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1 Introduction
Economic progress without innovation is inconceivable and also research during the last decades has
shown that innovation can be seen as a main driving force for development (e.g. Fagerberg 2003;
Gilbert 2006; Audretsch et al. 2014b). The theme innovation, however, is explored from different
perspectives: the researchers’ perspective on the one hand and the policy makers’ perspective on
the other hand. Prior research related to industrial dynamics mostly focused on the emergence and
dynamics of industries where an innovation is seen as central for the evolution. The phenomenon of
innovation itself is not new, but research on innovation has not started until the 1960s (Fagerberg
2005). The influential writings of Schumpeter (1934; 1942) inspired this research. However,
mainstream economics mainly focused on markets or capital accumulation (Fagerberg 2003). Already
Freeman (1994) criticized the role that was assigned to innovation in mainstream economics given
that it is seen as highly important for capitalist economies. Notably, the extent to which economists
write about innovation experienced a sharp increase in the past three decades (Cohen 2010).
Currently, policy makers argue that education and research are the main triggers of welfare and
assume that the growth of the economy is directly linked to investments in research and
development. In this line, the objective of research is the production of new knowledge. Central
players for the conduction of research are the firms on the one hand and public research institutions
on the other hand. Finally, this new knowledge is brought to the market through innovations. Given
the importance of innovation, the Federal Government develops different strategies to support this.
For example, policy makers plan that about 10% of GDP should be invested into research and
education starting in 2015 (BMBF 2014). In general, an important objective of the research about
economics is to understand economic processes and relationships. Nonetheless, the role of public
policy in the research field industrial dynamics has been neglected so far, although innovation and
industry support belong to the main concerns of policy makers. Despite the important role which is
allocated to innovation and firms by policy makers, we still lack information about how industries –
which are influenced by policy measures – evolve. Therefore, the main objective of this work is to
learn more about the role of innovation, policy and public research in industrial dynamics.

The overarching research question of the present dissertation asks whether it is possible to analyze
patterns of industry evolution – from evolution to co‐evolution – based on empirical studies of the
role of innovation, policy and public research in industrial dynamics. This work starts with a
hypothesis‐based investigation of traditional approaches of industrial dynamics. Namely, the testing
of a basic assumption of the core models of industrial dynamics and the analysis of the evolutionary
patterns – though with an industry which is driven by public policy as example. Subsequently it
1

moves to a more explorative approach, investigating co‐evolutionary processes. This leads to the
following questions: Do large firms have an advantage because of their size which is attributable to
cost spreading? Do firms that plan to grow have more innovations? What role does public policy play
for the evolutionary patterns of an industry? Are the same evolutionary patterns observable as those
described in the ILC theories? And is it possible to observe regional co‐evolutionary processes of
science, innovation and industry evolution? Based on two different empirical contexts – namely the
laser and the photovoltaic industry – this dissertation tries to answer these questions and combines
an evolutionary approach with a co‐evolutionary approach.

The questions outlined above are related to different literature streams. Mainly to the research field
of industrial dynamics, but also to co‐evolutionary approaches and the systems of innovation
approach. To contribute to this literature, it will first be outlined in more detail in the subsequent
sections.

1.1 The research field of industrial dynamics
The development of markets and industries has attracted substantial scholarly attention in the past
decades. Malerba (2007) argues that since the end of the 1970s, the field of industrial dynamics
developed to an important research field in industrial economics1. A broad number of research
questions and methods are used to analyze industries, focusing on aspects like the evolution of
industries, the dynamics of entry and exit, innovation, firm growth and market growth over time
(Carlsson 1987; Frenken et al. 2013). The respective literature offers new insights into the dynamics
and conditions of these aspects. In fact, this research field is based on a rich foundation of theoretical
modeling and empirical analysis. The field of industrial dynamics, however, is still evolving. It is
possible to find slightly different but related definitions of the key themes of industrial dynamics in
the existing literature on this topic. These definitions will shortly be outlined in the following passage.

The contributions to the field of industrial dynamics are rich and multifaceted (Carlsson and Lundvall
1998). Carlsson (2008) compiled a classification system of themes in this field based on an analysis of
journal articles of the early years (until 2000). About 45% of the articles investigate questions about
“technological change and its institutions“. The papers therefore analyze general patterns,
technological regimes and in addition, routines connected with the evolution of industries, or
respectively the industry life cycle and the question what it is influenced by. These articles include
case studies as well as the building of theories. Furthermore, articles of this kind analyze the sources
1
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of innovation as interaction effects and possible sources from the outside. Path dependence and the
historical processes are also considered in the research regarding the diffusion of innovation.
Additionally, questions about clusters and national and regional innovation systems are investigated.
Furthermore, 40% of the articles study the “causes of industrial development and economic growth“.
Articles assigned to this category investigate more dynamic aspects like the evolution of industries
and the role that technological innovations play for entry and exit. What is more, they examine the
relationship between innovation, learning and economic growth – labeled as the micro‐macro
relationship. About 20% of the articles analyze “economic activities in the firm“, namely the
organization of businesses as well as the role of dynamic capabilities. 17% of the articles focus on
firm boundaries and interdependences. These articles mainly concentrate on the analysis of
networks, cooperations and alliances, spillover effects and the dynamics related to firm size.
Interestingly, only 7% of the articles investigate the role of public policy. In those articles one can find
the claim for a more conceptual framework. What is more, some authors try to delineate what kind
of policy is required. Additionally, there are some case studies, but they are not mainly focused on
market failures (Carlsson 2008). This reflects the early years in this field.

Malerba (2007) tries to classify the themes in the research field of industrial dynamics. He argues
that the research in this field can be divided into two complementary areas. As one area he describes
the studies analyzing the dynamics of market structure and the investigation of entry, exit and firm
growth. On the other hand, he points out that one further area are the studies concentrating on
industry evolution. In doing so, these studies also consider knowledge, firm capabilities and other
actors apart from firms, as a second line of investigation. Furthermore, in both inquiry fields of
industrial dynamics, innovation is essential and can be seen as a central element influencing the
evolution and the dynamics of industries. Malerba (2007) points out that out of the pioneering work
in the 1980s and 1990s three major lines of inquiry can be defined. The “Markov” perfect models of
industry dynamics can be seen as one line. Malerba labels this line like this because in these models
the Markov perfect equilibrium notion is applied. These models are based on the assumption of
heterogeneous and rational actors which behave strategically in a framework characterized by
equilibrium. As a second line the quantitative research on innovation and industrial dynamics is
described. The computer technology improved the analysis of these questions by also allowing the
analysis of longitudinal data. The models of industry life cycle and industry evolution are described as
a third line of investigation. Malerba (2007) argues that the ILC models are characterized by a strong
connection of formal theory with the stylized facts and the substantiated evidence based on
econometric analysis. Related to this, the author argues the research about innovation and the
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dynamics of industries has made substantial progress. In his view, the field of industrial dynamics can
be described as a diversified and growing research field.
As mentioned above, one independent part in the field of industrial dynamics, which is inspired by
the idea of finding regularities in the patterns of industry evolution over time, is the research on
industry life cycles (ILC). Given that chapter 2 tests one central underlying assumption and chapter 3
is concerned with the investigation of the patterns of industry dynamics in the photovoltaic industry
in Germany, this part of the literature will subsequently be examined in more detail.

Industry life cycle theory
The research about the evolution of industries has a long tradition in the research field of industrial
dynamics. In the past 35 years, the evolution of different industries was analyzed and different
theories were developed to understand the way in which industries evolve. In the late 1970s,
researchers in the field of management as well as in economics started to find regularities in
industrial life cycles – beginning with the analysis of the automobile industry in the United States
(Abernathy 1978; Abernathy and Utterback 1978; Gort and Klepper 1982; Abernathy and Clark 1985).
The objective of the ILC theories is to explain changes in technological development and alterations
of the industry structure which occur while an industry ages. Out of a comprehensive literature
review, Peltoniemi (2011) identifies the central topics in the theoretical and empirical studies of the
ILC, namely entry and exit, changes in the nature of innovation, survival, entry timing, pre‐entry
experience and innovativeness. According to Peltoniemi (2011), seven articles (Anderson and
Tushman 1990; Klepper and Graddy 1990; Audretsch 1991; Utterback and Suarez 1993; Jovanovic
and Macdonald 1994; Suarez and Utterback 1995; Klepper 1996) can be regarded as the basic source
of this literature stream. The models of the industry life cycle can be characterized by a strong
connection of the stylized facts with formal theory and econometric analysis (Malerba 2007). Given
the nature of these models which differ in their extent, they can explain various types of industry life
cycles.

Empirical regularities
Regularities about how industries evolve, in detail concerning entry, exit, the market structure and
prices, have been observed by different authors during the last 35 years (e.g. Abernathy and
Utterback 1978; Klepper and Graddy 1990 or Klepper and Simons 2005). Gort and Klepper (1982) e.g.
identify five stages of industry evolution in which technological change can be seen as the most
influencing aspect. They assume that right in the beginning, the industry consists only of a small
number of firms. At a certain point of time the number of firms (producers) will grow rapidly. This
growth stage is followed by a stage of stagnation. Subsequently more firms will exit than enter
4

(negative net entry), the shakeout occurs. The last stage is the equilibrium which will last until the
industry is confronted with some fundamental changes. Klepper and Graddy (1990) argue that the
shakeout in the number of active firms generally tends to take place early in the industry
development. An early overview article by Klepper (1997) reviews the evidence on entry and exit,
firm survival, structure of firms in new industries and also innovation to answer the question
whether there are observable regular patterns. These different phenomena result in the empirical
regularities characterizing the industry life cycle (ILC). Klepper (1997) states that it is possible that an
industry evolves according to the observed stages, but it is not inevitable. The shakeout phenomenon
is one part of the broader pattern of the empirical regularities that characterize the industry life cycle
(ILC). The ILC is a frequent but not universal pattern of industry evolution. One of the most famous
variations of the shakeout phenomenon can be found in industries where heterogeneous products
are sold in a variety of submarkets (Klepper and Thompson 2006).
Theories
In general, the theoretical work in the field of ILC can be allocated to different categories. First of all,
there are the shakeout theories (Utterback and Suárez 1993; Jovanovic and McDonald 1994; Klepper
1996). Klepper and his co‐authors refined this approach in the subsequent years. As a result, there
are submarket theories (e.g. Klepper and Thompson 2006), showing in a pure stochastically model
that industries also evolve through the creation and destruction of submarkets. A third field of
research tries to merge these theories. Representatives of this third field are Bhaskarabhatla and
Klepper (2014), who have developed a model combining the submarket and shakeout approaches to
a unified model2.

Shakeout Theories: The role of technological innovation is emphasized by the dominant theoretical
accounts of the shakeout phenomenon. Three major causes which might lead to a shakeout have
been identified. Utterback and Suárez (1993) propose that a dominant design leads to the shakeout,
whereas Jovanovic and McDonald (1994) argue that radical process innovations are its origin and
finally Klepper (1996) points out that gradual process innovations result in a shakeout. In this sense,
product innovation tends to attract new buyers through the addition or improvement of different
product features, while process innovation leads to a reduction of the average production costs of a
firm (Klepper 1996; Cohen and Klepper 1996a,b).

2

The “combined shakeout and submarket model” will be discussed in chapter 3. Given that it merges the
mentioned models, it is listed here, but it is not one of the central models which started this literature stream.
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In the conceptual and time discrete four‐stage‐industrial‐life‐cycle‐model of Utterback and Suárez
(1993) it is assumed that a dominant design, i.e. a product innovation leads to a shakeout in an
industry. Utterback and Suárez (1993: 17) explain that the “[…] dominant design which emerges is
not necessarily the result solely of technical potentials, but also of timing, collateral assets and other
circumstances. Once a degree of standardization is accepted, however, major innovations from
within an industry seem less and less likely to occur short of a wave of new entrants and increasing
competition.” So, the dominant design is described as a specific path in the design of an industry
which is dominant compared to other possible technology paths. It leads to a shift of the competition
in an industry. The model will be described in the following. At a certain point of time in the life cycle
of an industry a creative synthesis of new product innovations from one or more firms in this
industry leads to a temporary monopoly. This impermanent monopoly is linked to high prices and
high profit margins. The product is first placed on some niche markets on which the product has the
highest performance advantage. The demand as well as the production grow and new firms will
enter the market with certain variants of the product. These variants are developed through
innovation. In this model it is assumed that not the size of a firm is of great importance but rather
the fact that innovative firms from outside the market enter the market. Through the emergence of a
dominant design, the firms shift their efforts to process innovations and process integration and the
rate of product innovations declines. This is because with the dominant design uncertainty within the
industry decreases. It is now more important for firms to invest in process R&D. Firms which are able
to shift to product standardization and process innovation will be successful. Those firms which are
not able to make the transition in their innovation effort will eventually fail and the shakeout occurs.
The inability of incumbent firms to change their internal structure and practices is seen as a major
source of failure. It is assumed that in certain industries, the industry as well as sales and market
shares becomes stable and only a few large firms offer standardized products which may only differ
slightly. When a major discontinuity appears it is possible that through this a new cycle may start
(Utterback and Suárez 1993).

Jovanovic and McDonald (1994) base their model on the observed patterns by Gort and Klepper
(1982) and present a technology based explanation for the shakeout. The authors differentiate
between invention and innovation in their model based on the work of Schumpeter (1934). In doing
so, innovation is described as a random event. In this model it is assumed that inventions are events
which happen exogenously in other industries or in science. Key elements are two different
inventions. The first invention starts the industry, whereas the second one – a refinement –
eventually triggers the shakeout. The model has been created to better understand whether or not
the life cycle is mainly driven by supply‐side based arguments, like innovation. It is based on the
6

following assumptions: The model is in discrete time. The life cycle of the industry is purely driven by
the supply side e.g. via technological change. Market demand is generated by the behavior of the
consumers and created in a simple way. The demand declines over time without any changes and
learning or other influences are blinded out. Right in the beginning, only simple knowledge exists. As
long as the firms only possess primitive knowledge, the market does not operate and production is
not possible. The industry is started through a basic invention from outside the industry, which offers
the possibility of a commercial application. After the “arrival” of this initial invention from outside
the industry the firms start to innovate which eventually leads to low‐tech innovation, whereas
innovation is a challenge for the firms. The probability for an innovation after the invention is less
than one. Firms which do not innovate fail or leave the industry. At a certain point of time a
refinement (second invention) will arrive, which will result in entrance of new firms. This refinement
leads to an increase of the optimal scale of each firm which had implemented this refinement before.
In the following period, the industry consists of low and high‐tech firms. The price is highest in the
beginning. After the introduction of this refinement, which is a scale‐enhancing innovation, the price
of the product will decrease when firms start to expand, given that the demand curve is fixed.
Subsequently, firms will start to exit the market (shakeout). This can happen in a rapid or a more or
less gradual process. Afterwards, the number of firms stabilizes. Thus, the shakeout in this model is
triggered by one major refinement, i.e. an invention which is made outside the relevant industry
(Jovanovic and McDonald 1994).

The theoretical model of Klepper (1996) shows how a shakeout can arise endogenously through
growth and R&D activities of firms in an industry. An underlying assumption is that demand for the
product of a firm conditions the incentives to invest in R&D. These incentives differ for product and
process innovation. The incentives to engage in cost‐reducing R&D are size‐dependent, whereas the
incentives for product innovation are triggered by the demand of new buyers. The model is in
discrete time and for simplicity it is assumed that all firms produce a standard product. In each
period, incumbent firms decide whether they stay (a firm will exit, if their expected profits fall below
zero) and the potential entrants decide if they should enter. The average costs can be reduced
through process‐R&D. This is most profitable for larger firms, given that they can spread their fixed‐
costs of R&D over a larger amount of output. A uniform price is assumed in each period and
consequently larger firms with lower average costs will realize higher profits. Firms will reinvest their
profits what means that the more profitable firms will grow faster – and this again increases the
incentives to engage more in process R&D. The industry faces a fixed demand curve and while the
incumbent firms grow (the output increases), the price of the product declines. Due to this, entry
might become unprofitable for other firms and furthermore some of the smaller firms are forced to
7

exit the market (Klepper 1997). Entry will dry up, when even the most capable entrants cannot
expect to make profits. The profitable firms in the market will still grow, whereas all others will exit
the market (mostly entrants from later cohorts). This constitutes the shakeout (Klepper 1996).

Submarket theory: Klepper and Thompson (2006) argue that beside the industries featuring a
shakeout also other patterns of industry evolution are observable, especially in industries where
heterogeneous products are sold in a variety of submarkets. These aspects are considered in a
submarket model which has been developed by Klepper and Thompson (2006). Similar to Sutton´s
(1998) work on firm‐size distribution, a stochastic process of creation and destruction of submarkets
is the core of the submarket model of Klepper and Thompson (2006). The evolution of an industry
and also the firm dynamics are described as an exogenous stochastic process. In this model, it is
assumed that the moving power for change in an industry is the creation as well as the destruction of
submarkets. The term submarket captures that the firms of an industry can be distinguished by
various criteria e.g. based on the used technology or by regions or the targeted customer segments.
New opportunities inside an industry can be exploited through submarkets. An industry is built up on
different submarkets, but it starts with only one submarket. Gradually, new submarkets are created,
but the life of each of them is limited. The submarkets consist of different firms with different market
shares. A firm is defined as an entrant when it is active in one or more submarkets. For firms it is
possible to expand their activities by entering new submarkets. It is assumed that there are a number
of potential entrants and the probability to enter the market is equal for all firms. Furthermore, the
firms differ concerning the number of submarkets in which they are active. The size of a firm is
defined by the number of submarkets it belongs to. The survival of a firm is positively related to the
number of submarkets in which it is active. Thus, a firm will only be able to exit when the number of
its submarkets decreases to one. The number of submarkets in an industry can change, which leads
also to a change in the submarkets in which a firm can be active (Klepper and Thompson 2006).

The unified model of Bhaskarabhatla and Klepper (2014) combines features of the earlier shakeout
and submarket models. The authors show how an industry can evolve from a submarket pattern with
an increasing number of active firms to a shakeout which eventually drastically reduces the number
of active firms. In this process is the heterogeneity of the industry´s output reduced as soon as a
dominant submarket emerges. As a consequence, the firms with different product variants that serve
competing submarkets are driven from the market. This model will be applied and discussed in detail
in chapter 3.
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Although the models differ in their assumptions concerning what kind of innovation leads to the
shakeout (gradual process innovation vs. radical process innovation vs. product innovation in form of
a dominant design) it is generally accepted that innovation plays a central role in the evolution of
industries. Patterns of industry evolution have been analyzed for different industries (e.g. tire,
semiconductor, laser, automobile) in various studies in the past two decades (e.g. Klepper and
Simons 2005; Klepper and Thompson 2006). Additionally, the themes have been broadened.
Audretsch and Feldman (1996) for example assume that the stage of the life cycle has an influence
on the geographical location of knowledge inputs and outputs and point out that the geographical
clustering of innovative activity is shaped by the stage of the industry life cycle. Further studies e.g.
analyze the relationship between network dynamics and the industry life cycle (e.g. Orsenigo et al.
2001; Gay and Dousset 2005; Balland et al. 2013). But there are still some limitations when the
analysis is mainly focused on innovation. Malerba (2007) points out that different studies have
indicated the relevance of demand, which can also influence and stimulate innovation and the
dynamics inside an industry. Thus, the role of public policy for industrial dynamics needs to be
investigated in more detail.

1.2 Co-evolution as a pattern of industry evolution
Nelson (1994) argues that the evolutionary processes of industries happen in a market context, thus
the firms are also determined by various market forces. But in the field of industrial dynamics often
only the firm population of a certain industry is under investigation and other possible influences are
just blended out. As already mentioned in the title of this work, it might also be an appropriate way
to analyze the dynamics of industries considering its environment respectively the relevant actors for
an industry given that firm populations do not evolve in an isolated area. This topic is relevant for
scholars investigating organization and management theory and it has also moved into the
awareness of researchers investigating industries. Various scholars argued that there is a need of co‐
evolutionary models for a better understanding of industry evolution. Nelson (1994) mentioned this
point in his theoretical article about the “co‐evolution of technology, industrial structure and
supporting institutions”. The author himself describes what he does as appreciative theorizing. He
connects the economic analysis closely with the data but links it also with theory. In his article,
Nelson argues that the development of institutions is influenced by changes in the economy as well
as different incentives and pressures. He claims that this should be considered in further research.
Also Dimaggio (1994) argues that it would be plausible to consider not only the firm population but
to observe whether co‐evolutionary processes play a role in the evolution of a certain industry.
Dimaggio further argues that it is necessary to use narrative as well as statistical analysis to examine
co‐evolution in detail. Baum and Singh (1994) analyze the evolution of organizations and their
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environment and argue that co‐evolution is observable and that the relationship might be bi‐
directional. The authors suggest that feedback processes should be considered in the examination of
organizations.

As described above, there are different perspectives of co‐evolution and also the level of analysis
differs. In general, co‐evolution does not necessarily mean that everything evolves together with
everything. Murmann (2003) indicates that co‐evolution should be understood in a broader way,
namely that multiple things evolve jointly and not that two things evolve together. It is restricted in
the way that there is a causal interaction. He uses the term “parties” to describe the actors and
points out that this causal interaction is a bi‐directional one. Based on this understanding of co‐
evolution, Murmann (2003; 2013a) examines the co‐evolution of the academic chemistry and the
firm population in the synthetic dye industry. What is more, he connects industrial, technological and
the institutional dynamics and gives a template for further research.

The relationship between universities and industry also gained attention before in various studies in
a slightly different context. Mueller (2006) investigates in how far the relationship between
universities and industry can be seen as link for knowledge spillovers and thus as a cause for an
increase in economic growth. She argues that universities are a source of innovation and that there is
a relationship between the number of firms using them as a knowledge stock and the regions which
experience economic growth. What is more, it is important for growth that the universities are able
to communicate their new knowledge. In doing so, basic as well as applied research is important for
this. Santoro and Gopalakrishnan (2000) argue that the faster changing environment requires that
firms actively acquire new knowledge to advance technologies. Thus, the absorptive capacity is an
important ability of a firm (Cohen and Levinthal 1990). The interaction between universities and
industry gained attention by various scholars and indicates that universities and firms interact with
each other and influence each other (e.g. Barnes et al. 2002; Santoro and Chakrabarti 2002). Santoro
and Gopalakrishnan (2000) analyze U.S. firms which collaborate with university research institutes.
Their results indicate that the innovation process is a multi‐stage process and the same can be said
about knowledge transfer. They argue that the right internal context offers a good opportunity for
knowledge transfer but they see the pure concentration on the firm´s perspective as a limitation.
They argue that collaborative ventures require more than one partner and it is necessary to consider
the perspectives of all partners. This research indicates that the relationship between industry and
university is important for acquiring new knowledge. Soh and Subramanian (2014) argue that
university and industry R&D collaborations are important but firms differ in the rate in which they
can benefit from this relationship depending e.g. on their age. They find evidence that younger firms
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benefit more from university collaborations. On a level superordinate to the knowledge exchange it
is possible to study not only in how far university and industry not only exchange their knowledge,
but to investigate whether joint co‐evolutionary processes are observable.
The findings on the importance of industry and university interactions indicate that both should be
considered in a co‐evolutionary approach.

In this line, Jaffe (1989) is one of the early scholars investigating the effects of academic research. He
shows that the research in specific regions and not research in general has an impact on industries.
As one of the first he estimates a simultaneous model, in detail a 3‐equation simultaneous model
which is partially recursive on a data panel which is 3‐dimensional. He argues that causality is a
difficult theme but his results indicate that the industry R&D is caused by university research and not
the other way around. Later research was often only concentrated on one direction. Mansfield
(1991) e.g. shows that public research contributes to industrial innovation. Further research by
Mansfield (1995) supports this view and he argues that various industrial innovations are based on
academic research. The results of Cohen et al. (2002) are also in this line. They investigate the role of
public research for industrial R&D and argue that this is important for the understanding of the
innovation process. Their results indicate that public research has an effect on the industrial R&D in
various industries. The strongest influence is observable for the manufacturing sector. By taking a
more detailed look at the university research it is observable that engineering and applied science
are more important in this relationship than basic research. Furthermore, Cohen et al. (2002) identify
different channels through which the industry is influenced by the research at universities, namely
through papers and reports which are published, but also conferences, meetings and consulting as
well as the informal exchange play a crucial role. In this line public research not only provides
solutions for problems but it also suggest new project ideas. Although the results differ between
industries, the findings of Cohen et al. (2002) indicate that, related to research, universities have a
substantial impact on industry. Linking this to the co‐evolutionary approach it seems that there are
some limitations given that the studies only consider one direction of influence. According to
Murmann (2013a), reverse causality plays a crucial role in the joint evolution of firm populations and
academia. Thus, also research is required in which possible influences from industry on academia and
vice versa is considered, like Jaffe (1989) already suggested.

Murmann (2013a) points out that scholars agree that co‐evolutionary patterns are relevant for firms,
technologies and institutions in general e.g. like universities. But he argues that there is still a lack of
knowledge how these processes occur. In a historical case study, he investigates the co‐evolution of
the academic chemistry and the firm population in the synthetic dye industry. He identifies different
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mechanisms e.g. commercial ties, lobbying and the exchange of employees which work as levers in
the synthetic dye industry. Additionally, the author gives a template for further studies about what
kind of data is required to analyze the co‐evolution of industries and their environments. He argues
that for this, each part of the relationship needs to be identified as a population which experiences
entry and exit dynamics. The results of the study indicate that mutual interdependent processes exist
between the academic chemistry and the synthetic dye industry. Nevertheless, further research
needs to be undertaken to investigate co‐evolutionary processes of industries in more detail.

1.3 Research about innovation
Innovation in form of technological opportunities can lead to firm entries and eventually to the
emergence and evolution of new industries (Klepper 1996). Consequently, innovation plays a central
role in the research field of industrial dynamics. According to Kline and Rosenberg (1986) the term
innovation can relate to new aspects. It can be used as a term for new products, for a process of
innovation and also for the usage of new materials for an existing product. Furthermore, it includes
the changing of production processes or ways which lead to a cost reduction. Fagerberg (2005)
points out that the research about innovations in general started in the 1960s. Nevertheless,
different perspectives about innovation exist. Freemann (1998: 16) reports about the early years that
“Those economists, such as Marx in the nineteenth century and Schumpeter in the twentieth, who
attempted to assign a more central role to technical innovation, were regarded as rogue elephants
whose work, although certainly of interest, should not be taken too seriously”. Freeman (1994)
argues that an essential problem in research is the fact that on the one hand the role of innovation is
seen as fundamental in capitalistic economies but on the other hand it does not really matter in
mainstream economics. The research field of the “systems of innovation” provides useful insights
about innovation (e.g. Lundvall 1992; an overview is given by Soete et al. 2010). Soete et al. (2010)
argue that especially the systemic component is generally important in the systems of innovation
approach. In this approach the relationship between several components like e.g. research, learning,
invention and innovation is considered. Furthermore, they point out that in fact the innovative
performance of firms or organizations is linked to various patterns of interactions and also
institutions. The authors describe this approach as multidisciplinary. They state that five insights can
be found in the literature about the systems of innovation. Firstly, innovation requires more than just
R&D. Secondly, institutions and organizations are important. Thirdly, the static view is not that
helpful, a dynamic perspective is required to capture the importance of interactive learning. Fourthly,
the interactions between the different actors are also important. The fifth point refers to the
significance of social capital. An important role for the industry and science relationship is also
ascribed to the geographic respectively sectorial dimension in the systems of innovation approach.
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According to Asheim et al. (2011), a continuous growth of the research about regional innovation is
observable, especially in the last three decades. Based on the systems of innovation approach,
further applications emerged, like the national innovation systems (NIS) approach. According to
Asheim et al. (2011), the NIS approach was developed as an explanation of the economic
performance and international competitiveness of nations and goes back to Freeman (1994).
Furthermore, the regional innovation systems approach (RIS) should be noted, the roots of which can
be found e.g. in Marshall´s assumptions.

