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Abstract

During the last two decades there has been a great deal of research on renewable energy technologies. It is commonly thought that
very little has come out of this research in terms of commercially interesting technologies. The "rst objective of this paper is to
demonstrate that this perception is no longer entirely correct; in the 1990s there has been a double-digit growth rate in the market for
some renewable energy technologies. The consequent alteration in the energy system, is, however, a slow, painful and highly uncertain
process. This process, we argue, needs to be studied using an innovation system perspective where the focus is on networks,
institutions and "rms' perceptions, competencies and strategies. The second objective of the paper is therefore to present the bare
bones of such an analytical framework. A third objective is to identify a set of key issues related to the speed and direction of that
transformation process which needs to be studied further. ( 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The energy sector is subject to a set of parallel and
interacting forces of change. The most fundamental is
awareness of the environmental consequences of the
existing energy system. Fossil fuels and their role in
acidi"cation and global climate change "gure promin-
ently in the contemporary environmental and energy
debates. The threat of nuclear disasters and problems
with radioactive waste disposal are other issues that have
received much attention. As a response to the new aware-
ness, a demand for `greena energy is emerging.

Ever since the "rst oil crisis in 1973, there has been
a great deal of experimentation with renewable energy
sources. A considerable amount of government money
has been spent on renewable energy R&D, although just
a fraction of the amount allocated to nuclear R&D
(OECD/IEA, 1997). A common reaction is, however, that
very little has come out of that research in terms of

commercially interesting energy technologies.1 This per-
ception was entirely correct in the 1970s, remained
broadly true in the 1980s but is now becoming increas-
ingly incorrect.

The purpose of this paper is threefold: (a) to demon-
strate that a process of di!usion of a set of renewable
energy technologies is now beginning to take place,
which may indicate that we are entering into an early
stage of transformation of the energy sector, (b) to ident-
ify the bare bones of an analytical framework for study-
ing this transformation process and (c) to derive a set of
questions which need to be answered regarding the speed
and direction of the process.

The paper is structured as follows. In the next section,
we will brie#y describe a set of renewable energy tech-
nologies and give evidence of sustained double-digit
growth rates in the market for the new technologies.
Section 3 provides elements of an analytical framework
for studying how these new technologies may transform
the energy sector. We emphasise that we need to apply an
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2All data on the OECD level in this section comes from these
sources; the 1980 data comes from OECD (1997) and the 1996 data
from OECD (1998).

3Here de"ned as OECD classes `crude oil#NGL#feedstocksa,
`coala, `petroleum productsa and `gasa due to the presentation of data
in the OECD statistics. For detailed de"nitions see OECD (1998).

4 In the OECD statistics, the primary energy supply from nuclear
power is de"ned as `the primary heat equivalent of the electricity
produced by a nuclear power plant with an average thermal e$ciency
of 33 per centa (OECD, 1998).

5Here de"ned as OECD energy classes `geothermal, solar, etc.a,
`combustible fuels and wastea and `hydroa, due to the presentation of
data in the OECD statistics. For detailed de"nitions see OECD, 1998.

6We have chosen not to divide bioenergy into &&biomass for electric-
ity'' and &&biomass for heat'' primarily because the use of biomass for
electricity production is quite a recent phenomenon.

7The choice of Sweden was made due to the availability of data; even
though the use of biomass for energy purposes is widely spread in the
world, we have not been able to "nd any longitudinal World or
European statistics.

8The evolution of a whole `bioenergy chaina does not take place
without considerable opposition from vested interest groups.

innovation system perspective when we analyse the pro-
cesses of innovation and di!usion, and that the emerg-
ence of a new, or transformed, energy system is a slow,
painful and highly uncertain process. The analytical
framework clearly departs from the conceptualisation of
the process of technical change, which is found in some of
the literature on the timing of policy intervention for the
purpose of reducing the emission of greenhouse gases.
The "nal section outlines a set of issues which need to be
researched if we are better to understand the transforma-
tion of the energy system into one which incorporates
a larger share of renewable energy technology. These
issues are the creation of variety, the process of institu-
tional change and the emergence of `prime moversa.

2. The di4usion of renewable energy technologies

In spite of a small decrease in the early 1980s, the
OECD total primary energy supply (TPES) increased by
20 per cent between 1980 and 1996, from approximately
45,000 to 58,000 TWh (OECD, 1997, 1998).2 The relative
contributions of di!erent energy sources to the TPES did
not vary much during the period studied; in 1996 as well
as in 1980, fossil fuels3 dominated the OECD energy
market, representing 91 per cent of the total supply in
1980 and 83 per cent in 1996. The proportion of nuclear
power increased from approximately 4 per cent of the
TPES in 1980 to 11 per cent in 1996,4 and the contribu-
tion of renewable energy sources5 increased slightly from
5 to 6 per cent during the same time period.

In absolute numbers, the contributions of fossil fuel
(especially fossil gas) as well as nuclear power increased
sharply from 1980 to 1996. The changes in the supply of
renewable energy sources were much smaller. Moreover,
it is primarily the renewable energy sources that were
already established at the beginning of the period (hydro
power, geothermal power, and combustible renewables
and waste) that have contributed to this increase. This
seems to con"rm the belief that the &new' renewables
(wind and solar power, etc.) have not yet reached a wide-
spread market.

However, the total market is much too large for even
radical changes in the rate of di!usion of new, and still
marginal, energy solutions to be noticed. In order to
demonstrate that the picture painted above is unnecess-
arily dismal, we will give evidence of the rate of di!usion
of some of the renewables, namely bioenergy,6 wind
power, solar thermal energy and solar photovoltaic en-
ergy. With the exception of bioenergy, these renewables
belong to the &&new'' renewables. Bioenergy is, in contrast,
a traditional energy source, which has a widespread use,
but the "eld is still interesting to study since it is now
being enriched by new technical solutions and applica-
tions and, thus, is in a state of quite signi"cant change.

In the case of bioenergy, we will examine the case of
Sweden.7 The contribution of bioenergy to the total
energy supply was approximately 91 TWh in 1997 (see
Fig. 1), which amounts to 19 per cent of the supply of
energy (STEM, 1998).

Since the oil crisis of 1978, the supply of energy from
biomass has had an average annual growth in stock of 3.8
per cent. Even though the growth rate is rather low, the
large base makes the growth in absolute numbers impres-
sive as compared with other energy sources, especially
other renewable ones. For instance, in 1995 the energy
supply from biomass and peat in Sweden increased with
roughly 6 TWh, which was 1.3 per cent of the supply of
energy (STEM, 1998).

