section is largely based on Chopra (2004). 
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As becomes clear from Figure 3-4, the manufacturing of thin film solar cells involves the sequential deposition 
of several layers of material. When a suitable layer stack is obtained, the modules are divided into cells by 
mechanical or laser 'scribing' steps, in which a pattern of isolation and interconnection is left on the cell. The 
actual design of the process differs among the various manufacturers. 

Expectations for thin film technology have always been high, and still are high (Payne, 2001), especially since 
the chance discovery of hydrogenated amorphous silicon (a-Si:H) in the 1980s. Nowadays, a-Si:H comprises the 
bulk of all thin film solar cells sales. However, in the beginning the basic properties of this material were poorly 
understood. A major problem associated with a-Si:H is the low stability of these materials. After a certain 
amount of time, performance decreases up to 20 percent may occur. This mechanism is referred to as the 
Staebler-Wronski effect, and has not been fully explained yet. Still, expectations are that it is possible to cope 
with these stability problems. The recent development of hydrogenated micro-crystalline silicon (µc-Si:H) is 
promising in this respect (Meier, 1997). 

A major barrier for widespread use of thin film solar cells is their relatively low efficiency (see, below; see 
Figure 3-6). Commercial a-Si:H modules reach efficiencies around 8 percent (Green, 2000; Solarbuzz, 2005). 
Also the deviating manufacturing process of thin films can be considered as a barrier for widespread use 
(Chopra, 2004). Contrary to c-Si, thin film PV could not profit from rapid developments in the computer 
industry, and borrow its technology there. It has proven expensive, complex and difficult to up-scale the results 
obtained in laboratories to commercial, large-scale processes and products. Although currently roll-to-roll and 
large-surface deposition techniques are being developed that have the potential to improve this situation, several 
large photovoltaics companies have abandoned their thin-film activities (major projects on MW-scale, both 
CdTe and CIS based), and focused on c-Si technology only. A possibility for thin film technology in the near 
future, is to borrow and adapt technology that is used in the rapidly growing LCD-industry, as several 
technologies are equal or similar (Shah, 2004). 

Terrestrial applications 

Despite developments in space photovoltaics, prices for solar panels remained high. With the 1970 price of $100 
per Watt-peak, price decreases were essential for possible application of photovoltaics on earth (Perlin, 2002). 
Even for remote situations like navigation buoys, lighting on unmanned oil platforms and telecommunication 
stations in mountains and desert areas, at this cost level photovoltaics was unable to compete with batteries and 
generators, that either had to be replaced or refuelled. It was Exxon's subsidiary Solar Power Corporation under 
Elliot Berman that was able to achieve the necessary cost reductions first, bringing prices down significantly to 
$20 per Watt in 1973 (Perlin, 2002; Green, 2005). 

Like most space panels, the technology at that time was based on mono-crystalline silicon but Berman "was the 
first to recognize that silicon solar cells could tolerate imperfections that other semiconductor devices could not" 
(Perlin, 2002). Therefore, Solar Power Corporation used rejected wafers from the electronics industry instead of 
very expensive electronics-grade wafers. Also, realizing that weight and surface size are not as important on 
earth as in space, it used the round wafers as such, instead of cutting them into rectangular blocks, which saves a 
lot of expensive material that otherwise would have been lost in the process. Although the resulting panels 
where relatively large due to the low packing factor, the cost savings where substantial as about a third of the 
total module cost is composed of silicon material (Ghannam, 1997). Furthermore, Berman combined these 
insights with cheaper circuitry. The resulting modules had an efficiency between 5 and 6 percent, comparable to 
the best ones commercially available, but were almost five time cheaper than earlier modules (Green, 2005). 

Cost reduction for applications on earth has remained a major routine throughout time. For instance, in his 1979 
review of photovoltaic technology, Sittig calls the manufacturing of low cost cells essential for survival and 
growth of the photovoltaic industry, and distinguishes four basic approaches for cost reduction: 

I. On-going cost reduction in mass production of silicon cells 
2. Developing thin film solar cells 
3. Using concentrating collectors that allows the use of smaller, more efficient cells 
4. Using properly designed plastic or glass sheets imbedded with a fluorescent dye to concentrate 

sunlight. 

Next to the routine of cost reduction, another design principle that, by necessity, received a lot of attention was 
reliability of the panels. Contrary to space conditions, solar panels on earth are subject to extreme weather 
conditions, dust, partial shading and birds, which can all have severe impact on the performance, both on 
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module and system level. Finally, glass cover proved to be superior to silicone rubber, with the Philips-built 
BPX47A module (1976, power output llW, efficiency 6.4%) being one of the first that met its targeting field
life of 15 years (Green, 2005). 

The life-time of a PV module can be considered as a measure for its quality. As it became only recently possible 
to evaluate the real life-time of modules manufactured in the 1970s, and monitoring the life-time of more 
recently produced modules is still in progress, we need a different indicator for life-time. Therefore, in Figure 
3-5 the length of warranty on crystalline PV modules is depicted, which we propose as a suitable indicator for 
its life expectancy. It can be seen that since the 1980s, a steady increase can be observed, that has culminated in 
a warranty duration of 25 years up till now. The importance of this measure should not be underestimated: life 
expectancy is a major determinant for the expected total energy production of a PV panel throughout its life
time, and as such also a crucial factor in determining the cost per kWh for produced electricity (see chapter 4). 
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Figure 3-5. Length of warranty for crystalline PV modules versus first year of introduction of that warranty 
(based on Green, 2005). 

A very interesting indicator of technological progress in PV would be the energy pay back time, which can be 
defined as the time a PV panel has to operate before it has generated the amount of energy that was used during 
production of that panel. From an environmental perspective, a reasonable energy payback time is absolute 
essential for PV to play a significant role in worldwide energy provision. In the 1970s and 1980s, it was claimed 
that the production of solar modules consumes more energy than they produce during their life-time, which was 
in fact true for the earlier models. However, the troubled discussion that followed hampers the collection of 
reliable historical data on this indicator. Therefore, we will not elaborate upon this issue further. We restrict 
ourselves to the remark that this concern is in fact not a major issue anymore. The life time energy revenue of a 
PV module is both a function of life time, and module efficiency. Therefore, over the last decades this aspect is 
improved even faster than Figure 3-5 and Figure 3-6 suggest independently. For thin film solar cells the energy 
pay back is estimated at two years or less (Alsema, 1998), while this various between 2.5 (small-scale rooftop 
systems) to four years (large-scale ground-based systems) for crystalline silicon (Alsema, 2000). 

Different technologies compared3 

Figure 3-6 presents an overview of the substantial progress that has been made with regard to maximum cell 
efficiency, for the different major photovoltaic technologies. Note that the figure displays laboratory results, for 
which costs hardly play a role. Clearly, all technologies have advanced rapidly, with crystalline silicon (c-Si) 
being the first to develop. Being still the most efficient, c-Si reached efficiencies of almost 25 percent in 1998, 
with other technologies 7-10 percent point behind. One should realize that this is a big difference. With a 
significantly lower efficiency, a much larger PV system is necessary to obtain the same energy revenue. A larger 
system also means a more costly system, so this has to be offset by a significantly cheaper production process. 

Interestingly, progress in laboratory efficiency was lacking from the beginning of the 1960s till the 1980s, with 
the exception of a small jump of approximately 2 percent-point in the beginning of the 1970s. Especially the 

3 In this report we do not consider dye-sensitized and organic solar cells, as they are far from commercial application and based on a quite 
different body of scientific knowledge. 
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beginning of this period can be characterized as the "space age". In other words, the quest for high efficiency 
that emerges from the narrative description of PY apparently did not have a high yield. 

The figure also shows that developments using other materials than crystalline or ribbon silicon (the so-called 
'thin film' -technologies) were less rapid , and did not take off until the beginning of the 1980s. It is intriguing 
that the period for rapid developments for all technologies coincide. Possible reasons might be an overall 
increase in inputs (finance for R&D), the occurrence of a basic innovation that is beneficial to all technologies, 
or a 'sailing ship ' -effect as c-Si is being further developed under pressure of competing photovoltaic 
technologies. 
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Figure 3-6. Record efficiencies for different photovoltaic technologies in a laboratory setting. Shah ( 1999) 

Exploiting Figure 3-7, we can compare developments in experimental cells, and progress in modules that are 
commercially available. Throughout time, a quite large gap of over 10 percent-point remains between the two. 
Interestingly, in the period 1975-1982 a rapid increase in the efficiency of commercial modules can be observed 
while at the same time, almost no development occurred with regard to the record laboratory cells. The 
efficiency increase in commercial modules coincides with increased attention for terrestrial applications and the 
first government-funded solar programmes (see chapter 4). 

Because of lower efficiencies, thin film modules deliver a lower output power than c-Si panels of equal size. 
Furthermore, process technology for thin film is not as advanced as for c-Si, which means that production of 
larger panels, which is in theory more economical, is more difficult for thin film PV. This leads to the fact that 
thin film PV modules, especially a-Si:H, typically have a much lower output power than c-Si modules (about 
14W versus SOW). 
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Figure 3-7. Evolution of commercial silicon module efficiency. 

The bars show the upper and lower limits of performance of modules commercially available at the given points 
in time, based on the nominal power output of the module as specified by the manufacturer. The solid line 

joining the bars is intended as guide to the eye. Source: Green, 2005. 

Around 1985, the year in which wire sawing was introduced, progress in module efficiency levels off. Perhaps, 
this can be traced back to a focus shift by manufacturers from product to process innovations. The latter will 
sooner be translated in cost reductions than in efficiency, which is a typical product-related indicator. 

Meanwhile, impressive cost reductions were achieved as well. When plotting the price of solar cells versus 
cumulative production, or versus time (see Figure 3-8), a decreasing exponential relationship is obtained with a 
progress ratio of approximately 80 percent (Poponi, 2003). This means that every doubling of production leads 
to a price decrease of 20%. This finally resulted in an average module price of about$ 3.50 (1998$) per Wp in 
1998 (Hannon, 2000). The so-called 'learn ing curve ' is widely used as a tool to predict future cost 
developments for PY (Parente, 2002). However, it is not an automatic, guaranteed process. It is merely an 
aggregated result based on experiences in many industries and for many products. Interestingly, no correlation 
can be found with the varying levels of progress in module efficiency. This suggests that major process 
innovations and economies of scale have only been able to put a stamp on module prices after 1985. We will 
elaborate further on PY price reductions, and its position vis-a-vis other energy technologies in chapter 4. 
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Figure 3-8. Average photovoltaic module price over time. Source: Harmon (2000) 

If we compare the market share of the different technologies (see Figure 3-9), we can safely conclude that 
crystalline silicon dominates world PY production, and that its domination increases over time. We respect to 
choice of material , silicon has been, and increasingly is, the dominant 'design'. Note that what is called 
'crystalline silicon' in the figure actually consists of both 'monocrystalline ' and 'polycrystall ine silicon', the 
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latter becoming increasingly dominant as the production process gets significantly cheaper (Photon 
International , 2004 ). 
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Figure 3-9. Market shares of different technologies in total PV sales. 
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3.2. Citation network analysis and technological trajectories 

In this research we use citation networks of patents to construct and study technological trajectories and 
paradigms. Together with the next one, this section forms the core of our attempt to construct these trajectories 
for PV. In this section we will treat our method in-depth and motivate the choices we have made. For a 
summary of the nomenclature introduced in this and subsequent sections, we refer to Box 3-2 on page 35. 

3.2.1 . Citation network analysis 

As we have discussed in section 2.4, the use of patent databases to study technological innovation in general, 
and technological trajectories in particular, got quite some attention recently. One way that has been proposed is 
the use of patent citations. These citations transform a simple collection of independent patents into a linked 
network of mutually citing and cited patents. Because we are interested in thousands of patents, this network can 
be very complex, with some patents citing over 100 patents at a time. Given this network, our goal is to identify 
those links and patents that seem more important than others: " ... [T]he notion of a technological trajectory 
suggests that within this [citation] network, several main streams (or main paths) of knowledge exist that 
summarize the major developments in this field" (Verspagen, 2005b). 

The methodology proposed by Verspagen (2005b) builds on ideas of Hummon and Doreian ( 1989), who studied 
citation networks between scientific publications, not patents, on the discovery of DNA. We claim, with 
Verspagen, that in this respect there is not a fundamental difference between patents and publications. Still, it is 
worth realizing that publications in journals are related to fundamental scientific knowledge, while patents 
concern engineering skills and design knowledge that is potentially commercially applicable. 

The network that is subject of study consists of a combination of nodes, the patents, and links, citations between 
patents (Verspagen, 2005b). A simple example is given in Figure 3-10. The links are directed , as citations 
always have a specific direction (patent A cites patent B). However, as we are more interested in the 
advancement of knowledge, we will interpret the relation , A cites B' as an link pointing from the cited patent B 
to the citing patent A. The nature of patent citations also results in a network that is a-cyclical , as citations are 
only possible to older patents, not newer ones. 

Figure 3-/0. An example of a simple citation network. Circles represent nodes (patents), the arrows represent 
links (citations). 

Four types of nodes can exist (Verspagen, 2005b): sources, sinks, intermediate points and isolated points. 
Sources are starting points of the network that are cited but do not cite other patents; sinks are end points that 
c ite other patents but are not being cited themselves; intermediate points are both cited by one or more patent, 
and cite one or more patents themselves ; and isolated points are neither citing nor cited. Nodes that are 
somehow connected to each other through a (complex) combinations of citations belong to the same subset, 
which we call an island. 
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The focus of the method lies on the links rather than on the nodes. Hummon and Doreian speak of 'search 
paths', collections of links that connect series of nodes (in our case: patents) in the network: patent A is cited by 
B, B is cited by C, C is cited by patent D, and so on. Obviously, even a relatively simple network contains many 
possible search paths from starting points to intermediate and end points. To distinguish the various search paths 
from each other, Hummon and Doreian propose two new indexes of 'link connectivity', aiming to determine the 
relative importance of the various links (in our case: citations) in the network. 

Box 3-2. Definitions of the nomenclature in use. 
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The simplest indicator is the search path link count (SPLC) measure, which assigns a value to each link equal to 
the number of times a link is traversed by all possible search paths. A bit more advanced is the search path node 
pair (SPNP) measure, which is not exactly defined by Hummon and Doreian but elaborated by Verspagen 
(2005b). In this research, we will follow Verspagen and only consider the latter. Let node i be the node from 
which a link directs to node j, and call the link ciJ; let n; be the number of nodes for which a path to node i exists, 
including i itself; let mj be the number of nodes to which a path exists from j, and include j in the count as well. 
Now, the SPNP value for the link ciJ is n; x mj. Thus, "the number SPNP represents the number of pairs of 
patents that can be formed by taking one patent that lies "upstream" the link ciJ and one patent that lies 
"downstream" this link ... . [A]s a result of the multiplication, compared to SPLC, SPNP tends to weight patents 
on the middle of a path more heavily." (Verspagen, 2005b). For our example in Figure 3-10, the value of n; is 6, 
and the value of mj is 4. So, the value of ciJ is 6 times 4 is 24. This procedure can be followed for every single 
link (citation) in the network. 

Figure 3-11. The same citation network as in Figure 3-10, but now with SPNP-valuesfor each link indicated. 
The main path in this network with the highest aggregate SPNP-value is indicated by grey nodes (patents). 
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Now, it is possible for each of the starting points to find a combination of subsequent connecting links that has a 
maximum aggregate SPNP value, when adding the SPNP values of individual links. We call this search path the 
'main path '. If we do this for each of the starting points, an entire set of main paths is obtained (in Figure 3-10, 
only the main path with highest aggregate SPNP value is indicated). Once a main path joins with the main path 
originating from another starting point, the two get linked and will never part again. We call these networks of 
main paths, within the entire set of main paths, components. In this research, we use the software Citpath by 
Verspagen (2005a) to perform this analysis and to determine all the main paths, and the resulting components. 
The software package Ucinet (Analytic Tech, 2005), designed for the analysis of social network data, is used for 
visual representation of the main components. We use these components to draw conclusions on the occurrence 
of technological trajectories in photovoltaics. 

A possible feature of these components that needs to be mentioned here is convergence (Verspagen, 2005b). If 
the number of starting points is relatively high when compared with the number of end points, then this 
observation can be translated in the statement that the main paths from these starting points converge towards 
only a few end points. In that case, a high level of convergence is obtained. 

3.2.2. Dataset of underlying research 

In our study on technological trajectories in photovoltaic technology, we use the USPTO patent database as 
source of data (USPTO, 2005). This database consists of over 10 million patents. Rationale behind using the 
USPTO database is the fact that throughout history all innovations of significance have been patented in the US, 
the dominant economy and knowledge generator of the 20th century. Furthermore, the database is more or less 
fully accessible electronically (http://www.uspto.gov). Patents from 1976 onwards are full-text and fully 
searchable, patents from before that time are available in the form of digital pictures of the actual, hard-copy 
patent (see appendix for an example). 

The bulk of the actual data set comes from the US National Bureau of Economic Research (NBER), which 
presents the USPTO data in more accessible form. Their main data set extends from 1963 till 1999 and includes 
all patents granted by the USPTO in that period, totalling 2,923,922 patents (Hall, 2001). A second data set 
provided by NBER contains all citations made by patents granted between 1975 and 1999, totalling 16,522,438 
citations. It is clear that for photovoltaic technology, both data sets miss an essential part of technology 
development, i.e. all patents issued before 1963, and citations before 1975, respectively. Trying to construct a 
technological trajectory based on these sets would result in a 'collection of tree branches without a trunk'. 

Before correcting this problem, we first identify that part of the data-set that is relevant for our study, i.e. those 
patents related to photovoltaics. Aim is to obtain a data-set that is both fully comprehensive and 'clean of 
pollution ', i.e. we capture as much of the relevant patents as possible, and as few of irrelevant patents as 
possible. We base our approach on the use of the USPTO patent classification-system (see section 2.4). By 
investigating the contents of all classes, the classes given in Table A-1 (appendix) were selected as relevant for 
this study. The definitions of the aggregate classes are given in Table A-2 (appendix). Another possible 
approach to determine our data-set would be 'keyword search' for phrases like 'PV ', 'solar', 'photovoltaic' in 
the actual patent titles, but from a few attempts it becomes clear that this results in lacking a very significant 
proportion of relevant patents. 

After selection of the relevant patent classes we have addressed the problem of missing data from earlier 
periods. We have manually added all patents in these classes before 1963, and all citations originating from 
these classes before 1975. In practice, this means opening a picture of the patent from the USPTO website, and 
manually adding all mentioned citations to an Access/Excel-database. This is quite a time-consuming process. 
Therefore, prior selection of the relevant patent classes is essential. Adding each and every patent before 1963, 
and their citations, would result in a massive amount of work. Note that the practice of adding citations to a 
patent only started at the end of the 1940s. We will see later that the first citation in our PY-database is· in 194 7. 
Thus, before that time all we can find is ' isolated ' patents or 'sources, of the network. 

The database is inevitably subject to a truncation problem (Hall, 2001). Patents from say 1993 can receive 
citations just from patents up to 1999, but in reality will be cited by patents in subsequent years as well. The 
average citation lag is about 15 years but has a large spread, so truncation might effect a large part of our 
database. 
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Regarding the use of citations, we restrict ourselves in this research to the use of 'internal' citations, which we 
define as citations in which both the citing and cited patent are part of our selection of classes. The main reason 
for this is of a practical nature: if one wants to construct a trajectory through time, acknowledging an 'external' 
citation (in our case a citation in which the citing patent is part of the selected classes, and the cited patent is not) 
is only useful, if the citations of the cited patent are also taken into account, and the citations of the new cited 
patents and so on and so on. This would lead to an enormous growth of the database, beyond what is 
computationally possible. The consequence of this choice is that some possible knowledge flows are neglected. 
Also, it hinders us in identifying other technological sectors that have been an inspiration for the development of 
photovoltaic technology (e.g. the semiconductor industry as suggested by Menanteau, 2000). 

For the timing of the patents, we use the grant date rather than the application date as the first is part of our 
database and the second is not. This is not ideal, as a certain time lag exist between both moments due to 
reviewing that is not constant over time (Jaffe, 1986). Currently, this can be estimated at about 2 years (Hall, 
2001). 
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3.3. Results 

The results of our attempt to construct a technological trajectory for photovoltaics are presented in this section. 
Based on these results, conclusions can be drawn both with regard to technological development of PV, as well 
as the method of patent citation analysis. First, we will describe the characteristics of our total database, 
containing all selected patents. Next, we will identify the main components and treat them in-depth. 

