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Industrial life cycle: relevance of national markets
in the development of new industries for energy
technologies – the case of wind energy

Marlene O’Sullivan1

# The Author(s) 2020

Abstract
About 20 years ago Klepper (1997) has shown that the life cycle theory, initially introduced
for products, can also be applied to the development of industries. The industries that were
examined to establish this theoryweremarked by relatively stable market conditions that are
typically driven by innovation. However, research on the transition of the energy system has
shown that markets for new energy technologies are driven by political support. As yet an
analysis of the industry life cycle of an industrywhich has developed under politically driven
market conditions has not been conducted. Therefore this paper examines the development
of the global wind energy industry and the relevance of national markets in a globalized
world. The study is founded on a large empirical database. A comparative analysis of
various international and national developments was conducted using descriptive statistical
methods. The findings show that the global development derives from the sum of individual
national developments. It reveals a strong influence of national markets on the development
of their respective wind energy industry. Therefore these findings provide relevant insides
for the political debate on market support mechanisms in wind energy.

Keywords Industry life cycle .Wind energy industry . Relevance of national markets .

Market development . Political support instruments . Market concentration

JEL codes O33 . O57

1 Introduction

In order to meet the goals of the Paris climate agreement (United Nations 2015), the
energy sector in every country has to make a transition towards an energy system with a
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predominant use of renewable energy sources (RES) within the coming decades (see
also Teske 2019). The transition raises many questions which have to be addressed in
order to help overcome the uncertainties that stand in the way of the change process.
One of those uncertainties concerns the macroeconomic opportunities and risks asso-
ciated with the energy transition. It raises the question which companies will provide
the technology and which countries will benefit from it. To add to this debate this paper
will analyze the development of the global wind energy industry. Its aim is to provide
insights into the industrial development of this sector and its drivers for the discussion
on the design of framework conditions.

The main theory that this paper will refer to is the industry life cycle theory (ILC)
(Klepper 1997). It has been used for the empirical analysis of the development of
various industries producing capital goods as well as consumer goods (see also Gort
and Klepper 1982, Klepper 1996, Agarwal et al. 2002, Giachetti and Marchi 2010) and
services (Menhart et al. 2004). The hypothesis that motivates the work on this paper is
that the ILC of the wind energy industry might differ to the industries analyzed so far as
its market creation and development have been strongly dependent on political support
instruments and have therefore not been driven by innovation alone (see chapter 2).
Changes in support policies for wind energy technologies due to varying political
interests led to expansion paths that were unstable beyond what can be expected for
capital goods markets.

Therefore, the main research question that this paper wants to address is if the
development of an industry that is marked by instability in demand on national level
differs to the characteristics described by Klepper (1997) in the ILC. Since this question
is quite complex, it can be divided into two aspects. The first one addresses the
geographic delineation, which leads to the question whether the national or the global
market development was more relevant for the evolution of the wind energy industry.
The other aspect is the relevance of support policies in the development of the wind
industry. It raises the question if RES policies have had a significant impact on the
development of the wind industry through their impact on the market development.

Looking at the evolution of wind energy for the production of electricity three
different development paths can be observed. One is the utilization of small wind
turbines for self-supply; another is the use of onshore wind energy with the priority to
feed the electricity into the grid, and the third is the utilization of offshore wind energy.
Historically the use of onshore wind for the grid has evolved from the strand of self-
supply turbines. However, in the last few years a new line of turbine manufacturers has
evolved which focuses on wind turbines for self-supply. Regarding the offshore wind
development a similar picture can be drawn. New manufacturers appeared with the
utilization of wind energy offshore alongside large incumbent onshore wind compa-
nies. The relevance of existing manufacturers in the offshore market strongly differs to
the one onshore. Therefore this paper follows the view that the development of wind
energy technology should be considered as the evolution of three different trajectories
(Dosi 1982). The analysis in this paper will focus on the strand of onshore wind energy
for the grid but will also give some insights into the offshore development.

Chapter 2 will give an introduction of the relevant theories and findings for this paper.
Chapter 3 introduces the empirical data and methodology used in this paper and assesses
their relevance. The results of the data analysis are presented in chapter 4. In the final chapter
conclusions will be drawn and the need for further research will be indicated.
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2 Theoretical foundations

The theory of industry life cycles (ILC) is derived from the concept of product life
cycles (PLC) that was developed over time by a number of authors (see among others
Levitt 1965, Vernon 1966). The PLC theory describes the general development of
certain performance indicators of a product over its life time such as the development of
turnover, profit rate as well as imports and exports. This development is typically
divided and described in four phases – introduction, growth, maturity and degeneration
(Levitt 1965). During the use and development of the PLC theory, certain analogies on
the development of the respective industries were drawn by a number of authors (see
also Wiliamson 1975; Abernathy and Utterback 1978; Clark 1985; Klepper and Graddy
1990; Jovanovic and MacDonald 1994). However, the final model on ILC is attributed
to the work of Klepper (1997). Three main indicators are subject to the ILC model - the
creation of technological innovation, market development, and the number of compa-
nies active in the market (see Fig. 1). Just as in the PLC theory the development of
these indicators is specified in phases of industrial development. In the case of ILC
there are mostly three stages that are taken into consideration neglecting the last phase,
the decline of the market as described in the PLC.

Phase one refers to the early exploratory stage which is characterized by a low
market volume, uncertainty regarding the technological specification required by the
market, simple product design and hardly any automatization in the production process.
In anticipation of future market potentials companies enter the market with different
technological concepts and the volatility of market shares is high.

Phase two is specified as a growth phase with a large market expansion rate in which
the dominant design emerges. As a result the number of product innovations decreases
whereas process innovations and along with them automatization of the production
increases (Abernathy and Utterback 1975). The number of new market entrants
decreases and shake outs can be witnessed as certain technological strands have proven
to be unviable.

Phase three marks the stage of maturity. Market growth slows down, innovations are
less relevant and the number of companies decreases while market shares stabilize.
Company shake outs that can be seen in this phase are not only driven by the inferiority

Fig. 1 Development of indicators in an industry life cycle (ILC), based on Klepper 1997
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of technological solutions but by consolidation to increase economic efficiency. Also
results of various industry studies suggest first mover advantages with longer survival
rates of early market participants (see also Klepper 2002).

Phase four, the decline of the market that is described in product life cycles so far
does not play a significant role in the industry life cycle theory. One reason might be
that industries that were subject to the ILC theory so far had not reached this stage. Also
the decline of the market for an industry does not happen as quickly as it does for a
product. Technologies as well as industries consist of a number of products. Their
development could therefore be described as the sum of different product life cycles
(Ford and Ryan 1981; Menhart et al. 2004). Therefore their development will only enter
the phase of decline if a technology becomes dispensable for the market.

Klepper (1997) ILC theory has been established by the analysis of different indus-
tries in the US. However it does not seem to be clear which geographical boundaries
have to be applied for the analysis of industries in the globalized world of today for the
theory to be viable. As the ILC model has been derived from the PLC theory the
international perspective and its findings in this strain of research will be taken into
account.

The main findings regarding the international perspective of the PLC theory goes
back to Vernon (1966, 1979). His work suggests that the production shifts over time
from the country of origin – which is expected to be a developed country - to less
developed countries with cost advantages. During the first phase of the PLC the
advantages of the country of origin seem to be especially relevant. The theory of lead
markets which was introduced much later does pick up on this aspect and widens the
perspective from the higher quality of production in developed countries to the
competitive advantages which are subject to such a market (see Beise 2004; Porter
1990). During the growth phase other developed countries start to produce the tech-
nology introduced by the lead market. Cost advantages become crucial in the matura-
tion phase which leads to the shift of production to less developed countries. Another
theory that will be addressed in the course of this paper is the theory of catch-up cycles.
It answers the question why it is possible for latecomer countries and firms to
eventually take over the industrial leadership from incumbent companies (Lee and
Malerba 2017).

Regarding the development of innovations Klepper (1997) refers to the concept
introduced by Abernathy and Utterback (1975). The concept that follows the interde-
pendency of product and process innovation in the course of the life cycle still holds
true today with the restriction that it is applicable for mass products and commodities.
Another concept sheds light on the development of innovations in complex products
and systems (Davies 1997). This concept suggests that product innovations may
maintain their importance over the product life cycle. According to this theory a
complex product is characterized by a composition of defined components. The
equivalent of the dominant design of a product is reached once the dominant architec-
ture of such a product has emerged. In the course of the product life cycle product
innovations take place in different components. The innovation focus therefore shifts
between components over time whereas the general architecture of the complex product
remains stable.

Resent research on patent publications for wind energy suggests that the creation of
innovation in wind energy technology follows the characteristics of a complex product
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(Huenteler et al. 2016). The dominant architecture known as the Danish Design was
established in the late 1980s. Up to that point different architectural concepts had been
seen regarding the philosophy of tower construction (light vs. sturdy) number of blades
(2–4), the orientation (horizontal vs. vertical) and the position of the rotor (upwind vs.
downwind). In the end the Danish Design won the upper hand as it turned out to be the
most reliable. It consists of a three bladed upwind rotor, on a horizontal axis with a
sturdy tower construction (Gipe 1995; Douthwaite 2002; Maegaard et al. 2013). Even
today these fundamental features are still used in nearly all wind turbines installed
globally. The only component that varies depending on the manufacturer is the design
of the gearbox or even the use of a gearbox at all. Innovative activity in wind turbines
since the establishment of the dominant architecture has almost solely been seen in the
improvement of the various components (Huenteler et al. 2016).

Coming back to the question of the relevant geographical boundaries for the ILC
theory, the findings on innovation activities in wind turbines suggest that the creation of
innovation in the wind energy sector is subject to a global knowledge base. This could
indicate that the global perspective is predominantly relevant for the ILC of the wind
industry. However a detailed analysis of market development as well as the number of
companies active in the market in the context of ILC has yet to be carried out.