The Swedish "gures are very high in a European per-
spective. In 1997 the total bioenergy capacity was ap-
proximately 520 TWh in the European Union (European
Commission, 1997a). This "gure is, however, expected to
have been tripled by the year 2010 (European Commis-
sion, 1997a), implying an expected average cumulative
growth rate of almost 9 per cent. This does not appear to
be unreasonable since there are some very interesting
developments with respect to both technology, and to
how new applications are found for biomass. Biomass is
increasingly being used in combined heat and power
production and more advanced technical solutions based
on gasi"cation are being developed and tested for this
purpose. For single households, pellet burners are in-
creasingly available (at least in Sweden) and a whole new
system based on a set of complementary technologies is
currently evolving.8

Wind energy is probably the fastest growing renewable
energy source in the world. The average annual cumulative
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Fig. 1. Total energy supply from biofuels, peat, etc. in Sweden. (Source: Elaboration on STEM, 1998.)

Fig. 2. Accumulated wind power capacity in the world. (Source: Elaboration on Ka> berger, 1997, European Commission, 1997b, Table 2-2 and BTM,
1999, Table 2-2.)

9With the original source being Gipe (personal communication and
printout). 10Excluding approx. 1.3 million m2 of unglazed collectors.

growth in power capacity was approximately 55 per cent
in the period 1980-1998 (see Fig. 29). However, the total
installed capacity in 1998 was only approximately
10 GW (BTM, 1999). The situation for wind energy is,
thus, the opposite to that of biomass; the relative growth
is high, due to the small initial stock, while the growth in
absolute numbers is low.

Today, wind power is often subsidised, but it is ap-
proaching a cost level that makes it economically attract-
ive compared to established energy production methods,
assuming good wind conditions. As the experience curve
of electricity produced by wind turbines is not entirely
#at (a proposed ratio of 0.91 according to Neij, 1997), we
can expect its price competitiveness to improve.

The further di!usion of wind energy will involve not
only continued expansion on land and the replacement of
old plants with new and more productive ones but also
exploitation of ocean-based sites. This new possibility
may give wind power a much higher growth potential.
There are already test installations in, for example,
Sweden and Denmark, and there are plans for 500 com-
mercial wind power plants producing 2 TWh to be built
o! the west coast of Sweden (Holm, 1997).

The demand for solar thermal technologies using collec-
tor arrays for heat purposes increased from a little over
200,000 in 1990 to 500,000 m2 in 1994 in Europe. This
corresponds to an annual cumulative growth of about 15
per cent. The stock of solar collectors in Europe was
about 4.6 million m2 in 1994 (see Fig. 3),10 corresponding
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Fig. 3. The stock of solar collector area in Europe. (Source: Elaboration on Ekvall et al., 1997.)

11We have not been able to locate data for Europe as a whole.

Fig. 4. Accumulated world shipment of photovoltaic cells. (Source: Elaboration on Andersson and Jacobsson, 1997, Curry, 1999.)

to an energy supply of roughly 2.7 TWh/yr (ESIF, 1995).
The stock in Japan and US was approximately 6 and
5 million m2, respectively, which suggests that the world
production of energy by solar collectors is roughly
9 TWh/yr. Since 1995, the di!usion of solar collectors has
increased greatly in several European countries.11 In
Germany, the annual market grew from about
150,000 m2 in 1994 to as much as 400,000 in 1998
(Mangold, 1999). In Austria, the yearly market grew from
less than 50,000 in 1989, to about 150,000 m2 1994 and in
the period 1995}1998 it was around 200,000 m2. Indeed
in Austria alone, the stock of solar collectors was ex-
pected to reach 2 million m2 in 1999 (Weiss, 1999).

Solar collector technology is regarded as a fairly ma-
ture technology but some developments are taking place
with respect to material technology and design. The chief

bottlenecks for a massive di!usion (without subsidies) are
a lack of standards (which often make the sale of a system
custom speci"c), inadequate attention given to design for
manufacturability (i.e. it is di$cult to assemble), lack of
incorporation of solar collectors into the design tradi-
tions of architects and an absence of scale economies in
the "rms producing solar collectors. Many of these prob-
lems can presumably be handled by a large customer or
set of collaborating customers within the context of an
intelligent procurement, and such projects are under way.

Solar photovoltaic energy technology is the youngest
new technology to be considered here. Only about
1 TWh was produced in the world in 1995, but the
average annual cumulative growth of power capacity has
been substantial, roughly 22 per cent in the 1990s (see
Fig. 4). Whereas the price/performance characteristics so
far only satisfy some small segments (e.g. clocks and some
o!-grid applications), it seems possible that solar cells
will become attractive in one (or several) larger market
segment(s) in a not all too distant future (e.g. on-grid
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12Porter (1990) uses a di!erent terminology than the National In-
novation System school, but is very closely related to it.

13Lundgren's work was undertaken within the framework of the
Uppsala network school but focused on the evolution of a speci"c
technology, image processing, in Sweden.

14A local (national or regional) technological system in the energy
sector may contribute to the solution of the global transformation
problem by promoting local di!usion, thus solving a local problem and
the nation's/region's part of the global problem. It can also promote
global di!usion, for instance by exporting wind turbines or other
technologies for exploiting renewable energy sources.

applications close to users) (UPVG, 1994). This would, of
course, open up for a more rapid market growth.

Today, the di!usion of photovoltaic cells is mainly
hindered by high cost, and the demand is primarily
driven by government procurement projects (Andersson
and Jacobsson, 1997). As the experience curve is quite
steep (Neij, 1997), it is essential to increase the accumu-
lated production volume so that costs can be lowered.
Thus, some kind of intervention (e.g. subsidies or pro-
curement projects) will continue to be needed for some
time, and there are several programmes (e.g. the `70,000
roofs programa in Japan and the `Million Roofs Initiat-
ivea in the US) aiming at sustaining the growth.

In conclusion, we have demonstrated that the 1990s
have seen a very substantial di!usion of renewables. Yet,
in most cases the growth is not self-sustained. There are
still signi"cant obstacles to be overcome in order to reach
the stage where the di!usion of renewable energy tech-
nologies is not dependent on government interventions
and where renewables have made a major inroad into the
energy market. In order to clarify these obstacles, it is
necessary to develop an analytical framework for analys-
ing the process of transformation. The bare bones of such
a framework will be given in the next section.

3. Elements of an analytical framework for studying the
transformation of an energy system

The process by which a new technology emerges, is
improved and di!used in society can be studied from
a number of perspectives. The neo-classical economic
perspective focuses on how changes in relative prices
in#uence technology choice. In contrast, seen from the
perspective of the individual "rm the entrepreneurial act
is the central feature of innovation and di!usion. These
perspectives are not irrelevant, but we will develop one
which not only takes relative prices and entrepreneurial
acts into account but also emphasises that:

f the innovation and di!usion process is both an indi-
vidual and a collective act (Saxenian, 1994), and that

f the determinants of technology choice are not only to
be found within individual "rms, but also reside in an
`innovation systema which both aids and constrains
the individual actors making a choice of technology
within it. This &&innovation system'' includes a large
number of variables apart from prices.