3.3.1. Characteristics of total database 

In this section we present some statistics about the total database. Our database contains 2603 patents, granted 
between 1927 and 1999, which have 7639 internal citations. Through these citations, the patents can be divided 
into 22 islands of patents that are connected to each other by at least one citation, and 233 isolates (see Table 
3-1 ). Islands of different sizes exist. However, the size distribution is highly skewed, as there is one island with 
2317 patents, while all others have 9 patents or less. Patents in different islands do not share mutual citations 
and can not be traced back to each other through a series of citations. Clearly, the vast majority of all patents is 
connected somehow in one main island which contains 89% of all patents. 

Table 3-1. Overview of islands in database. 
Number of patents Number of islands of that 

in island size 
1 233 
2 17 
3 2 
4 1 
9 1 

2317 1 

Remarks 

Patents that are non-citing and non-cited 
1 citation 

In Figure 3-12 we have plotted number of granted patents versus time, as well as the cumulative number of 
patents on a linear and a logarithmic scale. Clearly, the number of photovoltaics-related patents has grown 
exponentially since the first patent was granted in 1927, although the growth rate differs from time to time. 
Extra rapid growth can be observed between 1973 and 1983. A possible explanation can be found in extra 
attention for photovoltaics due to the oil crises of the beginning of the 1970s, given the few years delay between 
application for, and issue of a patent. Concretely, this attention meant extra research funding for photovoltaics, 
as well as large-scale government funded procurement programmes (Green, 2005). Both can explain an increase 
in patenting activity. 
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Figure 3-12. Number of patents issued, 1920-1999. 

The countries of origin of the patents in our data-set are given in Table 3-2. Clearly, patent applications in 
photovoltaics are dominated by the US, with Japan second at a respectable distance and the main European 
countries Germany, France and United Kingdom following far behind. The top 3 owns over 92% of all issued 
patents. 

Table 3-2. Countries of origin of patent. 
Countries # O/o Countries # O/o 

us 1614 62.0 IL 8 0.3 
JP 614 23.6 IT 7 0.3 
DE 175 6.7 SE 4 0.2 
FR 54 2.1 BE 3 0.1 
UK 24 0.9 DK 3 0.1 
KR 16 0.6 ES 2 0.1 
NL 15 0.6 AT 1 0.0 
AU 14 0.5 CN 1 0.0 

USSR 14 0.5 TH 1 0.0 
CA 13 0.5 VEN 1 0.0 
TW 10 0.4 ZA 1 0.0 
CH 8 0.3 

total 2603 100.0 

When we combine the two previous approaches, we gain insight in the patenting activity per country over time 
(see Figure A-2). Germany and the UK start ahead, while the entry of Japan into photovoltaic patenting only 
takes off from the 1980s onwards. This is roughly in agreement with historical patterns regarding companies and 
research institutes dominating the photovoltaic market over time (Andersson, 2000; Perlin, 2002). Also it is 
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possible to compose a list of all major assignees in photovoltaics. As this does not lead to surprising conclusions 
(the list is dominated by American and Japanese companies and their subsidiaries), we have included this list in 
the Appendix. 

When we consider the classification of the patents in our database, we obtain the results that are summarized in 
Table 3-3. Two thirds of the patents is primarily classified in class 136 BATTERIES: THERMOELECTRIC 
AND PHOTOELECTRIC, or one of its subclasses, while a third belongs to a subclass of class 438 
SEMICONDUCTOR DEVICE MANUFACTURING: PROCESS. 

Table 3-3. Primary classification of patents in total database. 

N 
O/o 

Class 
136 

1728 
66.4 

438 
875 
33.6 

Other 

0 
0 

When we plot the fraction of cumulative patents for each of the classes versus time (see Figure 3-13), it 
becomes clear that growth in class 136 category occurs earlier than in class 438 and its subclasses. We pose the 
following interpretation as explanation: class 136 and subclasses consist of mainly product innovations, while 
class 438 is dominated by process innovations. This hypothesis is deduced from the well known fact that for a 
certain product range, the bulk of process innovations tends to occur after most product innovations, when a 
certain degree of standardization has been established (see chapter 2). According to the graph, this might have 
occurred from 1965 onwards, when accelerated growth sets in. 
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Figure 3-13. Fraction of cumulative patents versus time for all PV-patents (N=2603 ), log scale. 

In order to determine whether a certain innovation can be characterized as either product-related or process
related, or both, at first we investigate the title of the patents. Keywords for classification as product innovation 
are 'device', 'apparatus' or a similar description. Main keyword for process innovations is 'method'. When in 
doubt, we investigated the actual contents of the patent further. To keep this exercise viable, we limited 
ourselves to investigating those patents that turned out to be part of one of the main components (see below). 
Inspecting Table 3-4 which summarizes the results of this attempt, we find that class 136 and its subclasses are 
dominated by product innovations while class 438 and its subclasses are dominated by process innovations. This 
in agreement with our hypothesis that was based on the differences in timing. 

Table 3-4. Primary class versus type of innovation for component B (N=307). 
product process 

class 136 215 71 286 
class 438 18 79 97 

233 150 
N.B. Totals differ because of double-counting. 
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3.3.2. Main paths 

In the following sections we focus on the main island in our database, consisting of 89% of the patents. Using 
Citpath and Ucinet we have determined the main components in the island (see Table 3-5). Clearly, the main 
island is dominated by two components. Note that both components are linked to each other by definition as 
they are part of the same island, but apparently they are only connected by minor (SPNP-wise) citations. 

Table 3-5. Various components within main island. 
Component 

size 

307 

194 

41 

12 

9 

8 

5 

2 

Frequency Name 

component B 

component A 

The fact that two separate main components exist, and not one, is surprising as it is contrary to the results found 
by Verspagen in the field of fuel cells (2005b). We pose several hypotheses for this fact, that we try to verify or 
falsify in a later stage in this report: 

• Differences in search heuristics exist between the components (e.g. high efficiency vs. low weight) 
• Different paths are related to innovations that aim at different markets (space vs. terrestrial) 
• One component is dominated by process innovations, the other one by product innovations 
• The components represent different technologies within photovoltaics, e.g. crystalline Si vs thin film 

technology 
• The components represent different materials, e.g. silicon versus other materials 

Note that in principle there is no limit to the amount of components that can be found within one island. 

Furthermore, it is conceivable that the path that starts later in time (see below) builds on knowledge that falls 
outside our database, either because a too narrow demarcation of our data-set or because it is a continuation of 
technology that originally was not PY-oriented. 

Comparing the time-dependency of component A, component B and that of all patents in the island, we find 
results as presented in Figure 3-14 and Figure 3-15. Clearly, there is a big time-difference between occurrence 
and growth of the two components. The rise of component B coincides more or less with the rise of the total 
database, while component A clearly precedes this development and experienced rapid growth in the 1960s and 
1970s. Furthermore, component A seems more or less saturated in 1999, while component B is still growing 
fast. Possibly, this means that truncation problems are much more severe for component B. 
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Figure 3-14. Component A, component B, and all patents (fraction of cumulative total) versus time, respectively. 

From the figures it is also evident that the total collection of patents in PV technology grows much faster than 
the network of main paths in the main island. From 1961 onwards, the share of the two main components in the 
total amount of patents declines rapidly. However, it is important to note that those patents that now constitute a 
main component, even if they were already issued in the 1960s or before, may have become part of the main 
path only recently. In other words, the size of the main path in the past can be strongly over-estimated. 
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Figure 3-15. Component A, component B, and all patents versus time, respectively. Also included in the figure is 
the share of main paths (including A and B) in the total amount of patents. 

We have included some extra statistics on component A and B in Table A-4 and Table A-5 (appendix). The 
main difference is that in component B, which is later in time, the rise of Japan as important source of 
photovoltaic knowledge and skills can be observed. Furthermore, component A has a slightly higher share of 
class 136-innovations (see Table 3-6). Earlier on we identified class 136 with product-innovations, although this 
relation is quite noisy. 

Table 3-6. Primary classification of patents in component A and B. 

A B 

class # % # % 

136 168 86.6 225 73.3 

438 26 13.4 82 26. 7 
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3.3.3. Component A in-depth 

In this section we will discuss component A of the citation network in more detail. For a summary of the 
nomenclature used in this section, we refer to Box 3-2. The structure of this component is given in Figure 3-16. 
A high degree of convergence in this component is visible, with many sources and only two endpoints that share 
one, and on ly one, predecessor. Clearly, two main branches are visible, joining each other in patent 4889565, 
assigned to Kopin Corporation and issued in 1989. Combined with some minor incoming branches, the citation 
network from this point onwards culminates in several (5) patents by JX Crystals, issued between 1995 and 
1999. Acknowledging possible truncation effects (our database ends in 1999), it seems wise to focus on 
developments till 1989, and consider pat.nr. 4889565 as virtual endpoint of our network. 

IX Crystals 

Figure 3-16. Structure of component A. Red dots represent sources of the network, blue points are intermediate 
patents and black dots are sinks, or end points of the network. Arrows represent knowledge advances (if A 

points to 8, A is cited by B ). 

To obtain more insight, we have plotted component A in Figure 3-17 versus time. The figure shows us that the 
bulk of activity in the left main branch started a bit later than the right main branch. Also, we have highlighted 
the two paths in the network with the highest SPNP-value, each one of them forming the backbone of one 
branch. The patents that form these two backbones are listed in Table 3-7 and Table 3-8. 

From the contents of the patents in the backbone of the left branch, it becomes clear that this branch is 
specifically focused on space applications. All the heuristics that we identified in section 3.1 are present: 
efficiency increase through the use of new materials, hetero-junction cells, and concentrators; heat control; and 
radiation resistivity. After merging of the three 'roots', consisting of two patents each, the main branch starts 
with an invention related to heat control by significantly lowering the amount of infrared radiation absorbed 
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(pat.nr. 3888698, Communications Satellite Corporation, 1975). The next patent, nr. 3990097 by Solarex ( 1976) 
is of a more generic nature, as it concerns enhancing the back contact of the cells. However, its successor 
(pat.nr. 4072541 , Communications Satellite Corporation, 1978) is related to radiation hardening of cells, and the 
following seven patents are all related to hetero-junction cells, either monolithically grown or mechanically 
stacked. Some of them explicitly mention the use of concentrators for improved efficiency. 

1999 
Left backbone Right backbone 

3888698 
1934 2780765 2423125 

Figure 3-17. Component A, ordened vs time (vertical direction). Red dots represent sources of the network, blue 
points are intermediate patents and black dots are sinks, or end-points of the network. The two main branches 
(SPNP), or backbones, are represented by green dots. Note that an exact time axis can not be used, as the 
position of the dots was determined manually and therefore represents an approximate timing. Several relevant 
patents are indicated by their patent numbers. 

Aside from two predecessors, the right backbone starts with two patents granted to Bell Telephone Laboratories, 
including pat.nr. 2780765 ( 1957) in which the inventors of the first effic ient si licon solar cell , Chapin, Fuller 
and Pearson, describe their invention. These patents are followed by two patents issued in 1959 and 1962 that 
are still concerned with cell developments, regarding the use of aluminium antimonide (AISb) as semiconductor 
material , and the use of a new type of thin metallic front contacts , respectively. 

The next patents in the right backbone however, concern developments at module level, focusing either on 
series connection of individual cells, or coating and covering of panels. This is not only true for the patents 
assigned to Textron (pat.nr. 3094439, 1963) and Aiken (pat.nr. 3375141, 1968), but also for the subsequent 
patents 3562020 (TRW, 1971 ), 3780424 (NASA, 1973) and 3957537 (Imperial Chemical Industries Pie, UK, 
1976), which are all classified by Sittig ( 1979) as related to solar cell mountings of the 'flat plate array'-type. 

The ensuing four patents all explicitly refer to applications on earth, and focus on improving protection against 
"typical degrading conditions like humidity, salt water, atmospheric pollutants, chemical agents, muds, sulfur 
compounds, bird droppings, degrading sunlight (both ultraviolet and infrared), and extreme temperature 
changes" (S ittig, 1979). This is illustrated by the following quote from a patent by Tideland Signal Corporation, 
one of the first companies that developed a successful terrestrial market, the powering of unmanned oil 
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platforms: "The present invention is directed to providing a solar cell panel with a package suitable for use in 
extremely hostile environments, like marine uses." (pat.or. 4097308, Tideland Signal Corp., 1978). Note that the 
timing of the application for these patens corresponds with the period of increased interest in photovoltaic 
applications on earth. 

The junction patent in which both branches merge (pat.or. 4889565, Kopin Corporation, 1989) and the ensuing 
patents are related to thermophotovoltaics. Next to 'regular' wavelengths, also the infra-red radiation from the 
sun is used to generate electricity. The modules that these patents describe can be classified as optimized multi
junction cells in an optimal module design. We regard this as the 'technological frontier' in photovoltaics. 

It is remarkable that all patents in the left backbone concern cell improvements and are explicitly related to 
spacecraft, or assigned to companies active in space photovoltaics, while the patents in the right backbone are, 
from 1976 onwards, related to terrestrial applications and module development. Thus, the branches differ in 
both level of technology, and projected application. In other words, researchers working on photovoltaics for 
terrestrial applications focused on module improvements, while assignees working on space applications 
focused on cell improvements. We might explain this by the fact that, in the first terrestrial applications, the 
main design problems were associated with module design. Exactly at this level the design strongly differs from 
the use of PV in the niche of space applications. 

Note also that almost no patents related to thin film technology are part of component A. Also noteworthy is the 
fact that within one main path different search routines seem to alternate, which might be contrary to 
expectations. In any case, it is not possible to identify single branches with single routines. 

Table 3-7. All patents till 1989 in the backbone of the left branch of Figure 3-17. The 3 sets of 2 patents in the 
bottom of the table all independently point towards pat.nr. 3888698. 

class ASSIGNEE 
4889565 136256000 High temperature photovoltaic system 

4746371 1988 136249000 Mechanically stacked photovoltaic cells, package 
assembly, and modules 
Photovoltaic cell package assembly for 
mechanically stacked photovoltaic cells 

TIC RICHFIELD COMPAN Solar cell module 

VARIAN ASSOCIATES, INC. Stacked multijunction photovoltaic converters 

4255211 CHEVRON RESEARCH & Multilayer photovoltaic solar cell with semiconductor 
TECHNOLOGY CO. layer at shorting junction interface 
CENTRE NATIONALE D'ETUDES 

Double heterojunction solar cells 
SPATIALES C.N.E.S. 

Multijunction gallium aluminum arsenide-gallium 
41 HUGHES AIRCRAFT COMP. arsenide-germanium solar cell and process for 

fabricating same 
COMMUNICATIONS SATELLITE 

Radiation hardened P-1-N and N-1-P solar cells 
CORPORATION 

3990097 1976 136256000 us SOLAREX CORPORATION 
Silicon solar energy cell having improved back 
contact and method forming same 

3888698 1975 135255000 I us COMMUNICATIONS SATELLITE 
Infra-red transparant solar cell 

CORPORATION 
3376163 1968 136260000 us ITEK Photosensitive cell 

2414233 1947 136264000 us SELENIUM CORP OF AMERICA Photoelectric cell 

3589946 1971 136256000 us WESTINGHOUSE ' Solar cell with electrical contact grid arrangement 

3483039 11969 136255000 us IRC (INTERNATIONAL Silicon cell construction and method of 
RECTIFIER CORPORATION manufacturin therefor 

3411952 ' 1968 136244000 us GLOBE UNION Photovoltaic cell and solar cell panel 

3009981 1961 136263000 us MONSANTO Photoelectric device 

45 



Table 3-8. All patents till 1989 in the backbone of the right branch of Figure 3-17. The two patents in the bottom 
of the table independently point towards pat.nr. 2423125. 

patent ASSGNEE TITLE 
4889565 KOPIN CORPORATION High temperature photovoltaic system 

SANYO ELECTRIC CO., L Photovoltaic device and its manufacturing method 

453 RCA 
Series-connected photovoltaic array and method of 
making same 

RCA Series connected solar cells on a single substrate 

4315096 1982 EASTMAN KODAK COMPANY Integrated array of photovoltaic cells having 
minimized shorting losses 

4233085 1980 136244000 us PHOTON POWER, INC. Solar panel module 

4167644 1979 136251000 us EXXON RESEARCH + 
Solar cell module 

ENGINEERING CO. 

4097308 1978 136251000 us TIDELAND SIGNAL 
Glass enclosed solar cell panel 

CORPORATION 

4009054 1977 136251000 DE 
LICENTIA PATENT 

Terrestrial solar cell generator 
VERWALTUNG 

3957537 1976 136251000 UK 
IMPE-RIAL CHEMICAL 

Modules comprising photo-cells 
INDUSTRIES PLC 

3780424 1973 438067000 us NASA Method of making silicon solar cell array -----
3562020 1971 136244000 us TRW Solar cell assembly 

3375141 1968 136244000 us Solar cell array 

3094439 Solar cell system 

3053926 Silicon photoelectric cell 

2873303 Photovoltaic device 

2780765 BELL TELEPHONE 
Solar energy converting apparatus 

LABORATORIES 

2423125 BELL TELEPHONE Photo-electromotive force cell of the silicon-silicon 
LABORATORIES oxide! e and method of makin the same 

2234696 136264000 us GENERAL ELECTRIC Photoelectric cell 
I INTERNATIONAL STANDARD 2096170 . 1937 136256000 DE 

ELECTRIC CORP. 
Light sensitive device 
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3.3.4. Component Bin-depth 

Figure 3-18 depicts the second main component of the citation network, component B. Its structure is not as 
orderly as the structure of component A, and it is impossible to identify a backbone at first sight. There are 
many more endpoints, so the degree of convergence is low. Focusing on sub-paths within the network with top 
SPNP-values is not of much help, as this results in paths of ca. 12 patents in different branches of the network. 

The complex structure in the lower left side of the picture is due to a series of 4 patents assigned to Canon, all 
issued in 1991 and having approximately the same contents, merely the base material that is used in the patented 
structure differs. They share a very large part of their references, and might therefore be considered as one point 
in the network. Besides this phenomenon, no other complex structures or traversing lines can be found . 

Due to the complex structure of component B, it is very difficult to plot this citation network versus time. 
However, if we investigate the time structure of the network, we find that many linking points or important 
sources have been issued after the period 1990-1992. In other words, if we ignore these and investigate the 
network till 1990 as we did in the case of component A, it falls apart in many small parts. 

Given the fact that component B has been exponentially growing in the last 2 decades , we hypothesize that the 
network is still in an intermediate state and that convergence still has to occur. This makes the structure and 
composition of the network highly unstable, and as such very sensitive to truncation effects. This idea is 
confirmed when we look at the contents of the patents: different regions concern different levels and 
technologies like silicon ribbon technology, encapsulation and roof integration, the construction of a suitable 
back reflector, barriers on the back surface, anti-reflection coatings, and large area photovoltaics with integrated 
series connection. However, all over the network patents can be found that are related to thin film technology in 
general , and amorphous silicon in particular. Wafer-related patents, on the other hand, are relatively scarce in 
component B, especially given the dominant market share of crystalline silicon in this period (see Figure 3-9). In 
our opinion, this recurring focus on thin film technology is characteristic for component B. 

Figure 3-18. Structure of component B. Red dots represent sources of the network, blue points are intermediate 
patents and black dots are sinks, or end-points of the network. To illustrate the complex time dimension of this 
network, several patents issued in 1990 or 1991 are highlighted. 

47 



The effects of truncation can be made visible by exploring the number of cited patents in a given year. In other 
words, we investigate the number of patents in a year that has been cited by newer ones. Note that this differs 
from our previous approach when we investigated citing patents. The results of this exercise are given in Figure 
3-19. First, the number of cited patents per year increases strongly which matches with the exponential increase 
of the number of citings (see Figure 3-15). But from the beginning of the 1980s, this number starts to decrease 
strongly to almost zero in 1999. This is clearly a truncation effect. 
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3.4. Evaluation of results and method 

In this section we combine the insights obtained using citation network analysis with the results from the 
narrative history of photovoltaics, and with 'conventional' citation indicators, as introduced earlier in section 
2.4. This allows us to answer research sub question 1, "What are the relevant technological paradigms and 
trajectories in photovoltaic technology over time?" , and 4, "What new insights can we derive from the 
application of patent citation analysis?", respectively. 