The formation of a market demand for new energy technologies in the course of the
energy transition towards a more sustainable energy supply is subject to extensive
literature. Various lock-in effects lead to inertia in the transformation of the energy
system that is difficult to overcome (Unruh 2000; Seto et al. 2016). The most important
one is known as the technological lock-in effect. It implies the fact that new energy
technologies do not necessarily provide any new or advanced services to the con-
sumers. Therefore a new market demand for new energy technologies cannot be created
by innovation alone as implied in the technology push theory that the ILC is based on.
At the same time new energy technologies are not fit to compete with incumbent
technologies as they have not reached their optimal technological or economic perfor-
mance at the beginning of their life cycle (Menanteau et al. 2003). The advantage of a
more sustainable energy production does not create any individual economic value in
itself as the external effects of incumbent energy technologies are not internalized in the
energy market. This aspect in combination with increasing returns for existing tech-
nologies, form the core of path dependence. In order to overcome this inertia, political
support is of essence first to provide a technological development via technology-push
instruments and later to create market demand by using market-pull instruments (see
also Dosi 1982; Grubb 2004; Bürer and Wüstenhagen 2009; Nemet 2009; Groba and
Breitschopf 2013). As political support is strongly influenced by technological lock-in
effects, institutional lock-in has been identified as an effect on its own (Seto et al.
2016). Institutional lock-in effects can result in two outcomes; they either lead to a
continuation of the existing path dependence or to constantly changing political
support. The relevance of political support instruments for the creation of RES markets
has been identified by a number of studies (see also Kranzl et al. 2006, Kildegaard
2008, Lund 2009, Bergek and Jacobsson 2010, Haas et al. 2011, Klessmann et al. 2011,
Lehmann et al. 2012, Batlle 2012, White et al. 2013, Jacobs 2014, Darmani et al. 2014).
The results of these studies show that the effectiveness to create market demand of
support policies depends on two main factors; the stability of policies as well as the
type and level of support.
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Based on these findings the work in this paper assumes that wind energy markets
were largely driven by political support systems. Therefore, the terms stable or unstable
market developments or conditions used in this paper directly refer to the stability of
political support in these markets. Fluctuations between individual years that lie in the
nature of capital goods markets are not regarded as unstable market developments.

Another strand of innovation literature does seem to be applicable to the subject
addressed in this paper. The theory on technological innovation systems (TIS) has the
motivation to better understand the dynamics underlying a technological innovation
(see also Carlsson and Stankiewicz 1991; Carlsson et al. 2002; Jacobsson and Bergek
2006; Hekkert et al. 2007; Bergek et al. 2008). It is widely used in the context of
sustainable transitions (Markard et al. 2012) and has been applied to analyze the
development of the wind energy sector in various countries or regions (see also
Jacobsson and Johnson 2000; Bergek and Jacobsson 2003; Negro et al. 2012;
Wieczorek et al. 2013; Darmani et al. 2014; Bento and Fontes 2015). The geographic
delineation of the concept of innovation systems is not clearly addressed and subject to
many discussions (Markard et al. 2015). Therefore variations of innovation systems
have emerged next to TIS over time like national innovation systems (Lundvall 1992;
Freeman 1995; Lundvall et al. 2002) or global innovation systems (Binz and Truffer
2017). Although there is no clear cut definition on the theory of innovation systems,
there are some features that are widely accepted. Innovation systems generally consist
of three elements that are intertwined with each other – actors, networks and institutions
(Carlsson and Stankiewicz 1991; Jacobsson and Johnson 2000). These elements all
play a role in the key system functions that have to be fulfilled in order for an
innovation system to be successful. These functions slightly differ depending on the
author. Seven functions that currently seem to be the essence of the development in
literature are (1) entrepreneurial activities, (2) knowledge development, (3) knowledge
diffusion through networks, (4) guidance of the search, (5) market formation, (6)
resource mobilization, and (7) creation of legitimacy (see also Jacobsson and Bergek
2006; Hekkert et al. 2007; Bergek et al. 2008). However, the analytical framework of
the TIS is not directly used in this paper as the concept in itself does not describe
distinct indicators or their development over time. There are quite some publications
that have applied the TIS over time (see also Bergek and Jacobsson 2003; Dewald and
Truffer 2011). However, the concept that is used for the aspect of evolution is mostly
the ILC with its classification of the development in phases. The TIS approach is used
to explain the importance of each function in the various stages of the development. As
this paper wants to look at the possible interaction between market development and
the number of companies that evolve around it, the ILC theory will be in the focus of
this study. However, aspects of the TIS framework are taken into consideration in the
description of national developments and the interpretation of the findings.

3 Empirical data and methods

Energy security especially the supply of electricity is an area that receives a lot of
attention from politics as well as the public. Therefore it is a sector that is relatively well
monitored with a sound statistical basis. As the diffusion of renewable energies
especially in the electricity sector was strongly dependent on political support in the
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past, data on the actual development was crucial to the monitoring of support instru-
ments. The empirical basis regarding these technologies, therefore, may be even better
than for conventional energy technologies. Of all renewable energies wind energy is the
one with the best database in many respects.

There are a number of sources that can be used to grasp the development of wind
energy globally as well as in various countries. First of all, national official energy
statistics provide information regarding the wind energy production in each country.
This data is collected and published by the International Energy Agency and dates back
to the 1970s (IEA 2017). Secondly various governmental institutions, research insti-
tutes and industry associations gather information regarding the development of capac-
ity expansion on national and international levels. This data has different backgrounds
depending on each country. Some are derived from lists of installations such as in
Denmark, others are an estimate based on data provided by market participants. The
time period covered by most of these sources does not go back as far as the beginning
of wind utilization in each country. Most sources provide information as of the year
2000 or later. Primarily data on cumulative wind energy capacities can be found.
However, the market development can only be described by data on the newly installed
capacities in each year. The source with the best information on newly installed
capacities on a number of national markets as well as the global market is the Global
Wind Energy Council (GWEC 2018). The period that covers global newly installed
capacities goes back to 1995. National figures are available as of 2006. However, most
national developments can be complemented by figures from national data sources. The
global development before 1995 can be complemented by data gathered from the Earth
Policy Institute as of 1981 (EPI 2018). If no information regarding the newly installed
capacity is available, the development will be estimated on the basis of the cumulative
development. The International Renewable Energy Agency provides such a timeline
for global as well as national developments as of the year 2000 (IRENA 2018). BP
provides a similar database from their statistical review of world energy that goes back
to 1997 (BP 2018). The information on the diffusion of wind energy will be used for
two purposes. Firstly, the data on newly installed capacities will be used as input
regarding the market development of wind energy. Secondly, the cumulative capacity
as well as the share of wind energy in the total energy demand will be used to select a
number of countries that will be analyzed in more detail.

A first rough assessment of the development of the use of wind energy shows that
three world regions have seen a considerable expansion in wind energy. Europe has
been the most important world region in onshore as well as offshore development
followed by Asia which took the lead in cumulative wind capacity on land in 2014.
North America has played an important role in onshore development from the begin-
ning. However, the first offshore installations have just emerged in the last few years.
Regarding the development of onshore wind energy South America needs to be taken
into consideration as a fourth world region. So far no offshore development has been
seen here (see Fig. 2).

Regarding the choice of countries that will be presented in this paper 12 countries1

were selected that played an outstanding role in the global wind market so far. First of

1 The work underlying this paper has analyzed the development of 24 countries. Some of the findings from the
other countries will be referred to in the conclusions.
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all the cumulative installed capacity at the end of 2016 was used to select the nine
leading countries regarding capacity expansion – China, USA, Germany, India, Spain,
UK, Canada, France and Brazil. As some countries are smaller than others, the installed
capacity in itself is not the only factor that displays the importance of wind energy in a
market. Therefore the three leading countries regarding the share of wind energy in
total energy demand –Denmark, Ireland and Portugal - were added to the table of global
champions (see Table 1).

In order to gain a first impression on the individual developments of these countries
the year was added in which one GW of cumulated installed capacity was achieved.
The true starting point of the expansion of wind capacities is hard to pinpoint with some
of these countries as official statistics do not date back that far.

As a last addition the top 10 global wind turbine manufacturers were added to
Table 1. Even though most of these companies have branches in different countries they
were assigned to the country where their headquarters are based. Three companies each
are located in China and Germany, whereas Denmark, the US, Spain and India are
home to one of the global top 10. A more detailed analysis of these companies will be
conducted later in this paper. Also the analysis of individual countries in chapter 4 will
start with the six countries that these companies originate in.

Regarding the development of the number of companies active in the wind energy sector
over time there are a number data sources that can be taken into consideration. The most
detailed and extensive one is a global database that provides information on individual wind
farms. This database also includes information on the wind turbine manufacturer (TheWind
Power 2018). As the data is based on hard facts and no estimations are beingmade regarding
missing information, the market is not fully covered by this source. However, its advantage
is the information it provides on all countries around the world. In order to get an impression
on the coverage of the information represented in the database two comparisons will be
conducted. One refers to the newly installed capacity covered in this database, the other one
to the number of companies.

The newly installed capacities that are represented in the windfarm database are
taken into relation to the development of newly installed capacities provided by other
statistical sources (see above and Fig. 4 a)). Overall about 69% of the global capacity
stated in these sources is represented in the wind farm database and 60% are linked to a
turbine manufacturer. Regarding the market coverage in different countries quite a large
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difference can be seen. For the US the coverage equals 100% of the development
referred to by other statistical sources. Denmark has coverage of 98%, Germany 53%
and China reaches 28% of installed capacities that include company names. At the
same time, the coverage varies between years. On the global level the market coverage
of data including turbine manufacturers in a year is 42% with a maximum of 74% and a
minimum of 0% in the early days of the development (1977–1991). On a national level,
coverage of individual years differs with values exceeding 100% of the market stated in
other statistical sources. What becomes apparent is a general problem of statistics in
wind energy. Statistical sources often differ in the approach at which point in time new
installations are taken into account. Some databases refer to the time when the turbine is
finally erected; others consider the date of the connection to the grid. When it comes to
windfarms, this problem becomes even more relevant. Wind farms can be built over
time with each erected turbine counting in its year of installation, they can be consid-
ered when the farm is finally installed, or the connection to the grid can be taken as
relevant. In order to reduce this problem the analysis of the development of different
indicators from different sources will be conducted by using the centered moving
average method over three years. Besides the advantage that this method might provide
to reduce the difference in the accounting of different statistical sources, small short
term fluctuations can be eliminated which puts the focus of the analysis to the long term
cycles in the time series.