It is the character of this system that we need to compre-
hend if we are to understand how an energy system is
transformed.

Since 1987, when Christopher Freeman published his
book on the `Japanese Innovation Systema, a set of
system approaches has been put forward, primarily in the
economics and management of innovation literature.
Some take the country as the unit of analysis and imply

that di!erences in their &&national innovation systems'',
i.e. institutional set-up and structure of production, in#u-
ence the technology choices made by individual "rms
(Porter, 1990;12 Nelson, 1992; Lundvall, 1992; Edquist,
1997). Others focus on regional innovation systems and
elaborate more on cultural variables (Saxenian, 1994;
Maskell, 1997). Yet others have for some time studied
industrial networks, where "rms are connected in long-
lasting relationships (Ha> kansson, 1987). Finally, some
authors focus on `technological systemsa, systems built
around speci"c technologies or products (Hughes, 1983;
Granberg, 1997; Lundgren, 1991;13 Carlsson, 1995, 1997;
HolmeH n and Jacobsson, 1997).

This latter system approach is, thus, technology speci-
"c. This means that there are many technological systems
in a country or region, and that some actors are involved
in several of them. Each of the technological systems is
seen to be unique and they vary in their ability to develop
and di!use new technology. The technology-speci"c fea-
ture of the systems makes this approach attractive when
the focus of the enquiry is competition between various
technologies to perform a certain function, in this case
the supply of energy. Thus, we would be able to study the
characteristics of the speci"c system associated with an
emerging technology, e.g. wind power, analyse its
strengths and weaknesses as well as its dynamics and
compare it with the system of an incumbent energy tech-
nology, e.g. electricity generation based on fossil fuels.14

Let us develop the notion of a technological system
further. A formal de"nition of a technological system is
(Carlsson and Stankiewicz, 1991, p. 111):

`2 network(s) of agents interacting in a speci"c tech-
nology area under a particular institutional infrastruc-
ture to generate, di!use, and utilize technology.
Technological systems are de"ned in terms of know-
ledge or competence #ows rather than #ows of ordi-
nary goods and services. They consist of dynamic
knowledge and competence networksa.

A technological system is thus made up of a number of
elements:

f The actors and their competence, technical as well as
other types of competence. Particularly important are
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Fig. 5. The technological system for factory automation in Sweden in
early and mid-1980s.

the `prime moversa, i.e. actors who are technically,
"nancially and/or politically so powerful that they can
initiate or strongly contribute to the development and
di!usion of a new technology. For instance, SAAB
Aerospace was a prime mover in digital signal process-
ing in Sweden and, later, Telia was a prime mover in
the application of that technology to mobile phones.

f The networks, which constitute important modes for
the transfer of tacit (Metcalfe, 1992) and explicit know-
ledge. These can be of various types. In particular, we
may note networks that are conducive to the identi-
"cation of new problems and the development of new
technical solutions (often user}supplier networks), and
more general information di!usion networks. Being
strongly integrated in a network increases the resource
base of the individual "rm (in terms of information,
knowledge, technology, etc.) and, therefore, its degrees
of freedom. The network also in#uences the perception
of what is possible and desirable, i.e. images of the
future, which guides speci"c investment decisions. At
the same time, the network constrains the individual
"rm and sets limits to its technology choice (Lundgren
and NordenloK w, 1995).

f The institutions, which can be both `harda ones, such
as legislation, the capital market or the educational
system, or softer ones such as culture. The roles of the
di!erent institutions vary, of course; some institutions
enable a high connectivity in the system, whereas other
institutions in#uence the incentive structure. As is
strongly emphasised in institutional economics (e.g.
Edquist and Johnson, 1997), institutions greatly a!ect
the speci"c path that a technology takes.

We will exemplify the application of this approach with
the system for factory automation in Sweden (see
Carlsson and Jacobsson, 1993, 1997a). In the 1970s and
1980s, there was a very fast di!usion of numerically
controlled machine tools, industrial robots, #exible
manufacturing systems and computer-aided design units
in the engineering sector. Sweden was extremely success-
ful not only in terms of the extent of di!usion but also in
terms of the international competitiveness of the supplier
industry. Swedish "rms gained large market shares in
robotics, automatic guided vehicles, measurement sys-
tems, etc. Whereas it is clear that relatively high and
rapidly increasing wage costs were a cause of interest in
the new technology and that we can identify key entre-
preneurial acts, the technological system was extremely
supportive of these acts. We will elaborate on its key
features, see Fig. 5.

First, Sweden housed some very advanced users of
#exible automation technology. Volvo, SAAB and Asea
(now ABB) were among those with a very high level of
competence in the 1970s and they could well be argued to
be the prime movers. Second, there were strong
user}supplier networks where the users' ability to specify

problems, and sometimes provide solutions (and create
new "rms via spin-o!s), helped to create a strong supplier
industry. Third, the supplier industry was strategic for
Sweden in that it induced a fast adoption of the new
technology among the large number of not so advanced
"rms in the home market. Fourth, there were well fun-
ctioning bridging institutions which acted as nodes in the
system, for instance The Swedish Institute for Production
Engineering Research (IVF), MekanfoK rbundet (the in-
dustrial association for the Swedish engineering industry)
and NUTEK (The Swedish Board for Technical and
Industrial Development). They monitored and assessed
new technology, provided meeting places and were
centres for information exchange. Fifth, the academic
sector was oriented towards applying the new technology
in industry, i.e. this institution was supportive of a rapid
di!usion. A system characterised by high competence
and well-developed connectivity was strongly conducive
to the development and di!usion of new production
technology.

This brief example deals with a system, which already
exists. The essence of the formation of a new system is
a process of increasing diversity in a situation character-
ised by the path-dependent development (David, 1988) of
the actors and the associated supporting institutions and
networks. In general, therefore, the emergence of a new
technological system is a long, uncertain and painful
process.

This would be expected to be particularly true for
renewable energy technology since the market for energy
is stagnating (at least in the OECD) and the new tech-
nologies substitute for rather than complement the exist-
ing technologies. Thus, renewables go against the
perceived interest of the dominant actors in the electricity
system (e.g. Preussen Electra in Germany) and their
powerful lobbying capacity.

Before elaborating on a set of speci"c factors which
may hinder the formation of a new technological system,
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15For an elaboration on the conceptualisation of technical change
see Ehrnberg and Jacobsson (1997a) and Andersson and Jacobsson
(1997).