3.4.1. Comparison with narrative history of photovoltaics 

In section 3.1 , we made an attempt to briefly summarize the history of photovoltaics from the point of view of 
innovation science. Here, we compare these conclusions with the results of the citation network analysis (see 
previous section), leading to the following observations: 

1. The citation network analysis results in two main components, that we identified with A and B. Based 
on their contents, we uniquely identify these components with the two major technological 'streams ' in 
photovoltaics that are distinguished in literature. Component A corresponds with silicon wafer 
technology (both mono- and multi-crystalline), while component B corresponds with thin film 
technology. The fact that two separate components exist suggests that thin film technology developed 
relatively autonomously from crystalline silicon. 

2. In contrast to our expectations, we can not link a specific backbone (and its branches) within a 
component of the citation network with a single heuristic like cell efficiency, price per unit of energy, 
energy per unit of mass, reduction of radiation sensitivity, or a specific material. However, each 
backbone is characterized by specific clusters of heuristics, which distinguish it from other backbones 
and main branches. 

3. We can link the backbones and associated main branches with different (niche) markets. The clusters of 
heuristics that characterize the main branches correspond with sets of heuristics that we know (from 
literature) to be associated with space and terrestrial applications, respectively. Thus, the (projected) 
market niche influences the development of the technological trajectory. 

4. We classify patents in which two branches of a main path merge (junctions) as more radical 
innovations, while intermediate patents are classified as more incremental innovations. Thus, both 
radical and incremental innovations are important for reaching the technological frontier, i.e. the most 
advanced patent at the end of the main path. Different types of 'radicality ' exists. With this 
interpretation in mind, we might interpret the observed main paths as dynamic dominant designs 
(Frenken, 2000): a more radical innovation establishes a dominant design; this design is incrementally 
adapted and changed; after a while, another more radical innovation occurs, and the design is replaced 
by another one. However, this does not mean that such a design experiences widespread diffusion (see 
above) . 

5. Most patents in the backbone that is related to spacecraft concern cell improvements, while the patents 
in the backbone that is explicitly related to terrestrial applications (from 1976 onwards) mainly concern 
module development. Thus, the backbones differ in both level of technology, and projected application. 
Researchers working on space applications focused on cell improvements, assignees developing 
terrestrial applications on module improvements. This is in agreement with the narrative hi story of PV, 
as problems with module design initially dominated the terrestrial market. 

6. One of the most important developments in photovoltaics since 1980, the rise of multi(poly)-crystalline 
silicon technology as base material , is sparsely represented in the results of the citation network 
analysis. Component A contains almost no patents related to this technology, component B does 
contain a few but these are definitely not 'fundamental ' patents, and are also dispersed throughout the 
network. We see demarcation problems with the data-set (only primary classes used) as cause for this 
problem. The introduction of wire sawing, one of the most effective process innovations, is also not 
represented in the data-set. Again, this is a demarcation problem as these innovations seems 
represented in class 125/21 Stone working, sawing, endless ; class 51 Abrasive tool making process, 
material, or composition; and class 451 Abrading. 
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3.4.2. Comparison with other patent indicators 

In this section we compare some characteristics of component A with more traditional patent indicators, as 
described in chapter 2. As we confined ourselves to only two technology classes from the USPTO-database, it is 
not possible to establish inter-class citation relationships. Therefore, we have to satisfy ourselves with intra-class 
relationships: the number of patents cited by the patent under investigation N_citing , and the number of other 
patents citing the patent investigated N_cited. 
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Figure 3-20.Frequency distribution of N_cited and N_citing for all patents, and for component A only. 

The frequency distributions for both indicators are given in Figure 3-20. From figure a. we can conclude that 
patents in component A are relatively often cited by other patents (from the entire database). The average value 
of N_cited for component A is 8.5 versus 3.0 for the total database. N_citing, depicted in figure b., does not 
show a significant difference. However, we must realize that this picture can be disturbed by differences in 
timing and citation propensity in time. Combined with the notion that the average year of granting for 
component A is 1977, while average granting year for the total database is 1988, Figure 3-21 proves that this is 
indeed the case. 
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The number of citations per patent, or citation propensity, steadily increases over time from about 1.5 to almost 
4 citations per patent on average. About the reasons for the phenomenon we can only speculate. It is clear 
however, that Figure 3-20b is strongly influenced by this. When we evade this problem by plotting N_citing as 
function of time (see Figure 3-22), we immediately see that, per patent, the number of cited older patents is 
significantly higher for patents in component A than for the total database. 
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3.4.3. Problems associated with the use of citation network analysis 

One of the objectives of this thesis is to evaluate the method of citation network analysis as a tool in innovation 
sciences. This also validates the use of citation network analysis to draw conclusions on technological 
trajectories in photovoltaic technology. 

Several major and minor problems occurred when trying to apply the method of citation network analysis to the 
case of photovoltaics: 

1. A fundamental problem is the demarcation of the patent collection that is subject of study. In this 
research we demarcated the data-set by a selection of USPTO technology-classes. This selection was 
based on a combination of key word search and knowledge and understanding of the contents of certain 
classes, the latter combined with knowledge on historical developments in photovoltaics. However, no 
matter how careful this demarcation is carried out, it inherently ignores existing citations to patents that 
fall outside the demarcation. This prohibits the analysis of possibly important knowledge flows from 
other sectors, in our case the much praised technology transfer from electronics industry to 
photovoltaics. 

2. A less fundamental but major practical problem related to demarcation, is the fact that only primary 
class designations are taken into account when using the USPTO/NBER-dataset. Patents are sometimes 
classified in up to 20 classes or more. However, patents that have their first class designation not within 
the selected technology classes are ignored in this dataset. The fact that one of the mainstream 
developments in photovoltaics, poly-crystalline wafer technology falls almost outside our analysis, 
illustrates the possible major consequences of this pitfall. It seems reasonable to assume that this leads 
to an over-representation of product innovations in the data-set, because process innovations might 
have a stronger tendency to be classified in other classes, in which these innovations can be 
characterized as 'product innovations' themselves. 

3. We deduce from the changing and fuzzy network of component B that truncation effects possibly play 
a large role in establishing main paths in a citation network. The fact that true growth in component B 
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occurred only recently hampers correct interpretation. After investigating time-effects we felt secure to 
draw conclusions for component A, that more or less converged to one endpoint in 1990. 

4. 'Deep Jinks' in the network are not valued by the SPNP measure. Deep links are short-cuts that relate 
older patents to new ones while bypassing several other patents, that also form an indirect citation path 
between these patents. The approach advocated by Verspagen and followed in this research implies that 
more extensive citation paths are rated higher than 'deep links',. However, from an innovation
theoretical perspective, these citation pairs might be more interesting. 

5. The traditional drawbacks and caveats of citation analysis also apply to citation network analysis: 
possible differences in value of patents, the time lag between application and grantment, the fact that 
not all knowledge is patented and last but not least the question whether the actual practice of 
attributing citations to a patent correctly represents actual knowledge and information flows. 

Given the fact that few systematic empirical methods exist to analyse and reconstruct technological trajectories, 
it is understandable that considerable interest exists in using citation network analysis for this purpose. Over all, 
we feel that this is possible. However, given the constraints sketched in this section, care should be taken when 
implementing the method, and especially when judging the outcomes. Inevitably, decisions have to be made 
during the analysis that might compromise the obtained results. 
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CHAPTER4. DIFFUSION OF PHOTOVOLTAICS 

In this chapter we answer sub research question 2, ''What diffusion patterns of photovoltaic technology can be 
observed?". We will distinguish several relevant markets for PV. Also, we investigate which type of PV 
technology is used in which (niche) market. This enables us to answer sub research question 3, about the mutual 
influence between technological trajectories and diffusion. 

4.1. Global diffusion and costs 

Diffusion of photovoltaic technology has been rapid since its invention. If we simply look at the volume of solar 
cell sales, measured in generating power under standard irradiance conditions (Watt-peak, Wp), we see that 
these sales have experienced exponential growth since the invention of the first cells, although several periods 
with different growth rates can be distinguished (see Figure 4-1). Periods of major growth can be found between 
1974 and 1983, and from 1996 onwards, with annual sales growth of 25 percent or more (Solarbuzz, 2005). 
Jacobbson et al (2004) refer to these periods with a few catchwords (see Figure 4-1), that we want to treat more 
in-depth in this chapter (see below). Global annual PV production amounted to 401 MWp in 2001 , with total 
installed power at that time reaching 1.7 GWp (Jacobbson, 2004). Due to even more faster growth in recent 
years, the world' s PV production culminated to 927 MWp in 2004 (Solarbuzz, 2005). 
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A substantial amount of innovation sciences research is directed towards the relation between the size of the 
cumulative production volume of a certain product, and the costs of this product. When plotting the price4 of 
solar cells versus cumulative production, or versus time (see Figure 4-2), a decreasing exponential relationship 
is obtained with a 'progress ratio' of approximately 80% (Poponi, 2003), which means that every doubling of 
production leads to a price decrease of 20%. This finally resulted in an average module price of about$ 3.50 
(1998$) per Wp in 1998 (Harmon, 2000). 

It is important to realize that this mechanism, or learning curve ', is not an automatic, guaranteed process. This 
approach is merely based on historically experiences in many industries and for many products (Barreto, 2001). 
Because the use of learning curves is in principle based on incremental improvements, the validity of 
extrapolating historical progress ratios is debatable, also for PV (CLSA, 2004). In chapter 3, we found that 

4 We realize that a significant difference exist between the notions of 'costs' and 'price'. However, we do not want to spend much attention 
on this, as this falls outside the scope of underlying research. In this section, we will use the price of a PV module/system as an indicator of 
the true costs of a PV module/system. 
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terrestrial photovoltaics has been dominated by crystalline silicon technology since its beginning, a trend which 
continued till today and even grows stronger. However, a possible rise of thin film technology, which has the 
promise to be much more cost-effective (Payne, 2001), might result in a discontinuity in price projections, and 
thus discontinuities in the learning curve (Neij, 1997). This would mean that PV becomes cheaper vis-a-vis 
other ways of generating electricity earlier than the learning curve predicts. About the timing of such a 
discontinuity we can only speculate. 
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Figure 4-2. Average photovoltaic module price over time. Source: Harmon (2000). 5 

4.1.1. Costs comparison with other technologies for electricity generation 

If we want to compare the economics of PV with other ways of generating electricity (conventional coal power 
plants, gas-fired plants, hydropower, wind power, etc), we can not satisfy ourselves with PV module costs, but 
we have to look at the costs for the total PV system. Module costs represent approximately half of total system 
costs, the rest is accounted for by the so-called Balance-of-System (BOS) costs, i.e. costs for wiring, batteries, 
inverter, charge controller, mounting construction and instalment. Especially for these BOS costs, maintenance 
is an issue as well. The exact share of module costs varies strongly between countries (Haas, 2004; Harmon, 
2000; IEA, 2004; Schaeffer, 2004), which can be explained by the fact that not the module costs, but the 
Balance-of-System costs differ strongly. 

For modules, one global market with one global prices exists. Price differences between the various module 
producers are very small. This is supported by a comprehensive set of international electro-technical standards 
to which all producers comply6 (Van Zolingen, 2004). Containing basically a series of accelerated life-time 
tests, these standards are primarily aimed at the life-time of the modules. 

On the system level however, a large variety in designs exists. For instance, system prices for off-grid 
applications tend to be higher than for grid-connected systems, as batteries are not needed in the latter case. 
These differences may occur within the same niche market as well. Within the market for grid-connected 
systems, the size of the total system often determines the type and role of the inverter (Van Zolingen, 2004). For 
these inverters, an international standard is under development but does not exist yet, so a wide variety can be 
found. The actual connection to the electricity grid is to date also not regulated by international guidelines, but is 
covered by national regulations that vary from country to country (IEA, 2004). 

Current system prices amount to 7-12 $/Wp (Solarbuzz, 2005). However, for a comparison with other 
technologies, we are interested in the price per unit of energy ($/kWh). Besides the system price in Wp, this 
depends on the assumptions made with regard to several other factors like the cost of credit facilities (interest), 
and the location of the system. As we noted before (see chapter 1), the actual power output of the PV system 
depends on solar irradiation. Estimates for a truly competitive position versus conventionally generated 
electricity range between 1 and 3 $/Wp for a PV system (Schaeffer, 2004; Solarbuzz, 2005). This means that for 
certain sunny regions, the cost of electricity would be around 0.50 $/kWh. Up till now however, it is a range of 
varying niches that have been the main application areas for PV. 

5 This figure is equal to Figure 3-8. 
6 Note that a distinction exists between standards for crystalline silicon modules, and those for thin film modules (Van Zolingen, 2004). 
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4.2. Niche markets for photovoltaics 

In this section we investigate the various (niche) markets in which PY applications can be found. To split up the 
total PY market in many different smaller markets, all kind of classification schemes can be invented. One of 
the more useful is the one used by the International Energy Agency, that distinguishes four types of terrestrial 
application, two of them off-grid (or 'stand-alone ') and two grid-connected (IEA, 2004). Each of these 
applications corresponds to a single niche market: 

Off-grid domestic systems 
These systems provide electricity to households and villages that are not connected to the electricity grid. 
The electricity is used for lighting, refrigeration , communication and other low power applications. The 
power output of the system is relatively low, around 1 kW or even much less. Often a distinction is made 
between applications in high-income countries and the developing world. The first group comprises mainly 
holiday homes, although off-grid solar electrification programmes for permanent homes have been 
reported as well (Canada et al, 2005). The second, potentially much larger group, consists of households, 
schools, clinics and villages in remote areas where it is uneconomical to build an electricity grid, or 
connect potential users to the current grid. We will treat the use of photovoltaics for rural electrification in 
developing countries in more detail in chapter 5. 

2 Off-grid non-domestic systems 
Off-grid systems of the non-domestic type provide electricity to companies that use PY for a wide range of 
remote applications, including navigational aids on buoys and oil platforms, lighthouses, 
telecommunication installations like microwave repeater stations and central masts for mobile telephony, 
water pumping and corrosion protection systems for pipelines. In these applications solar cells are used 
because they are economical: it is reliable, requires few maintenance and has not to be fuelled. 

3 Grid-connected centralized systems 
This type of system has more or less the same role as conventional power plants, providing electricity from 
one point to the grid (although this delivery is intermittent, depending on solar radiation) . Centralized 
systems have a relatively high power output (more than 1 MW) and are operated by an utility company. 
Almost all centralized systems installed so far are pilot or demonstration systems, mainly situated in Japan , 
Germany, Spain and the USA. More recently , grid-connected centralized systems combine photovoltaics 
with solar heat collection. Another feature that distinguishes this type of systems form the systems in other 
niche markets is that they are often combined with so-called solar trackers: their orientation is changed 
during the day in order to compensate for the changing position from the sun. The large amount of panels 
on one site allows this feature; for distributed systems, the associated increased maintenance costs would 
be too high. 

4 Grid-connected distributed systems 
This type of grid-connected PY systems supply power to a building or other load that is also connected to 
the utility grid. These systems are usually integrated into the built environment and supply electricity to 
houses, commercial and industrial buildings. Typical system sizes are between 1 kW and 100 kW, with 
residential systems on the low side of this range and business systems on the high side. The latter often 
concern demonstration projects on innovative, high-profile buildings. Advantages compared with grid
connected centralized systems are the fact that losses are reduced as electricity is generated at the point of 
use, and modularity. Currently, most distributed systems are subsidized in one way or another, as solar 
energy can not compete with conventionally generated electricity on costs (see above). 

Markets that fall outside the IEA classification but definitely need to be mentioned are 

5 Systems powering spacecraft 
These systems provide an excellent way of powering all kinds of satellites, manned space stations and 
unmanned scientific spacecrafts. As power requirements become larger and larger, foldable constructions 
'wings ' have been designed to obtain enough surface. This niche market was the first main application of 
photovoltaic technology, and current global communication systems are completely dependent on it. 

6 Small consumer and recreational applications 
Many boat- and motor home-owners use solar panels to charge their on-board batteries. Photovoltaic 
technology is also widely used in small consumer appliances requiring small amounts of energy like 
watches, pocket calculators, cell phone chargers, toys and all kinds of gadgets. 
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If we study the relative importance of the various niche markets throughout time, we find that these have 
differed strongly (see section 3.1 ). The first, and for more than a decade only market for photovoltaics was the 
space industry, a period referred to by Jacobbson as the 'space age ' (see Figure 4-1 ). This market still exists, and 
has been growing due to increased space activity, but becomes more diversified as the variety of satellites still 
continues to grow: various missions with different locations in the solar system have different requirements with 
regard to radiation resistance, and the ability to cope with thermal cycling (Bailey, 1998). Cells with superior 
radiation resistance are more cost effective, especially given the longer lifetimes required nowadays. Silicon (Si) 
as material of choice has almost completely been replaced by materials like GaAs, often combined with 
germanium (Ge) in multiple-bandgap cells (Bailey, 1998). 

The first market on earth, gaining importance from 1973 onwards when Solar Power Corporation was the first to 
bring prices significantly down (Perlin , 2002 ; see section 3.1 ), was the off-grid non-domestic market. Major 
customers at that time were the Japanese lighthouse service, the US Coast Guard, the Australian national 
telecom operator and several oil companies that operated oil platforms in the Gulf of Mexico (Perlin , 2002). The 
cell-technology of these systems was still completely based on mono-crystalline silicon, while most 
developments occurred at module and system level. Emphasis was laid on protection of the modules against 
conditions on earth. 

Meanwhile, several American states like California and Nevada started experimenting with grid-connected 
centralized systems when worries about the future energy provision started rising during the oil crises of the 
1970s. These systems were initially based on crystalline silicon as well, but were often of the concentrator-type. 

Since the beginning of the 1990s, grid-connected distributed systems experienced large growth, pushed by 
promotion and dissemination programmes that were initiated by governments, utilities and NGOs (Haas, 
2003 ;2004). Rationale behind these initiatives is twofold: on the one hand there are worries about global 
warming and climate change caused by the use of fossil fuels ; on the other hand , attention exists for 
diversification of the energy mix of Western economies, given limited fossil fuel resources and geopolitical 
concerns. Several types of programmes has been implemented with various levels of success, including rebate 
programmes for purchased panels, feed-in tariffs with a premium on generated electricity, soft Joans for 
purchase, marketing programmes and many demonstration projects , through public buildings or 'green ' 
neighbourhoods (Haas, 2004). 
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From the viewpoint of sales volume, the current relative importance of the !EA-categories is depicted in Figure 
4-3. Clearly, grid-connected distributed systems have strongly gained market share lately, and nowadays 
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comprise the bulk of all PV sales. Reason for this strong growth of market share, even while the market is 
rapidly growing itself, is the success of the various government subsidies that have been provided in Japan, 
Europe and the US for these type of systems (Haas, 2003). However, in most countries the application of off
grid systems still dominates (IEA, 2004). 

4.3. Different technologies in different niches? 

Now we have analyzed the technological trajectories within PV in chapter 3, and obtained an overview of the 
different niche markets that exist for PV in this chapter, we can address the important question whether different 
technologies can be associated with different niche markets. Again, we make a distinction between cell and 
module level on the one hand, and system level on the other. 

At cell and module level, currently a truly global market exists. Crystalline silicon wafer technology dominates 
the grid-connected distributed, and the residential and industrial off-grid market. This makes it the dominant 
technology for the total PV market as well. On the system level, a much wider variety can be identified. As we 
discussed before, off-grid systems differ strongly from grid-connected systems. 

For space applications however, crystalline silicon has been almost completely replaced by different 
semiconductor materials (see chapter 3). We have also seen that this process was fuelled by the specific 
demands of space applications like radiation resistance and low weight, and that cost per unit of energy plays 
only a minor role in this niche. The use of non-silicon semiconductors is sometimes combined with concentrator 
technology, which has the advantage that less (expensive) semiconductor is needed, but has the drawback that it 
can lead to a weight increase of the satellite. 

Compared to other terrestrial markets, the grid-connected centralized market forms a bit of an exemption, both 
on cell/module and system level. On a system level, concentrator technology has a strong position. Often, this is 
combined with heat generation. On cell/module level, the concentrator technology on system level is combined 
with crystalline silicon, but different semiconductor materials are used as well. In other words, contrary to the 
other applications on earth, this market partly uses the same technology as space photovoltaics, and might 
therefore profit from technological developments in this field. 

Although the first thin film solar cells were researched as a promising solution for spacecraft systems because of 
their low weight, this pioneering technology has not been used widely in space so far. Thin film PV cells only 
took off when an initial application was found in small consumer applications like wrist watches and pocket 
calculators, and more recently portable mobile phone chargers. Japanese companies like Sharp exploited the 
accidental invention of amorphous silicon. However, in terms of total power the volume of this market is very 
small. Still, when a flexible substrate like steel, aluminum foil or plastic is used instead of glass, the flexibility 
of the total cell can be a competitive advantage for this technology for some applications in the near future. 
Also, the visual appearance of thin-film modules makes them attractive for some facade applications. 