In order to test the relevance of the windfarm database regarding the number of
companies involved in a market, various sources are taken into account that provide
information on company market shares in several markets. On a global level Navigant
Research (formerly BTM Research) has the longest history in this area with data going
back as far as 1994. On national levels data could be collected for four relevant markets
– Denmark, the US, Germany and China - provided by governmental energy agencies
(Danish Energy Agency 2017), research institutes (Berkley LAB 2017; DEWI 2017) as
well as industry associations (CWEA 2017). The only source that provides information
on the full wind energy market ever since its creation is the Danish Energy Agency that
keeps a register of all wind turbines built in Denmark. All other sources cover a share of
the total market and do not include the beginning of the market development. They
provide information on the market shares of leading wind turbine manufacturers on
each respective market. It can be assumed that the share of each manufacturer is
collected on the basis of the companies’ statements regarding their sales in the
respective market and year. The market shares can be determined by putting this
information in relation to the assumed market volume. This approach differs complete-
ly from the approach seen in the windfarm database that has individual wind farms in
focus2 with the information on the manufacturer being secondary. Therefore it seems to
be possible that the wind farm data base can provide information on more companies
than the sources on the US, German and Chinese markets even though it may cover a
smaller market share (see Fig. 3).

As only the Danish registry of wind turbines provides data on the whole market the
question needs to be answered whether an incomplete market representation can
provide information on the development of the number of companies. An analysis of
the Danish data in Fig. 3 shows that the general development path can be outlined by an

2 This also holds true for the Danish data source.
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incomplete market presentation. However, the development that cannot be captured
with a reduction by only a small fraction of the market is the evolvement of manufac-
turers for small turbines for self-supply. As the data on Denmark is the only source
including the windfarm database that provides any information on the development of
small wind turbine manufacturers, the analysis in this paper will focus on the trajecto-
ries of onshore and offshore wind energy for the grid.

Regarding the relevance of the windfarm database for the development of the
number of companies active in a market, the data was compared with the respective
data from the above mentioned sources. The comparison shows that the general trends
of the development of number of companies can be recreated by the windfarm database
even though the relative height differs. The only time period that is not covered
appropriately is prior to 1990. However, this shortfall can be met by including the
development in Denmark and California (US) that were, at that time the most relevant
markets. The Danish market can be fully represented. The market coverage of the
available data on California is not clear. Jaeger (2013) offers information on 21
companies in the period between 1981 and 1991 including the top 10 of three
continents; 10 from the US, 10 from Europe and one from Japan. However, he also
mentions that more than 30 manufacturers were active in the Californian market at that
time. Nevertheless, just like the windfarm database lacks a full coverage of the market,
the relevant point in this survey is the representation of the general trend.

The methods used to analyze the data presented above are exclusively derived from
the field of descriptive statistics. The graphical representation of various indicators in
the form of time series provides a good overview of the course of each development
and allows for the identification of the different development phases. Additionally,
statistical interrelations are drawn in a regression analysis for the global as well as
individual national developments. They will be performed on the individual phases of
the ILC as the theory indicates differences in the potential interrelations in each phase.
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In combination this allows for a comparative analysis of different developments both
between individual indicators and between different countries.

4 Results

4.1 Global development

To analyze the industry life cycle of the wind energy industry the global perspective
will be chosen as a starting point. As mentioned before, Huenteler et al. (2016) findings
on the development of innovation in wind energy seem to indicate that the global
perspective is relevant for the industrial life cycle. However, analyses of the other
indicators that define the ILC theory have to be conducted first in order to be able to
give a definitive statement.

For the analysis of the relevant indicators four figures were created (see Fig. 4). Each
figure contains two different development paths – one for onshore wind and one for
offshore wind. The first figure shows the market development as it is stated by the
respective sources in order to give an impression on the magnitude of the evolution (see
Fig. 4 a). The second shows the same data in a logarithmic representation with the
difference that short term fluctuations are reduced by applying the centered moving
average method over three years (see Fig. 4 b). The third figure represents the
development of the number of companies also using the moving average method
(see Fig. 4 c). And the last one shows the development of the market concentration
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by using the moving average of the Herfindahl-Hirschman-Index (see Fig. 4 d). The
onshore development will be analyzed first, followed by the offshore development.

The first thing that becomes apparent when looking at Fig. 4 a) is that the expansion of
onshore wind energy covers the major share of the overall global wind energy development
with 453 GW cumulative installed capacity in 2016 (IRENA 2018). The market evolution
on land started in the aftermath of the international oil crisis in the mid-1970s. Import
dependency became an urgent issuewith regard to security of energy supplywhich led to the
search for alternative domestic energy sources. The first market demand for onshore wind
energywas created in 1977 inDenmark followed byCalifornia. The early years of the global
development are easier to see in the logarithmic representation (see Fig. 4 b). It shows the
short but strong expansion of wind energy in the phase of the Californian market in the first
half of the 80s that ended with a market collapse in which the yearly installed capacity was
reduced by almost 70% within 3 years. The global market development picked up again
around 1990 with an exponential growth that could be observed until 2009, followed by a
deceleration of market growth that indicates the beginning of a saturation phase. At the
moment it is not yet possible to predict whether the current expansion is at a sustainable level
and development will stabilize or if a decline to a lower level is to be expected in the coming
years. Theoretically, it can be expected that at some point a stable expansion level should be
reached. Even when the energy transition will be completed, the turbines will need to be
replaced at specified intervals that are currently assumed to be every 20 years.

The two cycles which are indicated by the onshore wind market development can be
further divided when looking at the evolution of the companies’ active in the market
(see Fig. 4 c). The data suggests that three cycles might have occurred so far. The first
one from the beginning of the deployment until the early 90s with a certain amount of
time lag compared to the market development. The second cycle with its peak around
the year 2000 lasted until 2003 and was followed by the third wave of new companies
which had its peak in 2011. It remains to be seen whether the decline in the number of
companies in recent years will mark the beginning of a final phase of consolidation and
maturity. However, the market development indicates that this might be the case.

A regression analysis has been conducted to see if the development in the number of
onshore wind manufacturers can be statistically explained by the global market devel-
opment. Looking at the development of the two indicators in the ILC theory (see Fig. 1)
a strong explanatory quality would be expected for the formation phase of an industry.
The shake-out phase, on the other hand, is not expected to have a good coefficient of
determination.

Subsequently, the statistical analysis was conducted for different time periods.
The periods were chosen according to phases of growth and consolidation of the
number of companies. However, this means that the regressions are carried out
with a comparatively small number of observations. This must be taken into
account when interpreting the results. In the case of particularly small observa-
tion numbers, a regression will be carried out to ensure completeness. The issue
will be specifically pointed out in each one of these cases. The regression tables
are displayed in the Annex of this paper.

The results show an adjusted R2 of 0.97 for the number of companies with the
logarithmic representation of the global market development in the first formation
phase of the industry between 1978 and 1985. The analysis of the second growth
phase (1994–2000) also shows the best results with a logarithmic representation of the
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global market development. The adjusted R2 amounts to 0.96. The linear regression of
the third growth phase (2004–2011) shows an adjusted R2 of 0.98. Overall, all three
industry growth phases show a very high explanatory value of the global market
development with a strong positive interrelation.

The three phases of consolidation that could be observed on the global level show a
range of results. The first shake-out phase (1986–1993) shows an adjusted R2 of 0.49
which does indicate some interdependency but is not sufficient. The second one (2001–
2003) does not show any explanatory value of the model. The third one (2012–2016),
on the other hand, provides an adjusted R2 of 0.90 with a negative interrelation between
the two indicators showing that the general market trend was positive while the number
of companies was decreasing. Again, the findings of the statistical analysis have to be
treated with caution as some of the periods only refer to a very small number of
observations. This is especially true for the second shake-out phase.

As the appearance of a second and third cycle in the number of companies in the
onshore wind market cannot be explained sufficiently by the global market
development, a more detailed look into the development of companies seems
necessary. Figure 5 shows the development of market shares for groups of companies
from one country on the global market. The graph on the left covers the market share of
onshore wind; the right one displays the offshore development. As in Table 1 compa-
nies were assigned to the country in which they have their headquarters. As the market
coverage of the windfarm database differs between countries, the relative shares given
in this graph have to be treated with caution. The data for the global market provided by
BTM/Navigant (2017) show that the share of Chinese companies in the global onshore
market was larger than indicated by Fig. 5. Especially the decreasing relevance of
Chinese manufacturers in the last few years cannot be seen.

However, what this graph displays is the point of entry of companies from individual
countries to the wind market. For the onshore development it shows that Danish,
Japanese, US and German companies were already active in the global wind market
in the beginning of the 1990s. A few years later Spanish and Indian companies
followed. Finally Chinese manufacturers made their appearance onto the global on-
shore wind market at the beginning of the 2000s, which matches the appearance of the
third wave of new companies. All in all, the data indicates a relevance of national
markets, which will be examined further in chapter 4.2.

Looking at the development of the market concentration in onshore wind in Fig. 4 d,
the trend seems to follow the expected path. In the initial phase in which a relatively
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low amount of windfarms was installed in each year, market concentration was high.
However, since a certain market level had been reached, competition reduced market
concentration. Overall, the global onshore market appears to have been highly com-
petitive for many years, with the result that low market concentration prevails.

The global offshore wind development is at a very different stage than the utilization
of onshore wind energy with altogether 14 GWof installed capacity in 2016. The four
largest offshore wind markets are the UK, Germany, China and Denmark covering 85%
of the global overall installed capacity. The largest cumulative installed capacity of just
over 5 GW in 2016 was located in the UK followed by Germany with just over 4 GW.
China just took the third rank over Denmark in 2016 with just under 1.5 GWof overall
installed capacity (IRENA 2018). The market development of offshore wind energy
started in 1991 in Denmark. The development up until today as displayed in Fig. 4 a)
and b) indicates that the industry is still at an early stage of market utilization. However,
the development of the number of companies seems to point to a first shake out phase
(see Fig. 4 c)). It has to be stressed that this impression could be deceptive, as at this
stage of the development individual projects have a great influence. The impression of
the offshore market still being at an early phase is also given by the high market
concentration that still exists even though the trend indicates a continuous reduction.