16This is not an exhaustive list. Grubb (1997) discusses inertia caused
by the structure of the capital stock and technological interelatedness.

Table 1
Examples of factors leading to a new technology being repelled

Actors and markets
Poorly articulated demand
Established technology characterised by increasing returns
Local search Processes
Market control by incumbents

Networks
Poor connectivity
Wrong guidance with respect to future markets

Institutions
Legislative failures
Failures in the educational system
Skewed capital market
Underdeveloped organisational and political power of new en-

trants

17This is probably the case in the Swedish market for solar collectors
at the moment where there seems to be a need for bridges between the
suppliers and potential customers forming `mass market segmentsa.

18Again, in the case of solar collectors in Sweden, there is an absence
of increasing returns in many "elds. The "rms are so small that there is
little feedback from sales to R&D. Information is not di!used properly
in the market. There is a lack of complementary industries, particularly
in terms of knowledgeable plumbers who may inform customers, install
the collectors and take responsibility for the installation (thus reducing
uncertainty among potential customers).

let us brie#y relate our approach to some of the literature
in the energy "eld.

We conceptualise the process of technical change in
a fundamentally di!erent way than, for instance, Wigley
et al. (1997). First, the improvement in price/performance
of a new technology is closely intertwined with the pro-
cess of di!usion. A new technology often requires a long
period of nurturing and di!usion before it achieves
a price/performance ratio that makes it attractive to
larger segments in the market. In this process, there are
feedback loops from early di!usion of a new technology
back to the development of its price/performance charac-
teristics.15 Thus, the process of improving the availability
of carbon substitutes, with an attractive cost level, in-
volves a di!usion of renewables which, indeed, needs to
go beyond that of exploiting extreme niche markets.

Second, we see technical change as endogenous to an
economic system in which there are both inducement
mechanisms (Dosi et al., 1990; Grubb, 1997) and blocking
mechanisms. An inducement mechanism is, for instance,
changes in relative prices or feedback from early users.

Third, the blocking mechanisms go far beyond those
which for instance Schneider and Goulder (1997) label
market failures. Not only do they only identify two mar-
ket failures (whereas there are many), but they also ignore
other sources of inertia. Clearly, the market constitutes
but a limited part of the context for innovation and
di!usion. Networks and institutions are also constituent
parts of a technological system and in#uence, therefore,
the processes of discovery and selection. Networks and
institutions are, of course, neither neutral with respect to
various competing systems, nor necessarily formed or
reshaped endogenously or automatically. Just as markets
fail, networks and institutions can fail to support the
emergence of a new technological system.

Below, we will elaborate on a set of failures, which
individually or taken jointly may repel a new technology.
These failures are summarised in Table 1.16

Among the many sources of market failures, we will
emphasise poorly articulated demand, economies of scale
and experience and other sources of increasing returns,
local search processes among the "rms and market con-
trol by incumbents.

Markets are not necessarily formed in a spontaneous
fashion (Galli and Teubal, 1997). In the early phase of the
di!usion of a new technology, potential customers may
not be able to articulate their demand (in terms of
price/performance) and meet the supplier in the market
place. Markets may therefore need to be created in a pro-

cess where fragmented potential customers can formulate
and articulate their demand.17

A new technology may also su!er from facing incum-
bent substitutes that have been able to undergo a process
of increasing returns (Arthur, 1988). This tends to associ-
ate the new product with a high price (lack of scale and
experience economies) or low utility (poor performance,
lack of network externalities and/or infrastructure). If the
gap is very large, and if there is a paucity of nursing
(Ericsson and Maitland, 1989) or bridging segments
(Andersson and Jacobsson, 1997) that allow for a gradual
generation of increasing returns, a new technology may
never have the chance to rectify these initial disadvan-
tages.18

Local search processes simply imply that "rms build
upon their existing knowledge base and other assets
when they search for new opportunities. As Dosi (1988)
p. 225) puts it:

`2 the search process of industrial "rms to improve
their technology is not likely to be one technology
where they survey the whole stock of knowledge before
making their technical choices. Given its highly di!er-
entiated nature, "rms will instead seek to improve and
to diversify their by searching in zones that enable
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19This has been argued to be the case of solar cells applied in
a decentralised manner where there is not only a lack of knowledge of
some of the bene"ts of such installations but also a problem of the
investment routines in power utilities (UPVG, 1994).

20As Kaiser (1992, p. 449) explains:

`Municipal energy companies that built cogeneration plants were
&punished' with unfavourable terms. Their cost of standby power was
high, while the price paid for power delivered to Vattenfall was low.
In contrast, companies that did not undertake to build cogeneration
plants were o!ered favourable (but secret) power contracts with very
low prices. As a result, the number of towns that actually built
cogeneration plants stagnated during the 1960s. Thereby the door
was opened for nuclear power and the power hierarchy with the
electricity system remained intact.a

21This and the following paragraph are based on Carlsson and
Jacobsson (1997b).

22When new technologies become available, providing expanded and
di!erent technological opportunities, the bounded (and di!erent) visions
(Fransman, 1990) of managers imply that "rms and their networks may
di!er greatly in their perception of and ability to seize these opportuni-
ties. Rationality, on these assumptions, could well be argued to be not
only limited but quite di!erent among both "rms and networks.

23A case in point may well be the choice to go for very large wind
turbines in Sweden in the 1980s. According to members of the wind
turbine community in Sweden, the choice of Swedish capital goods
producers to go for MW size wind turbines (in contrast to the choice of
Danish suppliers who chose very small turbines) was due to the rela-
tions developed with the dominant utilities in Sweden who were used to
thinking in terms of large-scale solutions.

24A manager of a Swedish wind turbine producer underlined the
decisive in#uence of the negative and even pejorative attitude of the
business community towards wind turbines technology in the failure of his
"rm to "nd partners to exploit the growing market for that technology.

them to use and to build upon their existing technolo-
gical base.a

The slow changing nature of the technology base of
a "rm means that "rms may not only search `locallya
and therefore restrict their technology choice to closely
related areas, but they may be ignorant of opportunities
which are at some distance; their vision may also be
`boundeda (Fransman, 1990). It may also mean that
"rms, which are aware of a new technology, may pursue
risk assessments that are biased in favour of their prevail-
ing technology. This may, for instance, be due to a lack of
appropriate ways of analysing the costs and bene"ts of
a new technology.19

Market control by dominant incumbents means that
the selection process may not involve a `freea choice by
customers. Take, for instance, the case of the rise of
nuclear power in Sweden. As Kaiser (1992) notes, in the
mid-1960s, a major threat to the di!usion of nuclear
power was co-generation plants based on district heat-
ing. As a dominant actor, Vattenfall (the Swedish State
Power Board) solved this problem by in#uencing the
operating economics of many co-generation plants.20

Leaving market failures and turning to networks, these
are important routes for the transfer of tacit (Metcalfe,
1992) and explicit knowledge.21 Networks can partly
compensate for limitations in the "rm's search space on
account of both bounded rationality and bounded vision
(Fransman, 1990). The network may also improve the
resource base and the degrees of freedom of the indi-
vidual "rm (Ha> kansson, 1987, 1989).