Though the research about innovation mainly started in the 1960s, Schumpeter can be seen as the
first who described innovation, even though he did not use this term. Schumpeter (1934) argues in
his “The Theory of Economic Development (1912/1934)” that economic development is based on the
carrying out of new combinations. The concept of the new combinations can be classified into five
types, namely new products, new production methods, opening of new markets, finding of new
sources of supply related to new materials or goods which are half‐manufactured and at least the
carrying out of a new organization. It is important to notice that, in his early writings, Schumpeter
allocates the role for carrying out the new combinations only to the entrepreneur. The entrepreneur
needs to be distinguished from the plain businessman or manager in general, who is responsible for
the daily business. Witt (2002) argues that the Schumpeterian entrepreneur is the one who is able to
accomplish this unique achievement and that this is rather a capacity or function than a profession or
occupation. Innovation is the central factor for change in the capitalistic process of growth, thus it is
the trigger for development. Scholars label this as MARK I. Schumpeter´s work is influenced to a
great extent by the changes in the economy in the early 20th century. In his later work “Capitalism,
Socialism and Democracy”, Schumpeter (1942) shifts the focus to the role of large (monopolistic)
firms as the source of technological progress. This is called MARK II. The reason for this claim is based
on the assumption that only a monopoly offers a stable environment for the firm to engage in R&D
and furthermore only a dominant firm is able to fully explore the possible advantages of economies
of scale3 (Gilbert 2006). Malerba (2006) argues that one central element of Schumpeter´s work is the
relationship between innovation and industrial change. The empirical testing of these writings is also
labeled as the Schumpeter hypotheses (Malerba 1995). The “Schumpeter” or sometimes also called
as “Neo‐Schumpeter” hypotheses are related to the MARK II assumptions. Here, the assumptions

3

A general assumption is that larger firms can produce more cost‐effectively as smaller firms. While operating
at a minimum efficient scale, which can also be described as the scale which is necessary to get the lowest cost
per each unit, the larger firms can gain an advantage compared to smaller firms. Given this they have a cost
advantage in production. In fact, economies of scale exist when a proportional increase in all factor inputs
causes a disproportionate increase in output (Chandler 1990).
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about the advantages of large monopolistic firms are divided into two hypotheses4, namely the
studies about firm size and innovation and the studies about market structure and innovation.
Furthermore, there are some crosscutting considerations, merging both types of the hypotheses
(Cohen 2010).

Regarding this background, the following section presents an overview of the research related to
innovation and the Schumpeterian hypotheses. The main focus will be on the relationship between
firm size and innovation and the respective literature. In this line, also the regional aspects of
innovation and the question why firms locate in certain regions will be discussed. Furthermore, a
short overview about how innovative activities can be measured will be given. Since this is a broad
field, only certain selected aspects will be addressed.

Research about the Schumpeterian hypotheses
Schumpeter´s work is to a great extent shaped by the question how economic development is
influenced by the capitalist competition and in this line in how far the competition, to which he
ascribes great importance in terms of innovation, can affect development and in the long run also
increase social welfare. Here, the role of innovation is seen as central in its importance for economic
development (Cohen 2010). The writings of Schumpeter in the early years of the last century inspired
various researchers to investigate the role of innovation concerning the influence on welfare and
economic growth. The importance of innovation has gradually moved into the consciousness of
scholars and now it has become a common view that innovation not only influences the performance
of companies but also that there is an impact on the long‐term economic performance of entire
countries (Cohen 2010). Fisher and Temin (1973) argue that in the early years of this research
stream, the research conducted to test the Schumpeterian hypothesis led to the fact that the
richness of these hypotheses was sacrificed. In the first quarter after Schumpeter published his book
“Capitalism, socialism and democracy (1942)”, often only the relationship between R&D
expenditures or the proportion of R&D staff (R&D input) and firm size was analyzed. It has been
criticized that the variables used are only a supposed consequence of economies of scale. What is
more, Fisher and Temin (1973) point out, that the articles are critical of each other, but that none of
them ever questioned whether the test of the hypothesis is the right test. The authors conclude that
the Schumpeterian hypotheses and the conclusion, as well as the empirical tests in the literature
have only little in common with each other. The view of Cohen and Levin (1989) is also in line with
the argument of Fisher and Temin (1973). The former argue that in most of the literature only two

4

A detailed overview of the studies of innovative activity and performance is given in Cohen (2010). An early
overview about market structure and innovation is given by Kamien and Schwartz (1975).
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hypotheses related to Schumpeter are tested. In fact, the hypothesis that innovations increase more
than proportionately with the size of the firm and furthermore that the innovative activity increases
with market concentration. Furthermore they explain that a large problem can be seen in the
methodological difficulties. Rather primitive econometric techniques were used in the early years to
analyze data, i.e. techniques which were often inadequate to study the questions and also the
equations were only loosely specified (Cohen and Levin 1989). Freeman (1994) points out that the
research of the “Neo‐Schumpeterians” was also critical related to the work of Schumpeter himself.
This criticism was based on the evidence of new empirically based research, which is again related to
Schumpeter´s thoughts about the creative destruction. According to Gilbert (2006) a shift in the
direction of research is observable since the mid‐1980s. Since then the data as well as the methods
used to analyze technological opportunities have been improved.

Up to the mid‐1990s a lot of research was undertaken to examine the relationship between firm size,
innovation and market structure. Scherer (1965b) e.g. analyzes the relationship between patents as a
measure for inventive output and firm sales. They show that – if the technological opportunities are
ignored – patenting can be seen as an increasing function of the size of the firm, but the rate is not
always proportional. Most times it is less than proportional. Because of this, he claims that large and
monopolistic firms might not be as efficient as they might seem. These results are in line with
Scherer´s (1965a) previous work that found that large firm size might be a stifling factor and is not
necessarily a requirement for innovative activities. Villard (1958) considers the market structure and
argues that a competitive oligopoly offers the best environment for innovation. Schmookler (1959)
criticizes that this could be interpreted as a claim for a direct relationship between innovation, firm
size and the number of firms in an industry, but he states that there generally is no systematic
relationship between firm size, innovation and industry structure. This argumentation is also in line
with the results of Worley (1961). By means of the example of the pharmaceutical manufactures
Vernon and Gusen (1974) argue, that organizational inefficiencies of large firms should not be a
problem and that large firms have an advantage related to technological change when compared to
small firms. Soete (1979) claims that no clear evidence for size advantages is available. Thus
smallness or bigness is not necessarily an advantage or disadvantage. Further research was e.g. done
by Cohen et al. (1987), showing that firm size on the business unit level has no direct influence on the
R&D intensity. However, the firm size on the business unit level has a stronger effect on the
probability for it than the overall firm size. Acs and Audretsch (1988) show a close relationship
between the expenditures of R&D and the number of innovations but they argue that the number of
innovations increases with R&D expenditures at a decreasing rate. Furthermore, they argue that the
innovative activities of small and large firms are also dependent on the technological and economic
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environment but further research on this aspect is needed. Crépon et al. (1998) illustrate that the
probability to engage in R&D increases with the firm size. Furthermore, the market structure and the
diversification of a firm have an influence on the probability. Frenkel et al. (2001) show that firm size
positively influences the propensity to innovate but in contrast to this, Shefer and Frenkel (2005)
explain that the investment rate of R&D is not influenced by the size of the firm by taking the plastics
and metals industry as example. A recent study by Hashi and Stojčić (2013) supports the earlier
findings of the literature and shows that the probability of innovation increases with firm size.
Nevertheless, although the spending on innovation increases with size, the innovative output
decreases with size.

A further step is made by those scholars who consider the role of firm size, entry and exit and how
the innovative activities change according to the industry life cycle. They claim that it also depends
on the stage of the life cycle which type of firm belongs to the main innovators. Stock et al. (2002)
argue that innovation should be seen as an ongoing process and thus, they analyze the relationship
of the effectiveness of the innovation process over time and the size of the firm. The effectiveness is
measured by the technological performance of the firms, namely the new products which are
developed. Their results indicate that – at least in a dynamic sense – small firms are more
technologically innovative than large firms. This shows that the results are still heterogeneous.
Malerba and Orsenigo (1996b) e.g. show that the results of the comparison of the patterns of
innovative activities are very similar if one compares them across countries but in the same
technological classes. They argue that systematic differences can be observed across technological
classes.

More recent studies also examine this relationship but vice versa, i.e. the role of innovation for firm
growth. Coad and Rao (2008) explain that there are many reasons why a firm on average grows. Its
innovativeness might be one point, but it does not have to be. Demirel and Mazzucato (2012) argue
that there is a positive influence from R&D on firm growth but this is dependent on a set of criteria of
the firm specific characteristics, namely patenting and persistence in patenting as well as firm size.
They point out, that this is only valid for small firms if they are persistently active in patenting for
more than five years. The growth of large firms will be slowed down by investments in R&D. Thus,
the relationship is not always as simple as it appears. By applying a VAR model Deschryvere (2014)
e.g. demonstrate that a positive relationship between sales growth and R&D growth can be found
only for innovators who continuously undertake product and process R&D. Furthermore, he points
out that the results vary by firm size and that large firms which are continuous innovators have
significant positive and mutually interdependent relationships between sales growth and R&D
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growth. Segarra and Teruel (2014) analyze the role of R&D activities on growth for Spanish service
and manufacturing firms. Their results indicate that new and small firms are most likely to become
high growth firms and additionally the propensity is also higher for firms which invest in R&D.
Moreover, the results lead to the assumption that firm size has a negative effect on growth, but
belonging to a group of companies has positive effects. They conclude that different R&D sources as
well as different industries have different effects on firm growth.

There is further research which is somehow also related to the Schumpeterian hypotheses. Already
Kamien and Schwartz (1975) argued that there is a wide range of different tests of the
Schumpeterian hypotheses, which can be seen as a result of the broad empirical interpretation of the
hypotheses. Research topics in this line are e.g. the regional aspects of innovation, the research
about how the imitation costs of the firm are influenced by knowledge spillovers, the influence of
different market characteristics for the investment in R&D (e.g. technology adaption, design of
intellectual property rights and diffusion) and also the question in how far the private incentives for
R&D differ from the socially optimal levels (Gilbert 2006). Some researchers expand the view about
market concentration and innovation and consider networking and technology transfer effects (e.g.
Love and Roper 1999; Rogers 2004). Considering only certain market characteristics, Love and Roper
(1999) e.g. claim that networking effects and technology transfer can have the same effect as R&D
for the innovation process in a firm. Thus, they fear that ignoring this might lead to an
overestimation of the R&D effect. Nonetheless, they still point to the relevance that firm
characteristics like size and sales growth can have. Rogers (2004) states that certain firms like
exporting or networking firms, as well as firms which invest in R&D have a higher level of innovation,
but this again varies with firm size. He argues that networking effects are only strong for the smallest
firm size group. Thus, the results are interpreted in the way that the determinants and the process of
innovation vary across firm size. Consequently, several studies indicate the relevance of firm size.
Additionally, recent studies also extend the previous ILC studies by analyzing the evolution of
network patterns along the industry life cycle (e.g. Orsenigo et al. 2001; Gay and Dousset 2005;
Balland et al. 2013). Gay and Dousset (2005) e.g. explain that joint dynamics of innovation and
networks exist. Nevertheless, this stream of research can be seen as an extension, but it does not
neglect prior findings.

Malerba (2006) argues that the Schumpeterian hypotheses were interpreted in various ways but the
literature indicates one important point, namely that innovations are a central element for the
economic process.
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The regional component: innovation and geography
Pascal and McCall (1980) point out that agglomeration economies have a long tradition as a reason
of industrial clustering. An analysis of the location choices of firms shows that different factors play a
role and that firms do not arbitrarily settle somewhere but that the spatial aggregation is due to
positive externalities. Research about positive externalities can be distinguished into three types as
described in the following. Marshall (1890, 1920) has identified the regional emergence and location
of specialized firms as a process related to agglomeration economies (localization economies).
According to Marshall (1890, 1920) localization economies arise when firms can benefit from a local
specialization in their own industry. Reasons for this are e.g. knowledge spillovers and the pooling of
the labor market. Firms highly profit from the specialization of their own industry, also called intra‐
industry knowledge spillovers. What is more, this kind of agglomeration possibly attracts further
suppliers and the firms have access to specialized suppliers (Guimaraes et al. 2000; Neffke et al.
2011). Secondly, Jacob´s externalities (Jacobs 1969) are related to a strong diversity in the local
industry. Firms can benefit from knowledge across industries because some problems can be solved
with a solution established by another industry. This is also called inter‐industry knowledge
spillovers. Thirdly, the urbanization externalities can be seen as a reason for local agglomeration. In
this case firms are assumed to benefit from large cities. Large cities are related to a good
infrastructure, a large pool of workers respectively high skilled employees and usually also a good
knowledge infrastructure like e.g. the existence of a university (Glaeser et al. 1992; Neffke et al.
2011)

The importance of these agglomeration advantages have been tested and proved in various studies.
In addition to the research where and why firms locate, there is also research on the question which
impact the regional component has on innovation. Audretsch (1998) e.g. analyzes by means of a
review, in how far the geography is important for innovation. Although we have highly developed
technologies and global markets, tacit knowledge is a complicated topic and e.g. knowledge
spillovers are still spatially restricted. Santoro and Gopalakrishnan (2000) e.g. find evidence that
geographical proximity is important for the institutionalization of knowledge transfers. Various
studies analyze how regional innovation can be triggered and questions what kind of policy is
required to support this. Looy et al. (2003) argue that knowledge centers are highly important for
regions which want to develop high‐tech firms. Related to co‐evolutionary approaches they point out
that especially the new entrepreneurial combinations require interaction between the knowledge
centers and the firms. Hence, physical proximity is important. The regional role of universities as a
source of knowledge is also investigated by Fritsch and Slavtchev (2007). They find that the regional
innovative output is strongly influenced by the research done at universities. The intensity and
18

quality of the research has an influence and not the pure proximity to the university. Neffke et al.
(2011) state that firms differ in the degree in which they profit from their environment, depending
on the stage of the life cycle. Thus, younger firms benefit from a high diversity, whereas more mature
firms benefit more from intra‐industry spillovers. The authors claim that the inquiry of agglomeration
effects requires a dynamics analysis, i.e. an analysis along the industry life cycle. In this line Balland et
al. (2013) use a creative industry, the global video game industry, to investigate the formation of
network ties along the life cycle of this industry. Their results indicate that in this industry, proximity
matters. Leten et al. (2014) analyze the impact of universities on firms which are located close to
them. They analyze the effects of academic research as well as education on the technological
performance of firms. Their results indicate that firms benefit from the proximity to a university on
the regional level. Thus, the geographical component matters for innovation and should be
considered when analyzing industries.

Patents as a measure of innovative activity
Investigating the role of innovation for economic development leads to the question what kind of
measure is appropriate to measure innovative activities of firms (Pavitt 1982). Already Kuznets
(1962) mentioned that different problems occur when trying to measure innovative activity, i.e. the
innovative input as well as the innovative output. In fact, even today it is not easy to measure it in a
good way and the knowledge about innovations is still limited (Nagaoka et al. 2010). Smith (2005)
says that a very general description of innovation is novelty. Something new is created that requires
a certain process of knowledge building as well as learning. This might lead to problems across
products. He argues that measuring innovation in an appropriate way requires commensurability
which means, that the entities need to be similar in a certain way, so that it is possible to make the
comparisons in a quantitative way. Based on these arguments, Smith (2005) claims that the question
about what can be measured with innovation or what cannot needs to be distinguished and
considered.

Basberg (1987) points out that in earlier years mostly indirect measures were used to analyze
technological change. Acs et al. (2002) claim that, in the past, different aspects of the innovative
process have been used to measure technological change. Firstly, input data into the innovation
process like e.g. R&D expenditures and secondly, patents as output data. This is in line with Mairesse
and Mohnen (2010) who also argue that in the literature patents and R&D expenditures are
commonly used as a measure of innovative activity. A patent in general can be described as a
document which is granted to somebody (inventor or firm) by a legal governmental agency and
permits the sole use and production of an apparatus, a device or a process over a certain time
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period, whereas everybody else is excluded from this usage (Griliches 1990). Mairesse and Mohnen
(2010) point out that additionally innovation surveys can be seen as a third possible method to
measure innovative activities. They argue that R&D expenditures represent only an input factor and
patents will probably only cover a certain degree of the innovations in a firm but innovation surveys
offer the possibility to get an overview of the quantitative and qualitative data of innovative
activities. Nagaoka et al. (2010) point to the changes in total factor productivity (TFP) as a possible
measure of innovation, which is sometimes used in the literature. Nevertheless, this measure also
has its limitations, like that it is hard to measure for industries which produce a good where the
quality changes quickly as well as in service industries. Acs et al. (2002) argue that the empirical
evidence indicates that patents are a fairly good measure of the innovative activity. This is in line
with Hagedoorn and Cloodt (2003) who mention that patent citations, patent counts and the counts
of new product announcements can also be used as measures of innovative activities. The authors
point out that in most studies one of these indicators for R&D activities is used, but in general each
has its limitations and thus, there is no clear concept of the innovative performance. Consequently,
however innovative activity is measured there are limitations. Lybbert and Zolas (2014) suggest that
patents can be powerful data for the analysis of innovation or technology. They indicate that patents
can be used as a proxy or source for innovation as has already been argued by e.g. Griliches (1990)
and Basberg (1987). However, Lybbert and Zolas (2014) suggest that it might be appropriate to link
patents with measures of economic activity to fully exploit the patent data and to evaluate policy
measures trying to stimulate innovation. Another important point for considering patents as a
measure of innovative activity is that the value of patent information has increased in the last years,
especially due to of the global availability of patents.

Further limitations are that in general some innovations are patented and other innovations are not.
Sometimes no patent is applied for an invention and other inventions are not patentable. The
number of patents (in relation to the number of innovations which were made) also differs from firm
to firm and from industry to industry. Another problem is that the average quality of patents differs
(c.f. Acs and Audretsch 1989; Griliches 1990; Acs et al. 2002; Nagaoka et al. 2010). Gilbert (2006)
points out that despite their limitations, patents also seem to provide benefits for the investigation
of innovation and thus, for the research about innovation. He criticizes that the differences between
product and process innovations are often ignored in the existing literature. This claim is considered
in the studies and models about the ILC patterns. In these models, the authors make a distinction
between product and process innovation and analyze how product and process innovations develop
over time (e.g. in Utterback and Suárez 1991; Cohen and Klepper 1996b).
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Despite the problem associated with patents, they can lead to new insights into innovation if they
are handled carefully (Nagaoka et al. 2010). To conclude, the findings in the literature indicate that
patents have limitations but nevertheless they can be used as a fairly good proxy for innovative
activities. In this work, the innovative activity will be measured via patent data.

1.4 Approach, structure and contribution of the thesis
Against the theoretical background in the previous part, this dissertation is engaged in different
central questions related to innovation and industrial dynamics. In detail, the topic of this
dissertation is from evolution to co‐evolution ‐ an empirical study of the role of innovation, policy
and public research in industrial dynamics. The questions are:
1. Do large firms have an advantage because of their size which is attributable to cost
spreading? Do firms that plan to grow have more innovations?
2. What role does public policy play for the evolutionary patterns of an industry? Are the same
evolutionary patterns observable as those described in the ILC theories?
3. Is it possible to observe regional co‐evolutionary processes of science, innovation and
industry evolution?

The core of this dissertation consists of three chapters that elucidate the research questions detailed
above. All three chapters can be read in context but each article is self‐contained, written
independently and can therefore also be read independently. Each article contains an introduction, a
literature overview, a theoretic part as well as an empirical part where the hypotheses are tested and
finally each article will end with a conclusion. Nevertheless the articles are related to each other,
from the testing of a basic assumption of the ILC theories over the evolution of one industry up to
the co‐evolution of industries.

Chapter 2 “Cost spreading in the photovoltaic industry – A testing of the Cohen and Klepper
model”. 5
Chapter 2 provides a new test of the Cohen and Klepper (1996a) model of cost spreading which leads
to economies of scale in innovation. This chapter adds to the discussion in academic as well as policy
circles about the merits of small and large firms. The discussion about the advantages and
disadvantages of firm size has a long tradition in academic and as well in policy circles and goes back

5

This article is my single‐authored article.
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to Schumpeter´s MARK II claims about the role of large firms in the industrial context. Cohen and
Klepper (1996a) point out that if the returns of R&D are conditioned by the firm size, large firms
would have an advantage in contrast to small firms. Based on the idea of cost spreading, a model was
developed by the authors to explain this relationship. The model offers the opportunity to explore
the relationship between firm size, innovation and R&D and it is possible to show that large firms
have an advantage of size which is attributable to cost spreading. The contribution to the literature
of this chapter is twofold. Firstly, based on the realized output data it is analyzed whether the cost
spreading mechanism is observable in the photovoltaic industry in Germany. This is based on the
assumption of the model that the ex‐ante output triggers the incentives to invest in R&D. However,
firms plan and they have a future. The cost spreading model states that larger firms have an
advantage in competition because they can spread their costs over a larger amount of output. But is
cost spreading also a part of strategic behavior of the firms? Do firms that plan to grow invest more
in innovation respectively process innovation because they are aware of cost spreading mechanism
and that they will gain an advantage through this? In doing so, we lack information about the
relationship of the growth plans and the innovative behavior. Thus, in a second step the relationship
between growth plans and innovative behavior is analyzed. In general, it will be analyzed whether
the cost spreading mechanism is a possible explanation for the innovative activities in the
photovoltaic industry. This article benefits from the use of the planned output data of the firms by
studying whether cost spreading is also part of the strategic behavior. Secondly, the firm size is
measured on business unit level and thus, it is an appropriate measure for firm size as it is claimed in
the previous literature.

Different aspects of the cost spreading model and its application have been analyzed and tested until
today. The analyzed data was mostly past data, e.g. input data like R&D expenditures or R&D
employees and output data like patents or sales. Also the measure of firm size can be seen critically.
This chapter is based on an unbalanced panel sample of German photovoltaic solar cell producers
which covers the time period 2000‐2011. Panel data models, in detail negative binomial regressions
are used for the econometric analysis. The dataset includes patent data (raw patent counts),
distinguished in product and process patents and the output and planned output which can be used
as an adequate measure of firm size. A schema based on the IPC classes was used to distinguish the
patents. The data offers the opportunity to test the cost spreading model and through this also the
Schumpeterian hypothesis in an appropriate way. This chapter provides evidence that the cost
spreading mechanism can be used as an explanation for the innovative activities in the photovoltaic
industry in Germany. Additionally a close and positive relationship between growth plans and
innovation is observable in the planned data. Firms that plan to grow will have more innovations and
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also more process innovations. This indicates that the firms are aware of the advantage of cost
spreading leading to higher innovative activities.

Chapter 3: “Public Policy and Industry Dynamics – The Evolution of the Photovoltaic Industry in
Germany”.6
After analyzing if large firms have an advantage based on the R&D cost spreading mechanism, the
next step is to have a closer look at the evolution of an industry that is strongly supported by public
policy. In this sense there is a close connection between the first and second article, even if they
were written separately. This chapter provides a detailed review of the policy measures, the
innovative activities as well as the dynamics of the solar cell producers, as the main part of the value
chain of the photovoltaic industry, in Germany. According to Malerba (2007), research needs to be
done to investigate the role of demand for industry dynamics.

By having a closer look at the literature, it becomes apparent that to date only “technical advances”
are discussed as a trigger of industry evolution in the field of industrial dynamics. The photovoltaic
industry in contrary to other industries is a highly subsidized industry, notably by demand‐inducing
policy instruments since 1990. The years before were characterized by strong research funding.
Chapter 3 aims to analyze the evolution of the photovoltaic industry, namely entry and exit patterns.
For this purpose a model of industrial dynamics by Bhaskarabhatla and Klepper (2014) will be used as
the theoretical point of departure to analyze the evolution of this industry. In this chapter, the
explanation of a technical advance as a trigger for industrial dynamics will be broadened and
demand‐inducing policy instruments will be discussed as a further possible trigger of industry
evolution. One of the main research objectives here is therefore, to integrate public policy in industry
life cycle theories and furthermore to analyze how the photovoltaic industry in Germany evolved
over time. It turns out that its evolution differs from the “normal” observed patterns in industry
evolution. Klepper (1996) argued that demand factors might have an influence on the direction and
also on the rate of technological change, but this was ignored in most studies. Thus, the environment
may also shape the evolution of this industry. This chapter shows that the demand shocks induced by
the German policy makers, via the demand‐inducing policy instruments (German feed‐in‐laws),
boosted innovation and output and eventually accelerated shakeout dynamics in the German
photovoltaic industry. Thus, this chapter adds to the literature by analyzing the role of demand‐
inducing policy instruments for industry dynamics.

6

This article was written jointly with Ulrich Dewald (ITS Karlsruhe).
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Chapter 4: “Regional co-evolution of firm population, innovation and public research? Evidence
from the West German laser industry”.7
Focusing on a single part, in general on the firm population in an industry, as it will be done in the
first part of this dissertation, is custom in the research field of industrial dynamics. But reality shows
that in a complex world concentrating only on the industry might be too narrow. Firms, universities
etc. cannot be seen as isolated actors but as interacting with each other – the firm population and its
environment, e.g. academia may co‐evolve. Thus, they should be considered as well in the analysis.
Such an approach has not been sufficiently translated into systematic empirical research. This
chapter tries to fill this gap.

The empirical context is shifted to the laser industry and this chapter analyzes whether patterns of
regional co‐evolutionary processes of science, innovation and industry evolution are observable in
the laser industry in Germany. This is based on a dataset of this industry, covering the time period
from 1960 up to the mid‐2000s. Not only the industry itself will be in the focus but the co‐
evolutionary processes of public research and industry will be investigated over a period of almost 50
years. The key proposition of this chapter is that mutual causal influences on the development exist.
As outlined above, the influence of universities is fairly well analyzed in the literature but the reverse
direction, namely industry on academic research is more or less blended out until today. In this
manner the main objective of this article is to investigate how an industry and the respective
research in the academic field co‐evolve. The empirical part starts with a narrative expression of the
findings about the laser industry in Germany which is investigated by various authors. One point that
these studies have in common is that none of them considers possible reverse causality. But
analyzing just one side of the coin might be thought too tight. There are different factors influencing
each other. The subsequent part is the testing whether there is quantitative evidence of regional co‐
evolution in the laser industry. The quantitative analysis is based on vector autoregression models
(VAR) to analyze whether co‐evolutionary processes can be found for the industrial R&D measured
via patents, the university research measured via dissertations and publications and the laser firm
population measured in the active laser firms on the regional level. Hazard models are used as a
robustness check. Applying the VAR models is relatively unknown in the field of applied
microeconomics. This method is rather used in macroeconomics. Still, it seems to be an appropriate
method to detect the relationship of the firm population and its environment and to analyze the
relationship in both directions. This chapter indicates that not only public research has an influence
on industry but also vice versa. In fact, they co‐evolve and influence each other. The results of this

7

This article was written jointly with Guido Bünstorf (University of Kassel).
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article indicate that there is evidence for regional interdependencies, which is consistent with the
assumptions about regional co‐evolution.

This dissertation will end with a conclusive chapter. As part of this final chapter, the key issues of
each article will be discussed. Furthermore, a brief overview of implications and possible subsequent
research will be given in the outlook.
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2 Cost spreading in the photovoltaic industry – A testing of the Cohen and
Klepper model
Ann-Kathrin Blankenberg
2.1 Introduction
The discussion about the advantages and disadvantages of firm size has a long tradition in academic
and political circles. The “Schumpeterian” hypotheses frame the discussion about the relationship
between innovation, firm size and research and development (R&D). In the past decades, based on
this, different empirical patterns have been observed. Some claim that large firms produce fewer
innovations although they spend more on it. Others argue that there must be an advantage of size.
The question of whether size is an advantage in competition has not been conclusively answered.
Based on this research, Cohen and Klepper (1996a) argue that if the returns of R&D are conditioned
by firm size, large firms would have a big advantage over small firms. Based on studies which analyze
the relationship between firm size and R&D they summarize the robust findings into four stylized
facts and create a model based on the cost spreading argument to explain these findings. Cost
spreading means “[…] the larger the firm then the greater the level of output over which it can apply
the fruits of its R&D and hence the greater its returns from R&D (Cohen and Klepper, p.926, 1996a).”
The model offers the opportunity to explore the relationship between firm size, innovation and R&D
and it is possible to show that large firms have an advantage of size which is attributable to cost
spreading.

This article provides a test of the Cohen and Klepper (1996a) model of cost spreading leading to
economies of scale in innovation. The contribution of this article is twofold. First, I analyze whether
the cost spreading mechanism serves as an explanation for size advantages in the photovoltaic
industry. This is related to the assumption that the incentives to invest in R&D increase with the ex‐
ante output. But we still lack information about the relationship between growth plans and
innovative behavior. Planned data of firms has not been used in any study investigating the cost
spreading mechanism to date. But, if cost spreading is a working mechanism in this industry, it might
also be observable in the strategic decisions, in the planning data. So, in a second step I will analyze
whether firms that plan to grow exhibit more innovative activity. This article is based on an
unbalanced panel sample of photovoltaic solar cell producers in Germany, covering the time period
2000‐2011 and includes the planning data of the firms for the time period 2005‐2011. The dynamics
of the photovoltaic industry in Germany offer a good opportunity to test the cost‐spreading model.
This industry is a highly innovative industry and the total number of patents experienced a sharp
increase following the implementation of demand‐inducing policy instruments in recent years. The
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output of the firms also increased strongly. In such an evolving industry product and process
innovations play an important role and there is still great potential for innovative activities. What is
more, this industry has been highly supported by public policy. Thus, it should be examined whether
the patterns differ from recent observed patterns. The results of this article indicate that the
photovoltaic firms in Germany have an advantage of size which is attributable to cost spreading.
Furthermore, the examination of the planned data indicates that firms which plan to grow will have
more innovations.