The right graph in Fig. 5 shows the global offshore wind market shares of companies
from different countries. The strong market position of Danish wind turbine manufac-
turers stands out as in the early days of the onshore wind development. However, it is
basically one company – Siemens – that so far has provided more than 60% of the
globally installed offshore wind capacity. An analysis of the industry life cycle of
individual national markets for offshore wind turbines does seem interesting. However,
the size of the respective national markets in combination with the size of individual
offshore windfarms makes an analysis at the current point in time difficult as the
number of wind farms that are installed in one year is relatively small and varies
significantly between years. Therefore the analysis of national markets will focus on the
onshore wind development.

4.2 National development

In simple terms, global market development can be described as the sum of national
market developments. The extent to which a national market development influences
the global market development depends on its share and can change over time. In order
to facilitate a better overview and understanding of the national markets that will be
presented in this chapter some more information is provided in Table 2 that will add to
the information given in Table 1.

The information provided in Table 2 shows various indicators referring to the role of
each market in the global development in the past as well as the wind onshore potential.
The market potential is implied by two indicators, the total power generation which
shows the current power demand of each country and the technical wind power
generation potential. The data on the wind electricity generation potential was taken
from an internal source. Another publication from Eurec et al. (2017) shows slightly
different numbers but the overall conclusion is the same. The theoretical wind onshore
generation potential does not restrict market development as it is larger than the current
electricity output of each one of the countries that are analyzed in this paper.
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The figures on the share of national market developments in the global market in
1995 show one of the main short comings of this study. The data provided by TheWind
Power (2018) does indicate that a wind energy market existed in Spain, China, UK,
Canada, France, Ireland and Portugal at that time. As market data for the early
development phase could only be gathered for Denmark and the US, the first phase
of the ILC can only be analyzed for these two markets.

As already mentioned, the analysis of national developments will start with the six
countries hosting the global top ten wind turbine manufacturers – Denmark (DK), the
US, Germany (DE), India (IN), Spain (ES) and China (CN). The analysis of each one of
these markets will include a short introduction to the development of political support
systems that helps to explain market developments. Also a detailed analysis regarding
the wind industry active in these markets will be conducted showing the role of national
based companies as well as the engagement of foreign companies. To provide some
insight to the dynamics in the industry itself, detailed information regarding the origins
of the top 10 global wind companies will be provided.

4.2.1 Denmark

Denmark is often referred to as the lead market of wind energy (see also Beise
and Rennings 2003). With its strong energy import dependency and very good
wind conditions, it was the first country to introduce wind energy for electricity
production that was fed into the grid. Even though Denmark, due to its size,
only has an installed wind capacity of about 4 GW onshore and another GW
offshore, it is the leader in wind utilization and integration. In 2015 almost half
of the electricity output of the country came from wind energy (see Table 1).
Until today, the innovations that came from Denmark have shaped the use of
wind energy. At the same time political support of the wind market has seen a
lot of changes which makes Denmark one of the countries that has seen a high
amount of instability in its market.

In Denmark wind energy has its roots in a community movement. After the oil crisis
in 1973 farmers started to look for possibilities to generate electricity for self-consump-
tion. They experimented with wind turbines that were simple, robust and reliable. This
wind turbine design was gradually improved with experience from existing installa-
tions. This bottom up approach led to the creation of the Danish wind turbine design
which turned out to be the dominant design up until today. The first players in the
Danish wind energy movement managed to get governmental support for their request
to be able to feed electricity into the grid as a private person or co-operative like society.
Therefore regulation rules for guaranteed grid access were in place at a very early point
in time. The first support system was a 30% subsidy on wind turbine investment in
1981 which started the Danish market development and ended in 1988. The first form
of a feed in tariff with a guaranteed remuneration of wind energy which was fed into the
grid was developed in 1990. Its level was set as a percentage of the retail electricity rate.
When the effect on the market development was not as expected, a fixed feed in tariff
was introduced in 1993 (IRENA 2012). Even though Denmark was the pioneer in all
those regulative innovations that have marked the success of global wind energy
deployment, the Danish wind market has seen a lot of changes in political support
(Gipe 1995; Maegaard et al. 2013; Vestergaard et al. 2004; Douthwaite 2002; Karnoe
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and Garud 2012). The feed-in tariff system was stopped in 1999 with the introduction
of renewable portfolio standards which reduced the Danish wind energy market once
more. The restructuring of the energy market in 2004 was followed by the introduction
of price premiums in 2009 (IRENA 2012).

Looking at the development of the national markets the effects of the history of
political support can be seen (Fig. 6). Denmark currently seems to be in the third cycle
since 1980 with the first cycle ending at an installation level that was more than 40%
below the maximum expansion in this wave and the second one with a difference of
98%. The current cycle has seen a relatively stable market development in the last few
years which might indicate a currently sustainable level of expansion.

The development of the number of companies active in the Danish market is
displayed in Fig. 6 on the right. The first cycle that was seen in the development of
the national market was accompanied with a complementary development of market
players. A regression analysis of the formation phase of the first cycle was conducted
with a logarithmic representation of the national market development (see Annex). It
shows that the growth in the number of companies between 1978 and 1989 can be
explained by an adjusted R2 of 0.94. A multiple regression adding the global
development without the Danish market as a second independent variable increases
this value to 0.96. The regression of the national market development for the short
shake out phase between 1990 and 1993 has to be treated with caution due to the very
small number of observations. Consequently, the significance level of this regression is
not sufficient. The explanatory quality turns out to be quite high taking the theoretic
assumptions into consideration (adjusted R2 = 0.81). The coefficient of determination is
not raised by taking the rest of the global market development into account, showing
the influence of the national development. The start of the second cycle of market
development in 1994 hardly increased the participants on the market for larger wind
turbines. The peak of companies was reached in 1997 with 12 companies active in the
Danish market. Again, the regression analysis of this short phase of another four years
did not turn out with a relevant significance. It shows an adjusted R2 of 0.67 which is
increased to 0.97 with the additional consideration of the global market. The strong
decline in the national market at the end of the second cycle (1998–2006) had the
consequence that the number of companies has been reduced to essentially two Danish
players – Vestas and Bonus that had been taken over by Siemens at the end of the
second cycle. The regression analysis of this phase shows an adjusted R2 of 0.75 with a
relevant significance whereas the regression including the global market outside of
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Fig. 6 left: Development of newly installed wind onshore capacity in DK (own representation based on
GWEC 2018, Danish Energy Agency 2017), right: Development of number of companies in the Danish wind
onshore market (own representation based on The Wind Power 2018, Danish Energy Agency 2017).
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Denmark did not produce a high enough significance. At the beginning of this shake
out phase, market development was still ongoing indicating a shake out as it is expected
in the ILC. However, the steep decline in market demand led to a relatively strong
coefficient of determination for the development of the industry with a strong positive
interrelation. The third development cycle in Denmark did not have any major effects
on the number of companies active in the onshore market for grid applications at all. A
detailed analysis of the data from the Danish Energy Agency (2017) shows that the
increase in companies which can be seen in Fig. 6 can be traced back to the develop-
ment of small wind turbines. The two major national players from the beginning of the
development remained and as the size of the market in Denmark is not very big in terms
of numbers no established companies from other countries emerged on the Danish
market.

Even though the Danish market might be relatively small, it is home to two global
champions (Table 1). The leading company Vestas has a history going back all the way
to the beginning of wind utilization in Denmark. Its merger with NEG Micon, another
reknown Danish wind turbine manufacturer with roots at the beginning of the Danish
development, in 2004 needs to be mentioned (Maegaard et al. 2013). In 2014 Vestas
has entered into a joint venture with Mitsubishi (JP) which concentrates exclusively on
the offshore wind market. Vestas has production sites in 8 different countries on 4
continents and most of its turnover is generated outside of Denmark (Vestas 2018).

The wind business of the second largest Danish company Siemens3 goes back to the
acquisition of Bonus in 2004, another player of the early days in Denmark. In 2017
Siemens merged with Gamesa the leading wind turbine manufacturer in Spain to form
Siemens-Gamesa. The headquarters of the new company are located in Spain (Siemens
Gamesa 2018). The onshore wind development will be served from Spain while the
Danish locations hold the headquarters for the offshore wind business. The offshore
wind technology owned by Gamesa (formerly Multibrid (DE), acquired by Alstom
(FR) and brought into a joint venture with Gamesa (Adwen)) will not be continued.

4.2.2 United States of America

The US wind market is currently the second largest wind energy market in the world
with an installed onshore wind energy capacity of 82 GW at the end of 2016 (see
Table 1). It has an enormous wind onshore generation potential of about 37 PWh that is
theoretically available to provide a significant part of the electricity output (approx. 4.3
PWh) (see Table 2). Its market development so far has seen changing political support
which resulted in instability.

The US was one of the leading countries in the development of wind energy. After
the first oil crisis a national research program was set up led by NASA, during which
several wind turbine designs were developed. However, none of these designs coming
from this top-down approach managed to get the upper hand over the reliable bottom-
up design of the Danish development. The national energy act of 1978 introduced the

3 It might seem odd to refer to Siemens as a Danish company when the Siemens group a renowned German
company. However, when it comes to wind energy Siemens remained the strong bond to the Danish market by
leaving its production and headquarters in Denmark. The six year time period between 2011 and 2017 in
which Siemens has eventually shifted its official headquarters to Germany has not changed much of this
perspective.
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first tax credit which was not sufficient for a notable market development. California
offered an additional investment tax credit in 1980 which abruptly ended in 1985. This
support system has been the cause for the first market cycle in the US (Fig. 7). After the
high point in 1985, the market broke down by 98% until 1989. The second wave of
market development that started in 1999 has been quite unsteady as many boom and
bust phases could be witnessed that were the result of the short-term nature of the
political support system (IRENA 2012; Gipe 1995; Maegaard et al. 2013; Vestergaard
et al. 2004; Douthwaite 2002).