As noted above, networks do not necessarily grow
spontaneously. As Saxenian (1994) argues, there may be
institutional and organisational obstacles to the growth
of a collective identity. To the extent this is the case,
a `weaka network failure would arise in the sense that
"rms are not well connected to other "rms with an
overlapping technology base. A di!erent form of network
failure* a `stronga failure* would be when individual

"rms are guided by others (i.e., by the network) in the
wrong direction and/or fail to supply one another with
the required knowledge. The source of a strong network
failure lies in di!erent assumptions concerning future
(missing) markets among various networks.22 Thus, the
other side of the coin of tight networks is that these can
be characterised by considerable inertia, suggesting that
there may be slow adjustment to new technological op-
portunities (Ehrnberg and Jacobsson, 1996).23

Coming to institutional failures, legislation may bias
the choice of technology in favour of the `incumbenta
technology. Take for instance, the Swedish tax legislation
which is biased against the production of electricity in
combined heat and power generation plants, a feature of
the legislation which is not surprising given the existence
of large and powerful actors supplying nuclear and hy-
dro-electric power.

The educational system may unduly support current
"rms and technologies as distinct from potential ones or
it may simply fail to react quickly enough to the emerg-
ence of new generic technologies. The Swedish experience
in electronics and computer science is a case in point. As
compared to the case of US, the Swedish educational
system responded almost a decade later than the US
which `produceda more than three times the number
of engineers in these "elds per capita in the 1980s
(Jacobsson, 1997).

The capital market may not respond `spontaneouslya
in response to the need of a new technological system
(Carlsson and Jacobsson, 1997b). Legislative change may
be required to scale up the supply of capital, and compet-
ent capital will need to be created through a process of
experimentation and learning. Capital is often supplied
by larger "rms who act as customers or partners (or even
acquirers) of the smaller "rms. The functioning of the
capital market is therefore in#uenced not only by
the specialised institutions supplying capital but also by
the perceptions of the existing larger "rms with respect to
the new technology.24

632 S. Jacobsson, A. Johnson / Energy Policy 28 (2000) 625}640



25For instance, legislative obstacles to the development of a venture
capital market may hinder the development of competent capital,
which would tend to lead to an under-exploitation of universities as
a source of renewal through their spin-o! of "rms.

26For reasons of space, we have had to limit ourselves to three issues.

27 In other words, there may be feedback mechanisms whereby `2a
selection process may consume varietya (Metcalfe, 1992, p.103).

28 In the Swedish case, a constellation of actors shaped the process of
exploiting hydropower. This consisted of Vattenfall, the electricity-
intensive industry and the power equipment industry (Kaiser, 1992). It
also had an academic part with signi"cant research and teaching in, for
instance, power electronics in both Stockholm and Gothenburg. Laws
were shaped and institutions built to support the functioning of a tech-
nological system based on hydropower. Many of the same actors were
part of the process of building a nuclear power industry from the
1950s onwards and the same actors are now objecting to the growth of
an energy system based on renewable energy sources, apart from
hydropower.

Finally, a new technology may su!er from a lack of
highly organised actors. Industrial associations may be
lacking (which may lead to a weakness to articulate
the need of legislative change), as may meeting places and
fora for exchange of information and knowledge.

To conclude, the rate and direction of technical change
* the process of technological choice * is decided in
competition between various technological systems, both
existing, fully developed and emerging ones. How the
competence of actors changes and institutions and net-
works are altered will shape the growth path of a new
system and its ability to compete with other systems. The
impact of general inducement forces, such as `green cus-
tomersa, relative prices, etc. is mediated through alter-
ations in the elements of the emerging technological
system and presumably need to be of considerable
strength to overcome the obstacles outlined above. Obvi-
ously then, the transformation process is a very open-
ended process which can take many directions, not only
due to the inherent di$culties in assessing the future
improvements in technology but also in the many ways
in which competence, institutions and networks may
evolve.

4. What do we need to know more about* key issues in
the transformation process

It is plain that there are a large number of forces that
may block formation of a new technological system.
These forces may work independently but are likely to
reinforce one another;25 market, institutional and net-
work failures may combine into systems failure. This
suggests that there is a wide range of questions that needs
to be answered if we are to be able not only to understand
the formation process better but also to in#uence its
outcome.

In this section, we will discuss some central issues for
the emergence of a new technological system based on
renewable energy technology. The objective is, thus, to
identify and discuss issues that need further elaboration
before we can say that we truly understand the process of
change in the energy sector.26

First, transforming the energy system involves replac-
ing, or supplementing, established technologies with new
ones. A necessary condition for the development and
di!usion of a new technology is that variety in the know-
ledge base is increased by means of experimentation.
However, there is a considerable risk that the existing

con"guration of competence, networks and institutions
actually manages to hinder the process of creating variety
(Carlsson and Jacobsson, 1997a).27 The existing systems
may be `locked ina to the established technologies due to
the cumulativeness and path dependency of innovation,
and actors may, therefore, not look for opportunities
outside their traditional areas. If a search is undertaken
within new areas it will probably be done in a highly
`localiseda fashion. Thus, understanding how variety in
the knowledge base is created and sustained is the "rst
key issue for the transformation of the energy system.

Second, in the competition between an emerging new
technological system and an incumbent one, the latter is
supported by a whole set of institutions, for instance
in the form of legislation favouring the incumbent tech-
nology. As underlined above, whereas institutions are
malleable, they cannot be expected to alter `automati-
callya in favour of the new technology. Indeed, they can
rather be expected to block it. The second key issue is,
therefore, the process of institutional change and how
that can be aligned to the needs of renewable energy
technology.

Third, since the construction of a new system often
involves the destruction of an alternative system
(Hughes, 1983), actors within the existing system can be
expected to try to obstruct the development of the new
one, for example in the political arena. Hence, strong
actors, or groups of actors, who can promote the new
technology need to emerge.28 In other words, `prime
moversa are key actors in the creation of new technolo-
gical systems. The third key issue is, therefore, the issue of
how such actors emerge.

In the following section, we will discuss these three
issues. In each of them, we will also include some re#ec-
tions on policy. Illustrative examples are given mainly
from Sweden and Germany.