The paper is organized as follows. Section 2 starts with a review of the literature. This is followed by a
description of the cost spreading model of Cohen and Klepper (1996a) and a short outline of its
testing in the literature (section 3). The section concludes with the presentation of the new approach
to test the cost spreading argument and an outline of the hypotheses based on the theory. Section 4
describes the data, defines the variables used to analyze the innovation, firm size and growth plans
relationship and gives an overview of the econometric models. Section 5 presents the results. The
paper ends with a conclusion in section 6.

2.2 Overview about the innovation research
The research about innovation is to a great extent influenced by the writings of Schumpeter in the
last century and started in the 1960s (Gilbert 2006). In his early work Schumpeter (1912/1934)
assumed that the entrepreneur carries out the new combinations. This perspective is changed in his
later work. Influenced by the changes in the economy in the early 20th century, Schumpeter (1942)
argued that larger (monopolistic) firms are the source of innovation. This led to the argument that
large firms are a central factor for innovation (Cohen 2010). Based on Schumpeter’s (1942) writings,
two hypotheses, labeled as the Schumpeterian hypotheses, were developed in the subsequent years
and research was conducted to test them. The first hypothesis predicts a positive relationship
between firm size and innovation. The second hypothesis assumes a positive relationship between
market structure and innovation and indicates that market power supports innovative activities.

Starting with a short overview of the research related to the second Schumpeterian hypothesis
shows that various empirical studies were conducted to analyze the relationship between market
structure and R&D. Despite this, the results are heterogeneous. Already Markham (1965) points out
that Schumpeter never claimed a continuous relationship between market power or firm size and
R&D, just that the incentive to invest in risky projects does not exist up to a certain firm size. Acs and
Audretsch (1987) e.g. show that large firms have an advantage in capital‐intensive and concentrated
industries whereas small firms draw a benefit from highly innovative industries. Gilbert (2006) argues
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that different types of market structure lead to different results. Thus, neglecting the influence of
market structure on innovation would be problematic. An improved measure of the market structure
can be found e.g. in Nickell (1996) or in Artés (2009). The latter argues that market structure effects
only the long‐run R&D decisions. Considering different types of markets Audretsch et al. (2014a)
show that not all new firms spend money on R&D. They show that markets with a high level of
uncertainty will reduce the probability of innovating or patenting for young and small firms. Cohen
(2010) summarizes that most studies indicate a positive relationship between R&D and market
structure.

More research was conducted in the last 70 years related to the innovative activities of firms
depending on their size (first Schumpeterian hypothesis), but the results are also heterogeneous.
Scherer (1965a; b) e.g. shows that the inventive output (patents) increases with firm sales, but there
is no proportional growth, hence he doubts that large firms are that perfect as Schumpeter once
believed. This question was investigated by further authors like e.g. Villard (1958) who argues that
innovation varies with size and size might be an advantage, or Schmookler (1959) and Worley (1961)
who argue that there is not necessarily a general or systematic relationship between innovation and
firm size. Contrary to that, Soete (1979) argues that there is neither clear evidence for a strong
increase nor for a strong decrease in innovative activities based on size, hence to be big is not per se
a disadvantage. Vernon and Gusen (1974) e.g. show that the elasticity of technological change with
respect to the size of the firm increases with size. They conclude that larger firms have decisive
advantages in innovation compared to smaller firms. In addition to the studies of the effects of firm
size on firm level R&D there are studies about the relationship between firm size and R&D on
business unit level. The results of Cohen et al. (1987) show that the performed R&D intensity is not
affected by the size of the business unit, but the probability that R&D is conducted is mainly
influenced by the size of the business unit rather than by the size of the whole firm. This is also
shown in Cohen and Klepper (1996a).

Markham (1965) criticizes that the research of that time only analyzed the statistical relationship
between some kind of Schumpeterian variables and the firm variables, which are at least only a
measure of monopoly. Most of the studies are concentrated on R&D expenditures and patents in
general. Fisher & Temin (1973) argue that empirical tests of the Schumpeter hypothesis in the
literature have little in common with the hypothesis itself. They point out that the only appropriate
way to test the Schumpeterian hypothesis is to analyze the relationship between firm size and
innovative output. In line with Fisher and Termin (1973) also Cohen and Levin (1989) argue that
rather primitive econometric techniques were used to analyze data, which often was inadequate to
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study the questions and also the equations were only loosely specified. They further argue that the
dependent variable should be a measure of innovative output rather than the innovative input (R&D
expenditures, R&D staff) to the innovation process. Thus, the relationship between innovative output
and firm size should be examined. The weaknesses of measuring innovative activities via input
variables are also indicated in later articles (Kleinknecht 2000; Kemp et al. 2003). What is more,
Cohen (2010) notes that the selection of the firms in the examined samples (only the large
manufacturing firms; firms reporting no R&D are excluded), as well as the use of the control
variables, should be seen critically in the early studies.

The results of more recent studies are still heterogeneous. Malerba and Orsenigo (1996b) e.g. argue
that across technological classes the innovative activities are systematically different. Analyzing the
economies of scale and scope in the pharmaceutical industry, Henderson and Cockburn (1996) find
that large firms in this industry benefit more from conducting research. Shefer and Frenkel (2005)
show that in the plastics and metal industry size does not influence the rate of investment in R&D. In
line with the criticism about the right choice of data, Stock et al. (2002) show that in a dynamic sense
smaller firms are more technologically innovative. They point out that innovation is an ongoing
process and thus the relationship between firm size and innovation should be investigated over time.
What is more, recent studies by Hashi and Stojčić (2013) support the findings about the firm size and
innovation relationship. Based on two settings (mature and transition economies) the drivers of the
innovation process are examined and in both settings similar processes work as triggers of the
innovation process, e.g. the characteristics of a firm, the institutional background and also industry
specific factors. The results support earlier findings, namely that the probability to engage in
innovation increases with firm size but the output of the innovation process decreases with size.
Research related to the Schumpeterian hypothesis mostly examined the influence from firm size on
the innovative activity. In the last years the focus of research shifted away from analyzing the pure
role of firm size on innovation. The influence of networks on innovation e.g. gained attention in the
last decade. Rogers (2004) shows that networking has a positive influence on the innovative
activities, especially for small firms. Linking innovative activities with survival shows that innovative
firms dependent on age and firm size survive longer (Cefis and Marsili 2006). A current topic is the
subsidization of firms and it became more important in the last years. Herrera and Sánchez‐González
(2013) study the effects of R&D subsidies in relation to firm size. In general, firms with R&D
experience are more likely to be subsidized and subsidies in general stimulate investments in R&D.
Comparing subsidized with non‐subsidized firms indicates that only small and large subsidized firms
can benefit from this and increase their economic returns to innovation, whereas small firms
improved sales of products new for the firms and large firms improved sales of products new to the
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market. Furthermore, the private R&D intensity of small and medium firms is stimulated by R&D
subsidies. Back to the pure investigation of the innovation and firm size relationship shows that in
the last years various researchers also started to analyze the reverse relationship, the impact of
innovation for firm growth. In doing so, innovation is seen as one element triggering growth, but also
further firm characteristics are relevant for firm growth, e.g. the patenting activities and also the
persistence of them (Coad and Rao 2008; Demirel and Mazzucato 2012). The results of Deschryvere
(2014) indicate that large and continuous innovative firms have mutually interdependent
relationships between sales growth and R&D growth. New and small firms are most likely to become
high growth firms. But, the propensity for growth is in fact higher for firms which invest in R&D
(Segarra and Teruel 2014).

Cohen (2010) suggests that more complete models are needed to fully evaluate the Schumpeterian
hypotheses and to understand in a better way the relationship between firm size and R&D and also
between R&D intensity and market concentration.

2.3 Theoretical background
One approach in the literature that considers these claims and empirical findings is the cost
spreading model of Cohen and Klepper (1996a). From the enormous body of literature about
innovation, R&D and firm size relationship, the authors compiled four robust empirical patterns,
based on the empirical observations. Firstly, the likelihood that a firm conducts R&D increases with
its size (stylized fact one). Secondly, in most industries there is a positive and close relationship
between firm size and R&D inside the industry (stylized fact two). Thirdly, a proportionate rise of
R&D and firm size is observable in most industries (stylized fact three). Fourthly, while the firm
grows, the number of innovations which is generated per dollar decreases. Thus, small firms have
compared to large firms more patents relative to their size (stylized fact four). A model, based on the
idea of cost spreading was developed by Cohen and Klepper, dealing with firm size, innovation and
R&D productivity to explain the empirical patterns found about the R&D firm‐size relationship. It is
based on the idea that larger firms have an advantage of size given that they can spread their fixed
costs of innovation over a larger amount of output and through this the returns on R&D will also
increase with the level of output. A big advantage of this model is that it is also possible to distinguish
between product and process innovations while testing the theory (Cohen and Klepper 1996a).

2.3.1 The cost spreading model
In the model of Cohen and Klepper (1996a) it is assumed that firms are more likely to use their
innovation internally rather than selling it and, furthermore that firms anticipate that the benefits of
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innovation are a reduction of their average costs, and not an expectation of growth. The second
assumption is based on the idea that innovations can be imitated very quickly, in fact in one up to
three years. The profits from innovation are limited. Firms can only benefit from innovation by
increasing the price‐cost‐margin. Because of this, the incentives to invest in R&D increase with the
ex‐ante output. In the model, size is not defined by the overall firm size but by the size of the
business unit. Large firms might be less productive in R&D than small firms, but due to the fact that
large firms have a greater output, they can spread the average costs over more output and can
benefit from this. The larger a firm is the more it can draw advantages from these circumstances
(Cohen and Klepper 1996a).

The amount of R&D spending and the returns on R&D are at all times determined by the size of the
firm. The variable ri describes the amount of R&D a firm undertakes in a certain product market. The
fixed costs of R&D are zero and the price of R&D is normalized to equal one. Given this, the total
costs of R&D are equal to ri. The price‐cost margin is described as pci (ri)8, and it can be increased by
R&D. It is assumed that all firms face the same price‐cost schedule. Considering the technical
opportunities it is assumed that the productivity of the R&D effort can be described as pci´(ri) = f/ri,
where f is the index of the technical opportunities in an industry. All firms have the same technical
opportunities. Furthermore, the variable qi describes the output of the firm at the time when it
conducts the R&D. The output, for which the innovation will be used, will be similar to the size of the
output at the time when the R&D was conducted, given the fact that innovations can be copied
quickly. Given a proportionate relationship between qi and the output on which the innovation is
applied, the output level with the innovation is gqi. The variable g is a factor of proportionality, which
is used to describe in which amount q changes between the conduction and the commercialization of
the innovation. The firms are constructed as price takers that make their R&D decisions
independently. They choose ri to maximize their profits from R&D described as pci(ri)gqi-ri. The profit
maximizing value of ri must satisfy the following condition:
=

,

(1)

where a ≡ fg (Cohen and Klepper 1996a).

Cohen and Klepper (1996a) show that equation one can be used to capture most of the stylized facts.
The spending on R&D in an industry is determined entirely by the size of the firm. This explains the
strong relationship between firm size and R&D (stylized fact two). The equation also implies that R&D
will vary proportionally with firm size. Therefore, it also explains the variation in R&D depending on
8

The first derivative of the price‐cost margin is pci´(ri) > 0 and shows the positive influence of further R&D
efforts. But the second derivative is pci´´(ri) < 0 and shows diminishing returns from R&D (Cohen and Klepper,
1996a).
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firm size (stylized fact three). Equation (1) shows that the expenditures for R&D are determined by
the size of the firm (level of firm output). The equation (1) can also help to elucidate the patterns
presented in stylized fact four, namely that the number of innovations or patents generated per each
dollar of R&D decreases with the size of the firm. To examine this, it must be assumed that pci(ri) is a
measure of the number of patents or innovations of a firm. Since the second derivate is <0, pci(ri)/ri
must be a decreasing function of ri. The larger a firm, the fewer innovations or patents will be
generated per dollar. Because ri and qi are directly related, this leads to a decline of the innovative
output per each dollar of R&D spending while the spending increases. Because of this, small firms
have more innovations or patents relative to their size compared to large firms. However, because of
their size (larger amount of output), large firms can profit more from their innovations. Thus, larger
firms will undertake more R&D projects at the margin compared to small firms, but small firms will
have more patents than proportional to the firm size. Cost spreading can be used as an explanation
for the indicated lower productivity of larger firms mentioned in the first part of the stylized fact four
(Cohen and Klepper 1996a). Up to here most of the stylized facts can be explained by the cost
spreading model.

Relaxing the assumptions of the model through the introduction of fixed costs F, needed for a formal
R&D program, and the opportunity for firms having different technological possibilities, considered in
the model through firms featuring different R&D productivities n, allows to explain the remaining
stylized facts (one and part of three). The heterogeneity is captured by assuming that all firms have
the same R&D project opportunities, but they differ concerning the R&D effort productivity. This is
included in the model by describing the price‐cost margin as pci(ri)=nipc(ri), where ni >0, where
across firms ni is not related to qi.

The maximum profit of R&D can be described as an increasing function of ni and qi. Considering a
certain degree of productivity n, the probability that a firm will conduct R&D will be higher, the larger
qi is. The introduction of fixed costs and firm heterogeneity (differences in R&D productivity) leads to
=

.

(2)

A firm will only conduct R&D when
−

−

> .

(3)

This shows that the only change is that the R&D spending of a firm is determined by its R&D
productivity. The larger a firm is, the larger the probability of conducting R&D (Cohen & Klepper
1996a).
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By relaxing the assumption of diminishing returns to R&D, certain departures from proportionality
can be explained by the model. It is considered that in different industries the R&D effort can
increase more (less) than in proportion to the size of the firm. The marginal productivity of the firm is
modified by introducing b>0, which adjusts the point at which the marginal return to R&D decreases,
so if pci´ (ri)=f/ri1/b, then
=

.

(4)

This shows, that the amount of R&D a firm undertakes within an industry will feature a more than
proportional growth, if b>1 and a less proportional growth, if b<1. Cohen and Klepper point out, that
proportionality should not be overestimated given that sometimes firms do not even know their
productivity schedule and the rather simple methods used might lead to a picture of proportionality
in an industry (Cohen and Klepper 1996a).

An important implication of the cost spreading mechanism is that it conditions the rate as well as the
composition of R&D (Cohen 2010). The composition of R&D refers to the distinction between
product and process innovations. The quantity of R&D which is undertaken by a firm is directly
related to the output of the firm, at the time the firm conducts the R&D. But process R&D and
product R&D differ in the extent to which they are dependent on the ex‐ante output. Product R&D is
assumed to lead to new products or can improve the quality of the product and boost its price.
Because of this, the returns are assumed to be more independent of the ex‐ante output. Process
R&D, on the other hand, aims at lowering the average costs of production. Thus, the returns on
process R&D will be affected by the ex‐ante output. The larger a firm is, the more it can spread its
average costs over the output of a certain product (Cohen and Klepper 1996a; b).

2.3.2 Firm size and the allocation of the R&D effort
Not only the total R&D effort is important, also the allocation of the R&D effort concerning product
and process innovation plays an important role (Cohen and Klepper 1996b). Building on the model of
cost spreading Cohen and Klepper (1996b) set up and test a model to determine to what extent the
allocation of product and process innovation is influenced by the size of the firm. The underlying
assumptions of the model are that the incentives to conduct R&D depend on the ex‐ante output level
of a given product. Only the firm size on business unit level matters and the firms are price takers.
Furthermore R&D increases the firm´s price‐cost margin (Cohen and Klepper 1996b).
The variable q describes the output at the time the firm conducts R&D and a labels the time until the
innovation can be imitated. A certain part of the existing byers h will consume the new product and
through sales to new buyers and licensing, the firm can earn further rents through additional output
called K. With r1 the spending on process R&D of the firm i is described. The decrease of the average
33

cost of process R&D are captured by
´´

< 0 for all

−

. For this it is assumed that

´

> 0 and

≥ 0. With r2 the spending on product R&D of the firm i is pictured. It is

assumed that process R&D leads to a greater reduction of the manufacturing costs, but this happens
at a decreasing rate. By

the earnings of the price‐cost margin related to the new product

−

are represented. For product R&D it is also assumed that

> 0 and

´

´´

< 0 for all

≥

0. In the model the returns to process (5) and product (6) R&D are described as
=
=

−
ℎ +"

,

(5)
−

.

(6)

The returns on process R&D are proportional to the ex‐ante output of the firm (5), while the returns
on product R&D do not exhibit a proportional rise to the size of the firm (6). In doing so, the equation
5 and 6 can explain why the shares of process R&D will increase more while the firm is growing
(Cohen & Klepper 1996b).

Cohen and Klepper (1996b) argue that the model can be structured further to derive different
propositions about the relationship between q and p. Firstly, the share of process R&D (p) of a firm
can be described as an increasing function of the ex‐ante output of the firm. Secondly, p should
increase with q at a decreasing rate. Thirdly, depending on the balance between product and process
R&D, δp/δq should vary across industries. Fourthly, the effect from output on process R&D will be
greater in industries where the sale opportunities of product innovations are higher or can lead to a
faster growth. The model indicates that the advantage of cost spreading is more important for
process rather than for product R&D (Cohen and Klepper 1996b).

2.3.3 Testing of the cost spreading model in the literature
The cost spreading model or parts of it were tested in recent years by e.g. Fritsch and Meschede
(2001) and Tsai and Wang (2005). The assumptions about the advantages of size attributable to cost
spreading can be confirmed in most parts. Fritsch and Meschede (2001) test one assumption of the
model, namely that large firms invest more in R&D related to process R&D than small firms. The
analysis is based on 1800 manufacturing firms in three German regions, but it lacks information
about the business unit size. Their results indicate that the R&D expenditures rise less than
proportional with firm size. Analyzing the differences between product and process innovation
related to firm size indicates that the spending on process R&D increases slightly more than the
spending on product R&D with firm size. Fritsch and Meschede (2001) argue that this is a
confirmation of the assumptions of Cohen and Klepper (1996a, b). Furthermore, Tsai and Wang
(2005) use R&D output elasticity as a measure of firm R&D performance to analyze parts of the cost
spreading model at the example of 126 manufacturing firms in Taiwan, which are listed on the
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Taiwan Stock Exchange. Their results indicate that there is an approximating U‐type relationship
between firm size and R&D productivity. The R&D productivity is higher for small and for large firms
compared to medium sized firms. Additionally, they show that these firms have a cost spreading
advantage which is related to economies of scale. What is more, the authors argue that their results
support the Schumpeterian hypotheses in that way that the R&D performance can be seen as an
increasing function of the size of the firm.

2.3.4 Hypotheses and the new approach to test the cost spreading model
Different aspects of the cost spreading model and its application have been analyzed and tested.
Related to the claims in the literature about the right choice of appropriate variables to test the
relationship between innovation and firm size, this article is based on variables that satisfy these
claims. By using patents as an innovation output as well as the realized output in Mw/p.a. as a
measure of firm size, it is possible to test whether the cost spreading mechanism is observable in the
photovoltaic industry and to investigate the relationship between firm size and innovation. What is
more, the use of planned output data as a measure for the growth plans of the firms is new. In this
article, the first step is to test whether cost spreading is a possible explanation for the innovative
activities of the solar cell producing firms in Germany. However, firms do not act only in the past ‐
firms plan and they have a future. The cost spreading model states that larger firms have a
competitive advantage because they can spread their costs over a larger amount of output. But is
cost spreading also a part of the strategic behavior of firms? Do firms that plan to grow invest more
in product or process innovations because they are aware of the cost spreading mechanism and that
they will gain an advantage through this? In doing so, the contribution of this article to the literature
is the investigation of the relationship between the growth plans of the firms (planned output data)
and the innovative activities.

Cohen and Klepper (1996a) tested the model with data for several industries. In this article the model
will be tested only for one industry. Furthermore, this dataset lacks information about R&D
expenditures. I will focus on the firm size, innovation and growth plan relationship. Thus, the
hypotheses will be adjusted for this case. Those patterns investigating the relationship between R&D
investments and innovation cannot be analyzed with this data. Based on the model, different
hypotheses are developed to test whether cost spreading is observable in the photovoltaic industry
and whether the model explains the patterns of innovative firm behavior in this industry.
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In the model, the first pattern is that the likelihood to perform R&D increases with firm size (Cohen
and Klepper 1996a). To investigate whether this pattern is also observable for the firms in the
photovoltaic industry the hypothesis is adopted:
H1:

The probability for patents increases with the size of the firm.

The second pattern indicates that firm size and R&D are positively related in industries (Cohen and
Klepper 1996a). To test whether the pattern is also observable in the photovoltaic industry the
following hypothesis is developed:
H2:

Large firms have more innovations.

Large firms tend to have relatively more process innovations. Cohen and Klepper (1996a, b) argue
that a second possibility to test the cost spreading argument is to differentiate between certain types
of R&D, with the underlying assumption being that firm size also has an influence on the composition
of the R&D. If the firm grows, the output will be larger and accordingly the firm will spend more
money on innovative activities concerning process R&D. The following hypotheses are built
concerning the relationship of firm size and the different types of R&D, namely process R&D:
H3a:

Large firms have more process innovations.

H3b:

The number of process innovations increases with size at a decreasing rate.

In the model it is assumed that the amount of R&D is determined by the size of the output while the
firm conducts the R&D because the firm does not expect to grow that fast. So if a firm plans to grow,
it anticipates that the output over which it can spread the costs will be larger. Due to this, if firms
anticipate that they can spread their costs over a larger output because they plan to grow, they will
probably invest more in R&D. It will be analyzed whether cost spreading can be seen in the strategic
decisions. In detail, if it is observable in the planned data:
H4:

Firms which plan to grow will have more innovative activities than other firms.

H5:

Firms which plan to grow will have more process innovations.

2.4 Data and econometric specification
2.4.1 Sample
For the analysis different variables are used to test the cost spreading model and the further
implications. Using output and planned output as a measure of firm size is new and distinguishes the
testing from the way and the data Cohen and Klepper (1996a) used to test the cost spreading
argument. Cohen and Klepper (1996a) use industry data (FTC data). The dataset of them includes 75
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industries with 10 or more observations for every single industry. They have information about R&D,
sales, business unit size and R&D expenditures, which can furthermore be classified as expenditures
for product or process innovation.

For the analysis in this article an unbalanced panel data set of the solar cell producing firms of the
photovoltaic industry in Germany is used. The dataset is based on the annual cell production
overview of Photon, which has been published since 2001. Photon is the most popular trade
publication in the photovoltaic industry. The unbalanced panel data set covers the time period
between 2000 and 2011. It includes output data for most of the solar cell producing firms ‐ in total 37
firms. The production overview lists all producing facilities in Germany. As some firms are active in
more than one country, the output is listed separately for each country. This article focuses on the
output in Megawatt per year (Mw/p.a.) for all facilities producing in Germany. Output can be used as
a direct measure of the size of the business unit. In doing so, output directly reflects the size and it is
not weakened by e.g. prices. Six solar cell producing firms from this industry are missing, because no
output information is available for them. The production overview contains information9 on the firm
level. In detail, it contains realized output10 for the time period between 2000 and 2011, and
furthermore planned output for the years 2005‐2011. Given the different time periods the number of
observations in the estimation approaches will differ. Entry dates of all firms are identified from the
first appearance in the output overview. The data for the years before 2000 was collected from
books (c.f. Räuber 2005). Furthermore, missing data was collected through an internet based search
(Blankenberg and Dewald 2013). Entry dates refer to the point in time when a firm entered the solar
cell market, not necessarily the founding date of the firm.

Beside the output data, the dataset also includes information about the innovative activities of the
firms measured via patent data. In the literature patents are commonly used as indicator for
innovative activities (Acs and Audretsch 1989; Griliches 1990; Acs et al. 2002; Nagaoka et al. 2010).
Nevertheless, patents as an indicator of innovative activity also feature some problems. Problems are
e.g. that patents are not applied for all inventions, some inventions are not patentable and also the
patents vary greatly in quality. Griliches (1990) indicates that some of the problems can be handled
by just limiting the analysis to only one industry. Patents will be used as an indicator of innovative
activities in this article and given the limitation of the analysis to one industry, problems should be
limited. The patents were identified through a named based search of all solar cell producing firms

9

To a certain extent the data is an estimation by Photon.
Output describes what the firms have produced. Planned output gives an overview of what the firms want to
produce in the following year.
10
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Germany in DEPATISnet11. DEPATISnet allows for different search levels. The “Beginner's search”
allows for entering just the name12. The results can be limited to various aspects, e.g. it is possible to
remove family members. For the analysis, all family members, i.e. all patents related to the priority
patent, have been deleted. Only DE, EP and WO publications are included in the analysis. Following
previous research (e.g. Breschi et al. 2003; Ma and Lee. 2008) and to get as close as possible an
overview of the innovative activities, all types of patents, from patent application to granted patents,
have been considered. Based on the assumption that if a firm applies for a patent it has invested
money up front and it has tried to innovate, regardless of whether the patent is granted or not.
However, each patent is only counted once. In DEPATISnet it is possible to download the result list.
After doing this, all patents were stepwise analyzed and rechecked by hand, whether they are really
related to the photovoltaic industry. All patents not related to the photovoltaic industry were
deleted from the dataset (Bauckloh 2012). Given the interesting time period, only the information
about patent data in the years between 2000 and 2011 has been used. In total, 32 of the 37 firms
have 699 patents in this time period. The patents of the firms before 2000 are only considered as a
dummy (99 patents). Hagedoorn and Cloodt (2003) summarize that raw patent counts are a straight
forward quantitative measure, which is in most areas of the economic literature widely accepted as a
measure for comparing the innovative activities of firms or can be seen as a performance indicator.
This article uses only patent counts for the econometric analysis.

For the model it is important to differentiate between product and process innovation. A schema
was developed to classify the patents of the dataset concerning product and process patents
(Bauckloh 2012). The main class of the patent is relevant here. All patents have been analyzed and it
is observable that most of the patents belong to a certain number of IPC classes (most important are
the classes: H01L13, G01N14, C23C15). These classes are based on technological and functional aspects.
Looking at the patents it is apparent that most of the patents in one subclass or one group belong to
the same innovation type. What is more, this is also rechecked and confirmed by looking at the name
of the subclass or group. Hence, the assignment to one kind of innovation is based on the attribute
“IPC class” (Bauckloh 2012). On the basis of IPC classes a differentiation is made between product
innovations, process innovations and patents that raise the degree of efficiency, given that the type
of innovation is also reflected in the name of the subclasses. For the analysis, all patents which raise
11

service offered by the “German Patent and Trademark Office (DPMA)”
Search example: entering the name “Q‐Cells” leads to the search query: (((Q (L) Cells)/PA) OR ((Q (L)
Cells)/IN))
13
H01L: “Semiconductor devices; electric solid state devices not otherwise provided for”
14
G01L: “Measuring force; stress; torque; work; mechanical power; mechanical efficiency; or fluid pressure”
15
C23C: “Coating metallic material; coating material with metallic material; surface treatment of metallic
material by diffusion into the surface, by chemical conversion or substitution; coating by vacuum evaporation,
by sputtering, by ion implantation or by chemical vapour deposition, in general”
12
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the degree of efficiency are counted as product innovations. The reason for this is that the increase
of the efficiency degree is not a cost reduction but it can be seen as an improvement of an existing
product.

Given that DEPATISnet is a database that covers all patents from application to granted patents, this
database is assumed to be complete. While no information16 about the output or the planned output
is a missing, the lack of patents is information. This means that if a firm has no patent in a certain
year, this is information about the innovative activities of the firm and not missing information.
So, 37 firms have been considered, with 32 firms having 699 patents for the relevant years.

2.4.2 Variables
A set of variables is used to capture the structure of the solar cell producing firms in the photovoltaic
industry in Germany.

Dependent variables: To capture the innovative activities the information about patents is used as a
proxy for R&D. The dependent variable for the econometric analysis is PATENTS. The dependent
variable is a count variable, i.e. the number of patents each firm has in each year between 2000 and
2011. The range is from zero per firm to a maximum of 56 in total. The second dependent variable is
PROCESS PATENTS. Like patents, it is also a count variable, i.e. all process patents a firm has in each
year. Here too, the range is from zero to a maximum of 27 in total. As a third dependent variable a
dummy variable for the probability of patents (D_PATENTS) is used. This variable is coded as 1 if a
firm has patents in a year, i.e. whether there is any innovative activity and is coded as 0 otherwise.