The development of companies in the US market has also seen the two cycles
described by the market expansion path (see Fig. 7). During the first wave, a series of
national based companies emerged in the Californian market within three years. The
regression analysis of the national industry development with the market development
for this very short time has to be treated with caution as it did not provide enough
information for the regression to be significant (see Annex). The results show an
adjusted R2 of 0.90 with the logarithmic representation of the national market
development. During the steep decline of the market that followed all national US
companies left the market. The adjusted R2 for the period between 1985 and 1994 is
0.95 with a very high significance and a strong positive interrelation between the two
declining indicators. The explanatory value of the regression analysis is not improved
by the consideration of the rest of the global market. However, it can be assumed that
this shake out of national based companies from the US might have happened
eventually. In this period the dominant design established which was provided by
Danish companies.

During the second cycle of market growth only a few new national based companies
emerged. The regression for the phase between 1995 and 2011 shows a coefficient of
determination of 0.88 for the US market. Taking the rest of the global market into
account R2 is improved to 0.97 with a higher significance of the global market than the
national development. Again, when looking at the national development in this period
it becomes apparent that the market development between individual years was not
very reliable. Therefore, it can be assumed that the global market had a stabilizing
effect on the industry. The bulk of companies active in the second cycle of the US
market seen in the graph are companies from other nations seeking the opportunity in
one of the largest wind markets. Most of those companies started local production with
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Fig. 7 left: Development of newly installed wind onshore capacity in US (own representation based on
GWEC 2018, BP 2018, Berkley LAB 2017, AWEA 2018), right: Development of number of companies in the
US wind onshore market; US/US NREL refer to all companies active in the US market, US companies refers
to companies that are based in the US, local production refers to companies with a production site in the US
(own representation based on The Wind Power 2018, Jaeger 2013, Berkley LAB 2017).
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the rise of the US market. It can be assumed that these decisions were primarily driven
by the promises of the potential of the US wind energy market. Local production
requirements were never introduced on the national level in the US. However, a number
of states introduced additional incentives for companies to set up local production
(OECD 2015). The regression analysis of the companies with a production in the US
and the national market development shows an explanatory value of 0.94 which
increases to 0.99 with the global market included.

The decline in the number of companies that was seen between 2012 and 2016
cannot be explained by the national market development. However, it does correspond
to the global development in the aftermath of the financial crisis in 2009.

The one US wind company of global importance is General Electrics (GE). It is the
dominant company in the USmarket with an averagemarket share of 45% since 2003. GE
started its engagement in wind energy technology with the acquisition of Enron (US) in
2002. Enron in turn had entered the wind market with the acquisition of Tacke (DE) and
Zond (US) in 1997 which started its business in the Californian market in the early 80s. As
the dominance of the Danish design became apparent Zond retreated from its own turbine
production and focused on the development of wind parks in the US using Vestas turbines.
In 1993 it went back to the design of its own turbines and acquired the patents of the
bankrupt Kenetech (US) in 1996 (GE 2018). In the last few years GE acquired two more
companies which have to be mentioned. In 2015 it took over the energy business of
Alstom (FR) including all of its onshore wind activities. In 2017 GE bought LM Wind
Power (DK) one of the most important wind turbine blade manufacturers that goes back to
the beginning of the wind market development in Denmark.

4.2.3 Germany

Germany had an installed onshore wind capacity of about 46 GWh in 2016 and the
share of wind energy output in the total electricity output amounted to over 12% in
2015 (see Table 1). The wind onshore generation potential in Germany amounts to 1.8
PWh and the current national electricity output is around 641 TWh (see Table 2). The
German onshore wind energy market started slightly after the Danish and US American
market. In 1995 it was the largest market in the world (see Table 2). So far it can be
regarded as a relatively stable market as it was driven by feed-in tariff systems
throughout its development.

Germany is another country that has had a major influence on the development of
wind energy technology. Just like in the US a research program was established in the
mid-70s that had the goal of creating a multi-megawatt wind turbine. The
“GROWIAN” was discontinued in 1987 and taken down the following year. When
the challenges of large wind turbines became evident in the mid-80s the research
program was opened to smaller applications. After the first demonstration projects in
the 80s the “Stromeinspeisegesetz” came into effect in 1991 that complimented
technology demonstration projects. This first feed-in tariff system in Germany was
inspired by the Danish development and was followed by the Renewable Energy
Sources Act (EEG) in 2000 with the support of all political parties (see also Hoppe-
Killper 2003; IRENA 2012; Maegaard et al. 2013). This has led to a comparatively
stable market development in Germany that seems to follow the path described by the
classic ILC theory for industries under normal market conditions (see Fig. 8).
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After a long phase of relatively constant annual capacity expansions, there has been
an increase in new installations in the last few years. This can possibly be explained by
the fact that a change in the support system is on its way. The fixed remunerations that
had been an incremental part of the EEG, are about to run out. As of 2017 wind
capacities are called for in tenders that define the compensation. The last project under
the fixed remuneration can be finalized in 2018 (BMWi 2018). The effect of this system
change cannot be seen in the market development yet but it can be assumed that market
players were speeding up their projects to be able to realize them under the old regime
(for a similar effect in the PV sector see Klein and Deissenroth 2017).

The development of the number of companies active on the German market also
shows the path described by Klepper (1997) (see Fig. 8). Regarding the current status it
seems like Germany has been in the phase of market maturity for quite some time now.
The majority of wind turbine manufacturers active on the German market have their
roots in Germany. The Danish companies that established production locations in
Germany did so in the early 1990s. Even though Germany never had any local content
requirements, the access to the financing of demonstration projects may have influ-
enced those strategic decisions.

The regression analysis of the development of number of companies with the
national development was conducted for two phases (see Annex). The forma-
tion phase of the German wind industry could only be analyzed between 1990
and 2000. The early years of the exploratory phase could not be considered as
the data on installed capacities for Germany was not available. The results
show an adjusted R2 of 0.95 for the industry development with a logarithmic
representation of the national wind market. This explanatory value could be
slightly improved to 0.97 by adding the rest of the global market development.
Just like in the US-American example, this shows the stabilizing role of the
global market for individual years of market stagnation or decline. The analysis
of the companies that were producing in Germany amounted to an adjusted R2

of 0.94 and 0.98 respectively.
The phase of consolidation that occurred between 2001 and 2016 cannot be

statistically explained by the market development. This result is in line with the ILC
theory where the shake-out phase does not show an interrelation with the market
development.
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Fig. 8 left: Development of newly installed wind onshore capacity in DE (own representation based on
GWEC 2018, Durstewitz et al 2001, BMWi 2018), right: Development of number of companies in the
German wind onshore market; DE refers to all companies active in the German market, DE companies refers
to companies that are based in Germany, local production refers to companies with a production site in
Germany (own representation based on The Wind Power 2018).
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The early and relatively stable development of the German market has most likely
been one of the reasons for the success of German wind turbine manufacturers. Three
of the top 10 global wind turbine manufacturers are located in Germany (see Table 1).

Enercon was founded in 1984 as a spin-off of the University of Braunschweig that
had developed a gearless wind turbine under the research program of the federal
ministry of research (see also Hoppe-Killper 2003; Maegaard et al. 2013). It is the
company with the highest market shares on the German market. Since 1993 the average
share has been at 40% accoding to DEWI (2017). Due to a patent issue, Enercon is the
only large European wind turbine manufacturer that is not active on the US market.
Enercon has production facilities in 6 countries on the European continent and a
subsidiary in Brazil (Wobben Windpower) (Enercon 2018).

Senvion also known under the former name RePower was founded in 2001 in the
context of a merger of four German turbine manufacturers. In 2007 it was taken over by
Suzlon (IN) as a subsidiary and sold to the US-investment firm Centerbridge in 2015. It
is the second largest player on the German market with an average market share of 10%
since 2001 (DEWI 2017).

Nordex SE was founded in 1985 in Denmark. In 1992 it started its production in
Germany; in 2001 it became an incorporated company listed on the German stock
exchange. In 2003 it closed down its production in Denmark. In 2016 it merged with
Acciona Wind Power a renowned turbine manufacturer in Spain (Nordex 2018).
Nordex is the third largest company on the German wind market with an average
market share of 7% since 1993 (DEWI 2017).

4.2.4 India

India had an installed onshore wind capacity of 29 GW in 2016 with a share of 3.1% of
wind power in the total electricity output (see Table 1). With a wind onshore generation
potential of about 1.4 PWh it could theoretically provide its current electricity output.
The market conditions in India were relatively stable after the early development phase
with a mix of support schemes.

India is the first laggard country that was successful in introducing its own wind
manufacturing industry. In 1982 the Indian government started its first research pro-
gram followed by a demonstration program in 1985. Several investment incentives
were set up in 1989 that led to the start of the Indian wind market (Mizuno 2007; Lewis
2011). The introduction of the Electricity Act of 2003 provided the first national legal
framework for the promotion of renewable energies in India. It included the request for
the introduction of fixed quotas to procure power by the State Electricity Regulatory
Commissions. In 2009 a national feed-in tariff system was put in place (IRENA 2012).
Just as in Germany, India has currently shifted this system from state-established
remunerations to tenders. The market development that can be seen in Fig. 9 shows
two cycles of development; a very short one at the beginning of wind utilization in
India in the 90s and a relatively stable one since 1998.

The development of companies active on the Indian wind market does not reflect the
two cycles of the market development as the data does not cover the first cycle (see
Fig. 9). However, the initial market growth of the first development cycle resulted from
a strong engagement of foreign companies on the Indian market with its large market
potential. During the first cycle almost solely foreign companies were active on the
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Indian market mostly via subsidiaries that were created as joint ventures. The decline of
the market could not harm these global players as dramatically as in the case of new
national players in other wind markets as they had the possibility to sell their produc-
tion in other markets that they were already active in. The development of the national
players was initiated during the first cycle but had its real start at the beginning of the
second cycle. Just like the US market, the potential offered by the Indian wind energy
market brought a number of international companies that built production facilities in
India.