Niche markets arise because demand is heterogeneous. The observation made in this section that the technology 
in use differs between various niche markets is important. If this was not the case, it would be hard to argue that 
demand factors play an important role in technological development. Now, based on the results of this chapter 
and the previous one, we can conclude that demand preferences indeed determine both the diffusion of 
technology, and the direction of its development. 
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CHAPTER 5. A CASE STUDY: INNOVATION IN THE 
SOUTH AFRICAN RURAL ELECTRIFICATION MARKET 

In this chapter we want to answer the question how successful diffusion of photovoltaics has been in the South 
African rural electrification market. Also, we try to determine to what extent this diffusion has been (positively 
or negatively) influenced by technological developments. The South African situation is an interesting case for 
solar energy. Since 1994, the post-Apartheid government embarked on a course of massive reform programs to 
stimulate the development of so-called disadvantaged groups. These groups basically consisted of blacks in both 
urban (townships) and rural (homelands) areas. Off-grid electrification programmes were also part of this 
development effort. A considerable part of this concerns photovoltaics. In order to implement PV successfully, 
several options have been tried. In this process, many lessons have been learned. Furthermore, the programmes 
and projects are relatively well documented, due to the various scientific institutions and consultancies that were 
involved in preparing and implementing the various PV projects. 

First, the use of PV in developing countries in general will be discussed. Next, we switch to the case of South 
Africa. A short overview will be given of the current status of electrification, the main actors and the policy
context (section 5.2). Consecutively, in section 5.3 recent programmes and projects will be discussed. The heart 
of the chapter consists of section 5.4, in which several cases of current technology development will be 
investigated in-depth: the EnergyStream product, the concept of Integrated Energy Centers and the use of mini
grids, respectively. 

5.1. Photovoltaicsfor rural electrification in developing economies 

In this section we study the use of PV for rural electrification in developing countries in more detail. In a way, 
this treatment can be regarded as introduction to the next chapter that lays emphasis on developments in South 
Africa. Knowledge of the issues that are important in the diffusion of PV in rural developing areas, will help us 
understand the direction of technological development in the South African rural electrification initiatives that 
we will discuss in section 5.4. 

5.1.1. The status quo 

It has since long been acknowledged that photovoltaic technology might be a suitable option for electrification 
of developing countries, especially for rural areas which are inaccessible to the grid. Since the 1960s, this 
potential has seduced many to present visions of the Third World, which is often associated by Western society 
with sunny climates, powered by solar energy. However, photovoltaics has not been able to live up to these high 
expectations so far. Still, these expectations have lead to an enormous range of projects and programs that are 
aimed at rural solar electrification in developing countries. 

Four different target groups are normally identified, for each of which different financing and delivery models 
can be distinguished: 

• Households 
• Schools 
• Clinics 
• Small- and medium scale enterprises (SMEs) 

The bulk of the projects is oriented at households (Nieuwenhout, 2001), and is based on the electrification of 
individual households using a Solar Home System (SHS). Therefore, we will focus our attention on these Solar 
Home Systems. It is estimated that up to 1.3 million solar home systems were installed in 2000, with a total 
installed capacity of around 40 MWp (Nieuwenhout, 2001). This equals approximately 2.5% of all installed PV 
capacity worldwide (Jacobbson, 2004). Typical system sizes are between 10 and 55 Wp, with a peak in the 
number of projects using PV modules between 45 and 54 Wp, which is much lower than system sizes for grid
connected photovoltaics in the Western world. 
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A Solar Home System can be defined as a small, autonomous PY-system that consists of one or more solar 
modules, a battery and a 12V DC output (Vervaart, 2000). Therefore, no 120/220V AC appliances can be used. 
During day-time the battery is charged, while the stored energy can be used in the evening for generating light, 
or running a radio or TV. Although the exact design of a SHS varies from project to project, it always consists 
of one or more photovoltaic panels, a battery to temporarily store generated energy, a charge regulator that 
prevents over-loading or deep-cycling (over-unloading) of the battery and wiring to connect the system to 
lighting and various appliances (see Figure 5-1). Typical appliances are radios, TVs, computers and mobile 
phone chargers. Sometimes, mounting poles for the panels are part of the system too. Most Solar Home Systems 
in the 45-54 Wp range come with two or three lights, while sometimes a cell phone charger is (an optional) part 
of the package as well. 

solar module 

regulator I charge 
controller 

battery 

various appliances 

radio 

lighting 

cell phone charger 

Figure 5-1 . Schematic of a Solar Home System (based on Vervoort, 2000). 

The photovoltaic module is in general the most reliable part of the SHS (Nieuwenhout, 2001), while the most 
problematic piece of equipment is the battery (EDC, 2004; Wiggelinkhuizen, 2002). As their lifetime varies 
between 1 and 4 year, while the lifetime of the panel is around 20 years, the battery has to be replaced several 
times during the lifetime of the SHS. This makes it the most expensive part of the system (Nieuwenhout, 2001 ). 
Sizing of the battery, maintenance of the battery and a well-functioning charge regulator are essential to enhance 
the battery's lifetime (Vervaart, 2000). 

Many SHS projects and programmes have failed in the past, mainly because of two reasons. The first one is 
related to financing the system. PY-systems require a large up-front investment, while the annual costs in the 
period after instalment are very low. This characteristic requires the presence of sufficient amounts of cash, or 
suitable financing systems. For many projects, this has been a problem (Bates, 2000; Nieuwenhout, 2001; IEA, 
2004). 

The second reason for SHS-failure is related to lack of maintenance (IEA, 2003). Often, the user is not 
sufficiently educated about how to use or repair the system properly. If a financing model (see below) is used in 
which the ownership is unclear, doubts about responsibilities for maintenance can also result in a lack of 
maintenance, and a malfunctioning system. 

As we have established before, an adequate energy provision is necessary, but not sufficient for economic 
growth. There have been very few examples of job and income creation that were triggered merely by the 
supply of solar electricity. Still, several researchers find that many users are positive about their SHS (ERC, 
2003; Gothard, 2003; Gustavsson, 2004; Plas, Van der, 1998). These users experience a substantial increase in 
their conditions ofliving. 
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5.1.2. Different financing and delivery models 

It is estimated that about one third of all Solar Home Systems worldwide is delivered through projects that are 
government-funded or supported by donor-subsidies, while the rest is distributed through commercial dealers 
(ERC, 2003). For all of them there are several approaches with regard to financing and delivery of the Solar 
Home Systems. A characterization of these approaches can be made on the basis of different arrangements for 
financing and ownership (IEA, 2003; Nieuwenhout, 2001): 

1. Cash sales 
2. Credit sales 
3. Fee-for-service 

Nieuwenhout (2001) also considers a fourth type of delivery model, namely that of pure donations. We will not 
consider this type here, as this model is not financially viable, and has failed many times due to lack of user 
commitment. 

Cash sales 
Cash sales definitely concern the simplest delivery model, with only the consumer and the PV system 
dealer/supplier involved. Installation and maintenance are the responsibility of the end-user. Advantages are low 
transaction costs, low investments for the supplier and a relatively large consumer choice (IEA, 2003: 
Nieuwenhout, 2001). The main obstacle is the high up-front investment for consumers, which can be paid only 
by relatively wealthy consumers and thus leads to a relatively small market. Also, this leads to typical system 
sizes of 10 till 20 Wp, whereas a SHS in other delivery models is often of the 50 Wp-type (Figure 5-2). Other 
disadvantages are a lack of after-sales services and a good maintenance structure, and a low market transparency 
as many inferior products are sold. 

The best example of a SHS market that is dominated by cash sales is Kenya, where a combination of failing grid 
electrification, internationally funded PV demonstration projects and entrepreneurial activity established a 
flourishing market (Acker and Kammen, 1996). 
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Figure 5-2. Distribution of system power (Wp) for a survey among Kenian users. 
Source: Acker and Kammen (1996). 

The need for finance led to interest in credit sales, of which three types can be distinguished (IEA, 2003): 

• dealer supplied credit, when a credit arrangement between dealer and customer is made. Disadvantages are 
possible high investment costs for the supplier, and problems with creditworthiness, credit history and debt 
repayment, as the dealers often have few experience with credit schemes. 
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• End-user credit, when a third party (credit provider) finances the purchase of the photovoltaic system. 
Ownership can either rest with the consumer or the credit institution till the last payment has been made. 
This model can overcome the disadvantages of dealer credit, but has as drawbacks that an additional party is 
involved, that needs to be a sound financial institute that can bear the risks. 

• Lease- and hire/purchase-constructions, in which not the consumer or third party but the dealer remains 
owner of the system, and as such responsible for its maintenance. However, a third party bears the up-front 
investment. Possible failure factors are lack of responsibility with the user, and a complex administration. 

Experiences with credit sales have been diverging (Nieuwenhout, 2001). For all types of credit sales repayment 
discipline is strongly related to the technical performance of the system: people cease paying when the system 
fails to work. Furthermore, high inflation, typical for many developing countries, can be a major financial risk 
for the credit supplier. 

Fee-for-service 
In the fee-for-service model, the energy service company (ESCO) plays a central role (ERC, 2003: IEA, 2003; 
Nieuwenhout, 2001). The energy service company invests in photovoltaic systems, which remain property of the 
company, and starts selling an energy service for a fee. Main advantages of the system are the low payment 
amounts for the user (often monthly), the usually easy access of the ESCO to capital, an incentive for excellent 
maintenance by the company and the possibilities for economies of scale in purchase, operation and 
maintenance. The long-term commitment favours the use of high-quality systems. Furthermore, public utilities 
are used to this kind of operation. Disadvantages are the high transaction costs for collecting the monthly fee, 
tampering with the system and theft, as the user does not feel responsible for the system. 

As the fee-for-service approach by definition comprises a long-term relationship between company and 
customer, a stable political and economical environment is essential (IEA, 2003). Governmental commitment is 
of the utmost importance, not only in the sense of a clear regulatory framework but also regarding the 
continuation of possible governmental subsidies, and the (lack of) grid extension. We will illustrate these issues 
using the case of South Africa later in this chapter. 

5.1.3. Electrification and energisation 

Although access to electricity seems an essential step for development to a Western observer, this is not the case 
per definition. Often, the provision of electricity to poor, rural households and communities is not a fulfilment of 
their needs. Many functions like heating and cooking can not be automatically fulfilled by (low-power) 
electricity supply like photovoltaics or a constrained grid-connection. Therefore, when a SHS is installed, most 
users state that they are using less fuel, but not fewer fuels, since obtaining the system (ERC, 2004a). Electricity 
is used selectively, mostly for lighting and communication devices. People often continue cooking and heating 
with wood or dung, or with fossil-based fuels like LPG and kerosene (IEA, 2002). In a well-evaluated project in 
South Africa, only 20% of grid-connected households used electricity for cooking (ERC, 2004a). Therefore, in 
many cases obtaining electricity will not substantially lower energy costs for rural households, as a large share 
of these expenses goes to fuels for heating and cooking. Furthermore, up-front costs of buying a new stove or 
heater can form an obstacle for the transition to another energy source (DST, 2004). 

We will use the example of South Africa's rural poor to illustrate the complex combination of fuels that is used 
by rural communities. For cooking, low-income households use a variety of energy forms: fuelwood (22.8%), 
paraffin (21.4%), coal, LPG, electricity, cow dung and other biomass fuels such as crop residues (Sparknet, 
2003). Contrary to the rest of Africa, the use of charcoal is not widespread, while the use of paraffin is relatively 
high. Fuelwood and paraffin are also the main sources of energy for space heating and hot water provision. 
Lighting is mostly provided by candles (28.8%) and paraffin (12.7%). These expenses are normally greatly 
reduced when a SHS is installed (ERC, 2004b). Refrigeration is not wide-spread because of the relatively high 
levels of required power involved, but is run on electricity, paraffin (kerosene) and LPG. 

Recurring issues around the choice of household fuels are availability, costs and negative perceptions of the fuel 
(Sparknet, 2003). Each fuel scores completely different on these dimensions. For instance, LPG requires a 
relatively advanced distribution structure that is not in place in rural South Africa, while paraffin is widely 
available through a dense network of dealers and outlets. It is also important to realize that there is a distinction 
between monetary and non-monetary costs. Gathering fuelwood seems cheap or even for free, but the gathering 
can take up to three hours a day that could otherwise be spent on more productive activities such as farming 
(DST, 2004; E7, 2000). Still, lack of cash forces many people to choose for this option. 
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Perceptions of the various fuels also play a major role. Indoor pollution often exceeds acceptable levels by far, 
and fuels like firewood and coal are (rightly) associated with health problems. Electricity on the other hand is 
associated with progress, government attention, the modern world, and hope (E7, 2000). This makes electricity 
provision a key component of development. Given this view, it is suggested that LPG and kerosene/paraffin can 
play the role of transitional fuel , being an interesting intermediate solution in the transition from traditional 
biomass towards electricity (IEA, 2002; Parallax, 2005). 

Given the above, it is argued that provision of (solar) electricity to rural communities in developing countries, 
including South Africa, is only suitable when it is integrated in the wider context of energy provision, or 
'energisation' (Banks, 2001; Karekezi, 2002). This can be understood using the concept regarding demand pull 
in the developing world rural context that is depicted in Figure 5-3. 

Figure 5-3. Demand pull for PV in the developing world context. 

The difference between needs and demands is essential. Definitely, a need for development exists. This need is 
multi-dimensional, but the need for energy is surely part of this. However, it is questionable whether this need is 
automatically translated into an effective demand for energy, given the money and resource constraints of rural 
households. Even more questionable is the translation of a demand for energy in a demand for PV, as we have 
shown above that the majority of energy demand, in terms of money, is directed towards those types of 
functions that can not be provided with electricity. 

Still , from a development point of view the instalment of SHS seems viable. In chapter 1 we already briefly 
touched upon the role that modern energy services like electricity can play in improving the life of the poor. 
That this notion is not purely theoretical but also felt by poor rural households has been proven in several cases 
(ERC, 2004b; Gustavsson, 2004; Gothard, 2003). For instance, from research conducted among participants in a 
SHS-programme in South Africa, it was concluded that the majority of the participants felt positive about the 
system (ERC, 2004b). Of the SHS-users, 64 percent would recommend the system to others, while from 
previous SHS-users, who had been disconnected because of non-payment or because they were grid-electrified, 
even 76% would advise other people in their community to get the system. 

5.2. Institutional context and policies in South Africa 

After the decline of the Apartheid regime in 1994, the new South African government inherited a strongly 
biased electricity supply system. Service provision in South Africa was limited to urban areas, areas of 
economic activity (like industry and mining) and white-owned farms, while approximately 64 percent of the 
total population had no access to grid electricity (DME, 2001). This group, almost entirely consisting of Blacks, 
falls apart in two major groups: people living in townships and those living in rural areas, including the 
Apartheid-created homelands. More than 25,000 schools did not have access to electricity as well. 
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As electricity access was seen as an essential prerequisite for development, it was felt that increased electricity 
access would be of significant advantage to so-called previously disadvantaged South Africans (HSRC, 2004). 
Government also considered electrification as one of the most visible types of progress for this group. 
Therefore, removal of the disparity in electricity provision became one of the most important energy-related 
objectives of the new government under the slogan 'Electricity for all', which promise was perceived by the 
public as grid electricity for all (Davidson, 2003). 

5.2.1 . The National Electrification Programme 

Anticipating political change in South Africa, national electricity provider Eskom had already started several 
electrification initiatives since 1991, both directly and through Eskom-linked joint venture companies (DME, 
2001). Furthermore, the electricity departments of many municipalities were active in this field . These 
departments, their number in 1994 being around 250, were not involved in the generation of electricity like 
Eskom, but were solely responsible for the local distribution network. Building on these existing efforts, the 
post-Apartheid government started a massive electrification program, known as the National Electrification 
Programme (NEP) (DME, 2004). The NEP was part of the government-wide Reconstruction and Development 
Programme (RDP), a massive initiative that was aimed at emancipation and (economic) development of all 
previously disadvantaged groups. 

Phase 1 of the National Electrification Programme, which was executed between 1994 and 1999, aimed at 
connecting 450,000 households to the national electricity grid every year, both by Eskom and the local 
distributors. Extension of the grid was the sole component of Phase 1, and was entirely funded by the electricity 
distribution industry itself, i.e. either directly paid by Eskom or by Eskom-subsidies towards the local 
authorities. Eskom itself financed this through debt increases and surcharges on the electricity tariff (DME, 
2001). 

At the end of this period, the NEP's target was met as over 2.5 million new electricity connections were 
provided by national provider Eskom (l.75 million) and the municipalities (more than 0.75 million) at a total 
cost of about R 8 billion (DME, 2001). These figures are widely considered an extraordinary success, as the 
electrification growth rates that were achieved were amongst the highest in the world (DME, 2001). As can be 
seen in Figure 5-4, electrification levels on a national scale increased from 50% in 1995 to 66% in 1999. This 
growth was mainly composed of a strong increase in electrification rate in rural areas. Nevertheless, at the end 
of 2002 electrification levels in rural areas were still as low as 50%, compared to about 80% in urban areas. 
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Figure 5-4. Trends in electrification of households in South Africa, 1995-2002 (NER, 2002). The apparent 
stagnation in 2000 is due to drastical adjustment of national statistics (increased number of registered 

households). 

From a financial point of view however, the success of Phase 1 of the NEP is questionable. Sustainability is not 
ensured as in many cases the operational costs were not covered by the revenues, let alone the capital 

63 



expenditures. The main reason for this is the fact that average electricity consumption was much lower than 
anticipated, i.e. 100 kWh/month instead of 350 kWh/month per household. However, because of the target
driven approach that dominated electrification-thinking, consumption patterns were not given much 
consideration at the time. Thus, on-going subsidies are currently necessary for both further network expansion 
and operation and maintenance (DME, 2001). 

In order to reduce costs, and given the low consumption levels, Eskom restricted the standard power capacity of 
the connections from 60 to 20 A, and later even offered connections as low as 2.5 A (DME, 2001). However, 
this reduced electricity supply severely limits the benefits of electrification, for instance it does not allow 
electric cooking as this requires too much power. For this reason, and because of the fact that these low current
types of connection were seen as inferior by (potential) consumers, the 'new' standard was rejected by many 
communities. Meanwhile, Eskom still offered its customers the option of a 60 A supply, but against a higher 
tariff. Less than 5% of all new customers opted for this. The maximum load that a specific part of the network, 
in other words a specific neighbourhood, could use was also further limited, eventually to 400 W per 20 A 
customers, allowing substantial savings on equipment. Negotiations between Eskom and the involved 
communities about the final lay-out and capacity of the grid are still in progress. 

Box 5-1. The National Electricity Regulator. 

Since 2000, Phase 2 of the National Electrification Programme is in operation, aiming to provide 300,000 
additional households with electricity every year. Phase 2 of the NEP was lead by the National Electricity 
Regulator instead of Eskom (see Box 5-1). Given the experiences in Phase 1, extra targets were included in the 
programme like cost targets and goals related to technical and non-technical losses, community involvement and 
capacity building (DME, 2001). From Figure 5-4 it becomes clear that electrification rates have slowed down 
since that time, which can be traced back to a slowdown in rural connections by Eskom, while urban connection 
rate is relatively stable (see Figure 5-5). 
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Figure 5-5. Number of new electricity connections during each year from 1995 to 2002 (NER, 2002). 7 

It is claimed (Clark, 2004; DME, 2001; NER, 2002) that higher connection costs can be seen as main reason for 
this slowdown in rural electrification. The line of reasoning that applies here is that in the beginning of the NEP, 

7 The number of rural and urban connections for 1995 and 1996 is calculated, based on linear trends in ratio between rural and urban 
connections for both Eskom and municipalities (1997-2002), assuming that the change over time in the ratio between the number of rural 
and urban connections for the total number of connections is equal to the change over time in the ratio for the components of this total 
number, i.e. Eskom and the municipalities; the total number of connections for 1995 and 1996 is based on actual NER data. 

64 



the 'easier' areas have been electrified first, which was possible at relatively low cost. Thus, the group of non
electrified rural households increasingly consists of households that are expensive to electrify. The group 
encompasses widely dispersed households in remote areas with a low population density, many of them living in 
settlements in hilly or mountainous terrain. 