Independent variables: The first main independent variable is OUTPUT (realized output). Output
gives the value of the number of solar cells in Mw/p.a., which each firm has produced in each year
(based on Photon 2001‐2013). It captures the size of the firm on the business unit level. For this
industry it is plausible to use output as a proxy for size because of a very narrow definition of the firm
population in one industry – the cell producers in the photovoltaic industry. All firms produce the
same product – solar cells. For this reason and because in the pertinent literature the business unit is
of particular relevance, the output of a firm is a good measure of the size of a firm in a certain
industry. Output is used to analyze the relationship between firm size and innovative activities. For
the second part of the analysis a variable is required which captures the growth plans of the firms.
Thus, compared to the output variable, a growth rate is used. The variable for the planned output is

16

The data collection of Photon is done by questionnaire, which is sent to the company annually by Photon
(telephone conversation with Photon on the 05/February/2013).
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used to analyze whether growth plans in general influence the innovative activities. Therefore, the
growth plans itself are of interest and not the size of the firm. Using only the growth rates reflects
directly growth plans and ignores the size of the firm. Thus, the second main variable is G_PLAN. This
variable illustrates the growth of the planned output of each firm:
#_ % & =
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(7)

Control variables: In contrast to previous research this analysis uses output and planned output as a
measure for firm size. To control for that the results are driven by further effects, I control for
different firm characteristics. Some solar cell producers are not completely independent because
they belong to a group (of companies). The GROUP variable controls for possible effects that can
arise through the fact that a firm is part of a larger group which might influence the innovative
process, e.g. those firms possibly invest more in R&D than a single firm because the group provides
security (Frenkel et al. 2001; Shefer and Frenkel 2005; Segarra and Teruel 2014). This variable is
coded as 1 if a firm belongs to a group and is coded as 0 otherwise. The variable PATENTS BEFORE
ENTRY is used to control for pre‐entry experience of the firms which probably determines the
performance of the firms. Some solar cell producers started research (and patenting) about solar
cells 1 to 5 years before they entered the market. This variable is coded as 1 if a firm has patents
before entry and is coded as 0 otherwise. Some firms have additional production facilities in other
countries. As a third control the variable GLOBAL is used. This variable shows whether a firm is not
only active in Germany, but has also production facilities in other countries. So I can control for
whether this influences the innovative behavior in the production facilities in Germany. This variable
is coded as 1 if the firm has also production facilities in other countries and is coded as 0 otherwise.

2.4.3 Descriptive statistics
Table 2.1 gives an overview of the summary statistics of the main variables considering all
observations with output data (no information is a missing) for the time period between 2000 and
2011. Table 2.2 reports the overview considering all observations with planned output data (no
information is a missing) for the years 2005‐2011. The smaller number of observations concerning
planned output is due to the fact that Photon only started reporting planned output in 2005 while
reporting realized output started in 2000.

Table 2.3 reports the pairwise correlations between the dependent and independent variables for
the time period 2000‐2011. Furthermore, Table 2.4 reports the correlation coefficients between the
dependent and independent variables for the smaller dataset covering the time period between
2005 and 2011. This is important for the analysis of the planned data. Both tables show a high
40

correlation between output and planned output. The dependent variables patents and process
patents are also highly correlated. This shows an expected strong relationship between the realized
and planned activities of the firms. But in general the relationships between the variables are mostly
weak. Hence, the results should not be disturbed by multi‐collinearity problems.

2.4.4 Econometric models
To estimate the relationship between firm size, innovation and firm growth different methods are
used. The panel dataset offers annual firm observations of the solar cell producing firms in Germany
over a time period of 12 years. The panel is an unbalanced panel because not every firm is active in
all periods, some firms entered the market later and other firms dropped out of the market.

To test hypothesis 1 the probability of having patents is analyzed. Thus, an adequate method here is
to use probit models. In a first step, the panel structure is ignored and a probit model is estimated.
Subsequently, the second step of the analysis will be to apply random effect (RE) probit models17 to
consider the panel structure and the firm specific effects (Hausman et al. 1984). In addition, also the
marginal effects will be estimated.

The estimation of the remaining hypotheses requires a different estimation approach. Since the
dependent variables patents and process patents are nonnegative integers (count data), this class of
models18 will be used for the analysis. The dependent variable PATENTS is strongly skewed to the
right as is the dependent variable PROCESS PATENTS. The variance is nearly 14 times larger than the
mean – showing that there is overdispersion in the data. The large chi‐square value in the poisson
goodness of fit also indicates that a poisson model is inappropriate. A general model which deals
with overdispersion is the negative binomial model (Hilbe 2011). Again, as a first step I estimate
pooled negative binomial models. The likelihood‐ratio tests in the model indicate whether it is the
right choice to use the negative binomial model compared to the Poisson model. Unobserved
heterogeneity may be present in the data due to unobserved factors (e.g. the R&D expenditures,
financial equipment of the firms, laws, performance of the firm and distance to other firms or
universities, etc.). Given this, the second step of the analysis will be to apply random effects (RE)
models and fixed effects (FE) models19 to consider the firm specific effects (Hausman et al. 1984).

17

The FE model is not available for a panel data probit model.
The aim of count models is to explain the number of different events or occurrences. It is assumed that the
counts are right skewed, heteroscedasticity is intrinsic and with the mean of the distribution also the variance
will increase. The basic model for count data is the Poisson regression model, where the heterogeneity
parameter has the value zero and equidispersion is assumed (Hilbe 2011).
19
The negative binomial is not a ”real“ fixed‐effects model because of a lack of control for all covariates (Hilbe
2011; Allison and Waterman 2002).
18
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Technically the Hausman test will be an indicator, to decide whether FE or RE is the best model and it
indicates that RE is the right model. But, given that it is very likely that the error term is correlated
with the explanatory variables the FE model will be also considered and presented as a robustness
check in all estimation approaches. The FE specification features a reduced number of groups and
observations given that this model specification is a conditional estimation and all observations of a
group are dropped, when there is only one observation in one group or when all outcomes are zero
in one group. In addition to the coefficients also the average marginal effects are estimated for each
model, given that through this it is possible to quantify the relationship between the variables.

2.5 Results
This article is based on a dataset which offers the opportunity to test the cost spreading model (and
through this also the Schumpeterian hypothesis) in an appropriate way. The data is used to analyze
whether large firms have an advantage of size which is attributable to the cost spreading mechanism.
To do this, the influence from the realized output of the firms as a measure of firm size on the
business unit level is regressed on the innovative output, namely raw patent counts (section 2.5.1).
Additionally, in the second step the relationship between the growth plans (measured via the
planned output in proportion to the realized output of the firms) and the number of patents is
analyzed (section 2.5.2).

2.5.1 The relationship between firm size and innovation
In the cost spreading model various assumptions about firm size and innovative activities are made.
Large and small firms differ in their innovative output. The theory assumes that the rate and the
composition of R&D are conditioned by cost spreading. Cost spreading can lead to economies of
scale in innovation. The data allows an estimation of the relationship between innovation and firm
size on the business unit level. If the cost spreading argument is valid, a close relationship between
innovation and firm size should be found. Considering the criticism in the literature about the
variables used an advantage of this empirical study is that patents are used as an innovative output
and furthermore output as a measure of the firm size on business unit level. The level of analysis in
this study is the firm level. The main independent variable in hypothesis (1) up to (3) is the size of the
firm measured via realized output. I start with estimating the impact of output on the probability for
patents (Table 2.5a). What is more, I investigate the effects between output and innovation or
process innovation (Table 2.6a‐2.8a). To interpret the results, Tables 2.5b‐2.8b report the average
marginal effects.
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Hypothesis 1 predicts that the probability for patents increases with the size of the firm. Cohen and
Klepper (1996a) show that the likelihood to conduct R&D increases with firm size. To test the first
hypothesis, following the approach of Cohen and Klepper (1996a) a dummy variable for patents is
introduced and used as the dependent variable in these estimations. The results of the probit
estimation (1a‐1e) are presented in Table 2.5a and b. Different control variables were considered
stepwise in the RE approach (1a‐d) considering the panel structure as well as in the pooled20 (1e)
approach. The main independent variable output is positive and significant to highly significant in all
estimation approaches (Table 2.5a, models 1a‐1e). The average marginal effects are reported in
Table 2.5b. It reflects that the probability for a patent will increase by 0.0017 (model 1a) when the
realized output in Mw/p.a. increases for one unit (+1 Mw/p.a.). In all estimations the coefficients and
marginal effects are positive and highly significant and this indicates that an increase of the output
increases the predicted probability for patents.
All estimations in Table 2.5a include a set of industry dummies to control for firm effects. Considered
here are the dummies whether a firm is active globally and whether it belongs to a group. The results
show that having global output as well as being part of a group does not influence the number of
patents. Including both control variables (model 1d), the average marginal effects still indicates that
the probability for a patent will increase by 0.0015 for each additional unit of output (in Mw/p.a.).
Thus, adding one or both control variables in the model only leads to a slightly smaller but still
significant marginal effect. This shows that the results concerning the influence of the firm size are
quite robust over the different estimation approaches. In hypothesis 1, presented in Table 2.5 (a, b)
the main interest is on the effects from output on the probability for patents. The results thus
indicate that the size of the firm increases the probability of having patents. Hypothesis 1 can be
supported.

Hypothesis 2 predicts that large firms have more innovations. Thus, that R&D and firm size show a
positive relation. The results of the negative binomial estimation (2a‐e, 3, 4) are presented in Table
2.6 (a, b). Model 2a‐e present the results of the RE estimation. The fixed effects estimation is
presented in model 3 and the pooled estimation in 4. In this part of the econometric analysis the
count of patents is used as the dependent variable. The different estimation specifications, as well as
the stepwise inclusion of control variables, lead to a clear picture presented in Table 2.6 (a, b). The
coefficients of the main independent variable output are positive and highly significant in all
estimation approaches. This means that for a one unit change in the output (measure for firm size; in
Mw/p.a.), the difference in the expected counts of the patents is expected to change by 0.005 in the
20

The assumptions behind probit and logit models are little different, given that the probit model is not an
advanced model but just an alternative to the logit model. The results of the logit estimation are very similar
and can be provided upon request.
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RE (2a‐2e) and the FE (3a) negative binomial estimation. Which is a small decrease compared to the
pooled estimation (4a, coefficient = 0.006). The estimation of the average marginal effect also
indicates this. It can be interpreted as that the number of patents will increase by 0.015 (Table 2.6b,
model 2a) for every additional unit of output (Mw/p.a.). Thus, innovation and firm size have a close
and positive relationship. The larger a firm is the more innovations it will have.
Including the control variables shows that there is a positive effect on innovation when firms start
patenting before entering the market. Adding the control variables even leads to an increase of the
marginal effect. The marginal effect is very similar in all estimation approaches, which is in the range
from 0.0123 up to 0.0145 (Table 2.6b, models 2b ‐4) for every additional unit of output (Mw/p.a.).
This indicates that the results are quite robust, thus it shows that firm size has a strong impact on the
innovative activities. The results about the firm size and innovation relationship support the findings
of the literature about the Schumpeterian hypothesis.

What is more, researchers often also find a proportional relationship between innovation and firm
size. Analyzing this here for the data is difficult given that the dataset lacks information about
innovative input. Probably there is a proportional relationship between the innovation input factors
and size in this industry, but it is not possible to examine this. Analyzing a possible proportional
relationship between innovative output and size indicates that there is none. Patents and realized
output have no proportional relationship. It is only possible to show that there is a positive
relationship. Nevertheless there is empirical support for hypothesis 2.

Hypothesis 3a states that large firms have more process innovations. The distinction between
product and process innovations plays a central role in the model of Cohen and Klepper (1996a;
1996b). At a certain point related to size the investment in process innovations will be cost efficient.
So it is assumed that larger firms have more process innovations. The results of the negative binomial
estimation (model 5a‐e, 6, 7) are presented in Table 2.7 (a, b). Model 5a‐e shows the results of the RE
negative binomial estimation. The FE negative binomial estimation is presented in model 6 and the
pooled estimation in model 7. In this part of the econometric analysis the count of process patents is
used as the dependent variable. The different estimation specifications, as well as the stepwise
inclusion of control variables lead to a clear picture presented in Table 2.7 (a, b). All models (5a‐e,
6a, 7) in their specification show a highly significant influence from the main independent variable
output on process innovation. This means that for a one unit change in the realized output (measure
for firm size in Mw/p.a.), the difference in the expected counts of the patent variable is expected to
change by 0.005 in the full RE (Table 2.7a, model 5e) and FE (Table 2.7a, model 6) negative binomial
estimation or 0.006 in the pooled negative (Table 2.7a, model 7) binomial estimation. Because the FE
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specification is used the number of observations dropped from 181 to 143, but still output has a
positive and highly significant influence on process patents. The average marginal effect of output
(Table 2.7b) reflects the increase in process patents by 0.087 (Table 2.7b, model 5a) for every
additional unit of output (Mw/p.a.). Thus, an increase in the realized output leads to an increase in
the number of patents.
Again the control variables are added stepwise. The marginal effects for global output and being part
of a group are insignificant. Having patents before entry is relevant for the number of process
patents a firm has. The marginal effects of the main variable output are very similar in all estimation
approaches what again indicates that the results are quite robust. The results indicate that there is
empirical support for hypothesis 3a that larger firms have more innovative activities.

Hypothesis 3b predicts that the number of process innovations increases with size at a decreasing
rate. This hypothesis is based on Cohen and Klepper (1996b). The results of the negative binomial
estimation (8a‐e, 9a, 10a) are presented in Table 2.8 (a, b). Model 8a‐e displays the results of the RE
negative binomial estimation. The FE negative binomial estimation is presented in model 9a and the
pooled estimation in 10a. In this estimation approach the count of process patents is again used as
the dependent variable. To test whether there is a non‐linear, (inverted) U‐shaped relation between
firm size and innovation the squared output is used as a second main independent variable,
additionally to the main independent variable output. All specifications lead to a clear picture. The
coefficient of the main independent variable output is always positive and highly significant. Again,
the number of observations dropped from 181 to 143 in the FE model. Nevertheless, output has still
a positive and highly significant influence on process patents. Using the squared form of output
shows that the coefficients and the marginal effects are systematically negative. The effect itself is
consistent, but not significant. Given this observation, it can be assumed that a larger sample size
could probably lead to significant results. But nevertheless, for this data it is not possible to show
that the number of process innovations increases with size at a decreasing rate. Thus, hypothesis 3b
cannot be supported.

2.5.2 The relationship between growth plans and innovation
The previous results show that the cost spreading mechanism is a possible explanation for the
innovative activities in the photovoltaic industry in Germany. The findings are quite robust. To show
that cost spreading is an important advantage of size has not been shown for the photovoltaic
industry before. Moving to the second part of the econometric analyses, the following hypotheses
analyze whether cost spreading is observable in the planned data (planned output) – thus, the
relationship between growth plans and innovation will be examined. Given that the unbalanced
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panel data set only includes planned data for the years 2005‐2011 the results are based on a reduced
dataset. The main independent variable in hypothesis 4 up to 5 is the planned size of the firm
measured via the growth of the planned output (g_plan). In Tables 2.9a‐ 2.10a I investigate the
effects between planned output and innovation or process innovation. The marginal effects are
reported in Tables 2.9b‐ 2.10b.

Hypothesis 4 analyzes whether firms which plan to grow will have more innovative activities than
other firms. The influence from the planned growth on innovations (patents in general) is analyzed.
The results of the negative binomial estimation (model 11a‐f, 12a,b, 13a,b) are presented in Table 2.9
(a, b). Model 11a‐f displays the results of the RE negative binomial estimation. The FE negative
binomial estimation is presented in model 12a,b and the pooled estimation in 13a,b. The dependent
variable in this estimation approach is the count of patents. The main independent variable is g_plan.
To control for level effects the lagged outputt‐1 (model 11f, 12b, 13b) is used and furthermore the
control variables are introduced stepwise. The different estimation specifications, as well as the
stepwise inclusion of control variables, lead to a clear picture presented in Table 2.9 (a, b). The
coefficients of the main independent variable are positive and highly significant in all estimation
approaches. This means that for a one unit change in the firm size (planned output growth is
measured in Mw/p.a.), the difference in the expected counts of the patent variable is expected to
change by 0.008 in the full RE (11e,f) negative binomial model. The coefficients only change little in
the different estimation approaches. But in all models a positive and significant influence is
observable. Thus, the larger the planned growth is the more innovations a firm has. The number of
observations dropped from 115(113) to 93(91) in the FE estimation, but still output has a positive
and on a 5% level (12a) significant influence on process patents. Also the number of observations
decreases in the model, the variety in the standard errors is small. Considering the level effects, the
coefficient of output in the FE model is only significant on a 10% level. The level effects itself is
insignificant. It is only significant on a 10% level in the pooled negative binomial model. But, the small
size of the sample must be considered by interpreting the results. The coefficients are positive and
highly significant over all model specifications. Same can be found by looking at the marginal effects.
The average marginal effect here can be interpreted as that the number of patents will increase by
0.0325 (Table 2.9b, model 11a) for every additional unit of Mw/p.a. of planned output growth. Thus,
a positive and significant correlation between the planned growth and the innovative activities can
be seen.
In addition, global output has an influence on the innovative activity in this estimation. Moreover the
effect of the innovative activity before entry is significant on the 10% level. The stepwise
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consideration of the control variables does not really affect the size of the coefficients and the
marginal effects, what indicates that the results are quite robust. Hypothesis 4 can be supported.

Hypothesis 5 predicts that firms that plan to grow will have more process innovations. The influence
from the growth of the planned output on process innovation (process patents) is analyzed. The
results of the negative binomial estimation (14a‐f; 15a,b; 16a,b) are presented in Table 2.10 (a, b).
Model 14a‐f displays the results of the RE negative binomial estimation. The FE negative binomial
estimation is presented in model 15a,b and the pooled estimation in 16a,b. The dependent variable
in this estimation approach is the count of process patents. The main independent variable is g_plan.
To control for level effects the lagged outputt‐1 (model 14f, 15b, 16b) was used and furthermore the
control variables are introduced stepwise. The coefficients are highly significant and positive. The
results can be interpreted in that way that when the firm size increases for one unit (planned output
growth is measured in Mw/p.a.), the difference in the expected counts of the patent variable is
expected to change by 0.010 in the full RE (14e) negative binomial model and to change by 0.009 in
the full RE (14f) negative binomial model controlling for the level effect. The coefficients are smaller
in the FE and the pooled estimation, but still positive and significant. However, there is a positive and
significant relationship between planned output growth and innovative activities, concerning process
innovations. The average marginal effect of planned output indicates that the number of process
patents will increase by 0.0198 (Table 2.10b, model 14a) for each unit of additional planned output
growth (Mw/p.a.).
Including the control variables shows that there is a positive effect on innovation when firms start
patenting before entering the market. The marginal effects of the main independent variable g_plan
are only little influenced by the introduction of the control variables, indicating robust results. The
variable for the planned output growth of the firm is positive and significant in all models, indicating
that there is a positive correlation between planned output growth and innovative activities. The
results indicate that firms that plan to grow will have more process innovations. Thus, there is
empirical support for hypothesis 5.

2.6 Conclusions
This paper provides evidence that the cost spreading mechanism can be used as an explanation for
the innovative activities in the photovoltaic industry in Germany. Going back to Schumpeter, a large
amount of research has been undertaken in the past 70 years to investigate the relationship between
R&D, innovation and firm size. The cost spreading model of Cohen and Klepper (1996a) considers the
relationship between R&D effort and productivity as well as size and with it, it is possible to explain
the empirical findings in the literature related to the first Schumpeterian hypothesis. This paper deals
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with the question whether cost spreading can explain the innovative behavior in the photovoltaic
industry in Germany and whether cost spreading can also be found in the planned data of the firms.
Output as a measure for firm size was used in the econometric analysis, as it was claimed before by
different scholars (e.g. Fisher and Temin 1973, Cohen and Levin 1989). The use of the planned output
of the firms to examine the relationship between the innovative activities and the growth plans of
the firms is an original contribution to the literature.

The results show that the probability for patents increases with firm size. The results of earlier
research indicate that the probability to engage in innovation increases with firm size but the output
of the innovation process decreases with size. Due to the lack of information about inputs of the
innovation process, it is not possible to say something about the decreasing rate, but the results
support the finding, that the probability for innovation increases with firm size. Furthermore a close
and positive relationship between firm size on business unit level and innovation is observable. The
results indicate that because of their size large firms have an advantage in innovation in the
photovoltaic industry in Germany which is attributable to cost spreading. The results related to the
planned firm data indicate that the firms are aware of the advantage of cost spreading leading to
higher innovative activities. Firms that plan to grow will have more innovations and also more
process innovations. Schumpeter argued that large firms have an advantage in innovation. The
results of this article support this. The explanation for this is the cost spreading mechanism.

A number of questions concerning the evolution of the photovoltaic industry in Germany are still left.
The data used to test the model in this article has some limitations. Cohen und Klepper (1996a)
assume that innovations are generated all the time, but while the firm size increases the number of
innovations which is generated per dollar decreases. So this assumption could not be tested with the
photovoltaic data because the dataset does not include any information about R&D expenditures. A
further limitation is that the results show a high correlation, but it is not possible to show causality
between firm size and innovative behavior and growth plans and innovation. What is more, various
articles indicate that there is a proportional relationship between innovation and firm size. Firstly,
this study lacks information about innovative input factors like e.g. R&D expenditures. Thus, it is only
possible to examine whether there is a proportional relationship between the innovative output and
firm size. This is not found here. Nevertheless, Cohen and Klepper (1996a) argue that a proportional
growth can be found in some industries and it should not be overvalued. They point out that
sometimes firms don´t even know their own productivity schedule, because the firms use simple
methods which eventually can lead to a picture of proportionality in an industry. However, also there
is no clear evidence for or against a proportional relationship in the photovoltaic industry in
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Germany, the results of this article support the findings of the earlier studies which analyze the
relationship between firm size and innovation. What is more, the results of this paper are limited to
one industry. Further research will therefore be needed to check whether these results are also
applicable for other industries.
Nevertheless, the results support the argumentation of Cohen and Klepper (1996). The results of this
article indicate that the photovoltaic firms in Germany have an advantage of size which is
attributable to cost spreading. Furthermore, the examination of the planned data indicates that firms
which plan to grow will have more innovations. The implications of the cost‐spreading model leading
to economies of scale can be confirmed for the solar cell producing firms of the photovoltaic industry
in Germany ‐ cost spreading is a possible explanation for the innovation and firm size relationship.
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Tables (Chapter 2)
Table 2.1: Descriptive statistics (N=37, observations = 181, year 2000-2011)

Table 2.2: Descriptive statistics (N=37, observations = 138, year 2005-2011)
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Table 2.3: Correlation coefficients for dependent and independent variables –
unbalanced panel, N=37, 181 observations, time refers to period between 2000 and 2011 (no information about output =
missing)

Table 2.4: Correlation coefficients for dependent and independent variables unbalanced panel, N=37, 138 observations, time refers to period between 2005 and 2011
(no information about pl_output = missing)
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Table 2.5a: Effects of output on innovation (dummy for patents) in different model approaches

Table 2.5b: Average marginal effects
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Table 2.6a: Effects of output on innovation (patents) in different model approaches

Table 2.6b: Average marginal effects
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Table 2.7a: Effects of firm size (output) on process innovation (process patents) in different model approaches

Table 2.7b: Average marginal effects

Average marginal effects (AME)
output

5a
0.0087**
(0.0036)

5b
0.0081**
(0.0034)

5c
0.0082***
(0.0029)

5d
0.0083**
(0.0034)

5e
0.0076***
(0.0027)

6
0.0045**
(0.0019)

7
0.0097**
(0.0039)

0.2203
(0.4824)
1.0482*
(0.5580)
0.4455
(0.5635)

‐0.0479
(0.3459)
0.5583
(0.5306)
0.1006
(0.4977)

0.6202
(0.6554)
1.3628***
(0.5182)
0.8583
(0.5642)

Control variables

global output
patents before
entry

0.3327
(0.5354)
1.1143*
(0.5920)

0.5731
(0.6455)
Note: Standard Errors in parentheses. Dept. Var. = process patents
*p<0.1; **p<0.05; ***p<0.01.
group
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Table 2.8a: Effects of firm size (output) on process innovation (process patents) in different model approaches

Table 2.8b: Average marginal effects
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Table 2.9a: Effects of planned output growth on innovation (patents) in different model approaches

Table 2.9b: Average marginal effects

56

Table 2.10a: Effects of planned output growth on process innovation (process patents) in different model approaches

Table 2.10b: Average marginal effects
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3 Public policy and industry dynamics – The evolution of the photovoltaic
industry in Germany
Ann-Kathrin Blankenberg and Ulrich Dewald
3.1 Introduction
In general, innovation is seen as the trigger of industry dynamics and prior research mainly focused
on this. But the role of public policy for industry dynamics is mostly neglected. Given that innovation
and industry support are a main concern of policy makers, it is important to understand the interplay
between public policy and industry dynamic. The photovoltaic industry offers a good starting point
for this analysis. Over the past decades the worldwide photovoltaic industry experienced significant
dynamics. This is due to the interplay of supporting policies and technological efforts to increase the
production of electricity from renewable energy sources. For a long time this technology had just
occupied niche applications and it took decades to get it where it is today: a seriously discussed pillar
for future energy systems. In Germany, 5.2 % of total electricity demand was covered by photovoltaic
systems in 2013. A strong increase is observable compared to 0.00017% in 1990, 0.01% in 2000 and
1.9% in 2010 (BMWi 2014). This significant rise in the utilization was accompanied by highly dynamic
shifts in industry formation. In the case of Germany, industry dynamics are characterized by a decade
long development process. In the past 17 years, a highly dynamic rise of the firm population was
followed by a sharp breakdown. Only within a handful of years the formation of a production cluster
was replaced by a sharp decline in numbers of firms. Promoting the diffusion of this technology
always went hand in hand with the aim to build up a domestic industry. The years of evolution show
distinct characteristics regarding the number and types of firms involved, the policy support
intentions and schemes, the technology focus as well as the scope of applications and market
segments.

In this paper, we suggest that the changes in this industry can be explained by policy impact. By this
we explicitly focus on the interrelation of demand‐inducing policies and industry dynamics. With this
focus we complement existing work on the effects of public policy on renewable energy
technologies. The effects of a demand regulation respectively the influence of public policy for
industry development are widely discussed in the research streams of environmental policy and
quasi‐evolutionary approaches (Hoppmann et al. 2013). The influence of public policy on emergent
non‐competitive industries in the cleantech sector has been shown before. With the example of the
wind industry Dechezleprêtre and Glachant (2013) highlight the impact of domestic and foreign
public policy. Also Peters et al. (2012) show that foreign and also domestic demand‐pull policies
within a lead market strategy can lead to an increase of the innovative output in a country.
58

Hoppmann et al. (2013) point out that deployment policies can lead to an increased interest of
investors and also provide opportunities for innovations. Based on patent counts, the effects of
renewable energy policies on innovation are analyzed by Johnstone et al. (2010). They point out that
public policy has a large effect on the development of new technologies in the field of renewable
energy. Furthermore they suggest that there is a need of feed‐in‐tariffs to induce innovations. A
study by Hoppmann et al. (2014) analyzes the impact of the German‐feed‐in‐tariffs on market
formation for photovoltaic energy in Germany. They show that policy can induce technological
change, as well as that technological change can be a driver of policy.

What is more, among researchers in Germany actually very heterogeneous opinions about the
efficiency and effectiveness of the “Renewable Energy Sources Act“ (Erneuerbare Energien Gesetz/
EEG) are discussed. The discussion mostly focuses on the effect on innovativeness. While the
“Expertenkommission Forschung und Innovation” (EFI, established by the German government)
states that there is no measurable effect on innovations21 through the EEG (EFI 2014), the experts22
of the “Fraunhofer Institute for Systems and Innovation Research (ISI)” state, that the EEG has a
positive innovation effect, both on the technological side (e.g. investments in process innovations led
to an increase of the efficiency and a reduction of the costs) as well as on the organizational and
institutional side (e.g. financial sector, entry of new participants like private persons)(ISI 2014).

What is more, research in the past decades was undertaken to investigate patterns of industry
dynamics. The research stream in management theories as well in economics to find regularities in
industry life cycles started at the end of the 1970s with the analysis of the automobile industry in the
United States (Abernathy 1978; Abernathy and Utterback 1978; Gort and Klepper 1982; Abernathy
and Clark 1985). Numerous studies in the last 35 years indicate that industries pass through different
stages in their evolution (Klepper 1997). Different industry life cycle theories were developed
(Utterback and Suárez 1993; Jovanovic and McDonald 1994; Klepper 1996; Klepper and Thompson
2006; Bhaskarabhatla and Klepper 2014) to understand why industries evolve in a certain way. The
development of the photovoltaic industry started about 60 years ago, but significant dynamics
regarding the foundation of new companies and the build‐up of an end‐to‐end industry value chain
occurred only in the last 20 years (Dewald 2012). Seen through the lens of industry life cycle theories,
the evolution of the photovoltaic industry in Germany shows some parallels to those of the laser
21

This is in line with the results of Böhringer et al. (2014) who find a positive but not significant effect between
the EEG and feed‐in‐tariffs in general and the same effect for photovoltaic. They state that the feed‐in‐tariffs
under the EEG have no significant influence on innovation.
22
Signed by: Mario Ragwitz, Rainer Walz; Volker Hoffmann, Tobias Schmidt; Karsten Neuhoff; Uwe Cantner,
Holger Graf; Rolf Wüstenhagen; Klaus Jacob; Bernhard Truffer; Joachim Schleich; Reinhard Haas; Marko
Hekkert, Simona Negro; Staffan Jacobsson; Florian Kern, Karoline Rogge
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industry in Germany as well as in the USA. In particular, a shakeout was not observable in these cases
for a long time as well (Bünstorf 2007). However, signs for a beginning shakeout have become more
and more visible in the last few years, as numerous producers faced the threat of or already went
into insolvency. In 2011/2012 the shakeout finally started.