The statistical analysis of the period from 1995 to 2016 did not provide a particularly
good explanatory value for the industrial development in India. In the growth phase
between 1995 and 2009 an adjusted R2 of 0.46 was reached for the number of domestic
companies and 0.64 for those with a production in India (see Annex). Those values
were significantly higher with the rest of the global market development taken into
account as another independent variable. They amounted to 0.89 and 0.92 respectively.
Again the consolidation phase did not show any good coefficients of determination.
The findings indicate that the global market development played a larger role in the
industry development in India than in the other countries that were analyzed so far.

India has also succeeded in establishing one of the top 10 global companies. Suzlon
was founded in 1995 and acquiring its technology by way of a technical collaboration
with Südwind (DE). Gradually it expanded its production to all components via joint
ventures with renowned companies from the US and Europe and took over Germanys
RePower (later known as Senvion) in 2007 (Lewis 2011). In 2015 Suzlon sold Senvion
keeping an R&D base in Germany. The company plays a dominant role in the Indian
market with an average market share of about 40% according to the data of the
windfarm database. Currently it has production facilities in India and China.

4.2.5 Spain

Spain had an onshore wind capacity of 23 GW in 2016 and a share of almost 18% of
wind energy in total electricity output (see Table 1). Its wind onshore generation
potential lies just above 3 PWh with a yearly electricity output of around 300 TWh.
Due to the loss of political support, the Spanish wind energy market has collapsed in
the last few years, turning it into one of the unstable markets.
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Fig. 9 left: Development of newly installed wind onshore capacity in IN (own representation based on GWEC
2018, BP 2018, Mizuno 2007), right: Development of number of companies in the Indian wind onshore
market; IN refers to all companies active in the Indian market, IN companies refers to companies that are based
in India, local production refers to companies with a production site in India (own representation based on The
Wind Power 2018).
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Political support in Spain started with the first Renewable Energy Plan in 1986. This
plan and its successor introduced targets for renewable energy production and invest-
ment that focused largely on demonstration projects. The first feed-in tariff system was
introduced in 1994. However, the design of this first tariff system did not have the
desired effect on the renewable energy market. As a result the Electric Power Act of
1997 introduced a number of significant changes that resulted in a relatively long phase
of stable market development (IRENA 2012). This phase ended when the system was
adjusted in 2010 and then ceased in 2014 after Spain was severely affected by the
global financial crisis in 2009 (IEA/IRENA 2018).

Unfortunately, data for the Spanish market could not be found for the time prior to
1998. From 1998 to 2017 the Spanish market has gone through one cycle with the
market falling from almost 2.5 GW in 2009 to zero in 2015. In the last couple of years
the demand has picked up very slowly again indicating the beginning of a new period
of potential growth (see Fig. 10).

During the market development, four Spanish wind turbine manufacturers entered
the market successfully. One reason for this development of national manufacturers can
be attributed to local content requirements at that time that were introduced by some
Spanish regions in connection with concession tenders (OECD 2015). Those require-
ments in combination with the strong market development also led to the establishment
of two production locations of international wind turbine manufacturers in Spain in
2005. In 2007, at the height of the Spanish market development, Alstom (FR) bought
Ecotecnia. The production as well as the headquarters remained in Spain. The crash of
the Spanish market in combination with the global financial crisis inevitably had an
influence on most of the other Spanish companies. Acciona Windpower was sold to
Nordex in 2016, while Gamesa merged with Siemens in 2017.

A statistical analysis of the formative phase of the Spanish wind industry cannot be
conducted as numbers on the market development were not available before 1998. By
that time Spanish companies were already established. However, the shake-out phase
between 2009 and 2016 was statistically analyzed (see Annex). The regression finds an
adjusted R2 of 0.54 for the Spanish market development with a positive interrelation
between the two decreasing indicators. The additional consideration of the rest of the
global market increases the explanatory value to 0.84. However, the interrelation of the
global market development outside of Spain with the Spanish wind industry is
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Fig. 10 left: Development of newly installed wind onshore capacity in ES (own representation based on
GWEC 2018, BP 2018), right: Development of number of companies in the Spanish wind onshore market; ES
refers to all companies active in the Spanish market, ES companies refers to companies that are based in Spain,
local production refers to companies with a production site in Spain (own representation based on The Wind
Power 2018) (Data on the market development prior to 1998 could not be determined).
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negative. The values for the number of companies with local production are at 0.88 and
0.87 respectively. Overall, this analysis shows a considerable influence of the national
market development on the consolidation of the Spanish wind industry.

The one Spanish turbine manufacturers that shows up in the top 10 of global companies
is Gamesa. It was founded in 1994 at the beginning of wind utilization in Spain with Vestas
being involved as technical partner holding a share of 40% of the company. This joint
venture can be attributed to the local content requirements of Spanish regional energy
policies at that time. It enabled Vestas to get access to the Spanish market as a whole
(IRENA 2012). In 2017 Gamesa was merged with Siemens to form Siemens-Gamesa.

4.2.6 China

The Chinese wind energy market is currently by far the largest in the world. About 147
GW were installed until 2016, about one third of the global capacity. Chinas overall
electricity output is also the largest in the world with about 6 PWh per year of which
about 3.2% are provided by wind energy. The yearly wind onshore generation potential
is estimated to be around 34 PWh (see Table 1 and Table 2). Up to this point, wind
market conditions in China can be regarded as relatively stable.

China is often considered to be the country that successfully managed to catch-up in
many technologies. This also applies for wind energy. In China the five year plans of
the government are the foundation of political support. In the Ninth five year plan a first
basis was set to develop a national wind energy industry by introducing an R&D
program in 1996. The first market pull was initialized by the “Renewable Energy Law
of the People’s Republic of China” in 2005 which led to the introduction of feed-in
tariffs in 2009 (Wang et al. 2012, Klagge et al. 2012).

Due to this support system the Chinese market has seen an exponential growth for a
good few years with levels between 12 GW and 31 GW per year since 2009, in which
the Chinese market covered more than one third of the yearly global market. The
decline in installations in 2012 that can be seen in Fig. 11 can be explained by the
change in approval procedures which were introduced due to grid congestions.

The number of companies active on the Chinese market has steadily risen along with
the market development. The statistical analysis of the period between 1999 and 2012
provides an adjusted R2 of 0.91 for the development of national based companies that is
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Fig. 11 left: Development of newly installed wind onshore capacity in CN (own representation based on
GWEC 2018, BP 2018), right: Development of number of companies in the Chinese wind onshore market;
CN refers to all companies active in the Chinese market, CN companies refers to companies that are based in
China, local production refers to companies with a production site in China (own representation based on The
Wind Power 2018)(Data on the market development prior to 1998 could not be determined).
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not improved by the integration of the rest of the world (see Annex). The development
of companies with local production in China amounts to an adjusted R2 of 0.92 which
is increased to 0.97 including the rest of the world.

The development of the number of companies indicates that the Chinese market has
possibly entered a phase of maturation. A consolidation of manufacturers has started
that will presumably continue in the coming years (see Fig. 11). The statistical analysis
of these last four years has to be treated with caution due to the low number of
observations. It shows no significance or relevant coefficient of determination for the
national companies or companies with local production in China.

The development of the wind industry in China follows the same pattern as in India.
The beginning of market development was strongly influenced by global wind industry
players followed by the rise of national companies that acquired their technologies
through licenses and joint ventures (Lewis and Wiser 2007; Lewis 2011; Wang et al.
2012). Local content requirements were introduced in 2003 that led to the development
of manufacturing locations of international companies in China (OECD 2015).

Regarding the development of a national industry, China has succeeded in
establishing three of the top 10 global wind turbine manufacturers. The largest
player on the Chinese market with an average market share of 23% since 2002
is Goldwind. It was founded in 1998 with a production agreement of a 600 kW
turbine from Jacobs (DE) followed by a license to produce a 750 kW turbine of
RePower. In 2003 Goldwind signed a cooperation agreement with Vensys, a
wind technology developer in Germany, of which it acquired the majority in
2008 (Maegaard et al. 2013).

Next to Goldwind there are a number of Chinese wind turbine manufacturers, of
which most started their business between 2006 and 2009. Many of these companies
started of using technology from second or third tier wind companies from more
advanced wind energy markets, often using one form or another of technology transfer
mechanism. However, most of them have moved on and are developing their own
technology by now even though there might be doubt that the degree of innovation is as
high as it might be expected (Lewis and Wiser 2007; Lewis 2011; Wang et al. 2012;
Maegaard et al. 2013; Lam et al. 2017; Quitzow et al. 2017; Sahu 2018). The two
currently showing up in the top 10 are Guodian United Power which was founded in
2009 as a subsidiary of one of the largest Chinese power suppliers and Envision which
started its business in 2008.

4.2.7 Comparison of national developments

The comparison of the six countries analyzed so far shows that industry life
cycles can be identified on a national level. Even though all of them seem to
have entered a phase of maturation they differ in the point in time when the
development has started and when the third phase of maturity was reached.
Also it became evident that a interdependency exists between the development
of the market and its respective players. The formation phase of the national
wind industries shows a particularly strong coefficient of determination with the
market development for most of the analyzed countries. However, no uniform
statements can be made with regard to the shake-out phase. A relevant inter-
relation between market development and industrial development could only be
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shown in those cases in which a strong market decline was observed. This
leads to the conclusion that a decline of national markets reduces national
players earlier and maybe even further than under stable market conditions.
The early shake out of companies also seems to have a lasting effect as a
renewed upturn in the market in Denmark or the US did not seem to increase
the number of local companies significantly.

Looking at the development of market concentration on these national
markets (see Fig. 12) in comparison to the market concentration on the global
onshore wind market (see Fig. 4 d) it can be seen that they do not have the
same level of competitiveness as the global market. Those markets with instable
market developments also show higher levels of market concentration. At the
same time a relatively high market concentration could be determined even in
the markets with stable market development. Each one of those markets has
one to two relevant national players that dominate the market they are based in.
This indicates that national players have a better market position in their home
market than their international competitors. This aspect will be further analyzed
by looking into the other six national markets that were selected in Table 1 that
are not home to one of the global top 10 companies.