However, actual price data for the different types of connections throughout time is scarce or illogically 
classified. Figure 5-6 demonstrates an attempt to reconstruct this information, based on data provided by the 
National Electricity Regulator (NER, 2002). Our own calculations based on this data reveal that in 2002 a rural 
connection costed R 3315 on average, approximately 50% more than an urban connection at that time (R 2208). 
However, if we assume a productivity increase of 3% a year in connecting urban consumers (necessary to 
explain the declining cost per average connection), it becomes clear that rural connection costs have not been 
increasing steadily since 1995, and that the gap between rural and urban connection costs has not been 
increasing over time. Thus, contrary to common opinion we do not regard the higher rural connection costs as 
the main driver for the declining rural connection rate. Still, stating another reason would be pure speculation as 
no evidence for this was gathered during this research. 
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Figure 5-6. Cost development (Rand) of grid-connections over time8. 

5.2.2. Wider range of official government policies 

In the area of energy in general, and renewable energy, electricity and photovoltaics in specific, a wide range of 
documents has been published or endorsed by the South African government, in this matter mainly represented 
by the Department of Minerals and Energy (DME) and the Department of Science and Technology (DST). 
Starting point is the White Paper on the Energy Policy of the Republic of South Africa (DME, 1998), which aims 
to clarify the government's energy policy for the next decade and more or less defines the framework for the 
design of more detailed policy measures. Amongst others, the White Paper speaks of reducing the dependency 
of the energy supply on coal and foreign energy sources like oil and gas, reform of the electricity sector by 
restructuring and splitting of the national electricity provider Eskom, and the promotion of renewables, 
especially with regard to remote areas. It acknowledges that grid electrification, although very successful in the 
past, may not satisfy all the energy needs of low-income households which is indeed the case, as we have seen 
with the low-current connections provided by Eskom. 

The need for integrated energy planning, also expressed in the White Paper, culminated in the Energy Outlook 
for South Africa (DME, 2002) and the Integrated Energy Plan for South Africa (DME, 2003), which can be 

8 1997 data omitted because of widely deviating values. 
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regarded as a summary of the former document. Integrated energy planning is a tool that concerns the analysis 
of energy needs, the different resources that are available to meet this demand, and the associated costs together. 
The Integrated Energy Plan, based on the analysis of different scenarios by the University of Cape Town using 
the LEAP computer model, assumes an increase in final energy demand of approximately 3% per annum, 
mainly based on a comparable estimated growth of national income. Using a least-cost perspective, it forecasts 
that the South African energy supply will remain reliant on coal for at least the two corning decades, including 
the required erection of new power plants, and champions energy efficiency as a way of reducing cost of the 
national energy system. Renewables are more or Jess ignored in this macro-study. 

The White Paper on Renewable Energy (DME, 2003) on the other hand, is totally dedicated to the introduction 
of renewables in the South African energy system. The document, which is to be regarded as a supplement to 
the White Paper on Energy (DME, 1998) discussed above, is very ambitious in its goals regarding the 
contribution of sustainable energy towards total energy consumption in South Africa. Unfortunately, it does not 
give any specific directions on what strategy to follow, but rather advocates a ' focus on all activities'-approach, 
which in our opinion most certainly will lead to scattered use of resources and not reaching any of the targets. 

In the beginning of 2001 South Africa officially adopted a free basic electricity policy, called the Electricity 
Basic Service Support Tariff (DME, 2002-3). Access to electricity is considered as a basic right, which is 
translated into a threshold level of electricity consumption of 50 kWh a month (Clark, 2000), below which 
electricity use is free of charge. Initially, this approach only applied to grid-connected users but the Department 
of Minerals and Energy (DME) has recently extended the approach to the non-grid concessionaires, as discussed 
in section 5.3.2. 

5.3. Recent off-grid programmes and projects in South Africa 

Besides the National Electrification Programme (see 5.2.1), several other programmes and projects with regard 
to electrification in general, and more specifically photovoltaics for rural electrification, have been executed in 
South Africa in the last decade. Contrary to the NEP, these programmes all favour an off-grid approach. Many 
of the projects are small-scale projects focussing on a specific village, often with a demonstration character. We 
will not treat these in this section, but restrict ourselves to those programmes that have, or had, the intention and 
potential to make a change on a nation-wide scale, i.e. three different electrification programmes for schools and 
clinics, and the concessionaire approach for off-grid electrification. 

5.3.1. Schools and clinics electrification programmes 

The off-grid electrification of schools and clinics had been carried out on incidental basis in the 1980s and 
1990s, but gained momentum with the ESKOM RDP-school electrification program between 1996 and 1998 
(Klunne, 2001). In three years, over 1300 schools and clinics all over South Africa were equipped with 
photovoltaics. The project was followed by the EU-funded 1000 Schools Programme, aimed at electrifying 
another 1000 schools with photovoltaics. In the same period (1996-2000), a third programme, managed by the 
Independent Development Trust, provided 200 rural clinics with photovoltaics. 

In an extensive evaluation of these three programmes (Cox, 2001) it was concluded that most projects in the 
three programmes failed. None of the investigated RDP-systems was completely functioning anymore, while in 
the EU-sponsored project only 57% of all systems was fully operational (Klunne, 2001). It was established that 
a large part of all systems was not operational anymore, mainly caused by theft, vandalism and Jack of 
maintenance. The performance of the clinics under investigation was significantly better, as most of them were 
not subject to vandalism or theft thanks to the 24h staff presence, security lighting, the position of PV panels on 
the roof instead of on mounting poles, and proper fencing. 

5.3.2. Off-grid electrification through concessionaires 

As we discussed in the first section of this chapter, grid-based rural electrification in South Africa stagnated at 
the end of the 1990s, mainly because of the increasing cost of electrifying rural households. This fact, combined 
with worldwide interest and some positive experiences in other developing countries, led to increased interest in 
the use of Solar Home Systems for rural electrification. In 1996, an agency for the development of renewable 
energy, REFSA, was established (Clark, 2004). REFSA was charged with establishing a national PV Solar 
Home System programme, including provision of subsidies and facilitating sales and maintenance. However, 
before it was able to finance a single client, REFSA was abolished because of mismanagement. 
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In an attempt to stimulate mass service prov1s10n in electricity further, the South African Department of 
Minerals and Energy (DME) launched an off-grid electrification programme based on the concession-approach 
in 1999. Under this scheme, private companies could obtain a geographically defined monopoly ("concession") 
on the sale and instalment of subsidized Solar Home Systems. The (temporary) monopoly allowed the utilities to 
nurture their operations (ERC, 2003). To enhance innovation, the framework of the program was designed in 
such a way that it allowed participating companies to develop their own technology and delivery model, and 
gave room to deviating specifications (Clark, 2004). Still, DME favoured a fee-for-service arrangement instead 
of cash or credit sales because of concerns about maintenance (Clark, 2004). 

Initially, DME aimed at seven concessions where 50,000 systems each would be installed over a period of 5 
years (Davidson, 2003). After evaluation of over 25 responses, seven consortia made up of local and 
international partners were selected. Currently, four of them are actually running operations, all delivering a 50 
Wp-system (see Table 5-1). The actual design of the system is treated in-depth in the next sections. 

Table 5-1. Consortia currently participating in the off-grid concessionnaire programme. BP!Emtateni, 
Renewable Energy Africa and Spescom were also selected to participate, but never started operations. Source: 
Clark (2004) 

Consortium 

Eskom-Shell Solar Home Systems (Pty) Ltd9 

KwaZulu Energy Services 

NuRa 

SolarVision 

Members 

Eskom 

Shell Solar South Africa 

Electricite de France (France) 

TENESA (Pty) Ltd 

Total (France) 

Phambili Nombane (Pty) Ltd 

The Sirius Foundation 

Nuon (The Netherlands) 

Rural Alternative Power Systems (RAPS) (Pty) Ltd 

SolarVision (Pty) Ltd 

Khatima Engineering Services cc 

Lebone Engineering (Pty) Ltd 

NYE (North Zealand Energy, Denmark) 

Province 

Eastern Cape 

KwaZulu Natal 

KwaZulu Natal 

Limpopo 

Since the initial call for proposals, it has taken a lot of time to formalize the agreements between government 
and the concession companies. Even now, while each and every concessionaire is fully operational, the project 
is still officially in the pilot phase. The attached uncertainty concerning regulations and funding is a major 
obstacle for the concessionaires, and the number of subsidized SHS per concessionaire was restricted to 300 per 
month in 2003 (Clark, 2004). This is one of the reasons why progress has been slower than anticipated. At the 
beginning of2004, approximately 16,000 systems had been installed in total (Krause, 2004). 

Another major issue that the concessionaires had to deal with were unexpected grid extensions in their 
concession area. Of Eskom-Shell, partly owned by the same Eskom that extends the grid, had to cope with this 
problem and experienced from time to time a declining customer base. 

Government subsidies amount to R 3,500 per system, which is approximately 80% of total system cost (Krause, 
2004) and comparable to the cost of a rural grid connection (see Figure 5-6). In addition to a connection fee of R 
100, customers pay R 58 each month as a fee to the utility, for which they obtain approximately 6 to 8 kWh per 
month. Note that this is significantly higher than grid-connected consumers would have to pay to cover a similar 
lighting and communication pattern (Banks, 2001). The recent government decision to apply the Electricity 
Basic Service Support Tariff, or free basic electricity, to off-grid provided electricity reduced monthly payments 
to R 18 per month. However, this subsidy has not been implemented by all utilities yet given uncertainties 
around continuation of the subsidy. The figures should be seen in relation to expenditures for all fuels except 

9 The Eskom-Shell joint venture already started operations before the DME tender was issued. With the personal commitment of President 
Mandela, it gained a lot of media attention and was able to provide about 6,000 customers with a SHS in a short time, although at high cost 
(Clark, 2004). 
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SHS, which amounted to R 180 per month per household (ERC, 2004b), and in relation with total income, 
which for the majority of people is less than R 2000 each month (Gothard, 2003). 

From research in the concessions of Eskom-Shell (ERC, 2004a;2004b), NuRa (Gothard, 2003) and SolarVision 
(Clark, 2004) several noteworthy observations can be made: 

• Responses on the issue of 'value-for-money' are ambivalent. Many people feel the system is too expensive, 
although in most cases savings are made on energy expenses like candles and paraffin for lighting, and 
recharging an already owned battery in town. About three quarters of NuRa customers (Gothard, 2003) 
noted that their energy costs did not increase since obtaining a SHS. 

• A large majority of customers is happy with the system, although grid electricity would still be preferred. 
Important advantages mentioned are the brightness of light, the possibility to do evening activities like 
studying and increased feeling of security on the premises. 

• The bulk of customers is relatively wealthy, because the financial requirements imposed on prospective 
customers by the utilities work as a selection mechanism. The 'poorest of the poor' can not afford a SHS. 

Interestingly, the business concepts of the four concessionaires do not differ much (Clark, 2004). All of them 
work with local presence in the target area, whether through already established entrepreneurs (spazashops, 
travelling salesmen) or by opening a dedicated 'energy store', also run by trained, local staff. Here, the monthly 
fees can be paid. Furthermore, all concessions rely heavily on data communication with their head office which 
is located outside the concessions (Clark, 2004). This is the place where all the actual technical and long-term 
business knowledge is gathered. 

5.4. Case-studies of technology development 

In this section we will discuss several examples of innovation that recently took place in the South African off
grid electrification sector. After discussing the cases of the ENERGYStream, Integrated Energy Centers and 
mini-grids, we try to reach some general conclusions in the next section. 

5.4.1. The ENERGYStream product10 

Earlier on, we have seen that the two most important problems associated with rural PV are lack of maintenance 
and difficulty of finance. For both problems, solutions have been presented regarding ownership, maintenance 
contracts, loan schemes and fee-for-service arrangements. The ENERGYStream product, developed by RAPS 
Technologies (Pretoria, South Africa), is an attempt to provide technology that implements these concepts. It is 
currently used by 3 out of the 4 concessionaires: KwaZulu Energy Services (KES), NuRa and SolarVision. 

The ENERGYStream can be characterised as a pre-paid system that allows monitoring and feedback of 
technical data about PY-systems. It consists of three key components: the Energy Management Unit, the Point 
of Sale and the System Master Station. For the mutual relations between these components, and their relation to 
the various actors, see Figure 5-7. Below, the figure will be explained in more detail. 

10 This section is based on Clark (2004) and interviews with employees of RAPS Technologies, RAPS Consultancy and NuRa (see 
Appendix). 
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Figure 5-7. EnergyStreamfrom RAPS Technology (Clark, 2004) 

The Energy Management Unit 

The Energy Management Unit (EMU) is installed at the customer's premises and is directly connected to the PV 
panel and the battery (see Figure 5-8). It has basically two functions, namely regulating the battery and verifying 
customer payment. Furthermore, the EMU has an Input/Output part that informs the customer about the status of 
the system through a series of LEDs, and allows for electronic data communication with the Point of Sale 
through a "dallas" button. 

Figure 5-8. The Energy Management Unit. 

In the current ENERGYStream-product, the self-designed battery regulator is based on pulse width modulated 
charge control and aims at enhancing battery life time through monitoring it voltage. Below a certain threshold, 
the battery load is automatically switched off to prevent excessive unloading of the battery. Typically, a battery 
is discharged for about 20% of its capacity. Only when the battery is charged (by the PV module) to the higher 
reconnect voltage, does it switch on again. The set points are adjustable, the correct values depending on type 
and brand of battery. Every 30 days, the battery is boosted to a voltage that is slightly higher than the float 
voltage, the voltage of a fully charged battery. This procedure strongly enhances battery life-time. In the next 
generation ENERGYStream however, the regulator will be replaced by one that is bought from a foreign 
supplier, thus significantly saving on cost. 
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The second part of Energy Management Unit is the prepaid meter, which was developed by ConLog 
Technologies, based in Durban, South Africa. The prepaid meter disconnects the user's load when his credit has 
expired. The regulator part however will still function, to protect the battery and to ensure that the system 
remains fully charged. Once the system has switched off, the user can charge credit using the Data Transfer 
token, a so-called dallas button that transfers electronic data between the EMU and the Point of Sale 
representing the utility. Because the approach is based on a 'fee-for-service' philosophy rather than 'fee-for
energy' , the customer also has to pay for periods that he does not use the system. However, the utility has the 
freedom to determine the rate for this. For example, a NuRa customer that has been out of credit for two weeks 
and buys another four weeks of credit will be able to charge his system for three weeks, as NuRa charges non
operational days at half the rate. 

One of the true innovative aspects of the EnergyStream is the use of the Data Transfer token for transfer of 
engineering data about the individual system towards the utility. Key figures like the maximum and minimum 
voltage of the battery, the number of times the battery was either fully charged or disconnected, minimum and 
maximum temperature, current and remaining credit are stored on the Data Transfer token every time the user 
charges credit to his SHS. The next time he goes to the Point of Sale to charge his token with new credit, the 
engineering data is transferred to the Point of Sale. 

The Point of Sale 

The prime function of the Point of Sale (POS) is to sell credit to individual customers. Therefore, it has to be 
physically located close to the customer. However, different utilities can implement this differently. For 
instance, NuRa operates its own energy stores in its concessionaires, while Solar Vision relies on travelling 
salesmen. The Point of Sale communicates electronically with the System Master Station, and is also able to 
register stock levels, cash flows and complaints. 

The System Master Station (SMS) 

The role of the System Master Station (SMS) is essential for proper management of the utility. It concerns a 
central databank that contains information about all customers and Points of Sale. Inventory levels of individual 
stores, (routine) maintenance planning and non-payment can all be monitored and controlled through the SMS. 
The SMS is not necessarily located near the customers themselves, as it communicates with the Points of Sale 
through internet or dial-up connections. 

Evaluation of the ENERGYStream 

The positive experiences of the first user of the system, NuRa, convinced two of the other concessionaires KES 
and SolarVision, to implement the system as well. However, it is important to realize that many of the separate 
components of the system are not new, it is the integration of these components in one holistic concept that is 
truly innovative (Clark, 2004). For instance, prepaid-meters have been used in electricity provision before. 
Eskom and the municipalities had already introduced them for their grid-connections in the 1980s, primarily to 
reduce non-payment but also as a service to customers, who could budget their energy consumption better 
(DME, 2001). The first off-grid utility, Eskom-Shell , decided to use prepaid-meters as well. 

In an extensive evaluation of the National Electrification Programme (DME, 2001), widespread failure of the 
prepaid-meters is signalled, despite continuous evolution of their features and quality. The meters themselves 
turned out to be quite expensive, especially given their short lifetime. Prepaid meter tampering was found to be 
a problem as well. 

5.4.2. Integrated Energy Centres 

As we have discussed in chapter 1 and 4, for rural electrification to be successful it should be embedded in a 
wider energisation plan that addresses the energy needs of rural poor integrally. This notion has been translated 
in the concept of 'energy stores', which has been implemented by NuRa and Parallax. NuRa uses energy stores 
in its concessions in KwaZulu Natal, while Parallax has implemented it in the "Switch On"-project elsewhere in 
the province. Notice that the latter is based on credit sales rather than a fee-for-service approach. Currently, the 
concept of Integrated Energy Centers (IECs) is extended by the Department of Minerals and Energy to other 
areas (Simpson, 2005). 

Note that one of the obstacles for the transition to LPG as a fuel is the need for suitable equipment like stoves 
and fridges. Therefore, in the "Switch On"-project the sale of these appliances is part of the package offered to 
participants as well (see Table 5-2). 
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Table 5-2. The "Switch On" package as delivered to customers (Parallax, 2005) 

Duration 36 months 
Costs R 150 I month 
Component 55W Solar Home System 

4 lights 
An alarm 
2-plate gas stove 
6kg LPG cylinder 
36 monthly LPG refills 
Loan 

In general, proponents of integrated energy centers (IECs) use three arguments: 

• Instalment of a SHS replaces only a minor part of all energy-related expenses for poor rural households. 
Cooking, space heating and water heating are function that can not be fulfilled by a SHS. However, 
traditional fuelwood practices for this can not be sustained into the near future . Therefore, modern fossil 
fuels like LPG, paraffin and modern biofuels should become available (McDade, 2004). Still, the inclusion 
of the SHS-component is essential, as this is the focal point of attention (Cooper, 2005). 

• Economies of scale and synergies in (wholesale) purchase and storage of modern fossil fuels result in 
significantly lower costs for the consumer. This has been observed in both the NuRa and Parallax-project. 
SHS support staff might also maintain other (renewable) energy sources (Banks, 2001). 

• The sale of LPG or other modern fuels generates an extra cash flow for the utility, which is essential for a 
sustainable business. We emphasize that the concept of energy stores does not rest on developmental 
principles alone. It is claimed by NuRa that more income is generated by LPG sales than SHS operations 
(Clark, 2004). 

5.4.3. Mini-grids 

The mini-grid (or micro-grid, or hybrid-grid) concept was developed in South Africa in order to broaden the 
design and technology options in providing energy services in rural communities (Banks, 2004). Given the 
diminishing pace of grid-electrification, and the limitations of off-grid electrification using Solar Home 
Systems, interest arose in energy provision using other (renewable) technologies. 

Up till now, three major initiatives have been started: a project by Shell and CSIR in Hluleka nature reserve 
(Eastern Province) and the nearby village of Lucingweni (Szewczuk, 2004; Darroll, 2004), an initiative led by 
Scottish Power (E7, 2003) to establish a mini-grid in the old Transkei area (now Eastern Province), and a project 
in the NuRa-concession area (Banks, 2004). Only the first has actually been realised: the second project was 
terminated because of unexpected grid-extensions in the target area, while the NuRa-initative is still in the 
feasibility-phase. 

A mini-grid energy system can be defined as "an independent, or grid inter-tied community energisation service 
employing a combination of conventional and/or renewable energy technologies" (Szewczuk, 2004). Similar to 
the conventional grid, a mini-grid system delivers 220V 50 Hz AC power to the users, which allows the use of 
regular appliances. The tiny Hluleka NR-project was followed by a truly community-based grid in Lucingweni, 
where 220 households were connected to a 86 kW-grid. A community center, streetlights and water pumps are 
connected as well. Power was generated using six 6-kW wind turbines and 560 PV panels. Part of the system is 
also a battery bank of 1.8 MWh. Note that no generator is attached, unlike Hluleka or the Scottish Power
initiative. 

So far, due to uncertainties about government subsidies no tariff has been settled, thus providing electricity for 
free. For the Scottish Power-initiative, it was calculated that consumers would pay approximately Rl5 a month, 
provided that all hardware was paid for by the government. Note that current non-payment evades the possibly 
sensitive point of difference between heavy-users and households with a low power consumption (Jenny, 2004). 
Furthermore, problems have arisen lately regarding ownership, operation and maintenance. The nearby future 
will prove whether the concept is viable or not. 
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A more fundamental issue is the fact that heat demand is not considered in the Lucingweni-approach. Clearly, 
this should be integrated with Solar Water Heating, as was the case in the Hluleka pilot, or LPG-sales as in the 
Integrated Energy Centers (see previous section). 