Not much attention has hitherto been given by industry life cycle scholars to demand‐inducing policy
instruments as a possible trigger of the evolution of an industry. In this paper we begin to do so by
using the model of Bhaskarabathla and Klepper (2014) as a theoretical point of departure to explain
the observed patterns in this industry. But we do this in a different way, namely we assume that not
a technical advance but demand‐inducing policy instruments are the catalyst for industry dynamics.
Our analysis focuses on the German photovoltaic industry, in particular on the development of solar
cell production as a core part in the value chain. We derive a set of hypotheses from the
Bhaskarabathla and Klepper model, which are subsequently tested on the basis of data about the
firm population and producers’ patenting activities.

The contribution of this paper is twofold. First, we describe the evolution of the photovoltaic industry
over the past decades. Second, we apply the submarket and shakeout model of Bhaskarabathla and
Klepper (2014) to the observed patterns of industry dynamics and analyze whether it can explain the
observed patterns. In doing so, we show that demand‐inducing policy instruments can be also a
trigger of industry dynamics instead of an exogenous technical change.

In section 2 we present basic information about various technological designs, submarkets and
policies related to the photovoltaic technology. In section 3 we briefly outline existing industry life
cycle theories, with the focus on the model of Bhaskarabathla and Klepper (2014), and investigate
the role of demand‐inducing policy therein. For the empirical analysis, we collected firm and patent
data of the German solar cell producers, as a main part of the value chain, which is introduced in
section 4. The results concerning the evolution of the industry and the application of the model will
be discussed in section 5. Section 6 concludes and sketches routes for further research.

3.2 The photovoltaic industry in Germany
3.2.1 Technology
Photovoltaic electricity generation is based on the production of direct electric current by capturing
the photonic energy of light on semiconductor materials (Goetzberger and Hoffmann 2005). Two
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main different technological designs can be distinguished: crystalline and thin‐film technology. Both
pass through distinct steps during the production process, as roughly illustrated in Figure 3.1:
Figure 3.1: Value chain of the photovoltaic production
(based on Goetzberger and Hoffman 2005)

Crystalline technologies are based on the production and processing of ingots made of single‐crystal
or multi‐crystalline silicon material, which is wired into wafers. These wafers are then assembled to
solar cells through various treatments such as thermal diffusion, screen printing technologies, or
laser preparation of surfaces. In contrast, thin film modules are produced using chemical vapor
deposition to precipitate layers on a backing material such glass. Within crystalline and thin‐film
photovoltaic technologies, several variants exist concerning the purity (in the case of crystalline
photovoltaic) or the type of semi‐conductor‐materials (in the case of thin‐film technologies)
(Goetzberger and Hoffmann 2005).
As can be seen from Table 3.1, market shares of these different technological designs remained
relatively stable from 1999 to 2011, although some shifts can be observed from year to year.
Strikingly, cadmiumtellurid based thin film technology experienced growth, but a deeper
investigation of firm structures and trajectories highlights the role of single companies. Although
crystalline technologies dominate production technologies with a constant share of more than 80
percent, this example indicates that there remains a window of opportunity for producers in niche
production technologies.
Table 3.1: Global market shares of photovoltaic production technologies (1999-2011)
(based on Photon 04/2012)
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3.2.2 Submarkets and policy
Considering the application of solar modules, highly diverse submarkets have evolved since the
invention of the solar cell. The term submarkets describes the fact that firms belonging to the same
industry can be distinguished by some criteria, e.g. the technology they use, the targeted customer
segments or the regions (geographic areas) in which the firms are active (Klepper and Thompson
2006). Over time, different submarkets emerged in Germany. The major submarkets can be
subdivded into off‐grid and on‐grid submarkets. These both submarkets again can be subdivded
further. The first submarket was the “space‐submarket” (off‐grid space application) which dominated
the years 1957‐1973. The second submarket was the “off‐grid‐submarket” (terrestrial off‐grid
applications) in the years 1973‐1995. It was follwed by the emergence of the third submarket, the
“on‐grid‐submarket” (grid‐connected roof‐top‐systems) since the beginning of the 1990s. As a fourth
submarket large‐scale “power‐plants”‐as on‐grid systems began to emerge in 2009/2010 (Breyer et
al. 2010).

The basic invention of the solar cell dates back to 1954, when a first solar cell was developed at the
U.S. Bell Laboratories. With the start of the moon race and big aerospace research programs, some
industry players in the U.S. started to invest into R&D, given that photovoltaic technology was seen
as the superior technology for power generation in space (Perlin 1999). The space market also
encouraged some German companies to start R&D in photovoltaic technology (Räuber 2005).
Following Jacobsson et al. (2004) this was due to U.S. export restrictions on the European Space
Agency, leading to own aerospace programs in European countries. The BMFT (Federal Ministry of
Education and Research) announced the first German space program in 1962 (Jacobsson and Lauber
2006). This first submarket (space submarket) was important in delivering access to broad public
funding for the basic development of a production process.
In the mid 1970s to the mid 1980s external impacts led to a change in industrial development. With
the oil crisis in the 1970s, a broad discussion on secure energy production started, with considerable
effects on public research funding and industry dynamics. Through this a new submarket emerged in
the context of the oil crises and with the formation of the environmental movement in the 1970s.
Photovoltaic technology first moved to terrestrial off‐grid applications, where it competed with
fossil‐fuel‐based energy supply technologies. Installations for telecommunication devices, watering
pumps and other off‐grid applications were explored. Later on, projects were realized in the context
of development aid for third world countries (Dewald 2012). New technological approaches, such as
thin‐film photovoltaic technology, were focused upon.
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Observers of the early technological development point out that research was nearly exclusively
concentrated in large companies (Pfisterer and Bloss 1989) and driven by convictions that this
applied research would rapidly lead to the production of efficient solar cells (Räuber 2005). However
production costs remained high, due to a low level of industrial automation and the small size of
markets (Jacobsson and Lauber 2006). Research was heavily dependent on public funding. From 1974
to 1984, annual research funding by the German government grew from EUR 24 million to 274
million (BMU 2010). At the end of this stage, another external event affected the development
trajectory. The Chernobyl accident in 1986 pushed the formation of an influential green movement
and affected the direction of public policy. Discussions about photovoltaic technology as an on‐grid
power source intensified. Shortly after, research institutes were founded in several federal states.
Parallel to this, the 1980s saw the installation of first on‐grid demonstration systems again funded by
the federal government (Jacobsson et al. 2004).
As the results of the funding with its focus on industrial research were disappointing, existing
schemes were complemented by demand funding. This fundamental change went along with a shift
from centralized large‐scale applications to decentralized small‐scale applications. Mainly from the
beginning of the 1990s the now most important submarket for on‐grid installations emerged. This
new market was publicly funded by a multitude of programs at the local, state and federal level.
Table 3.2 provides a short overview of different demand‐oriented funding schemes between 1990
and 2000.
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Table 3.2: Different funding schemes (1990-2000)
(Source: Dewald 2012; based on IEA-PVPS 2002)

With the 1000‐roofs‐program by the BMBFT (Federal Ministry of Education, Research and
Technology) a total installation of about 2400 decentralized roof‐top systems was realized between
1991 and 1995 (Erge et al. 2001), at that time the largest support program worldwide (Jacobsson et
al. 2004). For roof‐top systems of 1‐5 kWp installed capacity a maximum of 70% of the total system
prices where subsidized by the state. This program was accompanied by a comprehensive monitoring
program and was especially focused on basic aspects of system integration such as the development
of inverters and architectural integration (Erge et al. 2001). In 1991 the “Electricity Feed‐in Act”
(Stromeinspeisegesetz/StrEG) was introduced. This law for the first time implemented a feed‐in
tariff. This law also introduced central elements of the later EEG, e.g. differentiated payments for the
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different renewable energies and a purchase obligation for renewable electricity. Also new was the
fact that the law was directly aimed at private households (Hirschl 2008). It was only in combination
with the 1000‐roofs program that the StrEG made investments in photovoltaic technology profitable.
When the 1000‐roofs program was phased out in 1994 the incentives to invest were no longer high
enough (Jacobsson et al. 2004; Jacobsson and Lauber 2006). Different regional costs and a lack of
secure investment conditions are seen as the biggest problems of the StrEG (Reiche 2004; Hirschl
2008).
At subnational level, diverse activities further contributed to the demand funding. A network of local
initiatives started to introduce cost‐covering payments, a basic mechanism of the later EEG, at the
local level (Dewald and Truffer 2011). In addition, utilities introduced small‐scale funding programs
based on soft loans and remuneration. Beside these activities, some federal states such as
Northrhine‐Westfalia started support programs as well. Combined, these funding schemes at
different spatial scales pushed industry development strongly toward decentralized roof‐top
applications and they secured continuous industry formation especially in between the 1000‐roofs
program and the later 100,000‐roofs program (see again Table 3.2).
In the years 1998 until 2010, several important developments occurred. With the elections in 1998,
political conditions in Germany again changed considerably, as a red‐green coalition came to power.
The new government set up new, larger programs than before. In 1999, the 100,000‐roofs (1999‐
2003) program was introduced, a funding scheme based on soft loans by the state‐owned bank KfW
(Kreditanstalt für Wiederaufbau) (Jacobsson and Lauber 2006). Shortly after that the EEG was
introduced. Basically the EEG was created to support the climate and the environment. Policy makers
tried to realize this by trying to support and induce a more sustainable energy supply. The EEG in
combination with the 100,000‐roofs‐program made investments in the photovoltaic technology
again profitable. The EEG is the follow‐up program of the StrEG. The basic mode of the feed‐in‐tariff
is a fixed remuneration for operators of renewable energy plants, which is guaranteed for twenty
years. The costs are apportioned to all customers within the national grid, except large‐scale
industrial producers with high power consumption (IEA‐PVPS 2012). The EEG contains no restrictions
regarding the technology design. It thus created a competitive environment in which companies with
different backgrounds, both in crystalline and thin‐film technologies, were founded (Jacobsson et al.
2004). Furthermore, the fixed remuneration in the EEG declines over time, to create incentives for
innovation. Through the combination of 100,000‐roofs program and the EEG this technology
achieved profitability again. In general, it is assumed that these instruments strengthen each other
(Oppermann 2004).This led finally to a stronger increase of the demand followed by growth in the
installed capacity and also growth in the firm population. In the following years the EEG was revised ‐
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amendments are observable in 2004, 2009 and 2012. Although amendments to the EEG led to
strong reductions of the feed‐in tariffs, decreasing production costs compensated these and secured
ongoing growth of demand and the output (Dewald 2012).
In 2004 the first EEG amendment was introduced and the 100,000‐roofs program ended. To absorb
this, an “interim law” (photovoltaic “Vorschaltgesetz”) was implemented. The fixed remuneration
was raised, so that a further profitable application was possible (Siemer 2004). From 2004 onward,
an amendment of the EEG led to an opening for large‐scale applications, mostly as ground‐mounted
systems on agricultural ground. Furthermore, the payment for small roof‐top systems was raised
(Staiß 2007). Further amendments also included reductions of the payment (Dewald 2012). The
market growth since the introduction of the EEG – as indicated in Figure 3.2 – is based on long‐term
planning reliability in combination with adequate payment. The combination of the EEG and the
100,000‐roofs program achieved secure funding conditions and a considerable boom in the German
market started (IEA‐PVPS 2014).
Figure 3.2: Installed capacity - Market development in Germany 1992-2013
(own compilation based on IEA-PVPS2014)

The years since 2010 are characterized by a new pattern. Although the feed‐in tariffs again dropped
considerably, the years 2010 and 2011 experienced the highest growth of the installed capacity in
the history of photovoltaic technology in Germany (Bundesnetzagentur 2012). But, and unlike from
the previous stage, this growth of the installed capacity was not accompanied by ongoing growth in
firm population and output. The output of the firms in Germany did not increase at the same rate as
worldwide output and 2011 even saw a drop in absolute terms (c.f. Figure 3.3), compared to e.g.
2005, where German producers of solar cells reached a global market share of about 20 percent, the
highest share after the introduction of the large market formation subsidies. The firm population in
the last years was characterized by consolidation and closing‐down of operations.
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Figure 3.3: Production of cell producers 2004-2011
(own compilation based on Photon 04/2001- 04/2012)

3.2.3 The evolution of the firm population in the German photovoltaic industry
An overview about the dynamics of the firm population is given in Figure 3.4. Compared to other
industries the photovoltaic industry features a late shakeout. As described before only few entries
were observable between 1950 and 1990. In the early years, the active firms consisted only of a few
big firms such as Siemens and AEG‐Telefunken. AEG‐Telefunken, for example, started to build up
research facilities and a pioneering production line from the mid‐1960s, and in 1969 the first German
satellite AZUR was powered with solar cells developed by AEG‐Telefunken (Jacobsson and Lauber
2006). The evolution of the firm population in the photovoltaic industry was accompanied by
important developments (laws, support programs, research funding, etc.) in the years 1958‐2011.
These had no direct influence on the evolution of the firm population of the German cell‐producing
photovoltaic firms, but promoted the development of support programs for the industry. However,
the yearly research funding between 1974 and 1990 did not stimulate a growth of the firm
population either. Although the first firms entered the market in the 1950s, a real start of the
industry can be found in the middle of the 1990s. Until 1990 there was stagnation in the industry –
we call this kind of development “arrested development”. Arrested development describes the fact
that for over 40 years the firm activities in this industry were on a low level – hardly any entries or
exits. Contrary to a “classical” shakeout pattern, the step to the next stage of the industry life cycle
did not take place shortly after the product was first introduced to the market.
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Figure 3.4: The evolution of the firm population of the solar cell producers in Germany
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Analyzing the entry rates indicates that the support programs since 1990 all had an influence to
various extents. Figure 3.4 shows that the number of firms started to increase slightly after
1990/1991, the time when the first demand‐inducing policy instruments were introduced. However,
the influence of the StrEG and the 1000‐roofs program in the early 1990s was not strong enough to
stimulate a strong growth in the firm population and the installed capacity, nevertheless, a slight
increase is observable. This can be explained by the scope, size and mode of these both programs in
combination. In between the 1000‐roofs program and the 100,000‐roofs program different programs
secured continuous market formation. The 100,000‐roofs program was not able to make a strong
impact until the implementation of the EEG. Both together stimulated further demand and through
this a broader market formation. Thus, it is one possible explanation for the stronger increase in the
subsequent years. From 1998 to 2004 a moderate rise in the number of cell producers is observable,
while between 2004 and 2008 a fast rise is observable. The peak number of 39 active cell‐producing
firms was reached in 2008. The number of firms stayed stable until 2010. After this year more exits
than entries occurred ‐ the number of firms decreased. No shakeout occurred for a long time, but
Figure 3.4 shows that since 2011 firms have started to exit the market. The shakeout in the
photovoltaic industry is finally observable.

These patterns will be linked with a submarket and shakeout model of the industry life cycle and it
will be analyzed whether this model can be used as the theoretical starting point to explain the
empirical patterns found in this industry.

3.3 Theory and hypotheses
Inspired by finding empirical regularities in the evolution of industries (e.g. Abernathy and Utterback
1978; Gort and Klepper 1982; Klepper and Graddy 1990 or Klepper and Simons 2005) various
theories of the industry life cycle were developed in the last decades. In general these theoretical
models are based on a strong relationship of formal theory linked with stylized facts and the
econometric analysis (Malerba 2007). The theories can be allocated to different categories. On the
one hand there are the shakeout theories (Utterback and Suárez 1993; Jovanovic and McDonald
1994; Klepper 1996). Utterback and Suarez (1993) argue that a product innovation (a dominant
design) leads to the shakeout, while Jovanovic and Mc Donald (1994) assume that a radical (scale‐
enhancing) process innovation is the reason for it. Klepper (1996) argues that ongoing process
innovation gradually leads to a shakeout. However, not all industries follow the patterns of industry
evolution ‐ not all experience a shakeout. Thus, on the other hand a well‐known variation of the
shakeout phenomenon can e.g. be found in industries where a variety of heterogeneous products is
sold in different submarkets. This is e.g. described in the stochastic submarkets model of Klepper and
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Thompson (2006). A third line of research tries to merge the shakeout and submarket theories.
Bhaskarabhatla and Klepper (2014) developed a model that integrates the shakeout (Klepper 1996,
2002) and submarket theories (Klepper and Thompson 2006). In this approach it is assumed that a
technical advance triggers the growth of one submarket which eventually leads to the shakeout. This
model will be used as a theoretical starting point to explain the evolution of the photovoltaic
industry.

3.3.1 A combined shakeout and submarket model
The model of Bhaskarabhatla and Klepper (2014) is subdivided into two phases. The first part
describes the evolution of the industry in the first period (submarket patterns) up to period T. The
second part describes the evolution with the beginning of the next phase, period T (shakeout
patterns). The reason for the shift from one period to the other is an exogenous innovation in one
submarket. After this event the total demand for the product of this (now dominant) submarket
starts to rise. Eventually this leads to a shakeout in an industry previously consisting of submarkets
(Bhaskarabhatla and Klepper 2014).

At the outset, there are K potential producing firms. In the first period, the first product and through
this the respective submarket is created. In each of the following periods new submarkets can arise.
All firms have the same probability to enter a new submarket. New submarkets occur when a new
variation of a product is developed that attracts a new group of buyers. These new products are not
perfect substitutes of the existing products. In each period the same probability exists that through a
technical advance, possibly exogenous, a new product and through this, a new submarket arises. It is
assumed that no new submarket will occur if the price p is so low that new submarkets are not
profitable anymore. The total output of all of a firm’s active submarkets constitutes its overall size.
Bhaskarabhatla and Klepper (2014) model the first part equal to the model of Klepper and Thompson
(2006). What is more, they broaden the assumptions of the model to a certain degree. The shakeout
and submarket model includes latent substitutability on the demand side between single
submarkets. This means that first the submarkets are independent, but when the price in one
submarket decreases, consumers will switch to the lower‐priced submarket. To enter a new
submarket firms have to engage in product innovation. At this point it is necessary to distinguish
between product and process innovation. Product innovation tends to attract new buyers through
the addition or improvement of different product features, while process innovation leads to a
reduction of the average production costs of a firm (Klepper 1996; Cohen and Klepper 1996). The
chance to be successful is equal for all firms. Those who are successful get an equal share of the
demanded quantity. In the following period these firms can be imitated by new entrants without any
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further costs. Because of Bertrand competition the price decreases to c, the initial average costs for
the submarket product that each producer has. This leads to an increase of the demand and
subsequently some incumbent firms can expand and entry for new firms, which are innovators, is
possible. Given that entrance is a two‐stage process, it is allowed for that firms grow and thus, it is
assumed that firm size is positively related to the time of entry. What is more, in line with the model
of Klepper (1996, 2002) firms are permitted to engage in process R&D in order to lower the average
costs of production in the submarket. For all firms, process R&D is initially not profitable. When the
output is larger than some threshold value, process R&D becomes profitable for a firm. Q* reflects
the minimum of output for each firm in each submarket which is required for that process R&D is
profitable. Thus, larger firms have a greater incentive to invest in process R&D (Bhaskarabhatla and
Klepper 2014).

Up to period T the industry evolves like described in the submarket model of Klepper and Thomson
(2006). It is expected that initially (<T) the number of firms will increase to a certain number and then
stay around this level. Entry and exit will happen, but only in a few submarkets. All firms have the
same chance to enter a new submarket and the output of each submarket is randomly distributed.
The risk of a firm exiting the industry decreases with the age of a firm independent of entry time and
overall size, while the risk of exiting a submarket is independent of the age, time of entry and the size
of the firm. It is assumed that process R&D is not profitable for the firms in this first period (<T),
because all of them have outputs below the threshold (Bhaskarabhatla and Klepper 2014).

The core assumption of the model is that in period T an exogenous technological change will occur in
submarket d which leads to an increase of the demand for this product.

In period T, new firms will enter submarket d and the incumbent firms expand. The largest firms in
the submarket will reach Q*. Subsequently, those firms start in the following period t (>T) to choose
their level of rit (the spending on process R&D) and start to invest in process R&D. Because of this,
the price of the submarket product is lowered. It is assumed that after the exogenous innovation, the
total R&D in one submarket will increase and will be higher than ever before in the evolution of this
submarket. In each of the following periods the firms choose rit to maximize their profits. The
increase of the output and the efforts undertaken towards process R&D are positively related. The
risk of exit increases after the exogenous innovation and is higher than before. The exit risk is higher
for later entrants. Larger firms are assumed to earn higher profits from R&D, while the smallest firms
are the least profitable firms. Small firms belong to the late entrants. After the exogenous
innovation, entry will only happen in this submarket and after a while entry will stop altogether. If
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the maximum profit of a firm is below zero it will exit the submarket. The number of firms will
increase after the exogenous innovation in the submarket, but then the number will fall while the
output is still growing, causing a shakeout in the submarket. In the period after T, the R&D will
increase in submarket d and it will stay higher than in any other period after the emergence of the
submarket. Possibly the number of firms will also decrease in other submarkets because the
customers are attracted by the most profitable submarket and the output will decrease and the total
industry will experience a shakeout (Bhaskarabhatla and Klepper 2014).

3.3.2 Public policy and industry evolution: Suggesting demand-inducing policy instruments as a
catalyst for industry dynamics
Already Klepper (1996) mentioned that demand probably influences the rate and direction of
technological advance. Nevertheless, up to date this is not really considered in industry life cycle
theories. The theories about the evolution of industries are all centered on innovation as the driving
force for the evolution of industries. Policy instruments such as demand‐inducing instruments have
so far not been considered in industry life cycle theories. In the Bhaskarabhatla and Klepper (2014)
model an exogenous technological event can lead to a change in the nature of submarkets and
eventually trigger a shakeout in an industry consisting of submarkets. We agree that a certain special
event is needed that leads to growth in one submarket and eventually to a shakeout. But even
though we are discussing high technology industries, the event must not necessarily be an
innovation, but could also be demand‐inducing policies that finally trigger innovation. For example,
through demand subsidies an artificial demand could be created which could lead to innovation and
the growth of one submarket. In this way the exogenous shock for growth would be demand‐
inducing policy which created an artificial demand.

Building23 on the model of Bhaskarabhatla and Klepper (2014), which explains the shakeout through
an exogenous shock, we posit one variation. Demand‐inducing policy instruments exogenously drive

23

Policy instruments could also be integrated in other life cycle theories. Utterback and Suárez (1993) assume
that the shakeout is triggered by the appearance of a dominant design. Instruments of public policy could be
integrated as a trigger for the emergence of a dominant design. In this context, standardization could be used
as a policy instrument to create an artificial dominant design. Industry dynamics in the model of Jovanovic and
McDonald (1994) are triggered exogenously. An innovation based on an invention from outside the industry
leads to the shakeout. The evolution of the firm population and the shakeout in this approach are explained
through technological impact. The invention from outside could be triggered by policy instruments, e.g.
through technology diffusion or through public research. In the Klepper model (1996) subsidization of process
R&D could possibly lead to a faster shakeout. In the model of Klepper and Thompson (2006) the trigger for
change in the evolution of an industry is the process of creation of submarkets on the one hand and
destruction of submarkets on the other. Coincidence leads to new submarkets, but the circumstances are not
clearly defined. Public policy instruments could possibly play an important role, by creating new submarkets
through artificially induced demand.
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the growth in the submarkets because they trigger the demand for a specific product. Subsequently,
this will lead to an innovation cascade that finally triggers the shakeout. To check whether the model
with this variation is suitable to explain the dynamics in the photovoltaic industry, the following
hypotheses are made based on the model of Bhaskarabhatla and Klepper (2014).

3.3.3 Hypotheses
In the model it is assumed that the industry structure differs in the individual periods. In its first
period the industry is characterized by submarkets. After a technological event the industry structure
shifts to a shakeout structure. The photovoltaic industry in Germany consisted for long time of
submarkets. No technological event happened but the introduction of demand‐inducing policy
instruments led to a shift in the industry structure. Through the policy measures demand is triggered
and the firms start to innovate and to an increase their output. Based on the cost spreading
mechanism, large firms have an advantage and finally the small firms will have to exit the market
because it will not be cost‐efficient anymore to produce the product.

In the model it is assumed that the number of producers will start to increase after the event in one
submarket. Hypotheses 1 is developed to check whether the patterns predicted in the model are also
observable in the photovoltaic industry.
Hypothesis 1: Net entry in the photovoltaic industry is initially positive. The number of firms will
increase to a certain level but then stick at this level until the introduction of demand‐inducing policy
instruments. After the introduction of the demand‐inducing policy instruments the number of firms
first increases but then falls, while the output is still growing. Thus, the shakeout in the photovoltaic
industry is triggered by “demand‐inducing policy instruments”.

A central assumption of the model is that firms grow in each period and that large firms feature
advantages based on the cost spreading mechanism. Accordingly, the following hypotheses are
made.
Hypothesis 2a: Large firms have more innovations than small firms.
Hypothesis 2b: Large firms have more process innovations.
Hypothesis 2c: Large firms belong to the early entrants of the industry.

More specifically, in the model it is assumed that firms engage in process R&D to reduce their
average costs. Initially most firms are too small for investment in process R&D to be profitable, but
after the triggering event the demand for the submarket product increases, and through this the
output will be larger than the threshold value and process R&D will become profitable for firms
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active in the respective submarket and the firms will start to engage in process R&D. Due to this the
following hypotheses is made.
Hypothesis 3: Firms invest in process R&D. After the launch of demand‐inducing policy instruments
process R&D increases.

3.4 Data
Our empirical analysis is based on a dataset encompassing the full population of German solar cell
producing firms. We have annual data on active firms, their realized cell‐production output, the
planned output as well as their patenting activities.

3.4.1 Firm data
The principal source of information for the firm data is the leading trade publication Photon that has
been published since 1996 and represents a good source of various kinds of information. Since 2001
Photon has provided an annual production overview of the cell producers worldwide. Furthermore
Photon provides an annual worldwide market overview for the module producers (including the cell
producers) for the years 2004 until 2008. We used the annually published data of Photon to create a
new dataset. This dataset includes all cell‐producing firms in Germany. Additionally, there is
literature available dealing with the history of the solar industry (Räuber 2005). From this it was
possible to identify the firms entering the industry since the beginning. Especially in the first years
(around 1950), there were only few large firms (with a small photovoltaic division). For all firms that
entered after 2000 we use the year of the first mention in the cell production overview of Photon as
the entry date. If we did not find data for the start of cell production in the cell production overview
of Photon we used the entry date from the homepages. In isolated cases, where we found clear
evidence that a firm entered earlier we used the entry date that we found through other sources like
journal articles or internet sources. Some firms experienced a change of the owner. Each of these
firms is treated as one observation over the time. We assess an exit to have occurred, when a firm is
finally closed down. The output data is based on the trade publication Photon, which has offered an
annual overview of the production (realized output) and the capacity of the solar cell producers since
2000. If firms are active in several countries, the output is listed separately for each country. The
dataset includes realized (German) output data for 37 German firms for the time period between
2000 and 2011.

Altogether we have identified 43 entrants (cell producers) into the German photovoltaic industry
from 1950 to 2011. It was possible to identify patent data for 34 firms and output data is available for
37 firms. Having no information about the realized output of a firm is a missing in the dataset. Thus,
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in total we consider 39 firms (for 32 of the firms we have output and patent data; 2 firms only have
patents, while no output is available) for the analysis.

3.4.2 Patent data
Measuring innovations requires an appropirate measure. In the literature various measures are
discussed but nevertheless, there is a broad agreement that patents are useful to explain innovative
activities of firms (Basberg 1987; Acs and Audretsch 1989; Griliches 1990; Nagaoka et al. 2010).
Although patents feature some negative aspects (e.g. some inventions are not patentable others are
not applied for, patenting activities differ between industries etc.), these problems can be handled
here (Griliches 1990), given that the analysis is based on one single industry. Thus, patents are used
as a proxy for innovative activities.