4.1. The creation of variety in the knowledge base

In the energy sector, government R&D programmes
and R&D pursued by the utilities have been signi"cant
ways of generating new knowledge, in addition to the
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Fig. 6. The distribution of Government fund for R&D in the energy sector in the OECD countries, 1970}1995. (Source: Elaboration on OECD/IEA,
1997.)

29For example, much of the governmental funding has gone into
academic research which has never been put to use by the researchers
themselves or transferred to the industry. 30This paragraph is based on Karnoe and Garud (1999).

R&D "nanced and pursued by the capital goods indus-
try. Government funded R&D has, however, declined
greatly in the past decade and, moreover, this mechanism
has been poorly used to foster variety, at least in the sense
of fostering renewable energy technologies. As is shown
in Fig. 6, the OECD governments are strongly biased in
the funding of R&D to nuclear technology and there has
really been no change in the "gures over the period
studied.

Additionally, utilities are presumably reducing their
R&D in the light of the deregulation, and the suppliers of
renewable energy technologies are not always large "rms
with enough skill and capital to break new ground.
Policy, therefore, needs to be formed to make sure that
there is funding for new knowledge creation and that
there are actors willing to do the research.

In designing programmes for that purpose, it might be
tempting for policy makers to try to make sure that the
available resources are used `e!ectivelya by guiding
the search for new knowledge in very speci"c directions.
However, in a situation characterised by technological
uncertainty it is important to have initial variety even
within technological "elds (e.g. several di!erent wind
turbine or solar collector designs). Thus, policy should
stimulate the development of di!erent designs rather
than trying to make ex ante identi"cations of the `opti-
mala design.

Policy may also be concerned with improving the
linkages in the system so that existing knowledge can be
widely di!used, opening up for additional experiments by
new actors.29 The degree of connectivity in existing net-
works in#uences, of course, the amount of information
and knowledge that is di!used in the system. A high
connectivity is not, however, automatically created by
market forces but is based on the development of trust

and a collective identity. Creating bridging institutions
and fostering a collective identity is, thus, an important
task for policy, as may be the formation of entirely new
networks.

Indeed, the formation of new networks can be central
to the process of fostering variety in that the di!usion of
knowledge through such networks can have very dy-
namic e!ects. The case of wind power in Denmark is an
interesting example of this phenomenon. Organised user
groups demanded reliability and safety, thus in#uencing
the manufacturers' designs of wind turbines; manufac-
turer competence was built in co-operation with users
through learning-by-doing and learning-by-using; a com-
petent supplier industry was also founded by interaction
and knowledge-sharing between manufacturers and
"rms supplying specialised components (for example
"bre-glass blades); and the government intervened to
support the creation of this network.30

With reference to the formation of networks, a parti-
cularly vital element in policy is the shaping of new and
strong user}supplier links. In connection with this, it is
very interesting to note the experiments undertaken by
the Swedish Board for Technical and Industrial Develop-
ment in organising various collective procurements of
energy e$cient goods. A central idea in such e!orts is to
connect fragmented users and help them to formulate
and articulate their latent demand, i.e. to create or im-
prove the functioning of the market. A new energy system
based on many technologies and involving many actors,
some of which are small and poor in resources, would
seem to be an excellent arena for applying such a policy
more extensively. Indeed, there is currently a discussion
in the International Energy Agency of joint procurement
with respect to solar collectors (Westling, 1997). In that
process, new network links can be forged and the result-
ing links can have a long-term bene"cial e!ect, which go
way beyond that which accrues to the initial partners.
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31 In spite of this, the Swedish government has neither taken any
initiative to change the legislation nor made sure that land is allocated
for wind turbines in another way.

32This and the following two paragraphs are based on Ahmels (1999)
and Molly (1999).

33 In the Swedish case, similar proposal were made in the 1980s but
they did not get a majority in parliament (Carlman, 1990). This di!er-
ence was probably linked to a heightened awareness of, and sensitivity
to, any perceived threat to the Swedish nuclear establishment by renew-
able energy technology, since these had been portrayed as such by
a number of governments ever since the referendum on nuclear power
in 1980. On the contrary, in the German case, the institutional change
was not implemented with the explicit aim of substituting nuclear
power with wind power.

4.2. The process of institutional change

As mentioned above, existing institutions may very
well block the development and di!usion of new tech-
nologies. Take, for example, the issue of building permits
for wind turbines. This is one of the most serious ob-
stacles to the di!usion of wind turbines both in Sweden
and in Netherlands. In Sweden, present legislation gives
ample opportunities for anybody to "le a complaint and
take the issuing of a permit to court.31 In Netherlands,
there are huge problems to "nd on-shore locations for
wind turbines; although the provincial authorities have
allocated areas for wind energy, the municipal authorities
have other priorities and hesitate to issue permits
(Johnson and Jacobsson, 1999b).

This example shows how closely related institutional
change is to policy. This is not only the case with legisla-
tion * many other institutions (e.g. the capital market
and the educational system) are also strongly in#uenced
by policy. A number of observations can be made as
regards the relations between institutional change and
policy in connection with renewable energy technology.

First, in the process of adjusting the institutional set-
up in favour of the emerging technological system, policy
makers need to be patient, as the time scale involved is
probably very long. Even in the best of cases, the trans-
formation process will take decades and require tenacity
from policy makers to shape the institutional context.
Take, for example, the German experience in wind
power. Germany has been the leading market in the
world in the 1990s and is the only country that has
generated a supplier industry, which can challenge the
Danish industry. The process has been led by policy
measures which have altered the institutional set-up in
a number of ways, of which we will mention three; (i) the
di!usion process was stimulated through subsidies from
1989; (ii) from 1991, a law (the Electricity Feed Law)
guaranteed wind turbine owners a "xed and high price
for electricity supplied to the grid; (iii) the government
ensured that land was allocated for the use of wind
turbines. Yet, even though these alterations induced
a very fast rate of di!usion of wind turbines in Germany
for about a decade, only a fraction of the electricity
supplied comes from that technology and, moreover, the
technology is still challenged by actors in the incumbent
technological system.

Second, this case also illustrates the need for variety
and consistency in the applied policies. The three
measures mentioned above were only a part of a larger
policy `portfolioa aiming at changing the institutional
framework, e.g. the incentive structure, in order to sup-

port technology di!usion and industry development.
Hence, there was a great variety of instruments used by
the German government. When implementing such
a portfolio it is crucial that the di!erent instruments are
consistent with one another. In this case, industry policy
and market stimulation measures went hand in hand and
created a positive feedback-loop, but policies may just as
well turn out to counteract one another.