In the feasibility study by RAPS Consultancy (Banks, 2004) for the NuRa-project, it is suggested to combine the 
instalment of a mini-grid servicing central institutions like the school, water pumps, clinics and business with 
the instalment of SHS at (often more remote) household level. In the words of the author, "this may be a better 
match for the highly decentralized settlement pattern of rural South Africa" (Banks, 2004). It is concluded that 
SHS are a more cost-effective solution for electrifying households. Only the combination with high-priority, 
high-load consumers like businesses or clinics makes the mini-grid an interesting option. Possibly, the higher 
power levels in a mini-grid make it more suitable for starting economic activities. 

5.5. Conclusions 

In this chapter we have argued that the needs of rural households in developing countries should be addressed 
on a holistic 'energy' level, and not solely on the system level of photovoltaics. Integration of PV with other 
energy technologies is essential. 

Furthermore, we have concluded that financing problems are (still) a major hurdle in the diffusion of PV. The 
affordability of a SHS determines whether it can be used over a longer term, not the cost per unit of energy. For 
the user, affordability is determined by a complex combination of the level of household income, stability of 
household income, savings on other energy expenses when a SHS is installed and long-term government 
subsidies. Depending on the delivery model, it is also influenced by financial circumstances like the interest 
rate. Note that from a government point of view, the level of subsidies required for off-grid electrification is 
similar to the level of subsidies for grid-extension in rural areas. 

As we already concluded in the first section of this chapter, the share of Solar Home Systems in total installed 
PV capacity is only a few percent. This also applies to the share of newly installed systems. Therefore, we can 
conclude that the contribution of SHS to progress along the c-Si learning curve is marginal (Duke and Kammen, 
2003). From a technology dynamics-perspective, an enhanced diffusion of SHS does not contribute to a wider 
diffusion of PV. 

With regard to the different delivery models for SHS, an interesting conclusion can be drawn. Credit and fee
for-service systems have been developed to overcome one of the fundamental problems of SHS, the 
affordability of the system. However, several examples show that cash sales can also provide a viable 
distribution model. The major drawback of cash sales, the high up-front investment, is circumvented by the sale 
of smaller systems, typically comprising 12-14 W panels instead of SOW panels. The modularity of PV allows 
for a gradual extension of the system later. Because the market for low-power panels is dominated by a-Si:H 
thin film technology, we can conclude that the delivery model is in fact selective on cell technology. Stimulation 
of cash sales as a delivery model, leads to a larger diffusion of thin film modules. 

We conclude this chapter with the remark that, given the drawbacks and constraints of applying off-grid 
photovoltaic technology in rural areas in developing countries, it definitely can, and does, make a substantial 
difference for the users of these PV systems. Therefore, we should not forget that from a human development 
point of view, the diffusion of PV in developing countries is worth aiming for. See the quotes presented in Box 
5-2 to illustrate this point. 

Box 5-2. Some quotes on the effects of SHS projects on a remote community. 

·has brought development and civi fsation in our area, we dl 
time for this civilisation in our area•. 

expec,t this. We have waited a long 

"It has made us look like all the people out t ho own electricity. You end up sayiro there is no ditlerenc 
n them and us•. 

'S project, performed byl/l*arst1 
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CHAPTER 6. CONCLUSIONS AND DISCUSSION 

In this chapter we summarize the results that we have obtained earlier in this report, and relate them to existing 
opinions on technological development in general, and the status of photovoltaics in specific. By doing this, we 
try to reach the aims of this research and to answer our initial research question: 

What are the determinants of the actual development of photovoltaic technology, as given by its technological 
trajectories, and what is the influence of these determinants on the diffusion of photovoltaic technology in 
successive niche markets, in particular the niche market of rural areas in developing countries? 

6.1. The link between technological trajectories and diffusion 

In our treatment of current theorizing around technological development (see chapter 2), we paid ample 
attention to the ideas of Giovanni Dosi concerning technology push and demand pull. Dosi introduced the idea 
of technological trajectories. He regards these as paths of technological development that are embedded in 
broader paradigms, and are based on search heuristics (routines). After performing a citation network analysis 
for a large collection of PV patents, we found two components in the citation network that are more or less 
independent. Component A corresponds with silicon wafer technology (both mono- and multi-crystalline), while 
component B corresponds with thin film technology. 

The fact that two separate components exist, suggests that thin film technology developed relatively 
autonomously from crystalline silicon. It is remarkable that a main citation path that links the body of 
knowledge of, say, before 1980 (component A) with the majority of patents issued after 1980 (component B), is 
lacking. We interpret the 'rise' of a new component in the citation network, like the exponential growth of 
component B in the second half of the 1970s, as the emergence of a new, competing paradigm. As the growth of 
the 'older' component stagnates at the end of the 1980s, we conclude that attention in patenting shifted from 
crystalline silicon technology towards thin film technology. This observation can perfectly serve as a signpost 
for a paradigm shift. From our research it becomes clear that for PV the boundaries of a paradigm, in which the 
technological trajectory develops, are determined by the semiconductor material that is used, and the associated 
process technology. 

Growth in the first component (component A) levels off in the 1980s, and the number of patents in this 
component stabilizes afterwards. This suggests that after this moment, not much technological development 
occurred in this field. When we regard the citation network of this component, we find that it converges to two 
closely linked patents. From this high rate of convergence as well as the contents of these patents, we conclude 
that these patents embody what is technologically possible. One could imagine a photovoltaic system in which 
the inventions described in component A are implemented. Such a system could be regarded as the 
technological optimum, or technological frontier. The convergence suggests that it is possible to interpret this 
system as the dominant design for PV. However, in our opinion this is not correct. In practice, there would be 
virtually no diffusion of such a product, because the system would be very expensive, which does not 
correspond with the most important heuristic of the main niche market, a low cost per unit of energy. Thus, a 
difference exists between the dominant design on the most important niche market, and the technologically most 
advanced design. 

The growth in the second component (component B) really takes off in the 1980s and 1990s. Contrary to the 
first component, many patents in this component are related to thin film technology. At the end of our period of 
study (1999), this component is still growing fast. The degree of convergence in this component is low. As we 
concluded that this is caused by a truncation effect, we did not study the structure of this component further but 
focussed our attention in this regard on component A, that mainly is about crystalline silicon technology. 

Within the component of study, we found two main paths characterized by a high aggregated SPNP-value, 
which is used in citation network analysis to value citation paths. We identify these paths as separate 
technological trajectories a la Dosi (1982, 1988). However, we found that these trajectories are not based on 
individual heuristics (routines), but can be associated with specific clusters of heuristics. Note that our result 
differs from Verspagen's (2005b) study on fuel cells, in which he finds only one dominating path. 
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In the case of photovoltaics, the composition of these clusters of heuristics is unmistakably determined by the 
(proposed) application of the technology. The clusters of heuristics that identify a technological trajectory 
correspond with sets of heuristics that are characteristic for a specific niche. In other words, the (projected) 
diffusion of PV apparently determines the cluster of heuristics that directs actual technological development. 
This corresponds to Dosi 's notion of ex ante-selection by market forces. Application of this set of heuristics may 
hamper diffusion of the technology to another market, as was the case for the transport of space photovoltaics 
towards terrestrial applications. The dominant design on this market could not easily be 'exported' towards the 
first terrestrial market, that of off-grid industrial applications, because no significant price reductions had been 
obtained by developments in space photovoltaics. 

Contrary to the ideas of Watson (2004), we find that individual search heuristics are not exclusively 
characteristic for a paradigm. For photovoltaics, the scope of the paradigm is defined by the semiconductor 
material that is the fundament of the photovoltaic cell, not by search heuristics. Moreover, heuristics like cost 
per unit of energy ($/kWh) that play an important role in the crystalline silicon-paradigm are also determining in 
the thin film-paradigm. Phrased differently, the rise of a new paradigm as observed in this research has in our 
opinion been brought about by changes in the fundamental technological principles, i.e. technology push, not 
demand forces. Note that an indirect role of market forces and diffusion might still be a very real possibility: one 
might argue that the increased interest in PV due to the oil price shocks of the 1970s have stimulated R&D 
efforts in photovoltaics in general, and new materials in specific, which on its turn has led to changing 
technological principles. This (possible) relation has not been investigated in underlying research. 

The rise of a new paradigm which we observed in patent citations, can not be found when regarding the market 
share of crystalline silicon and thin film technologies in end-products. On the contrary, diffusion of crystalline 
silicon modules has been much more rapid than thin film solar panels. Therefore, it seems more appropriate to 
speak of the rise of a competing paradigm, instead of a paradigm shift. The fact that the shift in paradigm that is 
suggested by the citation network can not be seen in diffusion patterns, suggests that a lock-in effect (David, 
1985; Arthur, 1988) occurs (see next section for a more elaborate treatment). Here, the market fulfils, 
independently from any technological developments the ex post-selection role Dosi had in mind. This 
observation strengthens the role of demand-forces in determining the outcomes of the innovation process: it is 
the diffusion of the technological paradigms to which the basic innovations give rise that matters for economic 
growth, rather than the innovation itself (Verspagen, forthcoming; see also Schmookler, 1960). 

6.2. Competition between various technologies 

In this section, we contemplate two types of competition: on the hand the competition between crystalline 
silicon (c-Si) wafer technology and thin film technology as dominant photovoltaic technology, on the other hand 
the competition of photovoltaics as a whole versus other electricity generation technologies, mainly 
conventional technologies like coal-fired power plants. 

Let us first regard the different photovoltaic technologies. As we already stated in the previous section, the 
emergence of a new paradigm in technological development is not observable in diffusion patterns of 
photovoltaic modules. Thin film technology, which has been hailed for over two decades as the main promise 
for a successful photovoltaic future, nowadays has a very limited market share. As cost per unit of energy is the 
main selection criterion on the grid-connected market, and c-Si is cheaper than thin film, crystalline silicon has 
become the dominant design. This corresponds to the ideas of Watson (2004) who, based on research on gas 
turbines, concluded that "as a tool to explain success and failure ... , paradigms are of limited use", and therefore 
rates the concept of lock-in (David, 1985; Arthur, 1988) higher. This stance seems applicable to photovoltaics as 
well. Apparently, thin film technology builds only in a limited sense on previous knowledge in the photovoltaic 
sector. A reason for this might be the fact that fundamentally different process technologies are used. In other 
words, the lock-in situation might be explained by a lack of knowledge flows over the boundaries of the 
paradigm. Note that this might hamper a further decreasing cost of photovoltaic energy. We conclude that 
technological factors determine the boundary of a paradigm. · 

The second type of competition that is relevant to this thesis is the competition between photovoltaics and other 
energy technologies. Regarding the mass energy market, both grid-connected distributed and centralized 
photovoltaic systems are possible options. In order to make photovoltaics successful, the dominant routine that 
should, and is being followed, is cost per unit of energy ($/kWh). Extrapolating the learning curve for c-Si PV 
technology on the one hand, and rising oil and gas prices on the other hand, a moment in time will occur at 
which these costs for PV are similar to costs for fossil fuels. 
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Although this suggests a bright future for PV, when we interpret these prospects from a dynamic technological 
development point of view, a different picture might emerge, given our conclusions above. A rapid diffusion of 
c-Si PV implies rapid progress along the learning curve. As the main selection criteria vis-a-vis thin film 
technology is also cost per unit of energy, c-Si becomes more interesting compared to thin film. This situation 
might stimulate a further lock-in situation, and in extreme consequence, the termination of a technology that is 
potentially cheaper. This path dependence would be an obstacle to a possible transition to a sustainable energy 
supply. However, answering the question whether such a situation will occur in reality would be pure 
speculation. 

6.3. PV for rural electrification in developing countries 

We have seen in chapter 5 that the market for Solar Home Systems, which we can treat as equivalent to the 
general off-grid domestic market in developing countries, has some specific characteristics. These 
characteristics make it a separate niche market for PV. 

First of all, addressing the needs of people is essential for successful diffusion of PV in the niche market of rural 
electrification. We argue that these needs should be addressed on a holistic 'energy' level, and not solely on the 
system level of PV. Successful diffusion can not be obtained without integration of PV with other energy 
technologies. In this context, perhaps it is more relevant to look at the energy service that is provided by Solar 
Home Systems, than at the characteristics of the product itself. Doing this, an optimal combination with 
complementary energy services can be sought after. In the context of technology push and demand pull, we 
paraphrase this conclusion with the notion that neglect of user characteristics, or demand pull forces, hampers 
successful diffusion. 

Furthermore, the heuristic of cost per unit of energy that is decisive for grid-connected systems, and for the 
industrial off-grid market, has a minor role for Solar Home Systems. Here, much more important is the 
affordability of the service: can people pay for the use of the Solar Home System, given their small and 
infrequent income? Therefore, cost per month seems a more relevant indicator than cost per kWh. We can 
conclude that, at least for the South African case, with this heuristic in mind considerable innovation takes place 
at system level. Here, demand pull determines the direction of successful innovation. 

Regarding the relation between the characteristics of the SHS niche market and the global PV market, several 
interesting observations can be made. The size of the off-grid domestic market in developing countries is very 
small in terms of installed power11

• Therefore, a flourishing SHS market has negligible effects on cost decreases 
because oflearning effects in production (progress along the learning curve). 

We have seen in both chapters that successful diffusion of photovoltaic technology in this niche market is not 
dependent on the cell or module technology that is used, but that it is determined by system design. In other 
words, the niche market of rural electrification in developing countries does not a priori select between the two 
main paradigms that we distinguished, crystalline silicon and thin film technology. A possible lock-in in 
crystalline silicon will not be averted by developments in rural off-grid electrification. One exception to this 
conclusion has been found. Given the three delivery models for SHS, a distinction should be made between cash 
sales on the one hand, and credit sales/fee-for-service delivery on the other hand. Cash sales lead to a preference 
for low-power panels. As this market is dominated by a-Si:H thin film technology, we can conclude that the 
delivery model is in fact selective on cell technology. Stimulation of cash sales as a delivery model, leads to a 
larger diffusion of thin film modules. 

Given the above, we are forced to conclude that the use of photovoltaics in developing countries is highly 
overrated. It does not address the energy needs of the rural poor, who are perhaps more helped by suitable heat 
technologies, than electricity generation. Furthermore, the barriers to this market are too specific (innovation at 
system level direct towards cost per month, instead of cost/kWh), and the market is too scattered and small (no 
associated price decreases), to be of use for general developments of photovoltaics versus other energy 
technologies, globally. 

Still, providing off-grid electricity can have an important function in social development. By providing security 
in the form of lighting, and communication and information by powering radios and TVs, the more intangible 
dimensions of poverty are addressed. In this light, photovoltaics most promising application in this market is 
that of a high-profile component of holistic developmental (energy-related) programmes. 

11 In terms of installed systems, its share in the total world market is a bit bigger as typical system sizes in this market are relatively small . 
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6.4. The research question revisited 

We have seen that both 'technology push' and 'demand pull' factors play a major role in the development of 
photovoltaic technology. The ideas of Dosi have proven to be very useful for an evaluation and specification of 
these roles. From our results we conclude that the rise of a paradigm is determined by the (core) material 
technology: wafer-based crystalline silicon, or thin film technology. The boundaries of the paradigms in which 
technological development takes place are determined by technological factors. The actual technological 
trajectories are directed by heuristics that are based on demand preferences. 

The influence of demand can not be accounted for if the concept of 'niches' is not taken into consideration. The 
diversity of demand plays an essential role in the creation of various trajectories of technological development. 
The existence of various niches also determines the scope of diffusion of a technology. In our case study on off
grid rural electrification, we have seen that acknowledging demand characteristics is essential for successful 
diffusion. 

We believe that in this thesis we have been able to establish the start of a new paradigm, that of thin film 
technology. However, at this point we have to agree with Watson (2004) that "as a tool to explain success and 
failure ... paradigms are of limited use". When we interpret success of a technology as widespread diffusion, it 
remains indeed uncertain whether thin film technology will be successful. The future will tell whether Sahal's 
prediction ( 1985) about the inevitability of paradigm shifts is applicable to photovoltaics, or that the combined 
effects of technology push and demand pull will lead to a lock-in process into crystalline silicon wafer 
technology, the technology that is currently dominant on the main niche markets. 

76 



LITERATURE 

Acker, R.H. and Kammen, D.M. ( 1996) PV Systems in Kenya. Energy Policy 24, 1, p. 81-111 

Adner, R. and Levinthal, D. (2001) Demand heterogeneity and technology evolution: implications for product 
and process innovation. Management Science 47, 5 

Akkermans, D., Castaldi, C., Los, B. (2005) Do liberal market economies really innovate more radically than 
coordinated market economies? Hall & Soskice reconsidered. ECIS working paper, available from 
http://www.tm.tue.nl/ecis 

Alsema, E. ( 1998) Energy requirements of thin fim solar cell modules - a review. Renewable and Sustainable 
Energy Reviews 2, p. 387-415 

Alsema, E.A. and Nieuwlaar, E. (2000) Energy viability of photovoltaic systems. Energy Policy 28, 999-1010 

Andersen, E. (1991) Techno-economic paradigms as typical interfaces between producers and users. Journal of 
Evolutionary Economics 1, p. 119-144 

Anderson, P. and Tushman, M. (1990) Technological discontinuities and dominant designs: a cyclical model of 
technological change. Administrative Science Quarterly 35, p. 604-633 

Andersson, B. and J acobsson, S. (2000) Monitoring and assessing technology choice: the case of solar cells 
Energy Policy 28 1037-1049 

Arthur, W.B. (1988) Competing technologies: an overview, in: Dosi, G. , Freeman, Ch., Nelson, R., Silverberg, 
G. and Soete, L. (1988) Technical Change and Economic Theory, chapter 26. Pinter, London. 

Arthur, W.B. (1989) Competing technologies, increasing returns, and lock-in by historical events. Economic 
journal 99, p 116-131 

Bailey, S.G. and Flood, DJ. (1998) Space photovoltaics. Progress in Photovoltaics: Research and Applications 
6, p. 1-14 

Banks, D.I., Willemse, J., Willemse, M. (2001) Energy services to rural areas; an integrated approach. Paper 
presented at the 711t Domestic Use of Energy Conference, Cape Town, April 2000; updated August 2001 

Barreto, L. (2001) Technological Leaming In Energy Optimisation Models And Deployment Of Emerging 
Technologies. PhD thesis Swiss Federal Insitute of Technology, Zurich 

Bates J. R., and Wilshaw, A. R. (2000) Survey of Stand-alone Photovoltaic Programmes and Applications in 
Developing Countries. IEA PVPS Task III 

Bruton, T.M. (2002) General trends about photovoltaics based on crystalline silicon. Solar Energy Materials & 
Solar cells 72, p. 3-10 

Canada, S., Moore, L., Post, H. , Strachan, J. (2005) Operation and maintenance field experience for off-grid 
residential photovoltaic systems. Progress in Photovoltaics: Research and Applications 13, p. 67-74 

Chopra, K.L., Paulson, P.D., Dutta, V. (2004) Thin-film solar cells: an overview. Progress in Photovoltaics: 
Research and Applications 12, p. 69-92 

Clark, A. (2004) Innovations in South Africa's off-grid concession programme. HSRC, Pretoria. 

Clark, A. and Drimie, S. (2000) Energy Sustainability for South Africa's Poor; weighing up the alternatives. 
HSRC, Integrated Rural and Regional Development Research Programme, Occasional Paper 2. 

CLSA (2004) Sun screen, investment opportunities in solar power. Solar power sector outlook, July 2004. 

Cooper, D. (2005) personal communication 

Cox, R. and Gys, L. (2001) Solar electrification of rural schools and clinics in South Africa. MSc thesis, 
Eindhoven University of Technology 

77 



Criscuolo, P. and Verspagen, B. (2005) Does it matter where patent citations come from? Inventor versus 
examiner citations in European patents. ECIS Working Paper 05.06, available from 
http://www.tm.tue.nl/ecis 

Darroll, L. (2004) The lights are on in Lucingweni. African Energy, vol 6, 6. 