We collected patent data for the solar cell producers in Germany. A firm name based search in
DEPATISnet24 for all 43 producers was made and patents for 34 firms were found25. Included in the
analysis are DE, EP and WO publications. All patents which are related to the priority patent (family
members) were removed. DEPATISnet includes patent applications as well as granted patents. We
use both types of patents in the analysis, but each patent only once. This is based on the assumption,
that we want to map the innovative activites of the firms, a patent does not need to be necessarily
granted, also patent applications are important for a picture of the innovative activities. Thus, we
consider all kinds of patents, from application up to granted patents for the analysis. This is also a
common method in the literature (Breschi et al, 2003; Ma and Lee, 2008).

The total number of patents is 1313. The next step of the analysis includes a deepening in the data,
thus to look at all patent documents in detail. Our classification is based on the procedere developed
by Bauckloh (2012). All patents belong only to certain IPC classes. Only the main IPC classes are
considered for the scheme. The classes are based on functional and technological aspects. Because
of this it is possible to distinguish in a first step between the different technologies the patent
belongs to, namely crystalline and thin‐film technology. A third category named “general” is used,
given that some patents can be allocated to both categories. Looking at the IPC subclasses in the next
steps helps to identify the type of innovation. The patents are grouped in product innovations,
process innovations and innovations that raise the degree of efficiency. The type of the innovation is
also reflected in the names of the subclasses, supporting the schema. All patents which raise the
degree of efficiency are counted as product innovations, given that this is not a cost reduction but an
24

A service offered by the “German Patent and Trademark Office (DPMA)”
Having no information about patent data is information, given that DEPATISnet is assumed to cover all
patents from application up to granted.
25
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improvement of an existing product (Bauckloh 2012). 382 patents which were found through the
name based search could be identified as being not relevant for the photovoltaic industry (e.g.
patents related to solar heat) (Bauckloh 2012). This leaves us with 931 patents. Due to the fact that
some patents are listed without an IPC class, it was not possible to group them and in the end 887
(=95.3%) could be used for the analysis. For the analysis we only use raw patent counts. This is in line
with the literature, e.g. Hagedoorn and Cloodt (2003) argue that raw patent counts are a quantitative
measure which is widely accepted as a performance indicator for comparing the innovative activities
of firms.

Out of these patents we analyzed the most important class for the cell producers. The largest and
most important class is H01L (Semiconductor devices; electric solid state devices) including 588
patents (66.3%) of these firms. Table 3.3 shows the average number of patents per year in class H01L
and the average number of patents in all classes, namely 887 patents (including also H01L)26. A
continous rise in the number is observable.

Table 3.3: Evolution of the number of patents in class H01L and all classes (1950-2011)

3.4.3 Variables
A set of different variables is used to analyze, whether the model is applicable to explain the
observed patterns in the photovoltaic industry.

26

An overview of the relevant IPC classes for the solar cell producers in Germany is given in Appendix 3A and
3B.
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Dependent variable:
The variable “firm entry” is a count variable and it reflects the number of entries in each year for the
time period between 1950 and 2011. The range is from 0 up to 13 per year. In fact, there are 4
entries before 1990 and 39 entries after 1990.
To capture the innovative activities per firm in total we use patents and process patents as a proxy
for R&D. The variable “patents” is a count variable and it captures the total number of patents each
firm has. It is in the range between 0 and 202. Same for the variable “process patents” which is in the
range from 0‐138 patents in total per firm.

Independent variables:
The variable “entry after 1990” is a dummy variable and it is coded as 1 in each year, when the entry
year of a firm is ≥1990 and 0 otherwise.
The variable “output” reflects the total sum of output a firm has realized over its active time period.
It is used to measure its size on business unit level. In doing so, this variable is measured in Megawatt
per year (Mw/p.a.) and it reflects the value of the number of solar cells each firm has produced in
total. The output information’s are based on a trade journal (Photon 2001‐2013), but they only
available for 37 of the firms for the time period 2000 up to 2011. The range is between 0.1MW in
total up to 2791.6 MW in total per firm.
Furthermore we use the variable “process patents before 1990”. This count variable reflects the
innovative activities related to the total number of process innovation per firm in the years between
1951 and 1989. The number of process patents per firm in total before 1990 is in the range between
0 and 37. Same for the variable “process patents since 1990” capturing the innovative activities in
total per firm in the time period between 1990 and 2011. The range is here from 0 up to 101 process
patents in total per firm.

Control variables:
A set of control variables is used to capture firm specific and industry specific effects. For the various
industry specific effects, namely the demand‐inducing policy instuments, different dummy variables
are introduced, which are coded as 1 in the years, when the program has been active and 0
otherwise. In detail, we use dummies for the StrEg in combination with the 1000‐roofs prgram,
labeled as “StrEG + 1000-roofs program”. A further dummy is introduced for the “EEG” as well as a
dummy for the EEG in combination with the 100,000‐roofs program, labels as “EEG + 100,000-roofs
program”.
To control for specific firm characteristics, we use two different dummy variables. The “patents
before entry” variable is coded as 1, when a firm has patents related to the photovoltaic industry
77

before it entered the market and 0 otherwise. Some firms had a time period between one up to five
years between the founding of the firm and the entrance in the market (first occurrence of realized
output). Research and patenting activies can be captured due to this variable. Because of this dummy
we can control for the pre‐experience of the firms. Furthermore we can control for whether a firm
belongs to a group (of companies). The “group” variable is coded as 1 if a firm belongs to a group and
0 otherwise. In three cases the firms were aquired over time. Given that we do not use a panel
structure, but a cross‐sectional dataset, we code the group variable for those three firms also as 1.

Summary statistics for the main variables and pair‐wise correlations are reported in Tables 3.4 and
3.5 in the following. Table 3.4 is related to the longitudinal data which is used to analyze hypothesis
1. Table 3.5 gives an overview of the summary statistics and correlations of the main variables of the
cross‐sectional data which is used to test hypotheses 2 and 3.

Table 3.4: Summary statistics and correlations of the main variables (1950-2011) – longitudinal dataset
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Table 3.5: Summary statistics and correlations of the main variables – cross-sectional dataset

3.5 Empirical analyses
The empirical analysis will be based on a descriptive as well as a simple econometric analysis of the
firm population, the patent and the output data. We analyze whether the model of Bhaskarabhatla
and Klepper (2014) is appropriate to explain the observed empirical patterns of the photovoltaic
industry.

Hypothesis 1 predicts that entry in the photovoltaic industry is initially positive. The number of firms
will increase to a certain level but then stick at this level until the introduction of the demand‐
inducing policy instruments. The number of firms increases after the triggering event, but then falls,
while the output is still growing. The shakeout in the photovoltaic industry is triggered by “demand‐
inducing policy instruments”.
Figure 3.4 shows that entry is initially positive in this industry. In the first 40 years the number of
active firms was between 1 and 4. So entries and exits occurred. All of these firms were active in the
off‐grid submarket. Since the beginnings of the 1990s the on‐grid submarket occurred. After the
emergence of this “on‐grid‐submarket” (= dominant) and the introduction of the first program, the
1000‐roofs program and the StrEg in 1990 the number of firms start slightly to increase. All entries
after 1990 happened in the on‐grid submarket. In the subsequent years there was also support
through smaller programs. Between 1998 and 2000 a slight rise is observable. After the introduction
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of the EEG and the 100,000‐roofs program the number of firms increases at a moderate level and
after the amendment in 2004 a fast rise in the number of cell producers is observable. One possible
explanation for the stronger increase of the firm population after 2004 is the EEG amendment,
because this made the application of this technology more interesting for more people (e.g. farmers)
(Staiß, 2007) and induced demand in further parts of the on‐grid market. Many new firms (thin‐film
firms) are founded at that time due to the fact that the application of this technology was initially
cheaper and easier in its application for large‐scale systems. But after the cost reduction of the
crystalline modules thin‐film and crystalline solar cells can both be used for roof‐top systems and for
large‐scale systems. Between 2008 and 2010 the number of firms stagnates. Subsequent the number
of producers declined. In 2011 both the firm number and the total output started to decrease slightly
and since 2012 at a faster rate. The total number of firms dropped to 26 in 2012 – finally the
shakeout is observable.

Taking a closer look on the photovoltaic industry it is observable that this technology is applied in
various contexts, this is what we call the different submarkets – off‐grid (space and terrestrial) and
on‐grid. Until today no submarket has been destroyed. But the off‐grid submarket has not triggered
much entry or the shakeout. However, the number of producers is currently experiencing a shakeout
in the on‐grid submarket. Due to the circumstances of the evolution of the photovoltaic industry in
Germany we are not able to say clearly which of these instruments had the most influence. But the
data suggest that a combination of the various instruments and programs led to the strongest
growth of the firm population and output over the years. Having a closer look at the patent data
(Table 3.3) these patterns are also observable. Up to 1990 there are only few patents but after 1990
the count of it increases first slightly but then stronger.

To recheck these descriptive findings we run a regression. We apply count data models. In detail, we
use negative binomial regressions because the dependent variable is overdispersed. The number of
entries per year into the industry over the time period 1950 to 2011 is used as the dependent
variable. To test, whether an influence of the demand‐inducing policy instruments exists, a dummy
variable for entry ≥1990 is introduced as an independent variable. What is more, the different
support programs are used as control variables (StrEg+1000‐roofs program, EEG, EEG+100,000 roofs
program). The coefficient for the variable entry ≥1990 is positive and significant up to highly
significant in all estimation approaches (Table 3.6, 1a‐1e). Compared to the reference group (entry
before 1990), entry after 1990 is significantly higher in all estimation approaches. Furthermore, the
control variables indicate a low and negative influence of the StrEg in combination with the 1,000‐
roof‐program and a stronger positive and significant one of the EEG.
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Table 3.6 – Negative binomial regression: entry into the photovoltaic industry after 1990

1a

entry after 1990

Negative binomial regression
1b
1c

2.8751***
(0.6428)

3.0498***
(0.6350)

1d

1e

1.3863*
(0.7980)

1.6094*
(0.8892)

1.6094*
(0.8794)

1.9867***
(0.6923)

‐0.6931
(1.3357)
1.7636**
(0.7952)

Control variables
‐2.1335*
(1.2280)

_cons

‐2.3026***
(0.5466)

‐2.3026***
(0.5380)

‐2.3026***
(0.5267)

‐2.3026***
(0.5264)

‐0.6931
(1.3214)
1.9459**
(0.8112)
‐0.6931
(0.7417)
‐2.3026***
(0.5242)

Log likelihood

‐ 52.2386

‐50.6292

‐48.4664

‐48.3247

‐47.9142

LR chi²

19.60

22.82

27.14

27.43

28.25

Pseudo R²

0.1580

0.1839

0.2188

0.2211

0.2277

Number of
observations

62

62

62

62

62

StrEG + 1000‐
roofs program
EEG
EEG + 100,000‐
roofs program

Note: Standard Errors in parentheses. Dept. Var. = firm entry
*p<0.1; **p<0.05; ***p<0.01.

The industry consisted of only a few firms in the first years and the innovative activities were on a
low level. After the triggering event of demand‐inducing policy instruments the number of firms as
well as the innovative activities increase first slowly but then stronger in the on‐grid submarket.
In the photovoltaic industry firstly the demand had to be supported and afterwards the number of
innovations increased. Thus, the demand‐inducing policy instruments triggered the demand and
subsequently led to technological improvements and firm entry. We assume that not a technological
advance but demand‐inducing policy instruments triggered the evolution of the photovoltaic industry
in Germany. The findings support hypothesis 1.

Based on the Bhaskarabhatla and Klepper (2014) model, Hypothesis 2a predicts that larger firms
(firms with higher output) have a greater incentive to invest in innovations and therefore have
comparatively more innovations than small firms. To identify the large firms we summed up the
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reported output data published in Photon (Photon 04/2001‐04/2012). Through the output data we
identified the “Top” 5 of the 39 firms (Q‐Cells, Schott Solar, Bosch Solar, Deutsche Cell and First
Solar). Considering the 39 firms of our sample it is observable that the “Top Five“ have on average
more patents than all the other firms. The large firms own 57% of all patents.

To analyze the patents per firm, we divide the number of patents in one year through the number of
active firms.27 The share of patents is calculated by adding the total number of patents in one year
and then calculating the percentage of the patents which the “five” and accordingly “all other firms”
own. The same procedure is used for output, adding the total output per year and then calculating
the percentage of the patents which the “Top five” and accordingly “all other firms” own.

Table 3.7: Evolution in the number of patents over time – large firms vs. all other firms (2000-2010)

Table 3.7(a) shows that large firms have on average and also over time more patents per firm than all
other firms (except 2004). The share of patents between 2000 and 2010, except between 2002‐2006,
is higher for the large firms compared to all other firms.

In addition, we estimated a simple linear OLS regression (Table 3.8, model 2a‐2d) to investigate the
relationship between innovative activities (measured in the total number patents per firm) and the
firm size (measured via the total output per firm).
27

The number of active firms here is defined in contrast by first time entry or first time a patent occurred. This
is due to the fact that some firms feature patent activity before they enter the market.
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Table 3.8: Relationship between firm size and patents as a proxy for innovative activities

output

2a
0.0467***
(0.0091)

2b
0.0470**
(0.0083)

2c
0.0463***
(0.0094)

2d
0.0460***
(0.0086)

Control variables
patents before entry

25.7325***
(9.2648)

2.6383
(12.2138)
8.1545
‐3.7590
6.2876
_cons
(5.6751)
(6.7395)
(10.3828)
R²
0.4314
0.5365
0.4321
adjusted R²
0.4151
0.5092
0.3987
Number of observations
37
37
37
Note: Standard Errors in parentheses. Dept. Var. = patents
*p<0.1; **p<0.05; ***p<0.01.
group

26.2864***
(9.4191)
6.0514
(11.2181)
‐8.2974
(10.8247)
0.5406
0.4988
37

The coefficient of the main independent variable output is positive and significant in all estimation
approaches. Despite the stepwise introduction of the control variables the coefficient of output only
changes slightly, indicating that the results are robust. The results of the regression support the
descriptive findings. The larger the firm then the more patents it will have. However, hypothesis 2a
can be supported.

Hypothesis 2b predicts that large firms have more process innovations. Comparing the five large
firms to the 34 other firms, large firms have more process patents than all the other firms.
Furthermore, the average share of process patents among all patents for the large firms over all the
years is 59.25%, while the average share of process patents for all other firms is 44.33%. The share of
product innovations is higher for all other firms. The have a share of 55.67%, whereas the top five
firms only have 40.75% product innovations in total.

Comparing the large firms with all other firms, Table 3.7(b) shows that the share of process
innovations among all patents of these firms is higher for the five large firms than for all other firms.
Specifically, this is the case in 8 out of 11 years under investigation.

What is more, to investigate the relationship between the total number of process patents and the
size of the firm we estimated a simple linear OLS regression (Table 3.9). The main independent
variable output is positive and highly significant in all estimation approaches (model 3a‐3d). The
larger the firm (measured via output) then the more process patents it will have. Thus, there is a
positive relationship between firm size and innovative activities related to process R&D.
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Table 3.9: Relationship between firm size and process patents

output

3a
0.0276***
(0.0060)

3b
0.0278***
(0.0057)

3c
0.0273***
(0.0063)

3d
0.0272***
(0.0059)

Control variables
patents before entry

14.6168**
(6.3443)

1.7938
(8.1186)
3.6727
‐3.0945
2.4034
_cons
(3.7724)
(4.6150)
(6.9015)
R²
0.3752
0.4596
0.3761
adjusted R²
0.3573
0.4278
0.3394
Number of observations
37
37
37
Note: Standard Errors in parentheses. Dept. Var. = process patents
*p<0.1; **p<0.05; ***p<0.01.
group

14.9588**
(6.4552)
3.7361
(7.6881)
‐5.8965
7.4185
0.4634
0.4146
37

Adding the control variables stepwise indicates that the pre‐experience of firms, shown by the
dummy patents before entry has a positive effect on the innovative activities. Belong to a group of
companies is positive but insignificant. Nevertheless, the stepwise introduction of the control
variables only changes slightly the coefficient of the output variable. Thus, the results are quite
robust.

The results support the descriptive findings – large firms have more process patents. Hypothesis 2b
can be supported.

Hypothesis 2c predicts that large firms also belong to the early entrants of the industry. To analyze
this hpothesis it is important to know that up to 1990 only four firms were active in the first
submarket. These firms all entered the industry as large firms. In the model it is assumed that in the
first period no exit occurs. However, three of the four firms exit the industry before 1990. The
remaining one is already large. Nevertheless, after 1990 entry is observable (39 firms enter the
submarket), but the entry size of the firms differs. Some of the large firms in the on‐grid submarket
already entered as large firms. Measuring size via output shows that the five largest companies (Q‐
Cells, Schott Solar, Bosch Solar, Deutsche Cell and First Solar) were among the first 13 companies that
entered the industry in the years 1958 to 2011. In total 43 firms entered the industry. The third
submarket (dominant), the “on‐grid‐submarket” has been active since 1990. Between 1990 and
2002, after the emergence of the on‐grid submarket, nine firms entered the submarket. The five
largest firms (measured via output) entered the submarket among the first nine firms in the early
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years of the new submarket. Hypothesis 2c can be supported insofar, that the large firms belong to
the early entrants of the new submarket.

Hypothesis 3 predicts that firms invest in process R&D after the triggering event. Thus, after the
launch of demand‐inducing policy instruments process R&D will increase. For this hypothesis we only
consider firms having patents in the descriptive analysis. Thus, we use the 34 firms having patents.
After the introduction of the demand‐inducing policy instruments, the number of patents increases
as well as the number of process patents. Especially after the introduction of the EEG in combination
with the 100,000‐roofs program the number of patents increases stronger than ever before and also
the total number of patents is higher than ever before.

Table 3.10 shows that firms invested in product as well as in process R&D throughout the period
under review. A general trend toward process innovations is observable at the firm level. 4 of the 5
large firms have more than 50% process patents. 12 of the other firms (small firms) have 50% and
more patents concerning process innovations. In total 16 of the 34 firms have 50% and more process
patents than product patents. Analyzing the relevant patents this pattern is also observable over
time for the firms. Over time, the number of process patents increases (Table 3.10).
A decrease in the number of patents is only observable in the years 2003/2004. Between the years
2000 to 2010 54.1% of the patents are process patents. After 2000, the number of process patents is
larger than the number of product patents. Note, however, that product innovation remains on a
high level. A possible explanation for this is that many new firms entered the industry after 2000 and
at the beginning firms invest in product R&D. Nevertheless, the number of patents and in detail, the
number of process patents is higher after the triggering event in 1990.

Table 3.10 Number of patents over time (1970 – 2010)
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What is more, we conducted a t‐test to find support for the descriptive observed patterns. Thus, a
simple t‐test considering unequal variance (after Satterthwaite) is made for process patents before
1990 (time period: 1951‐1989) and process patents since 1990 (time period: 1990‐2011). The t value
of the one‐tailed test (diff < 0) is ‐2.6052 and the p‐value is (0.0064). Thus, this suggests rejecting the
null hypothesis of no difference. After the introduction of demand‐inducing policy instruments firms
have more process patents. The findings suggest that hypothesis 3 can be supported. Nevertheless,
in contrast to the model firms engage in process innovations also before the triggering event.

3.6 Discussion and conclusion
Through the lens of industry‐life‐cycle theories, to date the emergence as well as the evolution of
new technology‐based industries has been seen as the result of technological change. In contrast, the
growth and shakeout in the photovoltaic industry in Germany were triggered by demand‐inducing
policy instruments. The integrated submarket and shakeout model of industry evolution of
Bhaskarabhatla and Klepper (2014) is used as the theoretical point of departure to analyze the
evolution of this industry and the results indicate that it is applicable to explain the evolution of the
photovoltaic industry in Germany with one exception – the trigger here is demand‐inducing policy
instruments and not a technical advance. Nevertheless, a restriction of the application of the model
is the definition of the submarkets. While Bhaskarabhatla and Klepper (2014) differ between various
types of lasers which exist in parallel, the submarkets for the photovoltaic industry are defined via
the application of the technology (on‐grid vs off‐grid), which emerged over the past decades. What is
more, the number of submarkets by this definition is two, by considering only off‐ and on‐grid. The
number of firms active in the first off‐grid submarket is low. The maximum are 4 firms. Nevertheless,
since the 1990s a further submarket, the on‐grid submarket emerged and demand in it was
artificially increased by demand‐inducing policy instruments.
What is more, a further aspect in the fitting of the model to explain the patterns is that in the
Bhaskarabhatla and Klepper (2014) model it is assumed that process R&D is not profitable up to a
certain amount of output and thus, firms will only engage in it if they reach this level. In contrast to
the expectations of the model the share of process innovations is on a high level all over the time.
Nevertheless, the count of process patents is much higher after the introduction of the policy
instruments. A possible explanation for this can be found in the public research funding which
supported this industry in the early years. Furthermore, in the beginnings of the industry only large
firms entered it and the focus was not on new products but rather efficient solar cells. Nevertheless,
just after the introduction of the demand‐inducing policy instruments the number of firms and the
number of patents started to increase. Despite these restrictions, we think that in general the model
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can be used to explain the observed patterns of industry dynamics in the photovoltaic industry in
Germany. From a submarket industry, this industry changed to a shakeout industry.

This paper shows that demand‐inducing policy instruments can have the same effect as a technical
advance. Through the artificially increased demand the submarket grows and eventually is so big that
investing in innovations in general and investing in process innovations becomes profitable for the
firms over a certain threshold value and the other firms will be squeezed out of the market. Through
the introduction of the demand‐inducing policy instruments the industry structure shifted from an
industry consisting of submarkets to an industry which experiences entry and eventually a shakeout.
In the years between 1950 and 1990 substantial public research funding was made available. But it
took more than 40 years to start the real industry life cycle as it is predicted by the theories. As
reflected by the foundation of the cell producers, neither the invention or further innovations nor
the research funding triggered the evolution. But at a certain point in time, policies shifted away
from standard science‐based and technology‐push mode of funding. Since 1990, policy makers have
realized that the approaches applied hitherto had failed and have designed different funding
schemes with a focus on the demand side. All this led to a parallel growth of output and firm
population size.

Until 2011 the output of the German cell producers shows continuous growth. But compared to the
worldwide output it is observable that the German output capacity is getting less important in
relative terms. Although there is steady growth, growth in other countries is higher. An interesting
question for further research is how a country that had a first‐comer advantage for a long time and
was also a blueprint with its successful regulation for other countries could become so unimportant
in the worldwide market. Several mechanisms serve as a possible explanation. First, German
companies did not adequately build up R&D‐competencies in times of high profits and are now not
able to maintain a technological leadership. Second, cheaper modules from Chinese production are
flooding the German market and squeezing out German production, possibly because of the size
advantage they have based on the cost spreading mechanism. The integration into a global market
where cost advantages lead to a global division of operations within the value chain can then be
interpreted as a usual pattern of a growing industry. The factual power of this reorganization was
accelerated by harsh cost reductions, which could not be compensated by additional market growth
or improved efficiency in production. Third, the market changed from a seller’s market to a buyer’s
market. Consequently, firms of limited size and with inappropriate cost structures were not able to
compete anymore. Evidence for validity of all these explanations is that restructuring and
consolidation concerns all types of companies from all core stages of the value chain. Start‐ups with
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sophisticated but challenging and small‐scale thin‐film production concepts are affected as are large
producers of standard solar modules. Beside restructuring or shutdown of operations other trends
are emerging. Furthermore, companies are moving downstream into project development (Dewald,
2012). But are these possible explanations right? This is an interesting question for further research.

Another interesting question for further research would be to examine to what extent the Chinese
market, which also evolved very strong in the last few years, was unintentionally supported by the
German demand‐inducing policy instruments. The German shakeout was triggered by public policy,
in this context it should also be investigated to what extent this also has an impact on the global
photovoltaic industry life cycle. This should be also discussed in the context that f.e. Dechezleprêtre
and Glachant (2013) point out that environmental policies can also account for the promotion of
foreign innovations. Recent research shows that Chinese photovoltaic firms are quite good in the
production of solar cells and modules, but although the Chinese firms produce a large share of the
worldwide capacity the technology deployment in China is still minor (de la Tour et al. 2011).

The findings of this paper are limited to one single technological field in the photovoltaic industry in
one country. Further research will therefore be needed to check whether these results are also
applicable for other industries. At least we can say that the evolution of this industry was not
triggered by technological change, but mainly by demand‐inducing policy instruments that triggered
innovation and finally made the application of the technology profitable. So we can add demand‐
inducing policy instruments to the list of factors which can influence the nature of submarkets.
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Appendix (Chapter 3)
Appendix 3A: The IPC classes of the solar cell producing firms in Germany for the years 1950‐2012.
The most important class for the solar cell producers in Germany is class H01L, accounting for 66.29%
of all patents.
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Appendix 3B:
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4 Regional co-evolution of firm population, innovation and public research?
Evidence from the West German laser industry
Ann-Kathrin Blankenberg and Guido Bünstorf
4.1 Introduction: The paradox of the linear model
The linear model of innovation posits that innovation proceeds in a unidirectional sequence from
basic research over applied research and industrial development to product or process innovation.28
There is broad consensus among innovation scholars that the linear model is incomplete because it
neglects relevant feedbacks from “later” (i.e., closer to product development) to “earlier” stages. In
this paper, we will provide historical and quantitative evidence indicating that these feedbacks are
important in the regional co‐evolution of industry, innovation, and public research.
A variety of theoretical proposals address the limitations of the linear model. The chain‐linked model
of innovation (Kline and Rosenberg 1986) accounts for the often complex interactions between
public research and industrial research and development (R&D). Stokes’ (1997) notion of Pasteur’s
Quadrant highlights that curiosity‐driven basic research can often not be meaningfully distinguished
from use‐oriented applied research. Prominent contemporary contexts in which the distinction
breaks down include solid state physics and biomedical research. At various geographic and sectoral
scales, the systems of innovation approach emphasizes the importance of science‐industry
interaction. This approach played an important role in conceptually discrediting the linear model
(Fagerberg, 2003). From the perspective of industry evolution, it has been suggested that public
research is a key element of the “institutional context” that an industry co‐evolves with (Nelson
1994).
A variety of empirical findings support the theoretical contributions pointing to shortcomings of the
linear model. Private‐sector R&D managers’ report that public research is equally important to solve
problems that emerge in ongoing R&D projects as it is in inspiring new R&D projects (Cohen et al.
2002). Other research has found that the commercialization odds of university inventions licensed by
private‐sector firms are higher when university inventors actively support the post‐licensing
innovation efforts (Agrawal 2006).
These theoretical and empirical contributions notwithstanding, it is common practice in empirical
studies to estimate the importance of unidirectional knowledge flows from public research to

28

The linear model is conventionally attributed to Vannevar Bush (1945), who was then serving as the director
of the U.S. Office of Scientific Research and Development. According to Stokes (1997), Bush himself may not
have believed in the linear model, which may rather have been a rhetorical device that Bush used to justify
sustained public funding of basic research after World War 2.
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industrial R&D without allowing for reverse causality. Thus, while the linear model is rarely explicitly
defended by innovation scholars, it implicitly underlies a large number of empirical research designs.
This is what we refer to as the paradox of the linear model. Examples can be found in different
empirical contexts. For instance, a substantial number of studies find that public research activities
help explain regional rates of innovation (e.g., Feldman 1994; or Leten et al. 2014) or new firm
formation (e.g., Audretsch et al. 2005; or Fritsch and Aamoucke 2013) without addressing potential
influences from innovation or entrepreneurship on public research. The same can be said about
studies of industry evolution that consider public research as a determinant of regional entry rates
(e.g., Stuart and Sorenson 2003; or Bünstorf and Geissler 2011).29
That the potential impact of private‐sector activities on public research is widely neglected in current
empirical research is all the more puzzling because historical evidence clearly suggests its relevance.
Historians of science and technology have long argued that new scientific disciplines often emerge
from the quest to better understand the foundations of recent technological advances (cf., e.g.,
Rosenberg, 2004). Adopting the empirical context of the historical synthetic dye industry, Murmann
(2003; 2013a; 2013b) has shown how producers in the laggard German industry leveraged their close
interaction with university chemists to attain world market leadership.
The prior discussion has mostly focused on the interdependence of science and technological
innovation at the aggregate level. In contrast, our principal interest is at the more mundane level of
regional interdependence and co‐evolution, which we expect to be driven by the activities and
initiatives of various regional actors such as firms, universities or individuals. It is easy to find
examples suggesting the importance of regional interaction leading to the co‐evolution of science
and private‐sector innovation activity. For instance, Akron, Ohio, had long been the center of the U.S.
rubber and tire industry when in 1908 the University of Akron started to engage in rubber research.
Historical sources show that the move into rubber research was strongly supported by the local
rubber firms.30 Today, the University of Akron College of Polymer Science and Polymer Engineering
29

Note that the seminal empirical contribution by Jaffe (1989) allowed for, but did not find, an effect of
industrial R&D on public research activities at the level of U.S. states.
30
B.F. Goodrich started the Akron rubber industry when he moved his New Jersey firm there in 1871. Goodrich
pioneered the market for automobile tires in the early 20th century. Jointly with local competitors Firestone
and Goodyear (as well as U.S. Rubber from Detroit) it soon dominated that industry. In 1908, the Municipal
University of Akron established a course in rubber chemistry, apparently the first and for a long time only
course of this kind at a U.S. university (India Rubber Review, 8/1922). In 1915, William F. Zimmerli, Ph.D., then
in charge of the Chemistry department at the University of Akron, writes in the trade journal India Rubber
Review about the department’s course in rubber chemistry: “I have met hearty encouragement and assistance
from all branches of the rubber industry.” Specifically, he notes that rubber dealers provided him with samples,
that Goodyear engineers helped him design the rubber laboratory, and that he purchased laboratory
equipment at reduced prices from a local rubber machinery maker. In 1922, his successor, Professor H.E.
Simmons, similarly writes: “The industries of the city co‐operate to the fullest extent, enabling our students to
get actual experience in manufacturing from the practical standpoint as well as from the theoretical. In return
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claims

to

be

“the

largest

academic

program

of

its

kind

in

the

world”

(http://www.uakron.edu/about_ua/history; last accessed August 8, 2014). The university is a key
player in the region’s efforts to position itself as “Polymer Valley” and to be a leading location for
research and production in the fields of polymer research, rubber, plastics and advanced materials.
And while the large rubber and tire companies have mostly disappeared from Akron, the 2010/2011
Directory of Polymer Industries published by the Greater Akron Chamber of Commerce lists more
than 200 polymer establishments in the region.
It is this type of regional co‐evolution of science, innovation and industry that we focus upon in the
present paper. Using German laser research and manufacturing as our empirical context, we trace
regional science‐industry interaction and the co‐evolution of regional firm populations, innovation
activities, and public research over a 40‐year period from the emergence of the industry to the mid‐
2000s. Based on a review of qualitative work as well as quantitative analyses, our evidence suggests
a co‐evolutionary process of mutual interdependence rather than a unidirectional effect of public
research on private‐sector activities. If it can be generalized beyond the laser industry, this finding
has potentially severe implications for empirical research on science‐industry interactions, but also
for innovation policy and firm strategy.
The paper is structured as follows: The following section reviews prior findings on co‐evolutionary
dynamics in innovation systems. Section 3 presents results from historical research as well as some
descriptive patterns on the evolution of laser research and manufacturing in Germany. The
econometric analysis is in the focus of Section 4. Section 5 concludes.