Third, a central aspect of the process of institutional
change is the struggle in the political arena between
proponents of the new and the incumbent technological
systems. We will exemplify this with the story of the
German Electricity Feed-in Law (EFL).32

When the EFL was discussed and later passed by the
Bundestag about 1990, no one (and in particular not the
large utilities), could foresee the tremendous impact it
would have on the rate of di!usion. Thus, the potential
implications of the institutional change were not under-
stood and there was little response from the actors in the
incumbent technological system.33 However, with the
rapid di!usion of wind power in the early 1990s,
the larger utilities began to realise that the new techno-
logy constituted a threat and a struggle began to change
the EFL.

In the meantime, however, the number of wind turbine
owners had increased greatly in Germany and some local
turbine manufacturers had emerged. These groups be-
came well organised, and by teaming up with other
associations in the renewable energy "eld they mobilised
a large number of people to take part in the discussions
over the future of the law. A very considerable e!ort was
made by the German Wind Energy Association to seek
out selected members of parliament and lay out argu-
ments in favour of the law. In this process they were very
much helped by the fact that wind energy had become the
source of livelihood of a large number of people, in
particular in the northwest of the country. Economic
arguments could therefore be used, in addition to envir-
onmental ones.

In 1997, after years of debate, the Bundestag voted in
favour of keeping the Feed law, but it was a very close
call. The key factors here were, thus, (i) an initial lack of
confrontation between actors in the emerging technolo-
gical system and those in the incumbent systems (fossil
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34This absence of an initial confrontation could be interpreted as
being the result of a lack of foresight among the nuclear and coal lobby
combined with a pro-renewable stance among the political parties after
the Chernobyl accident. The timing of the policies were, thus, very
appropriate.

35For example, SJ (the Swedish state-owned railway company) de-
manded that the electricity supplier should set-up a wind turbine to
supply roughly the energy to operate the trains on a 70 km long line in
southern Sweden. Such customer demands would hardly have been met
in a monopoly market. (Nilsson, 1998).

36 Indeed, an association of energy suppliers in the US suggests that
customers demanding `greena energy constitute a potentially large
`bridgingamarket for solar cells in the US, and recommend the exploi-
tation of that market segment prior to any other (UPVG, 1994).

37This implies that suppliers of electricity produced by means of
fossil fuel, and perhaps also nuclear power, should be taxed in a manner
which re#ects their environmental e!ects.

38As the German market expanded, the available on-shore sites
became scarce, which meant that the Germans had to economise the
use of land and exploit sites with poorer wind conditions. Thus, it
became necessary to build very large turbines.

fuel and nuclear)34 and, (ii) at the heart of the process,
successful lobbying based in part on the growing eco-
nomic importance of wind power. Of course, the eco-
nomic importance of the new technology was due to
earlier policies promoting wind turbines, which set in
motion a process where the actors in the emerging tech-
nological system became strong enough to in#uence the
institutional landscape on their own * policy contrib-
uted indirectly to the process of changing the institu-
tional framework by fostering the development of strong
actors or actor groups.

Fourth, looking ahead, two fundamental features of
the institutional set-up in the energy sector are the cur-
rent deregulation of the electricity supply industry within
the European Union and the future emergence of a joint
European electricity market.

In general, a deregulation can be expected to lead to an
altered technology choice. Opportunities for the develop-
ment of a system based on renewable energy technologies
may, therefore, very well increase. In the US, deregula-
tion is expected to lead to the closure of a number of
nuclear power plants, which are not price-competitive
with gas (Finanstidningen, 1997), and a similar trend has
been seen in Britain (Stirling, 1997). The deregulation has
also opened up the possibility for energy suppliers to
di!erentiate their products in terms of the energy source,
and a demand for `greena electricity is beginning to
grow, not only from private customers but also from
"rms.35 Hence, the introduction of competition may in-
duce a segmentation of the market for electricity where
an important dimension is how `greena the energy is.36
A deregulation also opens up for new entrants into the
energy "eld, be they farmers, co-operatives or "rms diver-
sifying into the energy market.

However, another result of the deregulation might be
lowered prices for electricity, at least initially. In addition,
the creation of a European market will challenge any
national scheme for fostering renewable energy techno-
logy. The key institutional issue today is therefore to
develop a Pan-European scheme, which will ensure fa-
vourable conditions for renewable energy technology

even in the context of sinking electricity prices. Such
a scheme should, tentatively, contain at least three
elements: (1) ensured access to the grid for all pro-
ducers of electricity, (2) a Pan-European certi"cation
procedure for renewable energy technology (to ensure
a match between consumption and production of renew-
able energy) and (3) an attractive and predictable
price for renewable energy.37 The experience with
the German EFL has been very positive, since a law
in contrast to a temporary policy of subsidies is
more greatly predictable and therefore can be expected
to attract more private investors to renewable energy
technology.

4.3. The formation of `prime moversa

Prime movers perform four important tasks to pro-
mote the new technology: they raise awareness, under-
take investments, provide legitimacy and di!use the new
technology. Often, prime movers are located within the
capital goods industry. A strong local capital goods in-
dustry can have additional bene"cial e!ects on the local
rate of di!usion in at least three ways. First, the capital
goods industry often acts as an educator of users
(Carlsson and Jacobsson, 1991). Second, a strong local
supplier industry is in a favourable position to satisfy the,
sometimes speci"c, demand from the local market. A case
in point is the very powerful drive of the German wind
turbine producers to produce very large wind turbines,
which can be explained by the character of the local
market.38 Third, a developed supplier industry can by
force of its economic importance more easily in#uence
the institutional set-up, as in the German wind turbine
case (see Section 4.2).

Turning to the case of Sweden, it is however, not
self-evident which actors may become prime movers
within the "eld of renewable energy technologies. The
suppliers are small, badly organised (unlike the German
Industry Associations) and far from being able to in#u-
ence the political process (Johnson and Jacobsson,
1999a). Moreover, they are technologically and "nancial-
ly weak, as well as strategically non-aggressive. Thus, the
individual "rms cannot be expected to be able to take on
the role of `prime moversa.

As for the established actors within the energy "eld
(both equipment suppliers and energy companies), they
clearly have the competence, resources and in#uence to
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39ABB is a leading supplier of energy equipment and Vattenfall is the
leading energy supplier in Sweden with a market share of approxim-
ately 50 per cent.

40These "rms entered about a decade after wind turbines began to be
di!used in Germany so they can not be argued to be prime movers from
the start. However, their entry will give wind turbines more legitimacy
and make it easier to mould the institutional framework to the needs of
wind power.