Figure 13 displays the same indicators as Fig. 4. Three countries are
presented together in one graph. On the left hand side the developments of
the UK (GB), Canada (CA) and France (FR) are shown. Brazil (BR), Ireland
(IE) and Portugal (PT) are displayed on the right hand side. The development
of each of these countries is shown as of 1998 as no earlier data was available.

On the left hand side, the UK,4 Canada5 and France have all had a relatively stable
market development and seem to have reached the phase of maturation (see Fig. 13 a)
and b)). The development of the companies’ active in each one of those markets also
supports the observation that these countries have reached a phase of maturation (see
Fig. 13 c)). Of the three countries only France has seen a small development of national
wind turbine manufacturers. While Canada has tried to establish local production of
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Fig. 12 Market concentration in selected wind onshore markets (own representation based on The Wind
Power 2018, Danish Energy Agency 2017)

4 The strong increase of installations in the UK in 2017 can be traced back to the change in the political
support system. Developers seem to have tried to meet the deadline so that their projects still have access to the
old support regime. A similar effect was seen in Germany and India, as indicated above.
5 The strong decrease in installations in Canada in 2017 cannot be explained. There is no indication that the
Canadian wind market is not supported by the political regime. Therefore installations in 2018 should pick up
again.
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onshore wind turbine manufacturers by implementing local content requirements in its
political support systems, the UK and France have put their focus on the establishment
of an offshore wind industry and did not introduce local content requirements for the
onshore market. The results are not that different; two international wind turbine
manufacturers opened manufacturing locations in Canada whereas one each established
a production site in the UK and France.
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Fig. 13 a Development of newly installed wind onshore capacity in selected markets (own representation
based on GWEC 2018, BP 2018), b Logarithmic representation of the development of newly installed
capacity, moving average (see Fig. 6 a) c Development of number of companies in selected wind onshore
markets (own representation based on The Wind Power 2018), d Market concentration in selected wind
onshore markets (own representation based on The Wind Power 2018)
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On the right hand side of Fig. 13 two different types of markets are displayed. The
Brazilian market has a large potential for the utilization of wind power whereas Ireland
and Portugal have good wind resources but electricity demand is low. Ireland’s
electricity demand in 2015 was 5% that of the Brazilian market and Portugal’s 9%
(see Table 2).

Looking at the development of the Brazilian ILC it is not clear if Brazil is currently
still in its growth phase as it shows some signs of maturation.6 So far, all political
support schemes for wind energy introduced in Brazil had very high local content
requirements (IRENA 2012). Several companies have set up production facilities in
Brazil and two Brazilian wind turbine manufacturers emerged, one being a subsidiary
of Enercon (DE).

The markets in Ireland7 and Portugal8 on the other hand already entered the
maturation phase in the mid-2000s. The Irish wind market is exclusively served by
imported wind turbines whereas two international wind manufacturers opened produc-
tion facilities in Portugal which might be attributed to local content requirements
introduced in 2005.

Looking at the market concentration of the six markets displayed in Fig. 13,
it can be seen that a much higher level of competition is reached in each one
of those markets than in the ones displayed in Fig. 12 (see Fig. 13 d)). The
market concentration in the Brazilian market has reached a similar low level as
in the other three examples on the left hand side of the figure. The market
concentration in Ireland and Portugal, however, seems not to be as low and
stable. Looking into the data more closely it can be observed that these two
markets are on a level of market size at which individual wind farms have a
large influence on the overall numbers.

In order to find an explanation as of why the countries without one of the top 10
global wind turbine manufacturers seem to have a more competitive market situation
than the ones with a successful global player, an analysis of the market shares of
companies in each respective market was conducted.

Figure 14 shows the cumulative market shares of companies from different countries
over time in different markets. The companies that are based in the country under
examination are referred to as local companies and are displayed first. The countries
with one of the top 10 wind turbine manufacturers are displayed in the graph on the left
hand side, the ones without on the right.

What can be observed immediately is that the capacities for the markets in the left
graph are largely provided by local companies. The countries in the right graph have
hardly any to none local companies that supplied the markets with wind turbines. Again
it needs to be stressed that this does not mean that no production sites can be found in
those countries. The difference is that these production sites are run by companies
based in other countries. These results therefore show that a stronger market

6 The Brazilian wind market development is not fully represented in the graph. It started in 2002 with the
introduction of a feed in tariff system that was replaced by a series of tenders in 2009.
7 The Irish development started in 1993 with tenders that were replaced by a feed-in tariff system in 2006. Just
like in Germany and India the feed-in tariff system is to be replaced by tenders, which explains the relatively
strong expansion in the last two years.
8 It cannot be explained why no onshore installations were seen in Portugal in 2017. However, Portugal has
already exceeded its wind energy goals for 2020.
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concentration can be expected in markets that have succeeded to establish their own
companies.

Another aspect which can be seen in Fig. 8 is the role of the size of a market in the
global company rankings. Chinese companies for example of which three are in the top
10 global wind turbine manufacturers are mainly active in their home market. As the
Chinese wind turbine market has had extraordinary growth in the last few years, it is
not surprising that the engagement of Chinese companies was limited in other national
markets. However, it shows that the entrance of a large market like the Chinese, that is
by far the largest in the world, can be sufficient to change the ranking of global players
without the other companies losing their relevance in other national developments.

5 Conclusions

The analysis of the industry life cycle of the wind energy sector has shown that the
global development of wind energy markets as well as market participants derives from
the sum of individual national developments. Each national market has an influence on
the development of the global market. How strong this influence is depends on the size
of the national market in comparison to the global market in each year. However, the
relevance of the national perspective regarding the industrial development cannot be
seen in the research that focuses on the creation of innovation. The results of this
research indicate that the creation of innovation is subject to a global knowledge base
(Huenteler et al. 2016). Therefore, the question as to which geographical boundaries are
important for the ILC in a globalized world cannot be answered unequivocally.
Knowledge and the creation of innovation generally seem to be distributed globally
whereas market creation and industrial development are strongly influenced by national
developments.

Looking at the national level a few different findings should be pointed out.
Regarding the development phases of the wind industry life cycle, it could be observed
that all the countries analyzed in this paper have reached the various stages at different
points in time. Regarding the development paths various insights can be gained. First of
all there were national wind markets with relatively stable market conditions. The
development of these markets as well as the development of the number of companies
active on these markets did follow the path described by Klepper’s (1997) ILC theory.
Other national markets did not have the same stability in political support which
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Fig. 14 Market share of companies based in different countries on selected markets (own representation based
on The Wind Power 2018)
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resulted in an unstable demand for wind turbines. Especially changes in effective
support systems created an escalating demand followed by a strong reduction in the
market. The development of those markets followed a number of cycles that included all
four phases described by the PLC theory (see Levitt 1965). What is particularly note-
worthy is the relevance of the forth development phase in this context. Usually it is only
relevant for industries and their technologies that disappear from a market. In the case of
the wind industry the relevance of the technology for the energy market remains high.
However, the consequences of market decline for the industry providing the technology
were extensive. Those countries that had been able to establish their own wind turbine
manufacturers saw an early consolidation of their firms that reduced national players
dramatically. This led to a higher concentration on the respective markets. Even though
the market concentration was reduced in later phases of market expansion once again, the
dominating role of the few companies that remained after the initial shakeout phase
persisted. Also, once a national market had seen a severe consolidation of its local market
players, new company formations in later cycles never even closely reached the level of
the first cycle again. Another interesting aspect is the dominance of home based
companies. Those countries that succeed in establishing domestic wind turbine manu-
facturers did see a higher market concentration than those without. This is the case for all
countries, regardless of the stability of their respective market development.

Looking at the establishment of companies quite a few different insights could be
gained. After the initial introduction of wind energy technology in the lead market
Denmark around 1980, the potential of each respective market and its stable develop-
ment seem to have been a very important factor in the success to establish national
based companies. The importance of this factor appears to be growing as companies
from other countries get established on the global market. The Spanish market for
example was able to provide enough potential for its own industry to develop in the
mid-90s whereas ten years later similar market developments in countries like Italy,
France, UK, South Africa, Chile or Mexico did not initiate the same dynamic. The
Chinese market on the other hand was able to create its own industry around that time.
The sheer size of the Chinese market even made it possible that companies that are
basically only active in their home market show up in the top ranking of global players.
The aspect of national market size therefore seems to be an issue that needs to be
addressed in further research regarding catch-up cycles in industrial leadership.

Another factor that seems to influence the ability to establish a local value chain is
the proximity to countries that already have succeeded in their efforts. As the number of
countries active in a technology is growing this factor gains importance. After the
successful establishment of Danish, German and Spanish companies no other European
country has succeeded in establishing its own wind companies. The same goes for
Canada which does have a relatively large market potential but is located in close
vicinity to the already established US wind market. Another example is South Korea.
Five large international Korean based technology companies tried to enter the wind
turbine market around 2010, so far none of them succeeded as the Chinese market and
its established value chain dominates the industrial development in this region.

Policy approaches to establish a home based wind turbine industry are essentially
based on the creation of a national market with the help of different support mecha-
nisms often combined with direct or indirect local content requirements. Most of these
approaches are focused on the onshore wind market but some countries have started to
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focus on the establishment of companies and value chains in the new offshore wind
trajectory. This can especially be seen in Europe where the onshore wind value chain is
already established and market dynamics do not seem to leave much room for further
expansion. The question of the effects of local content requirements on the industrial
development is too large to be answered in this paper. However, the findings do
indicate that local content requirements only had a secondary effect on the establish-
ment of wind turbine manufacturers. The two aspects of market potential and the
proximity to markets with established value chains do seem to have a larger influence
on the strategic location decisions of companies.