4.2 How does regional industry affect public research (and vice versa)?
4.2.1 Co-evolution of public research and private-sector R&D
Co‐evolution has been suggested as a theoretical frame to account for interdependences between
industry, technological change, and the institutional environment (Nelson 1994; Murmann 2003).
The defining characteristic of two (or more) co‐evolving populations is that changes in each
population have a causal influence on the further evolution of the other(s). The co‐evolution concept
seems well‐suited to complement the systems of innovation approach highlighting the interactive
nature of innovation processes. As proponents of the systemic approach (e.g., Lundvall 1992; Nelson

for these courtesies extended to us by the factories of Akron we try to be of service to them in whatever way
possible. In fact, some of the smaller companies who do not feel able to go to the expense of equipping a
laboratory and hiring a man to have charge of it send their work to the University, and it is taken care of at a
small yearly cost to them” (Simmons, India Rubber Review, 1922). Mowery et al. (2004) argue that U.S.
universities historically tended to be dependent on resources and support from the local private sector. They
also point to Akron as a case in point.
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1993; Malerba 2002; Cooke et al. 2004; cf. also Soete et al. 2010, for a survey) have argued, the
performance of innovative firms is shaped by their interactions with a wide range of other actors
including customers, suppliers, universities and public research organizations. It is also conditioned
by the institutional context, including the prevailing policy and regulatory framework as well as
cultural, scientific and technological traditions.
Finding evidence of co‐evolutionary dynamics within innovation systems would provide empirical
support to the systemic approach to innovation. Studying co‐evolutionary processes may also help
address limitations of current empirical work in the systems of innovations literature (cf. Fagerberg
2003; Castellacci 2007). In particular, even though the systemic view of innovation originated within
evolutionary economics, the population thinking characteristic of evolutionary economics is often
absent in the work on innovation systems. Instead of investigating micro‐level actors such as
individual firms, empirical research based on the systems of innovation approach frequently focuses
to broad aggregates. Relatively little is also known about the evolutionary dynamics of innovation
systems.
In the present paper, we begin the empirical analysis of co‐evolutionary dynamics with a focus on
public research, which constitutes an important element of contemporary innovation systems. The
most fundamental co‐evolutionary process in this context is that between the overall state of
knowledge in scientific disciplines and the level of technological development in related industries. It
is well known that scientific advances often enable technological innovations. The relevance of
reverse causality – technological change driving advances in science – has also been stressed by
historians of science (Mokyr 2002; Rosenberg 2004). “Technology oriented sciences” (Nelson 1959)
and new fields of engineering often come into existence because already functioning technology is
insufficiently well understood. By adding to the understanding of the respective technology, the new
fields and disciplines help broaden its “epistemic base” (Mokyr 2002), which facilitates future
improvements of the technology as well as new applications. Researchers in these technology‐
oriented fields of science and engineering may directly shift the technological frontier or enable
those working in private‐sector R&D laboratories to do so.
Public research and private‐sector innovation are linked through a variety of conduits. Universities
educate students and researchers, many of whom subsequently migrate into the private sector and
contribute to the human capital stock of incumbent firms. Direct ties between firms and public
research are established through collaborative and sponsored research. Both public policy makers
and private initiatives may help institutionalize such ties through the establishment of research
centers focusing on applied research. Such collaborative and sponsored research helps incumbents
advance their technology. In addition, public research may also facilitate new entry into the industry
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(Nelson 1994). First, because collaborating with public research enables firms from other industries
to diversify into the target industry, and second, because university researchers become academic
entrepreneurs and enter the industry with their ventures (Audretsch et al. 2005).
In addition, firms in technologically advanced industries engage in various activities that help
researchers and universities in related fields and disciplines. One important activity is lobbying. Often
via industry associations taking the role of intermediates, firms lobby for public funding of research in
the respective fields. Stressing their need for talent, they also lobby for public funding of higher
education suitable for their needs. Particularly in the case of new industries, this may include the
argument that entirely new programs and possibly even new organizations (e.g., new universities or
government laboratories) are required to safeguard the future of the industry and the
competitiveness of the respective jurisdiction.
Besides lobbying for public funds, many firms and industry associations spend substantial amounts of
their own money to advance public research. After the ascent of the corporate R&D laboratory
(Hounshell and Smith 1988), large firms have frequently engaged in basic research activities. Perhaps
the most extreme case in history were the Bell Labs, from which several of the key inventions of the
20th century emerged (Gertner 2012). Nelson (1959) provides an early rationale why larger firms
have stronger incentives to engage in such activities, which are plagued by substantial uncertainty
about potential fields of application, than their smaller competitors. More recent contributions
(Hicks 1995; Stern 2004) argue that engaging in basic research activities and publishing results via the
traditional outlets of public research allows firms to reap various benefits from signaling their
legitimacy to university collaborators to attracting research‐oriented employees.
A detailed account of industry‐science co‐evolution is provided by Murmann (2003, 2013a, 2013b) in
the historical context of the global 19th century synthetic dye industry. Murmann emphasizes the role
of labor mobility between public research and the private sector. Academic entrepreneurship was
particularly important at the outset of the industry, to the extent that the “list of early entrepreneurs
in the British synthetic dye industry reads like an alumni directory of the Royal College of Chemistry
in London” (Murmann 2013a, p. 69). Established businesses also benefited from hiring talented
university scientists, among others because these were embedded in networks through which
relevant knowledge could be communicated across firm boundaries. Murmann’s account of mobility
from industry to public research is also noteworthy. He argues that this type of mobility transferred
important new ideas and methods to universities and enhanced their research productivity. It also
helped university researchers establish commercial ties to firms. These ties provided them with
knowledge as well as physical and financial resources that could be leveraged in the generation of
new results and in the scientific competition with other researchers.
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The insights from Murmann’s historical case study resonate with quantitative findings on the
research productivity of present‐day scientists. A large number of individual‐level studies find that
quantity and quality of research output tend to increase with (moderate levels of) industry
engagement (among others: Breschi et al. 2008; Azoulay et al. 2009). To account for these patterns,
scholars often refer to the inflow of money from collaborating with private‐sector partners, which
allows university researchers to hire additional staff and invest in new equipment. Access to the
superior equipment of industry partners is also credited as an important factor underlying the
performance effects of collaborations. Perhaps most relevant, however, are the “reverse” knowledge
spillovers from industrial R&D to public research. Problems that firms encountered in the R&D
process have long been suggested as powerful drivers of advances in public research (Mansfield
1995).

4.2.2 Co-evolution in regional systems of innovation?
Prior work suggests that the interaction of public research and private‐sector R&D has a strong
regional dimension. In particular, the notion of localized knowledge spillovers figures prominently in
economic geography. Empirical studies suggest that knowledge flows between various types of
entities, including those from universities to private‐sector firms, are more pronounced at shorter
geographic distances (Jaffe 1989; Jaffe and Trajtenberg 1996). These patterns may result from a
number of underlying processes. Geographic distance is an impediment to labor mobility, which
reinforces the localized character of social networks in which knowledge is exchanged. Random
encounters enabling knowledge transfer between individuals who are not otherwise connected are
also more likely within regions. In addition, an emphasis on finding regional collaboration partners is
straightforward for both university researchers and private‐sector firms. Co‐located partners tend to
be less costly to interact with and may be trusted more not too leak information to third parties.
Based on these considerations, it can also be expected that firms and private‐sector associations
actively try to shape the research agendas of regional universities and attract relevant research
centers (or individual researchers) to their own region. In a given industry context, there are typically
smaller numbers of interested firms in the region than there are at the national level. Accordingly,
firms will typically have stronger incentives to spend their own money (because less of it spills over
to competitors). It is also likely that individual firms or private‐sector associations have stronger
political clout at smaller geographical scales. Accordingly, they will be able lobby regional policy
makers more effectively than national policy makers.
In turn, universities and PROs have much to benefit from the political support of regional firms. It is
in their interest to emphasize their importance for regional development and to signal their
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commitment by codifying regional development objectives. This may be particularly important for
public universities dependent on continued funding by regional authorities. Consistent with this
conjecture, a recent survey finds that about one‐third of the surveyed U.S. universities assessed
regional development objectives as highly important to their technology transfer strategies. These
universities were predominantly public (Belenzon and Schankerman 2009).
In summary, the above considerations and the available prior evidence from various contexts lead us
to expect that regional firm populations and private‐sector innovation in a given industry context co‐
evolve with the public research activities in the respective region. In the remainder of this paper, we
explore this conjecture in the context of laser research and laser manufacturing in Germany.

4.3 Industry-science interaction in the evolution of the German laser industry: historical
evidence and descriptive patterns
“Laser” is a generic term denoting spatially and temporally coherent light sources based on
stimulated emission of photons. The virtually unbounded range of potential applications of laser
technology were widely appreciated as soon as the first workable laser was demonstrated in 1960.
However, laser sources and auxiliary equipment tend to be highly application‐specific. Adapting
lasers to new applications therefore turned out to be a major obstacle in the diffusion and
commercial application of this technology. To date, new advances in laser technology have continued
to open up new fields of use for which previously available laser sources were not applicable or not
commercially viable.
The laser is a U.S. invention, but German university researchers and also private‐sector firms such as
Siemens and Zeiss engaged in laser research activities right after they learned about the successful
operation of the first U.S. lasers (cf. Albrecht 1997, for the following). Numbers of laser‐related
publications grew rapidly over the first two decades of laser research (Albrecht et al. 2011). From the
beginning, German funding organizations and policy makers were ready to support the fledgling
technology. In the 1960s and 1970s, priority programs of the Deutsche Forschungsgemeinschaft
(DFG) helped establish laser research at universities. These activities also supported the education of
early German laser experts. Promotion of more application‐oriented laser research started after the
Federal Ministry for Research and Technology (Bundesministerium für Forschung und Technologie;
BMFT) was established in 1968. The new ministry immediately began to fund laser‐related projects,
and the number of newly commissioned projects took off in the mid‐1980s (Fabian 2011). The
BMFT’s first research program dedicated to lasers was introduced in 1987. It specifically called for
collaborative research projects by industrial and public research partners. This program was followed
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by the “Laser 2000” program (1993) and the broader “Optical Technologies” program (2002). Behind
these programs was the ministry’s conviction that the German laser industry was lagging behind its
international competitors. They also reflect the ministry’s activist stance with regard to innovation
and industrial policy.
Backed by the ministry, the major German laser producers organized a formalized network called
Arbeitskreis Lasertechnik in 1984. The Arbeitskreis right away began to lobby for the subsidization of
industrial laser research as well as the new establishment of application‐oriented public research
centers. These lobbying efforts fell on open ears in the ministry, as they helped legitimize its activist
aspirations and efforts. Incumbent laser firms also played an active role in location choices of new
research centers, most importantly the Fraunhofer Institute for Laser Technology (ILT) established in
Aachen in 1985. The location of this institute was fiercely contested among the regional governments
of three Bundesländer (cf. Fabian 2011). Northrhine‐Westfalia supported Aachen, Baden‐
Wuerttemberg fought for its own capital, Stuttgart, and Berlin was likewise backed by its regional
government. Industrial interests were actively involved in the fight. Most notable in this context is
the head of Stuttgart‐based Trumpf Laser, Berthold Leibinger, who was a member of the Fraunhofer
Society’s senate as well as of a commission that advised the government of Baden‐Wuerttemberg on
R&D policy. As part of his efforts to locate the new institute close to his own firm, Leibinger even
attempted to overturn the Fraunhofer Society’s decision in favor of Aachen (ibid.).
Fraunhofer’s eventual choice of Aachen did not prevent the losing regions from founding their own
laser research centers focusing on applications in materials processing. The Institut für
Strahlwerkzeuge (IfSW) in Stuttgart, the Festkörper-Laser-Institut (FLI) in Berlin, and the Laserzentrum
Hannover were all established in 1986/1987. Again, the establisment of these institutes was
accompanied by substantial industry lobbying. For instance, Turmpf’s Leibinger helped shape the
agenda of the IfSW. He was also involved in the decision about who should be leading it (ibid.). In
other cases such as the FLI, laser producers were directly involved as co‐sponsors of the new
institutes.
These events illustrate how laser firms influenced high‐level decision making on laser‐related public
research. Patent and publication data can be used to obtain more micro‐level evidence of university‐
industry interaction at the level of individual research groups. To the extent that inventors from
public research show up in patents, this documents their involvement in (early stages of) innovation
activities. However, it is not easy to actually measure the role of university researchers in patenting,
because inventor affiliations are not recorded in patent data, and the majority of patents covering
inventions by university researchers are not applied for by universities. In the German case,
98

identifying university‐invented patents is particularly difficult for the pre‐2002 years when university
inventors retained the intellectual property rights in their inventions (the “professors’ privilege”).
Albrecht et al. (2011) identified university inventors in German laser‐related patent applications by
matching inventor names with a list of university professors in relevant disciplines. This matching
resulted in 391 patent applications (co‐) invented by university professors; a share of about 11.9 % of
all 3,273 patent applications in IPC subclass H01S recorded for the time period 1960‐2005. However,
of the 349 applications only 91 (or about 2.8 % of all H01S applications) had an active producer of
laser sources among their applicants (based on the laser firm dataset underlying the analysis in
Bünstorf 2007). Only in these 91 cases do the patent data provide evidence of direct involvement of
public research in the innovation activities of German laser source producers. An additional number
of 71 patents were applied for by other firms. The remainder has universities, PROs or individuals as
applicants.
Laser‐related scientific publications were analyzed by Fritsch and Medrano (2010) as well as in
Bünstorf et al. (2015). They were obtained from two main sources. For the 1960‐1970 period we
employ the Physikalische Berichte, an annual register of relevant international and German scientific
publications. Our publication measure for later years is based on the INSPEC database. Laser
publications were identified by a keyword search for ”laser”, “lasing” and “lasers” in titles and in
abstracts. For the search of early laser publications in the Physikalische Berichte, the terms
“stimulated photon emission”, “microwave frequency doubling in ruby”, “parametric amplification
and oscillation”, and “resonators” were also included in the query. We obtained a total of 32,827
laser‐related publications from the time period 1960‐2007.
Retrieving author affiliations in publication data is in principle straightforward. However, for the time
period under investigation, the INSPEC database only provides a single author affiliation per article
(generally, the affiliation of the first author listed). This is unambiguous only in the case of single‐
authored papers, which account for a minority of articles in laser research. To identify university‐
industry collaborations, we constructed an indicator of articles co‐authored by individuals from
different types of organizations by recursively inserting identified author affiliations into other
papers co‐authored in the same year. To the extent possible, for the years before 1990 we limited
the search to publications from West Germany.
There are 6,562 publications with two authors. For 1,291 of these (19.7 %) we were able to match
both authors with their affiliations. In the vast majority of cases, both authors have the same
affiliation. Where affiliations differ, they tend to be from the same type of organization. This holds
both for public research and for firms (including firms that do not produce laser sources themselves).
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Interestingly, it also holds for public research institutes established to focus on interaction with
private‐sector firms (such as Fraunhofer Institutes or the IfSW). Among the articles with two authors,
we only found 26 instances of co‐authorship between public research and industrial R&D (2 % of all
cases with two identified affiliations). For the 6,843 articles with three authors, we were able to
retrieve at least two author affiliations in 2,179 cases. Again, only 51 of these (2.3 %) reflect co‐
authorships between authors from public research and industrial R&D. Finally, for the remaining
15,172 articles with more than three authors, at least two author affiliations could be identified in
7,764 cases. Not surprisingly, the share of co‐authorships between public research and firms is larger
for the articles with more than three authors. In this group it reaches 3.9 % (299 articles).
Taken together, patent and publication data thus indicate a modest level of direct interaction
between different types of organizations.31 Before concluding this section, we turn our attention to a
different, more indirect kind of interaction between public research and private‐sector R&D: mobility
of graduates between public research and the private sector. We already noted above that some
institutional co‐publications may reflect earlier labor mobility by one of the involved authors. We
now study this issue in a little more detail, focusing on the role of individuals who obtained doctoral
degrees in laser‐related research as inventors of patents related to laser sources. To this purpose, we
conducted a text search in the dissertation database of the Deutsche Nationalbibliothek, the national
library where universities are required to deposit a copy of all doctoral dissertations. This has the
advantage that we can search for the field of laser research across disciplinary boundaries and in a
database that consistently covers the entire time period under investigation. Excluding medical
dissertations, in which lasers are frequently used only as research tools, our data encompass a total
of 4,845 dissertations from 1960 to 2005 (cf. Bünstorf and Geissler 2014, for details). We then
matched the author names of these dissertations with the laser‐related patent applications
described above. Laser‐educated inventors thus identified indeed account for a substantial share of
the German laser patents: their overall share is almost 28 %. The vast majority of their patents have
firms as applicants, even though these were not always commercial laser source producers. If only
the patents of laser source producers are considered, the share of laser‐educated inventors is about
21 %. Bünstorf and Geissler (2014) moreover identified 28 authors of laser‐related dissertations
among the founders of 143 laser producers that entered in Germany between 1960 and 2003,
suggesting a non‐negligible role of doctoral training in the breeding of future laser entrepreneurs.

31

Given the limitations of our data and approach, these numbers can only been considered a rough, lower
bound estimate of scientific articles co‐authored by individuals from different (types of) organizations.
Moreover, we have no information about how exactly these co‐authorships have come about. We suspect that
a substantial share of the noted co‐authorships across organizations is based on job mobility of individual
authors, reflecting articles that were written when the authors still had the same affiliation.
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4.4 Regional co-evolution of firm population, innovation and public research: an
exploratory econometric analysis
In the previous section we presented qualitative evidence and quantitative indicators suggesting
substantial interaction of firms, private‐sector R&D and public research in the evolution of German
laser research and manufacturing. In this section we begin to trace these co‐evolutionary dynamics
econometrically. Our analysis builds on earlier research that has demonstrated the importance of
regional university research for firm entry into the German laser industry (Bünstorf and Geissler
2011; Bünstorf et al. 2015). To allow for mutual interdependence between regional laser firm
populations, private‐sector R&D (as evidenced by patent data), as well as public research (as
evidenced by dissertations or publications), we estimate reduced‐form vector autoregressive (VAR)
models. The analysis is based on annual data covering the time period between the inception of laser
research in 1960 and the mid‐2000s. It is restricted to West(ern) Germany and Berlin because the
innovation system of pre‐1990 socialist East Germany dramatically differed from the Western one
and meaningful dynamics of the firm population cannot be identified for the centrally planned
socialist economy.

4.4.1 Data
Information about the relevant firm population of laser source producers is taken from Bünstorf
(2007). As our proxy of laser‐related R&D we again use the population of IPC H01S applications with
German applicants at the German Patent Office from 1960 to 2005 (a total of 3,297 patents; cf.
Section 3 above). Patents of universities and non‐university public research organizations are
excluded from the analysis, which provides us with a measure of private‐sector R&D activities. Recall
that the scope of these activities goes beyond the narrowly defined laser industry (and thus our
population of laser firms). Many of the relevant patents were applied for by manufacturing firms that
were no commercial producers of laser sources. This is consistent with the nature of lasers as general
purpose technologies utilized in a broad range of industrial applications.
We employ two alternative indicators of public research. Laser‐related doctoral dissertations provide
the first indicator. Advising doctoral dissertations constitutes a strong signal that a university
researcher is interested in a particular field of research. We employ the laser dissertation dataset
from Bünstorf and Geissler (2014) introduced in the previous section. For the econometric analysis,
annual dissertation counts are aggregated to the university level. Alternatively, public research
activities are measured by scientific publications. The publication dataset again corresponds to the
one described above. Publications by authors with private‐sector affiliations (which account for only
a small share of the overall publication stock) were eliminated.
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Planning regions (Raumordnungsregionen or ROR) are adopted as geographic units of analysis.
Planning regions aggregate several districts (Landkreise; NUTS3) such that commuter flows across
regional boundaries are minimized, but are more fine‐grained than the NUTS2 regions defined by the
European Union. Germany currently has 97 planning regions. As the delineation of planning regions
proceeds along administrative boundaries, planning regions provide a good balance of data
availability and adequacy as functional geographic units. They are widely used as geographic units in
empirical research on Germany.
We include in the analysis all West German planning regions with universities whose researchers
were “at risk” of performing laser research in any given year. We constructed this risk set by first
identifying the population of universities from the Hochschulkompass, an official directory published
by the German Rectors’ Conference (Hochschulrektorenkonferenz). To identify laser‐relevant
departments, we then used information from the Vademecum Deutscher Lehr und Forschungsstätten
(1957, 1961, 1964, 1968) published by the Stifterverband für die Deutsche Wissenschaft, as well as
from annual official study guides (Studien- und Berufswahlführer).
Summary statistics for the main variables and pair‐wise correlations are reported in Tables 4.1 and
4.2.

4.4.2 Vector autoregressions
To analyze statistical associations between regional measures of firm population size, private‐sector
innovation and public research, we estimate a series of reduced‐form panel vector autoregression
models (VARs) (Sims 1980). VARs are well‐established as a methodology to study relationships
between macroeconomic time series. They have also been applied to issues of industrial dynamics in
recent years (cf., e.g., Coad and Broekel 2012). In a reduced‐form VAR, variables are regressed on
their own lagged values as well as lagged values of all other relevant variables. Each individual
regression is estimated via OLS. Reduced‐form panel VAR estimates only show correlations, and not
causal relationships, between the interdependent variables. Moreover, given that they do not reflect
the interdependence among the contemporaneous variables, individual coefficients of reduced‐form
VARs have no direct economic interpretation. Not even the sign of coefficients can be interpreted in
a straightforward way (Hoover 2001). However, reduced‐form VAR models can be used to test for
Granger causality between variables (Granger 1969; Stock and Watson 2001)32. It is the results of
these Granger causality tests that our subsequent discussion focuses upon.

32

The concept of Granger causality is based on testing lagged values of variable X improve the prediction of
another variable Y. Variable X Granger causes variable Y if an F‐test of joint significance of all included lags of X
is significant in a model of Y. Granger causality may be uni‐ or bidirectional.
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The estimated reduced‐form VAR models include public research activities (alternatively measured
by dissertation or publication counts), private‐sector patent counts and the size of the regional
population of laser source producers. Dissertation and publication data were aggregated for all
universities located in the same planning region (ROR). We assume that dissertation projects have a
duration of five years. For projects leading to publications or patents, we assume a three‐year
duration. State variables of the number of ongoing dissertation, publication and patent projects were
constructed from the observable outcomes using these assumptions. This procedure provides us
with an unbalanced panel data set with annual observations capturing the time period from 1960 to
2004.33 To ensure stationarity and control for unobserved heterogeneity, all estimations are
performed in first differences.34 We do not have strong theoretical priors about the number of lags to
be included in the VAR models, but generally expect the relevant interdependencies to be between
variables of relatively short lags. We therefore report the results of Granger causality tests for
models with up to five lags. P‐values of these tests are shown in Table 4.3.35
Adopting publications as the proxy of public research, Table 4.3 shows that irrespective of lag length,
both changes in the number of patents and changes in the number of publications significantly
predict subsequent changes in the number of regional laser producers (first column of left panel). We
likewise find that patents are Granger‐caused by the size of the regional laser firm population as well
as by publications (second column of left panel). With the exception of producers in the model with
three lags, the Null of no Granger causality is always rejected at the .05 or the .01 level. Consistent
with prior work, these findings suggest a systematic effect of public research on private‐sector
activities, as well as a mutual interdependence of firm population size and private‐sector R&D.
Results of tests for Granger causality running from private‐sector activities (firm population size,
number of laser‐related patents) on the public research activities in the same region are reported in
the third column of the left panel. Again, we find strong evidence of Granger causality for all
considered lag lengths. Taken together, these findings are consistent with substantial co‐evolution of
firm population size, private‐sector R&D and public research at the regional level.
Granger causality tests alternatively using regional dissertation counts as alternative proxy of public
research activities yield similar, but generally slightly less clear‐cut results (Table 4.3, right panel).
Again, patent counts consistently Granger‐cause regional firm population sizes and vice versa (except
33

Our raw data generally extend to 2007, but final years are lost due to our transformation of dissertation,
publication and patent data into measures of ongoing projects.
34
Fisher‐type tests did not reject the presence of unit roots in the original time series. For the first‐differenced
time series, the Null hypothesis of unit roots in all panels was rejected. We alternatively used regional
percentages of the annual totals for all variables, for which the Null of unit roots in all panels also was rejected.
Results were similar to those reported below and are available upon request.
35
We focus on associations between the different variables. Autocorrelations are mostly positive and
significant.
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for the model with three lags). In contrast, public research does not predict subsequent private‐
sector activities in the models with smaller numbers of lags. Interestingly, though, the above finding
that public research is Granger caused by the number of laser firms and private‐sector patents in the
same region is reproduced for this alternative measure of public research activities.