David, P.A. (1985) Clio and the economics of QWERTY Economic History 75, 2 

David, P.A. ( 1990) The dynamo and the computer: an historical perspective on the modem productivity 
paradox. American Economic Review 80, 2 

Davidson, 0. and Mwakasonda, S. (2003) Electricity Access to the Poor: A study of South Africa and 
Zimbabwe. Afrepren, available from http://www.afrepren.org/project/gnesd/esdsi/erc.pdf 

Department of Minerals and Energy, Republic of South Africa (1998) White Paper on Energy Policy 

Department of Minerals and Energy, Republic of South Africa (2000) Implementation Strategy for Renewable 
Energy in South Africa. Draft, February 2000 

Department of Minerals and Energy, Republic of South Africa (2001) National Electrification Programme 
(NEP) 1994-1999, summary evaluation report. 

Department of Minerals and Energy, Republic of South Africa (2002), Capacity Building in Energy Efficiency 
and Renewable Energy, Baseline study Solar Energy in South-Africa. November 2002 

Department of Minerals and Energy, Republic of South Africa (2002), Energy Outlook for South Africa 2002. 
May 2002 

Department of Minerals and Energy, Republic of South Africa (2003a), Annual report 200213 

Department of Minerals and Energy, Republic of South Africa (2003b), Integrated Energy Plan for South 
Africa, March 2003 

Department of Minerals and Energy, Republic of South Africa (2003c), White paper on renewable energy 

Department of Minerals and Energy, Republic of South Africa (2004), Draft Energy Efficiency Strategy of the 
Republic of South Africa, April 2004. 

Department of Science and Technology, Republic of South Africa (2002), South Africa's National R&D 
Strategy, Aug 2002 

Department of Science and Technology, Republic of South Africa (2004), Technology Transfer for poverty 
reduction: synthesis report, September 2004 

Department of Science and Technology, Republic of South Africa (2004a), South Africa's National Survey of 
R&D, September 2004 

Department of Science and Technology, Republic of South Africa (2004b), Technology Transfer for poverty 
reduction: energy sector study. Draft, July 2004 

Dijk, M. van (2005) Industry evolution and catch up: the case of the Indonesian pulp and paper industry, 
Chapter 2 Industrial Dynamics, Evolution and Catch-up. PhD thesis Eindhoven University of Technology. 

Dosi, G. (1982) Technological paradigms and technological trajectories, Research Policy 11, 3, 147-162. Also 
in: Dosi, G. (2000) Innovation, organization and economic dynamics. 

Dosi, G. (1988) The nature of the innovative process in: Dosi, G., Freeman, Ch., Nelson, R., Silverberg, G. and 
Soete, L. (1988) Technical Change and Economic Theory, chapter 10. Pinter, London. 

Duke, R.D. and Karnmen, D.M. (2003) Energy for Development: Solar Home Systems in Africa and Global 
Carbon Emissions. In: Pak Sum Low (editor), Climate Change for Africa: Science, Technology, Policy 
and Capacity Building. Kluwer Academic Publishers, pp. 250-266 

E7 (2000) Social trust aspects of rural electrification, E7 Working Group Report 2"d edition. Available from 
http://www.e7.org 

E7 (2003) Community Electricity in Rural South Africa: Renewable mini-grid assessment. Available from 
http://www.e7.org 

Ende, J. van den and Dolfsma, W. (2005) Technology-push, demand-pull and the shaping of technological 
paradigms - Patterns in the development of computing technology. Journal of Evolutionary Economics 15, 
p 83-99 

78 



Ende, J. van den , and Kemp, R. (1999) Technological transformations in history: how the computer regime 
grew out of existing computing regimes. Research Policy 28, p. 833-851 

Energy & Development Research Centre (2003) A review of international literature of ESCOs andfee-for
service approaches to rural electrification (solar home systems). University of Capetown, project 
'Supporting innovation in the delivery of energy services to the rural poor: off grid electrification via 
concessions in rural South Africa' , interim report output 6, July 2003 

Energy & Development Research Centre (2004a) Solar electrification by the concession approach in the rural 
Eastern Cape: Phase 1 Baseline survey. University of Capetown, project 'Supporting innovation in the 
delivery of energy services to the rural poor: off grid electrification via concessions in rural South Africa', 
March 2004 

Energy & Development Research Centre (2004b) Solar electrification by the concession approach in the rural 
Eastern Cape: Phase 2: Monitoring survey - november 2003. University of Capetown, project 'Supporting 
innovation in the delivery of energy services to the rural poor: off grid electrification via concessions in 
rural South Africa' , July 2004 

Fagerberg, J., Mowery, D., and Nelson, R. (2004) The Oxford Handbook of Innovation . Oxford University 
Press, Oxford. 

Freeman, Ch. ( 1988) Introduction in: Dosi, G., Freeman, Ch., Nelson, R., Silverberg, G. and Soete, L. (1988) 
Technical Change and Economic Theory, chapter l. Pinter, London. 

Freeman, Ch. and Perez, C. (1988) Structural crises of adjustment, business cycles and investment behaviour in: 
Dosi , G. , Freeman, Ch. , Nelson, R. , Silverberg, G. and Soete, L. (1988) Technical Change and Economic 
Theory, chapter 3. Pinter, London. 

Freeman, Ch. and Soete L. (1997). The Economics of Industrial Innovation. 3rd Edition. London and 
Washington, Pinter. 

Frenken, K. and Leydesdorff, L. (2000) Scaling trajectories in civil aircraft (1913-1997) Research Policy 29, p. 
331 

Ganguli, P. and Blackman, M. (1995) Patent Documents: a multi-edged tool. World Patent Information 17, 4, p. 
245-256 

Geroski, P.A. (2000) Models of technology diffusion Research Policy 29 603-625 

Ghannam, M., Sivoththaman, S., Poortmans, J. , Szlufcik, J. , Nijs, J., Mertens, R. , Overstraeten, R. van (1997) 
Trends in industrial silicon solar cell processes. Solar Energy 59, 1-3, p. IO 1-110 

Goetzberger, Adolf, Hebling, Christopher, Schock, Hans-Werner (2003) Photovoltaic materials, history, status 
and outlook. Materials Science and Engineering R 40, p. 1-46 

Gothard, E. (2003) NuRa household survey report 

Green, M.A. (1998) Solar Cells; operating principles, technology and system applications. Prentice-Hall 

Green, M.A. (2000a) Photovoltaics: technology overview. Energy Policy 28, p. 989-998 

Green, M.A. (2000b) Silicon solar cells: at the crossroads. Progress in Photovoltaics: Research and 
Applications 8, p. 443-450 

Green, M.A. (2005) Silicon photovoltaic modules: a brief history of the first 50 years. Progress in Photovoltaics: 
Research and Applications 13, p. 447-455 

Griliches, Z. (1990) Patent Statistics as Economic Indicators: a survey, Journal of Economic Literature 28, 4 
1661-1707 

Gustavsson, Mathias, Ellegard, Anders (2004) The impact of solar home systems on rural livelihoods. 
Experiences from the Nyimba Energy Service Company in Zambia. Renewable Energy 29, p. 1059-1072 

Haas, R. (2003) Market deployment strategies for photovoltaics: an international review. Renewable and 
Sustainable Energy Reviews 7 (2003) 271-315 

Haas, R. (2004) Progress in Markets for Grid-connected PV Systems in the Built Environment. Progress in 
Photovoltaics: Research and Applications 12, p. 427-440 

Hall, B., Jaffe, A., Trajtenberg, M. (2001) The NBER patent citations datafile: lessons, insights and 
methodological tools. NBER working paper 8498, available from http://www.nber.org/papers/w8498 

79 



Harhoff, D., Scherer, F., Vopel, K. (2003) Citations,family size, opposition and the value of patent rights. 
Research Policy 32, p. 1343-1363 

Harmon, C. (2000) Experience curves of photovoltaic technology. IIASA report IR-00-014 

Hilderink, H.B.M. (2004) Towards human and social sustainability indicators; A multidimensional approach. 
RIVM report 550012002/2004, available from www.rivm.nl 

International Energy Agency (2002) World Energy Outlook 2002. Available from http://www.iea.org 

International Energy Agency (2003) Summary of models for the implementation of photovoltaic Solar Home 
Systems in developing countries; part 1 Summary. Report IEA-PVPS T9-02:2003 

International Energy Agency (2003) PV for Rural Electrification in Developing Countries -A Guide to 
Capacity Building Requirements. Report IEA-PVPS T9-03:2003 

International Energy Agency (2004) Key World Energy Statistics 2004. Available from http://www.iea.org 

International Energy Agency (2004) Sources of Financing for PV-Based Rural Electrification in Developing 
Countries. Report IEA PVPS T9-08:2004 

International Energy Agency (2004) Trends in Photovoltaic applications Survey report of selected /EA countries 
between 1992 and 2003. Report IEA-PVPS Tl-13:2004 

Jacobsson, S. and Johnson, A. (2000) The diffusion of renewable energy technology: an analytical framework 
and key issues for research. Energy Policy 28 625-640 

Jacobsson, S. , Sanden, B.A., Bangens, L. (2004) Transforming the energy system - the evolution of the German 
technological system for solar cells. Technology Analysis & Strategic Management 16, 1 3-30 

Jaffe, A. ( 1986) Technological opportunity and spillovers of R &D: Evidence from firms' patents, profits and 
market value. American Economic Review 76, 5, p. 984-1001 

Jaffe, A., Trajtenberg, M. , Fogarty, M. (2000) The meaning of patent citations: report on the NBER/CASE
Westem Reserve survey of patentees. NBER Working paper 7631, hhtp://www.nber.org/papers/w763 l. 
See also: Jaffe, A. , Trajtenberg, M. , Fogarty, M. (2000) Knowledge Spillovers and Patent Citations: 
Evidence from a Survey of Inventors. American Economic Review, 90, 2, p. 215-232 

Jenny, Annette, Mosler, Hans-Joachim, Diaz Lopez, Jose Raul (2004) Towards understanding consumption in 
multi-user solar energy systems: the cases of villages in Argentina and Cuba. Progress in Photovoltaics: 
Research and Applications 12, p. 559-568 

Karekezi, S. and Kithyoma, W. (2002) Renewable energy strategies for rural Africa: is a PV-led renewable 
energy strategy the right approach for providing modem energy to the rural poor of sub-Saharan Africa? 
Energy Policy 30, p. 1071-1086 

Kazmerski, L.L. (1997) Photovoltaics: a review of cell and module technologies. Renewable and Sustainable 
Energy Reviews 1, 1-2, p. 71-170 

Klunne, Wim, Cox, Raf, Gys, Luc, Purcell, Chris, Louineau, Jean-Paul (2002) Leaming a lesson. Assessing PV 
programmes in rural South Africa. Renewable Energy World, March/April 2002 

Krause, M. and Nordstrom, S. (2004) Solar photovoltaics in Africa; experiences with financing and delivery 
models. UNDP/GEF, Lessons for the future, Monitoring & Evaluation report series, issue 2, May 2004 

Maddison, A. ( 1987) Growth and slowdown in advanced capitalist economies: techniques of quantitative 
assessment. Journal of Economic Literature, 25, p. 649-698 

McDade, S. (2004) Fueling development: the role of LPG in poverty reduction and growth. Energy for 
Sustainable Development, volume 8, 3, p. 74-81 

Mehlwana, M. (2004) Research and Development needs on renewable energy sources in developing countries. 
paper World Renewables Conference 2004, Bonn. 

Meier, J., Dubai!, S., Platz, R. , Torres, P., Kroll, U., Anna Selvan, J., Pellaton Vaucher, N., Hof, Ch., Fischer, 
D. , Keppner, H., FIUckiger, R., Shah, A., Shklover, V., Ufert, K.-D. (1997) Towards high-efficiency thin
film silicon solar cells with the "micromorph" concept. Solar Energy Materials and Solar Cells 49, 35 

Menanteau, P. (2000) Leaming from Variety and Competition Between Technological Options for Generating 
Photovoltaic Electricity. Technological Forecasting and Social Change 63, p. 63-80 

80 



Merrigan, Joseph (1977) Prospects for Solar Energy Conversion by Photovoltaics. MIT Press 

Messenger, R. and Ventre, J. (2000) Photovoltaic systems engineering. CRC, Florida, USA 

Meyer, M. (2000) What is special about patent citations? Differences between scientific and patent citations. 
Scientiometrics 49, 1, p. 93-123 

Mowery, D. and Rosenberg, N. (1979) The influence of market demand upon innovation: a critical review of 
some recent empirical studies. Research Policy 8, p 102-153 

National Electricity Regulator (2004) Lighting Up South Africa. 

Neij, L. (1997) Use of experience curves to analyse the prospects for diffusion and adoption of renewable 
energy technology. Energy Policy 23, 13, p. 1099-1107 

Nelson, R. and Winter, S. (1982) An evolutionary theory of economic change. Harvard University Press 

NEP AD (2003), Energy for sustainable development in Africa, draft, October 2003 

Nieuwenhout, F.D.J., Dijk, A. van, Lasschuit, P.E., Roekel, G. van, Dijk, V.A.P. van, Hirsch, D., Arriaza, H., 
Hankins, M., Sharma, B.D., Wade, H. (2001) Experience with Solar Home systems in Developing 
countries: a review. Progress in Photovoltaics: Research and Applications 9, p. 455-474 

Nuvolari, A. (2004) The making of steam power technology PhD thesis, Eindhoven University of Technology. 

Parente, Virginia, Goldemberg, Jose, Zilles, Roberto (2002) Comments on Experience Curves for PV Modules. 
Progress in Photovoltaics: Research and Applications 10, p. 571-574 

Pavitt, K. (1984) Sectoral patterns of technical change: Towards a taxonomy and a theory. Research Policy 13, 
p. 343-373 

Pavitt, K. ( 1985) Patent statistics as indicators of innovative activities: possibilities and problems. 
Scientometrics 7, 1-2, p. 77-99 

Payne, A., Duke, R., Williams, R. (2001) Accelerating residential PV expansion: supply analysis for 
competitive electricity markets. Energy Policy 29, p. 787-800 

Perlin, J. (2002) From space to earth; the story of solar electricity. Harvard University Press, 1st edition. 

Photon International, March 2004 

Plas, Robert van der, Hankins, Mark ( 1998) Solar electricity in Africa: a reality. Energy Policy 26, 4, p. 295-
305 

Poponi, D. (2003) Analysis of diffusion paths for photovoltaic technology based on experience curves, Solar 
Energy 74, 331 

Raven, R. (2004) Trojan horse: can incremental innovations lead to radical change? Additions to the approach 
of Strategic Niche Management. ECIS seminar 10/27 /2004, available from www.tm.tue.nl/ecis 

Rogers, E. (1995) Diffusion of innovations. Free Press, 4th edition. 

Rosenberg, N. (1994) Exploring the black box: technology, economics, and history. Cambridge University Press 

Sahal, D. (1985) Technological guideposts and innovation avenues. Research Policy 14, p. 61-82 

Sampson, C. (2005) Core Support for the Global Village Energy Partnership in South Africa. Report on a 
partnership between South African Government: Department of Minerals and Energy and United Nations 
Development Programme. 

Sarti, Dominique and Einhaus, Ronald (2002) Silicon feedstock for the multi-crystalline photovoltaic industry. 
Solar Energy Materials & Solar Cells 72, p. 27-40 

Schaeffer, G.J. (2004) Leaming from the sun. ECN report ECN-C--04-035, available from http://www.ecn.nl 

Scherer, F.M. (1982) Demand-pull and technological innovation: Schmookler revisited. Journal of Industrial 
Economics 30, 3, p 225-237 

Schmookler, J. (1962) Economic Sources of Inventive Activity. Journal of Economic History 22, 1, p 1-20 

Schmookler, J. (1966) Invention and Economic Growth. Harvard University Press 

81 



Shah, A. , Meier, J., Buechel, A., Kroll, U., Steinhauser!, J., Meillaud, F. , Schade, H. (2004) Towards Very Low
Cost Mass Production of Thin-film Silicon Photovoltaic (PV) Solar Modules on Glass. Paper presented at 
the ICCG5 Conference in Saarbrlicken (D), July 2004 

Shah, A., Torres, P., Tscharner, R., Wyrsch, N. and Keppner, H. (1999) Photovoltaic Technology: The Case for 
Thin-Film Solar Cells, Science 285, p. 692 

Sittig, M. ( 1979) Solar cells for photovoltaic generation of electricity; Materials, devices and applications. 
Noyes Data Corporation, New Jersey, USA 

Sparknet (2003) Country report synthesis South Africa. Available from http://www.sparknet.info 

Szewczuk, S. (2004) Hybrid mini-grid energy systems: its contribution to sustainable energy and economic 
development in South Africa. Paper presented to WEC, 2004. 

Szirmai, A. (2005) The Dynamics of Socio-Economic Development. Cambridge University Press 

Thirlwall, AP. (1999) Growth and Development. MacMillan, 6th edition 

Tisdell , C. and Seidl , I. (2004) Niches and economic competition: implications for economic efficiency, growth 
and diversity. Structural Change & Economic Dynamics 15, 119-135 

Trajtenberg, M. ( 1990) A penny for your quotes: patent citations and the value of innovations. RAND Journal of 
economics 21, 1, p. 172-187 

UNDP (1997) Human development report, United Nations Development Programme, New York. 

Utterback, J.M. and Abernathy, W.J. (1975) A Dynamic model of process and product innovation. Omega 3, 6, 
p. 639-656 

Verspagen, B. (2004) Innovation and Economic Growth in: Fagerberg et al (2004) The Oxford Handbook of 
Innovation, Chapter 18. 

Verspagen, B. (forthcoming) Title? Chapter l. An Economic View on Technological Change and Innovation 

Verspagen, B. (forthcoming) Title? Chapter 3. Technological Revolutions and Economic Development 

Verspagen, B. (2005a) Citation Network Analysis, a manual prepared for the Multi-Disciplinary Project course. 
Eindhoven University of Technology, version 1.0 

Verspagen, B. (2005b) Mapping technological trajectories as patent citation networks. A study on the history of 
fuel cell research. ECIS working paper 133/05.11, available from http://www.tm.tue.nl/ecis 

Vervaart, M.R. and Nieuwenhout, F.D.J. (2000) Solar Home Systems, manual for the design and modification of 
Solar Home Components. ECN report ECN-C-00-019, available from http://www.ecn.nl 

Walsh, V. (1984) Invention and innovation in the chemical industry: demand-pull or discovery-push ? Research 
Policy 13, p 211-234 

Watson, J . (2004) Selection environments, flexibility and the success of the gas turbine. Research Policy 33, p. 
1065 

Wiggelinkhuizen, E.J., Vervaart, M.R. , Moor, H.H.C. de, Nieuwenhout, F.D.J. (2002) Lifetime testing of Solar 
Home Systems. ECN report RX-02046, available from http://www.ecn.nl 

Windrum, P. and Birchenhall, C. ( 1998) Is product life cycle theory a special case? Dominant designs and the 
emergence of market niches through coevolutionary learning. Structural Change & Economic Dynamics 
9, 109-134 

Woditsch, Peter and Koch, Wolfgang (2002) Solar grade silicon feedstock supply for PV industry. Solar Energy 
Materials & Solar Cells 72, p. 11-26 

World Bank (2004) World Development Indicators 2004 

World Bank (2005) World Development Indicators 2005 

Zolingen, R.J. van (2004) Electrotechnical requirements for PV on buildings. Progress in Photovoltaics: 
Research and Applications 12, p. 409-414 

82 



Websites 

Analytic Tech, www.analytictech.com, last accessed September 2005 

Eskom, www.eskom.co.za, last accessed July 2005 

Parallax, www.parallaxonline.net, last accessed August 2005 

Solarbuzz, www.solarbuzz.com, last accessed September 2005 

USPTO Issued Patents (PatFf) database, www.uspto.gov, last accessed October 2005 

83 



APPENDIX 

United States Patent ci9J 
Llodmayer 

!541 FINE GEOMETRY SOLU CELL 
{7SJ Inventor: J-Oeepl ~.Bethesda. Md. 
(7:'.ll A!Hi,gnee: Coritl!IU~~ 

Ccirpaniiloo, Wll$hln,gl0n, D.C. 