Another aspect that can be added to the findings are the approaches of companies to
either gain access to the wind energy technology in the catch-up process or on the
flipside the approaches of companies to gain excess to new markets. The historic
development of various companies described in this paper shows that technological
knowledge was widely acquired from the knowledge base of already existent markets
due to collaborations, licensing production or company acquisition. The acquisition of
already established companies was especially chosen by large technology groups. As
wind energy was introduced by a bottom up approach large technology groups entered
the market at a later point in time, mostly when their home markets showed a relatively
reliable market development. The role of the technology introduced by Vestas in the
creation of many companies stands out especially. The very open approach to share the
knowledge regarding their technology derives from the background this company
originated in. It could be argued that this open approach contributed to the successful
introduction of wind energy technology on a global level by helping to avoid potential
obstacles that might have had a negative effect on the acceptance and therefore would
have slowed down the diffusion. The reasons for companies to cooperate or hand out
licenses for the production of their technologies can be explained by strategic consid-
erations. The wind turbine industry in its beginning consisted of small to medium
enterprises that tried to enter new arising markets and at the same time limit the risks
that come with those expansions. Collaborations were the initial approach to enter new
markets beyond exports, often initiated by local content requirements. As successful
turbine manufacturers started to set up their own production facilities in other countries
their need for collaborations was reduced. However, second or third tier wind compa-
nies from more advanced wind energy markets continued to provide technological
collaborations for companies in other countries that were interested in investing in wind
energy technology. Another strand of companies that evolved in the aftermath of the
initial establishment of wind energy production in some established countries were
engineering companies that often had strong links to research institutions. These
companies develop and design wind turbines to sell licenses for production. For the
most part these licenses were not bought by national wind turbine manufacturers as
they already had their own technology at hand. Also, no new wind turbine manufac-
turers tried to enter those markets as laggards had difficulties to establish in their home
markets that were dominated by already established national companies. Therefore, the
licenses were mainly sold to companies in emerging markets.

Regarding the relocation of production to countries with cost advantages in later
stages of ILCs as mentioned in literature (Vernon 1966, 1979), no such development
could be observed in wind energy so far. The proximity to the respective national
markets that set of an industry development does seem to remain important even in the
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maturity phase of the ILC. One reason might be the market position local companies
have in their home countries; another might be the innovation base of those countries.
One circumstance that supports this thesis is that Suzlon maintained an R&D location
in Germany even after leaving the German market by selling Senvion.

It cannot be answered so far if the findings in this paper hold true for other
technologies and their industries with changing political support that results in
unstable market conditions. This question will have to be subject to further research.

Also, it should be stressed that this paper does not try to argue that industrial development
solely depends on market development. As Porter (1990) has shown in his diamond model
there are many more factors that influence the success of a nations industry.

However, the paper shows that fundamental changes in political support for wind
energy not only had an effect on the market development, as discussed in literature, but
also on the national based industry that provides the technology. This aspect should be
taken into consideration in the further development of policy frameworks for wind energy.
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Annex

Regression Statistics

Global

1978–1985+ 1986–1993 1994-2000+ 2001-2003 2004-2011 2012-2016

I II III IV V VI

R2 0.98 0.56 0.97 0.15 0.99 0.93

Adjusted R2 0.97 0.49 0.96 −0.70 0.98 0.90

Standard Error 1.63 4.32 0.82 1.09 1.45 2.51

Observations (n) 8 8 7 3 8 5

Coefficients

Intercept 7.1501446 32.4083155 −29.4901785 27.4819094 14.4185171 97.1406868

global MW/a 3.65433*** −0.04468* 6.63432*** −0.00033 0.00096*** −0.00117**

+ ln(MW/a)

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1

M. O’Sullivan1096



Denmark

Domestic companies.

1978–1989+ 1990–1993 1994-1997 1998-2006 2007–2016

I II III IV V

R2 0.95 0.87 0.78 0.78 0.83

Adjusted R2 0.94 0.81 0.67 0.75 0.81

Standard Error 1.11 1.59 0.60 1.72 0.20

Observations (n) 12 4 4 9 10

Coefficients

Intercept 7.7706191 −3.2016369 9.8155185 1.0315811 1.2720830

DK MW/a 2.65148*** 0.29747. 0.00940 0.01862** 0.00526**

+ ln(MW/a)

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1

1978–1989+ 1990–1993 1994–1997 1998–2006 2007–2016

I II III IV V

R2 0.97 0.92 0.99 0.85 0.95

Adjusted R2 0.96 0.75 0.97 0.80 0.94

Standard Error 0.92 1.81 0.17 1.51 0.11

Observations (n) 12 4 4 9 10

Coefficients

Intercept 8.1987535 19.6636503 20.3982751 6.6702630 0.6923504

DK MW/a 3.13822*** 0.00913 0.08060 0.00750 0.00181

global w/o DK MW/a −0.42306* −0.02847 −0.02077 −0.00048 0.00003**

+ ln(MW/a)

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1
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United States of America

Domestic companies.

1982–1984+ 1985–1994 1995-2011 2012-2016

I II III IV

R2 0.95 0.96 0.89 0.02

Adjusted R2 0.90 0.95 0.88 −0.31
Standard Error 0.41 0.42 0.44 1.52

Observations (n) 3 10 17 5

Coefficients

Intercept −1.4984664 −0.5957625 0.6492829 3.4918708

US MW/a 1.73805 0.02048*** 0.00038*** −0.00015

+ ln(MW/a)

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1

1982–1984+ 1985–1994 1995–2011 2012–2016

I II III IV

R2 1.00 0.96 0.98 0.99

Adjusted R2 65,535.00 0.95 0.97 0.99

Standard Error 0.00 0.45 0.20 0.15

Observations (n) 3 10 17 5

Coefficients

Intercept −3.3166250 −0.6684231 0.3794422 10.8225960

US MW/a 2.39867 0.02073*** −0.00005 −0.00001
global w/o US MW/a −0.88424 0.00021 0.00014*** −0.00020**

+ ln(MW/a)

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1
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Companies with local production.

1982–1984+ 1985–1994 1995-2011 2012-2016

I II III IV

R2 0.95 0.96 0.95 0.02

Adjusted R2 0.90 0.95 0.94 −0.31
Standard Error 0.41 0.42 0.78 2.34

Observations (n) 3 10 17 5

Coefficients

Intercept −1.4984664 −0.5957625 0.2147455 8.2019536

US MW/a 1.73805 0.02048*** 0.00101*** −0.00022

+ ln(MW/a)

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1

1982–1984+ 1985–1994 1995–2011 2012–2016

I II III IV

R2 1.00 0.96 0.99 0.99

Adjusted R2 65,535.00 0.95 0.99 0.98

Standard Error 0.00 0.45 0.40 0.27

Observations (n) 3 10 17 5

Coefficients

Intercept −3.3166250 −0.6684231 −0.2529145 19.5261266

US MW/a 2.39867 0.02073*** 0.00025. 0.000004

global w/o US MW/a −0.88424 0.00021 0.00024*** −0.00032**

+ ln(MW/a)

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1
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Germany

Domestic companies.

1990–2000+ 2001–2016

I II III IV

R2 0.95 0.97 0.16 0.38

Adjusted R2 0.95 0.97 0.10 0.28

Standard Error 0.64 0.49 0.70 0.62

Observations (n) 11 11 16 16

Coefficients

Intercept −7.3283847 −11.8280241 6.3553076 6.4290006

DE MW/a 2.04183*** 0.67033 −0.00030 −0.00009
global w/o DE MW/a 1.92694* −0.00002*

+ ln(MW/a)

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1

Companies with local production.

1990–2000+ 2001–2016

I II III IV

R2 0.95 0.98 0.12 0.35

Adjusted R2 0.94 0.98 0.06 0.25

Standard Error 0.84 0.56 0.69 0.62

Observations (n) 11 11 16 16

Coefficients

Intercept −9.8408745 −16.5093094 8.2586761 8.3303722

DE MW/a 2.65364*** 0.62109 −0.00025 −0.00005
global w/o DE MW/a 2.85570** −0.00002.

+ ln(MW/a)

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1
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India

Domestic companies.

1995–2009 2010–2016

I II III IV

R2 0.50 0.90 0.22 0.58

Adjusted R2 0.46 0.89 0.07 0.37

Standard Error 0.98 0.45 0.61 0.50

Observations (n) 15 15 7 7

Coefficients

Intercept 0.8442831 0.7871978 5.0804225 6.6257236

IN MW/a 0.00140** −0.00070. −0.00062 0.00019

global w/o IN MW/a 0.00018*** −0.00008

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1

Companies with local production.

1995–2009 2010–2016

I II III IV

R2 0.67 0.93 0.32 0.52

Adjusted R2 0.64 0.92 0.19 0.29

Standard Error 1.27 0.60 0.52 0.48

Observations (n) 15 15 7 7

Coefficients

Intercept 0.9633491 0.8900610 7.8375969 8.8880006

IN MW/a 0.00256*** −0.00014 −0.00067 −0.00012
global w/o IN MW/a 0.00022*** −0.00006

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1
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Spain

Domestic companies.

2009–2016

I II

R2 0.61 0.89

Adjusted R2 0.54 0.84

Standard Error 0.52 0.30

Observations (n) 8 8

Coefficients

Intercept 1.0961985 7.2266962

ES MW/a 0.00080* −0.00040
global w/o ES MW/a −0.00012*

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1

Companies with local production.

2009–2016

I II

R2 0.89 0.91

Adjusted R2 0.88 0.87

Standard Error 0.34 0.35

Observations (n) 8 8

Coefficients

Intercept 1.553632 3.369052

ES MW/a 0.00124*** 0.00088.

global w/o ES MW/a −0.00004

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1
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China

Domestic companies.

1999–2012 2013–2016

I II III IV

R2 0.92 0.92 0.34 0.61

Adjusted R2 0.91 0.91 0.02 −0.17
Standard Error 1.40 1.39 1.25 1.36

Observations (n) 14 14 4 4

Coefficients

Intercept 1.594155 0.439332 18.107248 23.467314

CN MW/a 0.00064*** 0.00050** −0.00021 −0.00007
global w/o CN MW/a 0.00014 −0.00032

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1

Companies with local production.

1999–2012 2013–2016

I II III IV

R2 0.93 0.97 0.59 0.77

Adjusted R2 0.92 0.97 0.38 0.30

Standard Error 1.86 1.18 1.18 1.26

Observations (n) 14 14 4 4

Coefficients

Intercept 2.662406 −1.056491 23.829339 29.048575

CN MW/a 0.00093*** 0.00048** −0.00033 −0.00019
global w/o CN MW/a 0.00046** −0.00031

***p < 0.001 **p < 0.01 *p < 0.05 .p < 0.1
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