4.4.3 Robustness checks
We adopt three strategies to assess the robustness of the above findings. First, the reduced‐form
VARs are re‐estimated for shorter time periods. Second, the assumed duration of dissertation
projects is varied. Third, we estimate the hazard of university departments to newly enter laser‐
related research.
Splitting the time period under investigation in half and re‐estimating the reduced‐form VARs for the
years 1960‐1982 (Table 4.4) and 1983‐2003 (Table 4.5) yields similar results to those obtained for the
full sample. If anything, results for the split sample indicate that co‐evolutionary relationships
between private and public‐sector activities may have become stronger over time. Using the
publication‐based measure of public research (left panel of Table 4.4), 21 of the 30 Granger causality
tests for the earlier time period are significant at the .05 level or better (25 are significant at least at
the 0.10 level). The corresponding numbers for the models with the dissertation‐based measure
(right panel of Table 4.4) are 16 and 19. In the 1983‐2002 time period, 26 of the 30 Granger causality
tests are significant at the .05 level or better in the models using the publication measure of public
research (left panel of Table 4.5). The same holds for 19 of the 30 tests using the dissertation
measure (right panel of Table 4.5).
We next probe into the assumed duration of dissertation projects, a potentially critical assumption in
the above analysis. To this purpose, we re‐estimate the VAR models, now assuming a shorter four‐
year duration of dissertation projects. Results of these re‐estimations are reported in Table 4.6. Due
to the shorter assumed duration of dissertation projects, we can now extend the analysis to the year
2004, which explains the changes in the results of the models using publications as a proxy of public
research activity. Most notably, patents do not significantly Granger‐cause changes in regional firm
population sizes in these models (Table 4.6, left panel). For the alternative proxy of dissertation
projects, we now find consistently significant Granger‐causal relationships running from public
research to the regional firm population size (Table 4.6, right panel). In contrast, the evidence for
reverse Granger causality running from firm population size to public research is considerably weaker
than in the original estimates. The results of these models with shorter assumed dissertation projects
thus point to a substantial role of measurement error in our results. This is not very surprising given
the admittedly crude proxies available to our analysis, which covers the complete West German laser
104

industry for more than 40 years starting at the outset of the industry. Irrespective of the concrete
model specification, however, we consistently obtain evidence suggestive of co‐evolutionary
processes, as there are significant Granger‐causal relationships from public research to private‐sector
activities as well as in the opposite direction.
The final robustness check uses a different statistical methodology. With the alleged impact of
regional private‐sector activities on public research it focuses on a key element of the proposed co‐
evolutionary dynamics. Specifically, we estimate semi‐parametric Cox regressions to trace whether
the hazard of university departments to newly enter into laser research is associated with the
regional presence of laser producers. The main limitation of this approach is that the number of laser
producers in a region is assumed to be exogenous, which is obviously difficult to reconcile with the
notion of regional co‐evolution. The results of the hazard models can therefore only be taken as
suggestive.
To estimate the hazard models, we first develop a risk set of suitable universities whose researchers
could in principle have started laser‐related research activities. Using the same data sources as in the
above analysis, we identified all departments in physics and chemistry, as well as mechanical and
electrical engineering departments, and when they were established. The former are aggregated into
synthetic “science” departments, and the latter are likewise aggregated into “engineering”
departments. These synthetic departments constitute the risk set for the hazard analysis. A total of
55 West German (including West Berlin) universities with laser‐relevant “science” departments (52
departments in total) or “engineering” departments (32 in total) is thus identified. Given the drastic
expansion of the West German system of higher education beginning in the 1970s, many universities
enter the risk set after 1960. For pre‐existing departments, the time at risk begins in 1960 (when the
laser was invented). Departments are assumed to enter laser research in the first year in which three
or more ongoing laser‐related dissertations are recorded.36 All estimations are based on annual
observations and allow covariate values to vary over time. Standard errors are clustered by
university.
Results of the hazard models are presented in Table 4.7. Our baseline specification (Model 1 in Table
4.7) shows that the hazard of entry into laser research is significantly higher for universities located
in regions with larger populations of laser producers. In Model 2, we estimate separate coefficients
for the association of the laser producer variable with departments of traditional universities (Uni)
respectively technical universities (TU). Both coefficients are positive and significant. In Model 3, the
number of regional laser patents is added to the specification of Model 1. No significant association
36

Very similar results were obtained when we alternatively assumed entry in the year of the department’s first
laser‐related dissertation.
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with the hazard rate is found, and the coefficient estimate for the presence of laser producers
changes little.37 Finally, in Model 4, we further include an indicator denoting engineering
departments and also control for (log) population density of the university region. These changes
dampen the coefficient estimate of the producer variable, which however remains sizeable and
marginally significant at the .10 level.

4.5 Concluding remarks
In this paper, we took the idea that industries co‐evolve with their institutional environment (which
dates back to Nelson 1994) as a starting point of a detailed empirical analysis of regional
interdependencies between firm population sizes, private‐sector R&D and public research. We did so
in the empirical context of laser research and laser manufacturing in (West) Germany, which has
attracted substantial prior attention by historians as well as economists. Based on reduced‐form
panel vector autoregressions covering a time span of more than 40 years, we not only found that
private‐sector activities seem to benefit from the activities of co‐located universities and non‐
university public research organizations, as a sizeable prior literature suggests. Our findings also
indicate that public research is responsive to the regional presence of innovative firms.
These mutually reinforcing relationships between public research and private‐sector activities are
consistent with the notion of co‐evolution. They resonate with the work of historians of science who
have long insisted that advances in science are not independent from technological development.
They also suggest that the co‐evolutionary dynamics that Murmann (2003, 2013a, 2013b) identified
in the context of the historical synthetic dye industry also characterize contemporary high‐tech
environments.
Our study differs from these prior contributions in its level of analysis as well as in its empirical
approach. On the one hand, our findings show that the influence of industrial R&D and technological
development on the progress of science is not limited to the rather high‐level interactions that
historians of science have focused upon, but can also be traced at the more mundane level of
regional interactions. On the other hand, we have used micro‐level panel data on various populations
of relevant actors (firms, universities, doctoral dissertations etc.) covering an extended period of
laser research and manufacturing from its inception in 1960. This approach is informed by the
empirical work on industry evolution (e.g., Gort and Klepper 1982; Klepper 1996; Agarwal et al.
2004). We are convinced that it is equally useful to study the evolution of innovation systems and
may thus help to overcome some of the limitations in the empirical work on innovation systems that
37

Both variables are correlated. The patent variable is significant if the producer variable is dropped from the
specification.
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have been criticized by Fagerberg (2003) and others. At the same time, our findings put into
perspective the large number of empirical studies that exclusively focus on the regional impact of
public research activities without considering potential effects from the private sector on public
research.
This study can only be an exploratory first analysis into these issues. While it benefits from
substantial prior research on the same empirical context, it is nonetheless constrained by data
availability. We therefore cannot rule out that our results are biased by measurement error and
omitted variable bias. In addition, we were limited in our ability to identify causal effects. Neither a
plausible quasi‐experimental situation nor a suitable design for instrumenting relationships could be
exploited. The adopted reduced‐form autoregressions are an imperfect substitute, as they only allow
us to detect Granger‐causal relationships between pairs of variables.
In spite of these limitations, our results provide systematic empirical evidence that, in line with the
notion of co‐evolution, regional interdependencies between public research and related private‐
sector activities run both ways. The development of regional firm populations benefits from the
activities of co‐located universities and other public research facilities, and public research likewise
benefits from the regional presence of commercial firms in related industries. This conclusion raises
important new questions. What are the conduits of the interdependencies suggested by the data,
and how do they evolve over time? What causes underlie the observable differences between
publications and dissertations as measures of public research activity? How and to what extent are
the relationships between public research and private‐sector firms mediated by public policy? By
digging even deeper into the empirical material, including the collection of other types of data as
well as the integration of complementary methods such as the analysis of innovation networks, we
hope to answer questions like these in future research.
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Tables (Chapter 4)

Table 4.1: Summary statistics and correlations of the main variables (1960-2004)

Variable
producers
patents
publications
dissertations

Obs
1621
1621
1621
1621

Descriptives
Mean
Std. Dev.
0.5632326
1.52039
4.046309
11.83098
19.25108
52.66299
10.21098
16.05161

Min.
0
0
0
0

Max.
16
119
525
111

producers
1.0000
0.5039
0.7345
0.6411

Correlations
patents
publications
1.0000
0.3767
0.3632

1.0000
0.6488

Table 4.2: Summary statistics and correlations of the main variables (first differences, 1960-2004)

Variable
Δproducers
Δpatents
Δpublications
Δdissertations

Obs
1579
1579
1579
1579

Descriptives
Mean
Std. Dev. Min.
0
0.5860655 ‐13
0.0877137
2.642794 ‐34.5
0.9689677
7.101539
‐70
0.4224193
2.966143
‐19

Correlations
Max. Δproducers Δpatents Δpublications
3
1.0000
22.5
0.0300
1.0000
125
0.2331
0.1728
1.0000
28
0.1061
0.0373
0.1924

Table 4.3: Results of Granger Causality tests (five-year dissertation duration) (first differences; 1960-2003)

L1

L2

L3

L4

L5
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(p-values)
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss

Δproducers
x
0.0033
0.0000
x
0.0000
0.0000
x
0.0000
0.0000
x
0.0000
0.0000
x
0.0000
0.0000

Δpatents
0.0218
x
0.0233
0.0060
x
0.0057
0.2238
x
0.0001
0.0038
x
0.0003
0.0007
x
0.0032

Δpublications
0.0000
0.7808
x
0.0000
0.0000
x
0.0000
0.0000
x
0.0000
0.0000
x
0.0000
0.0000
x

Δproducers
x
0.0452
0.4902
x
0.0001
0.3105
x
0.0000
0.2777
x
0.0000
0.3299
x
0.0000
0.0005

Δpatents
0.0108
x
0.5369
0.0029
x
0.6742
0.1887
x
0.3662
0.0002
x
0.0004
0.0000
x
0.0016

Δdissertations
0.0001
0.1627
x
0.0007
0.0081
x
0.0012
0.0134
x
0.0000
0.0024
x
0.0000
0.0448
x

Table 4.4: Results of Granger Causality tests (five-year dissertation duration) (first differences, 1960-1982)

L1

L2

L3

L4

L5

(p-values)
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss

Δproducers
x
0.0000
0.0348
x
0.0000
0.0506
x
0.0000
0.0145
x
0.0000
0.0089
x
0.0000
0.0022

Δpatents
0.0299
x
0.0974
0.0444
x
0.0806
0.5963
x
0.0008
0.3682
x
0.0289
0.0006
x
0.0497

Δpublications
0.2097
0.1483
x
0.0186
0.0023
x
0.0107
0.0000
x
0.1030
0.0003
x
0.0960
0.0000
x

Δproducers
x
0.0000
0.4596
x
0.0000
0.4524
x
0.0000
0.6598
x
0.0000
0.5696
x
0.0000
0.4845

Δpatents
0.0671
x
0.5713
0.1885
x
0.0390
0.9669
x
0.0060
0.3836
x
0.0000
0.0006
x
0.0000

Δdissertations
0.0276
0.0467
x
0.0745
0.4973
x
0.0218
0.2136
x
0.0303
0.0256
x
0.0005
0.0855
x

Table 4.5: Results of Granger Causality tests (five-year dissertation duration) (first differences, 1983 - 2003)

L1

L2

L3

L4

L5

(p-values)
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss
Δproducers
Δpatents
Δpub/ Δdiss

Δproducers
x
0.6747
0.0000
x
0.0836
0.0000
x
0.0000
0.0000
x
0.0000
0.0000
x
0.0000
0.0000

Δpatents
0.0335
x
0.0006
0.0329
x
0.0025
0.3607
x
0.0001
0.0027
x
0.0000
0.0000
x
0.0003

Δpublications
0.0000
0.3928
x
0.0000
0.0002
x
0.0000
0.0001
x
0.0000
0.0000
x
0.0000
0.0001
x

Δproducers
x
0.7006
0.7158
x
0.0915
0.3667
x
0.0000
0.3827
x
0.0000
0.4926
x
0.0000
0.0027

Δpatents
0.0184
x
0.6610
0.0172
x
0.2560
0.1500
x
0.1815
0.0001
x
0.0033
0.0000
x
0.0136

Δdissertations
0.0021
0.2131
x
0.0140
0.0057
x
0.0033
0.0005
x
0.0000
0.0004
x
0.0002
0.0068
x

109

Table 4.6: Results of Granger Causality tests (four-year dissertation duration) (first differences; 1960-2004)

Table 4.7: Results: Hazard of departmental entry into laser research (1960-2004)

Laser producers
TU*laser producers
Uni*laser producers

Model 1
0.3859***
(0.1134)

Model 2

Model 3
0.3434**
(0.1389)

Model 4
0.2630*
(0.1505)

0.2950***
(0.0601)
0.5647**
(0.2278)

0.0201
(0.0355)
Engineering
‐0.2268
department
(0.2839)
0.3970**
Pop. density (log)
(0.1778)
Observations
2119
2219
2119
2119
(subjects)
(84)
(84)
(84)
(84)
Log-likelihhod
‐186.6462 ‐185.7728 ‐186.4901 ‐183.8072
2
0.0007
0.0031
0.0010
p < chi
Standard errors (clustered by university) in parentheses; *p < 0.01; **p < 0.05; ***p < 0.01.
Laser patents
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0.0174
(0.0343)

5 Concluding Remarks
5.1 Summary and contribution
In the past decades since Schumpeter’s influential writings economists have pursued research to
examine the role of innovation in certain industries on firm as well as on industry level. Researchers
describe innovations as the main trigger of industry dynamics. A further perspective is the one of the
policy makers who argue that research and education are directly linked to economic growth and
welfare. Thus, research and education are an important objective of public policy. Firms and public
research are regarded as the main actors which are relevant for the creation of new knowledge
which is finally brought to the market through innovations. What is more, policy makers support
innovations. Both actors, i.e. policy makers and researchers, agree that innovation plays a central
role, but researchers still neglect the role that public policy plays in the field of industrial dynamics.
One main objective of this work was to learn more about the role of innovation, policy and public
research in industrial dynamics. To do this, this cumulative dissertation was concerned with different,
but related questions. In detail, it was questioned whether large firms have an advantage because of
their size which is attributable to cost spreading. Related to this, it was furthermore asked whether
firms that plan to grow have more innovations. Further issues which are examined are: What role
does public policy play for the evolutionary patterns of an industry? Are the same evolutionary
patterns observable as those described in the industry life cycle theories? And is it possible to
observe regional co‐evolutionary processes of science, innovation and industry evolution? To answer
these questions, this dissertation was based on two different empirical contexts. The argument has
been developed as subsequently described.

“Do large firms have an advantage because of their size which is attributable to cost spreading? Do
firms that plan to grow have more innovations?”
In chapter 2 one central assumption of the models of industrial dynamics, i.e. the idea of cost
spreading is applied to the data of the photovoltaic industry in Germany. This chapter provides a new
test of the Cohen and Klepper (1996a) model of R&D cost spreading, exploring the relationship
between firm size, innovation and R&D. It is analyzed whether the cost spreading mechanism is a
suitable explanation for the innovative activities and whether large firms have an advantage in
innovation. Additionally it analyzes whether firms that plan to grow invest more in innovations
respectively process innovations. Thus, the relationship between growth plans and innovation is
examined and it is asked whether the planned firm growth is already an incentive to invest in R&D.
This article is based on an unbalanced panel sample of German photovoltaic solar cell producers
which covers the time period 2000‐2011 and includes patent data (raw patent counts) as well as the
realized and the planned output (an indicator for growth plans) data of the firms. This offers the
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opportunity to test the cost spreading model (and through this also the Schumpeterian hypothesis
about the relationship between innovation and firm size). The output of the firms is used to measure
firm size since it also directly reflects their size on the business unit level. The patents are classified as
product and process patents based on IPC classes. An original contribution in this chapter is the use
of planned output data. Probit and negative binomial models are applied for the econometric
analysis. The results indicate that the probability for patents increases with firm size. A close and
positive relationship between firm size on business unit level and innovation is observable. It is
possible to show that large firms have an advantage of size in this industry which is attributable to
R&D cost spreading. The analysis of the relationship between the growth plans and the innovative
activities indicates that the firms are aware of the advantage of cost spreading which leads to higher
innovative activities. Firms that plan to grow will have more innovations and also more process
innovations. This chapter adds to the literature by indicating that the cost spreading mechanism can
be used as an explanation for the innovative activities in the photovoltaic industry in Germany and
furthermore by showing that there is a close and positive relationship between growth plans and
innovative behavior. What is more, these results support the findings made by the means of the
Schumpeterian hypothesis about the relationship between firm size and innovation.

“What role does public policy play for the evolutionary patterns of an industry? Are the same
evolutionary patterns observable as those described in the ILC theories?”
Chapter 3 analyses the dynamics of the photovoltaic industry in Germany. This industry is highly
supported by public policy, in the beginning by R&D support and since 1990 by demand support. The
objective of this chapter was to analyze the industry dynamics of such an industry. The contribution
of this paper is twofold. A comprehensive overview of the industry and its dynamics is given.
Secondly, the unified model of Bhaskarabhatla and Klepper (2014), which describes that an industry
can evolve from a submarket to a shakeout industry is used as the theoretical point of departure to
analyze its evolution. However, the model is varied by assuming that not a technical advance but
demand‐inducing policy instruments are the trigger for the industry dynamics. This chapter starts
with a description of the industry dynamics, namely the evolution of the submarkets, the technology
and the laws over time. The entries and exits of the firms are described. Thus, the life cycle of this
industry is pictured. What is more, this chapter is based on a descriptive as well as an econometric
analysis. The relationship between patents as a proxy for innovative activities, output as a measure
for firm size and the number of firms before and after the triggering event is examined in detail. The
results indicate that not a technical advance but rather public policy, namely demand‐inducing policy
instruments stimulated market and industry growth. In detail, they triggered the demand for the
product of this industry and consequently, the entries of firms into the photovoltaic industry. Thus,
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this chapter shows that policy instruments can have the same effect as a technical advance to foster
the growth of an industry and its shakeout. What is more, the results indicate that the theoretical
submarket and shakeout model of industry dynamics of Bhaskarabhatla and Klepper (2014) can be
used to explain the observed patterns, although the observed patterns regarding process innovations
are slightly different compared to the expectations of the model. In contrast to the model, e.g
process innovations are observable all over the time. However, they increase significantly after the
triggering event. A possible explanation for this is the strong research funding of the early years.
Furthermore, we primarily have only two main submarkets evolving over time. But nevertheless,
finally the regular patterns of industry evolution are observable and we can observe the shakeout
and the tendency towards an oligopoly. Taken as a whole, an industry can change from a submarket
to a shakeout industry, as the before mentioned authors have already shown for the U.S. laser
industry. This chapter shows that an artificially created demand can be the exogenous shock. Thus,
the existing approach is extended by adding demand‐inducing policy instruments to the list of factors
which can influence the nature of submarkets. According to Malerba (2007) research needs to be
done to analyze the role of demand for the industry life cycle. This chapter adds to the literature by
highlighting the role of demand and demand‐inducing policies for the evolution of an industry. In
fact, also demand‐inducing policy instruments can exogenously trigger the evolution of industries.

“Is it possible to observe regional co-evolutionary processes of science, innovation and industry
evolution?”
In chapter 4 a co‐evolutionary perspective is introduced. Scholars investigating the patterns of
industry evolution often just consider the firm population to analyze industry dynamics. Just
considering one population might be a too limited view. Firms do not evolve in an isolated room.
They interact with their environment, e.g. with buyers, suppliers or public institutions. Approaches
like e.g. the systems of innovation approach indicate the relevance of the interaction between
science and industry. This chapter explores the regional co‐evolution of firm population size, private‐
sector patenting and public research in the empirical context of the German laser research and
manufacturing industry over a 40‐year period, from the emergence of the industry to the mid‐2000s.
In detail, it is analyzed whether co‐evolutionary processes of science, innovation and industry
evolution exist in the laser industry in Germany. This approach is based on a review of qualitative
work as well as quantitative analyses. For the analysis an unbalanced panel data set covering the
time period 1960‐2007 is used. For the micro‐econometric analysis a new and comparatively
explorative way is used. Vector autoregression models are common in macroeconomics, but applying
this methodological approach for micro‐economic questions is rather new. In this chapter these
models are applied to trace the co‐evolutionary patterns in this industry. In detail, we use a reduced‐
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form VAR, where all variables are presented as a linear function of the own past values as well as the
past values of the other relevant variables. In doing so, endogeneity is not a problem. The following
variables are included in the VAR: the number of producers in one region and its past values, the
number of dissertations/publications and its past values and the number of patents and its past
values as an indicator for R&D. The results of the OLS regression in the first differences give an
overview of the correlations between the variables. Based on this, we test for Granger Causality
based on a simple pairwise f‐test. Additionally robustness checks are made. First, the time period is
varied. Thus, the dataset is separated into two periods. Furthermore the assumed time period of the
dissertation project is changed from five to four years. And finally, the hazard of the single
departments of a university to enter into laser‐research is estimated. The findings in this paper
indicate that co‐evolutionary processes in the laser industry in Germany exist. Public research
influences the regional number of firms and industrial R&D and technological development have a
positive influence on public research. Thus, the effect of public research on private‐sector activities
on a regional level is not unidirectional, it is rather constituted by mutual interdependences. This is
also supported by the robustness checks. This shows that universities located in regions with a large
number of laser firms have a higher risk to enter into laser research. In general, these results are in
line with the notion of co‐evolution. This is a first step in adding to the literature by supporting the
findings about co‐evolutionary dynamics, induced by authors like Nelson (1994) and Murmann
(2013).

5.2 Implications and outlook
Different questions were addressed in the present cumulative dissertation, but in fact, also some
questions had to be laid aside in order to focus on the questions expressed in the beginning of this
work. What is more, this work also allows for some tentative implications.

Chapter 2 adds to the literature by showing that large firms have an advantage compared to small
firms, which is based on the cost spreading mechanism. However, the analysis is limited to one
specific industry in one country. An implication of this work for the literature is that there is a need
for more research about whether firms in supported industries have an advantage in innovation
based on the cost spreading mechanism. Therefore, it would be possible to first investigate further
renewable technologies (e.g. wind energy; geothermal energy) in Germany and their development
and to compare the results with the findings of the photovoltaic industry, whether size advantages
exist in more industries, which have been supported. A further interesting research question would
be to study the survival rates of firms in an industry which is supported by public policy. Thus, to
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analyze in more detail whether the survival patterns of firms in a supported industry differ from the
survival patterns of firms which are mainly triggered by a technical advance.
What is more, policy makers are aware of the central role of firms in the innovation process. Related
to this, one part of the policy discussion which is not finally answered, is the question what kind of
firm type is favorable. According to the literature (e.g. Rogers 2004) large firms have decided
advantages (financial endowment, staff capacity, wider range of knowledge) but also small firms
feature advantages compared to large firms (e.g. flexibility, new products, job creation). Although
research is conducted to investigate the relationship between R&D, innovation and firm size, there is
still the need for additional research since the results are very heterogeneous, depending on the
industry (high tech, low tech, service, manufacturing etc.), the firm types (large firms, small firms,
diversifier, incumbents, new firms, startups, etc.) and the stage of the industry life cycle. This also
needs to be taken into consideration when one tries to give policy implications based on only one
study. In fact, it is important to handle the results of the studies and the direct implications carefully.
Often studies are conducted to give policy implications but the results and thus, also the implications
are quite heterogeneous38. This work does not aim to find a final answer to the question whether
large firms have an advantage due to size, but it contributes to the discussion by showing that large
firms have an advantage in the photovoltaic industry which was highly supported by research
funding in the early years and afterwards. Because of this, it is possible to hint at some tentative
implications for policy makers insofar, that policy makers should consider the knowledge about the
size advantages in their building of support programs. This would probably lead to a more goal‐
oriented support.

Additionally, the dynamics of an industry influenced by policy measures were analyzed. Chapter
three adds to the literature by showing that also public policy via demand‐inducing instruments can
serve as trigger of industry evolution. Although some scholars indicated in the last years that demand
might have an influence, this has not been considered directly in the models of the industry life cycle.
38

Demirel and Mazzucato (2012) e.g. show that the relationship between innovation and firm growth is
stronger for small firms. They argue that recognizing the different impacts that innovation has on firm growth
could have important implications for the policy decisions of the government which want to achieve an
economic growth which is led by innovation. On the other hand it is suggested that innovations have a crucial
role for manufacturing firms and thus, policy makers should support innovations and growth in clusters where
dynamic and young firms are active. This should then lead to improvements in efficiency and job creation given
that for Spain to date only broad innovation programs have been implemented (horizontal grants, tax
reductions) which have only generated moderate social returns (Segarra and Teruel 2014). A more general
position is given by Gilbert (2006). Based on Griliches (1992) and other studies he argues that the social returns
to R&D are higher than the private returns. Thus, policies supporting innovations increase benefits for the
society. Gilbert (2006) argues that the promotion of industry structure with a focus on and the opportunity for
innovation increases the possibility for such benefits. In this line Coad and Rao (2008) argue that innovation
might be one trigger of firm growth, but it would be the wrong path if innovation policies have only a narrow
scope by only supporting certain firms.
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Thus, there is a need for more research about the role of public policy for industry dynamics, in the
theoretical as well as in the empirical way. What is more, the introduction of the EEG stimulated a
broad discussion among scientist whether such an instrument is able to trigger innovations.
Researchers of the “Fraunhofer Institute for Systems and Innovation Research (ISI)” argue that the
EEG has a positive effect on innovation, namely on the technological side (leading to investments in
process innovations) and also on the institutional and organizational side (ISI 2014). However, the
results are different. Böhringer et al. (2014) e.g. state that the feed‐in‐tariffs of the EEG have no
significant influence on innovation. This finding is in line with the arguments of the EFI
(“Expertenkommission Forschung und Innovation”, established by the German government) who
states that there is no measurable effect from the EEG on innovations. The results of this dissertation
indicate that through the policy instruments, and especially through the EEG in combination with the
100,000‐roofs program, the number of innovations increased. Thus, further research needs to be
undertaken to clarify what are the real effects of such an instrument for innovation.
What is more, this also allows for some tentative implications for policy makers. In detail, the
photovoltaic industry is affected by environmental policy goals and policy makers who have tried to
create demand by demand‐inducing policy instruments. A well‐known instrument of the demand‐
inducing policy instruments is the EEG and the 100,000‐roofs program. The EEG was created to
support the climate and the environment. Policy makers tried to realize this by supporting and
inducing a more sustainable energy supply. This policy support has also triggered the dynamics of the
German photovoltaic industry. The number of firms increased strongly subsequent to the
introduction of the law but afterwards the industry developed as it is assumed in the theories of the
industry life cycle. After the first years some firms in Germany and also in other countries featured a
strong growth and also an increase of the innovative activities and the advantage of size, namely the
cost‐spreading mechanism started to work. Smaller firms which were not able to produce cost
efficient anymore had to exit the market. The shakeout occurred as a usual phenomenon of the
industry life cycle theories. The German firms benefited from this demand‐inducing policy
instruments only for a short time. Nevertheless, the EEG can be seen as a pioneer for climate and
environmental goals. Studies indicate that the German policy had great influence on policies
introduced in other countries in the latter years. According to the “REN21 Report” (Renewables 2014
Global Status Report) right in the beginning of 2014, 138 countries had implemented renewable
energy support policies as well as about 144 countries had renewable energy targets. The results of
this dissertation indicate that policy makers can influence industry dynamics with the design of laws.
The right use of policy instruments allows for a triggering of industry dynamics. This is in line with the
“Renewables 2014 Global Status Report” (REN21) report, which shows that the expansions of the
renewable energies were to a great extent globally driven to a great extent by policy. In this line,
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further research should be undertaken to investigate the effects of policy interventions in more
detail in the context of industry dynamics.

The results of this dissertation, namely chapter two and three, can be seen as a first building stone to
understand how public policy influences the dynamics of an industry. A limitation of the analysis is
that it treats the evolution of this industry independently from other countries. In fact, the German
industry cannot really be seen as an isolated industry. Products are sold in different countries as well
as consumers could also satisfy their demand for photovoltaic products with products of foreign
countries. In this view it would be reasonable to analyze the evolution of this industry additionally in
a global context. One aim of further research should be to model a global industry life cycle and
furthermore, to analyze empirically the patterns of a global industry life cycle. In doing so it should
be considered that different countries, depending on different factors, engage in different industries
at different points of time. In new industries high tech countries might have an advantage right in the
beginning, but later on also emerging countries will enter such new markets. This is an interesting
question but it had to be laid aside in order to firstly investigate just the evolution of this industry in
detail in one country. In this line chapter three is a first step, but to get a more complete view much
more research needs to be undertaken in this direction.

Analyzing the patterns of industry evolution in the photovoltaic industry is so far limited that it is only
concentrated on the single firm population in one country. This approach was improved in chapter 4
in a first step through the consideration of possible co‐evolutionary processes of science, innovation
and industry evolution in the German laser industry. Chapter 4 contributes to the literature by
showing that mutual interdependences are observable in the laser industry in Germany, rather than
a unidirectional effect of public research on private‐sector activities. But there are still some
questions which have been laid aside. Having a closer look at the literature about the co‐evolution of
industries it is not really possible to get a clear picture. Although some studies have investigated the
co‐evolution of industries, this stream in the literature of industrial dynamics has comparatively been
scarcely investigated. Therefore, co‐evolutionary processes should be considered when it is tried to
analyze the dynamics of an industry. The investigation of these patterns of industry evolution should
be deepened in further studies, considering further industries and aspects. Considering the first part
of this dissertation, it would be an interesting question to link this approach with the photovoltaic
industry. The dynamics in this industry are triggered by an artificial demand created by policy
makers. The next logical step would be to ask whether co‐evolutionary patterns can be observed in
this industry. Various support programs have been introduced in the last 25 years. What is more, a
support of clusters can be found in this industry. Consequently, there is a need for investigations
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regarding the question in how far mutual interdependences are observable for private and public
research, the firm population and public policy in the photovoltaic industry and whether the
promising results of the laser industry can also be confirmed for other industries.

To conclude, the single elements of this work aim to contribute to a better understanding of industry
dynamics and add to the research in this field. For this purpose, I have investigated the advantages of
large firms linked to the cost spreading mechanism as well as the role of demand for industry
evolution in the photovoltaic industry in Germany. Finally, I have broadened this approach to
consider the importance of co‐evolutionary processes in the laser industry in Germany. To
summarize, this dissertation contributes to the literature by increasing the knowledge about the role
of innovation, policy and public research in industrial dynamics.
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