(2ll Filed; Stpt. 28, 1.'11 
{21 ] Appl. No.: 184,393 

l 'll U.S. 0 .. ,. ,. ................... - ........... t36/89, 29/572 
(S l J Int. CL ., ................................. m ... . . . HOU IS,/02 
1m .F1et1C1 or Snrm ............ , .......... ... 1361119: 2ws12 
[561 Relmam Citd 

2.7'}-4,114fi 
l. l<M.'193 
3,JI) ] ,$9<1 
l-'ll.'JS2 
.l,.t72.6<;8 
J,.t1U,t2l 
J.S65.6R6 

Ulllff.Eb STATES PATENTS 
6fltt1 Fllller~ ................ _ ............ _. lltVH 
1119~ Lutbbl! ........ - .................. ll~ X 
111961 Iles ..i al ..... _, ........... .... - .... 136119 

11/1963 Ro.u ct al ..... ~ ............... _ ... 1:16,18.9 
I0/191>9 Man.<klll:ot1> .. - ... .. ................ I~ 

21 1970 It.... .............. , ....... .,. ..... .. .... 13-6189 X 
21 191 I llilll>«X:k ....... : .......... - ..... 1 l6189 )( 

HU 3,8ll,954 
(45) May 21, 1974 

J.Sl9~~ ~1971 Tamejl ttal. ...... - ........ _. .... U&n9 

OllfER PUl3UCATIONS 
M, Wolf Proccedin~ of tM IRB Jw~ I~ pp. 1246, 
1,2S4-l .i66. 
Tect1nlcal .Report. AFAPL-T~ 2JJ96S "Re
search on Thin Film J>oly¢ttpballirc Solar Cella" b)' 
Aldtidl et al. FF, 12S 126 pp. 129. 133 

Primary ~Mr-ifl. 8. C\irtis 
lltwniq, Agmt, OI' Firm- Ala.cl J, Kuper 

{51) ABmlACT 
A fine it~U'y tolar cell haring a tap~ c<1e1t.ct 
comvtiKn& ~tially - ·arid lh1er · me111~ tin.
e:cn 1iJlllced clOii! toae!her to' collcetina' pbowcummt. 
Junction depth Mid/or impurity coo~lilofi may be 
~<N«d $ignifu;:antly. The mei:bod for making ths r
gcomcuy .. ii'Olar ~11. (Olnprlse$ In ordc.n:d siep.s. Ille 
p~$ ot ditMion, oxidalio.12, ph.()to.lithojruplry, 
meta.llimtion 1111.d pla1l11g. 

18 Cr.tuu, 4 Dnlwlnc FIS!QU 

BY 

Figure A-1. Typical patent layout (early 1970s). 
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Table A-I. USPTO subclasses used. 

Class Subclass Title 

136 

323 

438 

243 

BATTERIES: THERMOELECTRIC AND PHOTOELECTRIC 

PHOTOELECTRIC 

244 Panel or array 

252 

245 Lightweight and collapsible or foldable 

246 With concentrator, orientator, reflector, or cooling means 

249 

250 

251 

253 

254 

255 

256 

258 

259 

260 

261 

262 

263 

264 

247 

248 

Cells 

257 

Fluorescent concentrator 

Hybrid conversion system 

Monolithic semiconductor 

Particulate or spherical semiconductor 

Encapsulated or with housing 

Radioactive, ionic, or thermo photo 

Photoemissive, capacitive, magnetic, or ferroelectric 

Schottky, graded doping, plural junction or special junction geometry 

Contact, coating, or surface geometry 

Luminescent layer or optical filter 

Polycrystalline or amorphous semiconductor 

With concentrator, housing, cooling means, or encapsulated 

Cadmium containing 

Silicon or germanium containing 

Gallium containing 

Organic active material containing 

Selenium or tellurium containing 

265 Copper, lead, or zinc containing 

290 TESTING, CALIBRATING, TREATING (E.G., AGING, ETC.) 

291 APPLICATIONS 

292 Space - satellite 

293 Circuits 

ELECTRICITY: POWER SUPPLY OR REGULATION SYSTEMS 

906 SOLAR CELL SYSTEMS 
SEMICONDUCTOR DEVICE MANUFACTURING: PROCESS 

48 MAKING DEVICE OR CIRCUIT RESPONSIVE TO NONELECTRICAL SIGNAL 
57 Responsive to electromagnetic radiation 

58 Gettering of substrate 

59 Having diverse electrical device 

60 Charge transfer device (e.g., CCD, etc.) 

61 Continuous processing 

62 Using running length substrate 

63 Particulate semiconductor component 

64 Packaging (e.g., with mounting, encapsulating, etc.) or treatment of packaged semiconductor 

65 Having additional optical element (e.g., optical fiber, etc.) 

66 Plural responsive devices (e.g., array, etc.) 

67 Assembly of plural semiconductor substrates 

68 Substrate dicing 

69 Including integrally formed optical element (e.g. , reflective layer, luminescent layer, etc.) 

70 Color filter 

71 Specific surface topography (e.g., textured surface, etc.) 

72 Having reflective or antireflective component 

73 Malting electromagnetic responsive array 

74 Vertically arranged (e.g., tandem, stacked, etc.) 

75 Charge transfer device (e.g., CCD, etc.) 

76 Majority signal carrier (e.g., buried or bulk channel, peristaltic, etc.) 

77 Compound semiconductor 

78 Having structure to improve output signal (e.g. , exposure control structure, etc.) 
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79 Having blooming suppression structure (e.g., antiblooming drain , etc.) 

80 Lateral series connected array 

81 Specified shape junction barrier (e.g. , V-groovedjunction, etc.) 

82 Having organic semiconductor component 

83 Forming point contact 

84 Having selenium or tellurium elemental semiconductor component 

85 Having metal oxide or copper sulfide compound semiconductive component 

86 And cadmium sulfide compound semiconductive component 

87 Graded composition 

88 Direct application of electric current 

89 Fusion or solidification of semiconductor region 

90 Including storage of electrical charge in substrate 

91 Avalanche diode 

92 Schottky barrier junction 

93 Compound semiconductor 

94 Heterojunction 

95 Chalcogen (i.e., oxygen (0), sulfur (S), selenium (Se), tellurium (Te)) containing 

96 Amorphous semiconductor 

97 Polycrystalline semiconductor 

98 Contact formation (i.e., metallization) 

Table A-2. Definition of selected aggregate classes. 
136 This class is the generic class for primary, secondary, and thermal batteries. It includes the structure of the generator or battery 

itself, the elements thereof, the methods of preparation, operation, and details, and accessories not provided for in other classes. 

136/243 This subclass is indented under the class definition. Device which generates an electric potential upon exposure to light, by the 
direct conversion of the light to electrical energy, i.e. , photovoltaic. 

136/290 A collection of art disclosing methods of checking, adjusting, modifying and/or perfecting photovoltaic cells. 

136/291 A collection of art disclosing methods of using or apparatus incorporating photovoltaic cells. 

323/906 Art collection of disclosures including regulators having as a power source an array of solar cells and/or battery systems such as 
those in spacecraft. 

438 This class provides for manufacturing a semiconductor containing a solid-state device by a combination of operations wherein: 
(1) no other class provides for the overall combination, and 
(2) the intent is to use the electrical properties of the semiconductor in the device for at least one of the following purposes: (a) 
conducting or modifying an electrical current, (b) storing electrical energy for subsequent discharge within a microelectronic 
integrated circuit, or (c) converting electromagnetic wave energy to electrical energy or electrical energy to electromagnetic 
energy. 

438/48 This subclass is indented under the class definition. Process for making a semiconductor electrical device or circuit which is 
responsive to a nonelectrical input or stimuli during operation. 

438/57 This subclass is indented under subclass 48. Process for making a device or circuit responsive to ultraviolet, visible, or infrared 
light, x-rays, or gamma rays. 
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Figure A-2. Number of patents (fraction of total per country) originated in the US, Japan (JP), Germany (DE), 
France (FR) and the UK, 1920-1999. 

Table A-3. Main assignees in photovoltaics. 
TOP 25 ASSIGNEES 

Name Count # % of total 

CANON KABUSHIKI KAISHA JP 150 5.8 

2 NASA us 65 2.5 

3 SEMICONDUCTOR ENERGY LABORATORY CO., LTD. JP 61 2.3 

4 RCA CORPORATION us 60 2.3 

5 SANYO ELECTRIC CO., LTD. JP 60 2.3 

6 MITSUBISHI DENKI KABUSHIKI KAISHA JP 59 2.3 

7 TEXAS INSTRUMENTS us 56 2.2 

8 ATLANTIC RICHFIELD COMPANY us 45 1.7 

9 SIEMENS AKTIENGESELLSCHAFT DE 45 1.7 

10 ENERGY CONVERSION DEVICES, INC. us 44 1.7 

11 SOLAREX CORPORATION us 43 1.7 

12 MOBIL SOLAR ENERGY CORPORATION us 40 1.5 

13 UNITED STATES OF AMERICA, DEPARTMENT OF ENERGY us 36 1.4 

14 EXXON RESEARCH + ENGINEERING CO. us 34 1.3 

15 HUGHES AIRCRAFT COMPANY us 33 1.3 

24 FUJI ELECTRIC CO., LTD. JP 32 1.2 

16 BOEING COMPANY us 31 1.2 

17 WESTINGHOUSE ELECTRIC CORP. us 31 1.2 

18 PHILIPS NL 30 1.2 

19 MATSUSHITA JP 29 1.1 

20 UNITED STATES OF AMERICA, AIRFORCE us 29 1.1 

21 SHARP KABUSHIKI KAISHA (SHARP CORPORATION) JP 27 1.0 

22 UNITED SOLAR SYSTEMS CORPORATION us 27 1.0 

23 MASSACHUSETTS INSTITUTE OF TECHNOLOGY us 25 1.0 

25 GENERAL ELECTRIC COMPANY us 22 0.8 

26 Uf\JiVF.flSITY OF. DE.LAW.A.HF. us 22 0.8 

TOP 5 ASSIGNEES 396 15.2 

TOP 25 ASSIGNEES 1114 42.8 

ALL PATENTS 2603 100.0 
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Table A-4. Statistics component A. 

Countries Top 5 assignees Classes 

country # name country # class # O/o 

us 166 RCA us 16 136 168 86.6 

JP 9 Bell Telephone Laboratories us 11 438 26 13.4 

DE 8 NASA us 8 

FR 4 MIT us 7 

CH 2 Hoffman Electronics Corp. us 6 

UK 2 Westinnhouse us 6 

USSR 2 

NL 1 TOP 5 ASSIGNEES 48 24.7 

AU 0 TOP 25 ASSIGNEES 111 57.2 

KR 0 

total 194 194 100.0 194 100.0 
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Figure A-3. Main assignees (top 5) in component A vs time. 
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Table A-5. Statistics component B. 

Countries Top 5 assignees Classes 

country # Name country # class # O/o 

us 193 Canon Kabushiki Kaisha JP 19 136 225 73.3 

JP 89 Sanyo JP 17 438 82 26.7 

DE 13 Energy Conversion Devices, Inc. us 12 

FR 3 Solarex us 12 

GB 2 Boeing us 11 

AU Fuji Electro Co. JP 11 

CH 

IL TOP 5 ASSIGNEES 71 23.1 

IT 

KR 

NL 

SE 

total 307 307 100.0 307 100.0 
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Figure A-4. Main assignees (top 5) in component B vs time. 
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List of respondents South Africa 

As, Pieter van 
Banks, Douglas 
Byers, Christelle 
Cooper, Chris 
Cooper, Dean 
Geldenhuys, Bertus 
Greben, Jan 
Holloway, Jenny 
Hurwitz, Neriel 
Karuri, Geci 
Maleka, Richard 
Manders, Pat 
Mehlwana, Mongameli 
Napier, Mark 
Parsons, Sidney 
Ramokgopa, Lucett 
Roos, Thomas 
Stylianides, Theo 
Szewczuk, Steve 
W amelen, Joop van 
Wentzel, Marlett 

NuRa 
RAPS Consultancy 
CSIRBoutek 
University of Johannesburg 
Parallax 
RAPS Technologies 
CSIR Transportek 
CSIR Transportek 
Sun tank 
CSIR Boutek 
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Sun Electricity 
CSIR Environmentek 
CSIR Environmentek 
CSIRBoutek 
CSIRBoutek 
CSIR Transportek 
CSIR Defenstek 
CSIR Transportek 
CSIRM&Mtek 
CSIR Boutek 
Palmer Development Consultancy 
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M.Sc. Theses in Technology and Development Studies: 2002 

02.01 Jeannette Klein: Water Pollution in the Accra-Terna Metropolitan Area. Sources and Impacts. 
Ghana. 

02.02 Shila de Vries: Bamboo Construction Technology for Housing in Bangladesh. Opportunities and 
constraints of applying Latin American bamboo construction technologies for housing in selected 
rural villages of the Chittagong Hill Tracts, Bangladesh. 

02.03 An Nguyen: The Introduction of Digital Terrestrial Television in Vietnam. An opportunity study. 

02.04 Martijn Jonker: Building Technological Capabilities to Improve Performance. A case study of the 
paper industry in West Java, Indonesia. 

02.05 Jeroen Nuijten : Sustaining the Basic Research Program of the International School of Photonics. 
Cochin, Kerala. India. 

02.06 Brecht Mommen: Changes in the Basic Needs Situation due to Hydro-projects in Nepal. A case 
study of Kali Gandaki project. 

02.07 Roy Vink: Assessment of Impacts of Hydro-project Balsa Superior on Economic Activities in the 
Canton San Ramon de Alajuela, Costa Rica. 

02.08 Svend Minderhoud: Technological Performance in Indonesian Paper Industry. A case study. 

02.09 Mirjam Pronk: Sustainable Building Systems for Low-cost Housing in Guayaquil, Ecuador. 

02.1 O Thijs Gilde: "Save Water"- An assessment of the major causes of non-revenue water in the 
drinking water distribution system of SEMAPA in Cochabamba, Bolivia. 

02.1 1 Mark van Stiphout: What are the costs of wetland pollution? Integrating the environmental effect 
chain and the total economic value for a coastal wetland in Ghana. 

02.12 Rick Boellaard: Op weg naar ontwikkeling.CFAR-Kasangulu, Za"ire. 

02.13 Petra Hofman: The effects of the Formalization of Urban Informal Property on the Quality of low
Income Housing in Lima, Peru. Problems and Solutions. 

02.14 lssma"il Nnafie : Internet cafes in Dar es Salaam : Problems and Opportunities. Recommendations 
fore Think Tank Tanzania. 

02.15 Loek Daemen: The Socio-Economic Effects of Road Maintenance in lringa Rural and Mufindi 
Districts, Tanzania. An explorative case study into the input-functions for the calculation of 
maintainable core-networks. 

02.16 Christian Rademaker: Anti-Seismic Information Transfer. Assessment of a more appropiate 
information transfer method for implementing anti-seismic construction solutions in El Salvador. 

M.Sc. Theses in Technology and Development Studies: 2003 

03.01 Maartje van Dalen: Role and Performance of the Indonesian Construction Sector. 

03.02 Wouter Zegwaard: Distance Learning Solutions to Bottlenecks in Indonesian Education . . 

03.03 Dennis Sours: The dissemination of amorphous solar PV panels for rural households in the 
Manaus region, Amazonas, Brasil. 

03.04 Henri Heine: Cleaner Production in Industry: Measurement of the total energy saving potential 
and cost saving potential of small and medium enterprises in the plastic industry in Santiago, 
Chile. 



03.05 Ursula Kirchholtes: The important Crops of Andalusia in relation to Super Absorbent Polymers. 
Spain. 

03.06 Carin Bouwman: Wrestling with Development: "Arriving where we started?" A structured 
overview and analysis of 177 TDS MSc research projects in developing countries: their 
characteristics, goals and development relevance. 

03.07 Ellen Geurts: South African development plans and the performance of South African 
construction industry: Constraints of small emerging contractors in the city of Tshwane. 

03.08 Bram Saeijs: Science Parks in South Africa: Characteristics and Analysis of Success Factors. A 
preliminary method for potential success ranking of science parks. 

03.09 Saskia Dalman: Measurement of sustainability of primary schools in rural areas in South Africa. 
Development of a tool to measure the sustainability of the Thulani Primary school, Limpopo 
Provine, South Africa. 

03.10 Bernadette Huizinga: A roof over your head. A Quatitative Housing Need Assessment for 
Tanzania. 

03.11 Marloes Kerklaan: Possibilities for development co-operation between developing countries and 
the Eindhoven University of Technology. An instrument for project appraisal and an analysis of 
development co-operation projects. 

03.12 Mark Vlok: Flood Risk Reduction Strategies: Recommendations for flood risk reduction in the 
Limoncito watershed in Puerto Limon, Costa Rica. 

03.13 Jimmy Murli: Diffusion of Technology from University to Manufacturing Firms in Kerala, India. 

03.14 Tijs den Uijl: Values of Cultural Heritage: Identification of a Cultural Heritage Building 
Rehabilitation Methodology applied in the Case of the Convent Santa Catalina of Collpaciaco, 
Bolivia. 

M. Sc. Theses In Technology and Development Studies: 2004 

04.01 Saskia Ruijsink: Urban upgrading needs in an informal settlement in Dar es Salaam, Tanzania. 
An analysis based upon the interaction between urban space and the people's livelihood 
strategy, the case of Keko Magurumbasi A. 

04.02 Moniek Vulink: Technology Transfer in the Construction industry of Ghana. Human resource 
development through international collaboration between foreign and local contractors in the 
Greater Accra region. 

04.03 Jaap Bosch: Improvement Possibilities for refugee Shelters; a case study in Mtendeli Refugee 
Camp, Northwest Tanzania. 

04.04 Maarten van Oosterhout: Adoption and Diffusion of Natural Gas in the Small-scale Rural Industry 
of Bolivia. The cases of the Stucco Sector and the Chicha Sector in Cochabamba. 

04.05 Marieke Pluk: Economic growth and the environment in developing countries. The case of 
cement consumption and related carbon dioxide emissions in the construction industry in Chile. 

04.06 Anja Kuijsters: Environmental response of the Chilean building Sector. Efforts and constraints 
towards environmental building practices in the Santiago Metropolitan Region. 

04.07 Tom Siebeling: A Novel Approach to Innovation Processes in Community Driven Projects: How 
an extended Learning Selection model explains the success of SEIDET, an educational 
community development project in rural South Africa. 



04.08 Matsen Jorritsma/Koen van Noorden: Sustainable implementation of wind pump projects in 
TASAF supported villages. Preconditions and major policy guidelines for Tanzania Social Action 
Fund. 

04.09 Rudy Honings: The Improvement of Wheelchair Provision for People with a disability in Northern 
Thailand. A study on constraints in assistive technology services. 

04.10 Jessica Curta: Renovation in developing countries. The development of a decision support tool 
to stimulate renovation. A case study to characteristics, constraints and solutions to renovation 
projects in Paramaribo. Surinam. 

04.11 Marloes Reinink: Sustainable School Design Tool. Integrating sustainability into the design and 
design process of primary and secondary schools in poverty-stricken areas of South Africa. 

04.12 Jouke Boorsma: Analysis and Improvement of (Domestic) Liquid Waste Systems and their 
Impacts in the Region of Bais City, Philippines. 

04.13 Wouter Houet: Facilitation of Social Housing Delivery in Urban South Africa. Investigation into 
the role and power of local government regarding the formulation and implementation of social 
housing policies in case studies Tshwane and Ekurhuleni. 

04.14 Pieter Habets: Social Rental Housing in Costa Rica. The possibilities and constraints for the 
adoption and implementation of social rental housing for low-to-middle income groups, within the 
institutional framework of Costa Rica. 

M.Sc. Theses In Technology and Development Studies: 2005 

05.01 Mara Wijnker: Design of a methodology to determine ex-ante the sustainability of rural electricity 
systems. Based on a case study in Oruro, Bolivia. 

05.02 Michele Koper: Decentral, Renewable Energy System in Rural Bolivia. Evaluation of case 
studies and a framework for effective project design. 

05.03 Irene Vloerbergh: Implementation & Diffusion of a Foreign Innovative Technology in the 
Residential Construction Industry. Case study on the diffusion of the HBB-system (Heysterum 
Bouw & Beheer) in the large scale low-income housing sector on Java, Indonesia. 

05.04 Jeroen Matthijs: Access to spatial geographic information on mountainous areas. Building 
Spatial Data Infrastructure in Tanzania. 

05.06 Diane van Herpen: Onbenut potentieel aan vastgoed in Paramaribo - Suriname. Exploratief 
onderzoek naar onbenut potentieel aan vastgoed in Paramaribo in bezit van in Nederland 
wonende eigenaren en ideeontwikkeling voor de inzet daarvan ten behoeve van woningbouw en 
stadsherstel. 

05.07 Saskia Benda: Capacity Building in the Tanzanian Construction Industry. Identifying conditions 
for foreign-domestic collaborations to lead to technology transfer. 

05.08 Herjan Siegers: Designing an Appropiate Drinking Water Facility: Iris, an island in the Nile, 
Sudan. 
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