41They initially supported nuclear power as it was seen as a way of
reducing the environmental drawbacks of hydropower (Kaiser, 1992).

push the development of the new technological system.
Sweden certainly has strong actors such as ABB and
Vattenfall.39 ABB (then Asea) earlier acted as a prime
mover within the energy "eld, when it made a strategic
commitment to nuclear power in the 1960s and, against
all odds, came out as a major international supplier
(Kaiser, 1992). So far, these actors have, however, more
acted as obstacles to than proponents of renewable en-
ergy technology. The same is the case for major actors in
some other countries, e.g. Preussen Elektra (energy com-
pany) in Germany (Ahmels, 1999).

There are, however, some larger "rms involved in
renewable energy technology elsewhere. In the "eld of
solar cells, Canon is the leading patentee in amorphous
silicon cells (Andersson and Jacobsson, 1997), which may
indicate that they will become a prime mover in solar cell
technology. In Germany, two of the leading wind turbine
producers were recently acquired by large "rms (Enron
and Balcke-DuK rr of the Deutsche Babcock Group),
which has allowed the wind turbine manufacturers to
pursue a more aggressive strategy in terms of technology
development and growth (Hansen, 1999; MuK ller, 1999).
In the same "eld, some large "rms (e.g. Thyssen) are now
making investments in wind farms.40 Thus, there is some
evidence of larger "rms entering the industry, and these
may have the ability and interest to become `prime
moversa.

Policy agents need, of course, to be concerned with the
role that `prime moversa can play with respect to the new
technology. They need to assess whether or not `prime
moversa exist and encourage the establishment of local
`prime moversa that can act early. Policy agents also
need to be concerned with the conditions under which
a local supplier industry can prosper. The successful
lobbying by the German wind turbine industry and
owners (as related above), could not have taken place
without a deliberate, and successful, policy of fostering
the local capital goods industry (Johnson and Jacobsson,
1999b).

The role of &&prime mover'' may not only be played by
individual actors; constellations of actors is another pos-
sibility if a number of actors share an interest in promo-
ting a new technology. For example, when hydropower
and, later, nuclear power were developed and di!used in
Sweden there was a shared interest by many actors: the
state, the electricity intensive industry, the suppliers of

electricity and the environmental movement.41 Thus, as
was mentioned above in the case of the Danish wind
turbine industry, the role of networks in a transformation
process might involve more than the transfer of know-
ledge; networks might also drive the process more active-
ly, for example by in#uencing the nature of institutions.

If a future energy system is to be built on renewable
energy sources, it will probably contain a varied set of
technologies, presumably including various types of ap-
plications of bio energy, solar collectors, photovoltaic
cells and wind power. It is also probable that these
smaller-scale, more decentralised technologies will be
exploited by a larger number of actors than in the case of
nuclear power, coal and hydropower technologies. In-
deed, the prime movers of renewable technologies might
be clusters of smaller "rms organised in new networks,
which perhaps are speci"c to each renewable energy
technology. Again, in the German case of wind power,
farmers, smaller utilities and the infant wind turbine
industry initially made up the new networks. `Prime
moversa in the form of larger "rms were initially absent,
but were substituted for by a combination of a very
strong politically formed portfolio of economic incen-
tives to install wind turbines (as was discussed above) and
the activities of this new and growing network. Within
other areas there could be di!erent constellations of
actors. For instance, one could well imagine that sup-
pliers of solar collectors form networks with construction
"rms as well as with larger housing co-operatives. An-
other case may be a set of smaller utilities, which could
collaborate with suppliers of gasi"ed biomass technology
in a joint procurement programme. A third possibility
could be paper and pulp manufacturers who supply en-
ergy to municipal utilities through the gasi"cation of
black liquor.

However, it is not always clear which actor constella-
tions have developed or could develop an interest in
a transformation of the energy sector. Moreover, the new
actors need to `"nd one anothera and form, perhaps
entirely new, networks. The role of policy must therefore
be to help actors to "nd one another and to stimulate the
formation of new networks (see also Section 4.1).

5. Conclusions

In spite of the oil crises and the long-standing aware-
ness of the environmental consequences of the use of
fossil fuels, they still account for over 80 per cent of the
total primary energy supply in the OECD countries and
their use increased in absolute terms in the period
1980}1996. The share of renewable energy in the total
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primary energy supply is small in the OECD countries
(6 per cent), and it rose only marginally in this period.
Moreover, it is still the well-established renewables (hy-
dro and biomass) that account for most of the supply.

It is commonly thought that very few alternatives exist
to fossil fuels, apart from nuclear power. The "rst objec-
tive of this paper was to demonstrate that this perception
is now not entirely correct; the di!usion of `newera
renewable energy technologies is beginning to take place
on a scale that is promising. This di!usion has so far
essentially been driven by environmental factors and
policy interventions and takes place in a context of gen-
eral deregulation and internationalisation of the sector.

Wind power, solar photovoltaic cells, solar collectors
and new ways of using biomass are, thus, now beginning
to make inroads on the energy market, as demonstrated
by double-digit growth rates in the 1990s. Indeed, wind
power shows an explosive growth similar to that of
mobile phones. Whereas much of the demand for these
`newera renewables is linked to public procurement pol-
icies or subsidies, they are clearly improving their
price/performance and their competitiveness with respect
to fossil fuel and nuclear power. However, we are still at
a very early stage of di!usion. The accumulated stock of
wind turbines, solar collectors and solar photovoltaic
cells supplied about 20 TWh in 1996 or 0.04 per cent of
total primary energy supply in the OECD. A signi"cant
alteration of the vast energy system in the direction of
using more renewable energy technologies is going to be
a slow, painful and highly uncertain process.

The second objective of the paper was to present the
bare bones of an analytical framework for studying this
transformation process and to derive a set of questions
for research as regards the speed and direction of that
process.

We suggested that an analytical framework built
around the concept of technological systems might be
suitable. A technological system is a technology speci"c
innovation system that is useful when the focus of the
enquiry is to study the competition between various ways
of supplying energy. The constituent parts of a technolo-
gical system are actors and their competence, networks
and institutions. The issue at stake is how a new system is
formed, based on competence in a new technological
"eld, involving reformed or new networks and institu-
tions which support the new technology.

Not only market failures, but also network and institu-
tional failures abound in the transformation process,
blocking the evolution of a new technological system.
Competence may not be developed due to local search
processes; a poorly articulated demand may mean that
markets are underdeveloped; the process of increasing
returns may not be strong enough to bridge the
price/performance gap to the incumbent technology;
there may be weak connectivity between actors favouring
the new technology; a potentially important actor may be

given the wrong guidance from his network as regards
the new technology; legislation may favour the incum-
bent technology (and actors); and the educational system
and the capital market may do the same. There are, thus
a multitude of forces which favour an `incumbenta en-
ergy system, forces which are likely to reinforce
one another in a process of cumulative causation. The
inducement mechanisms need to be strong enough to
overcome these failures and set in motion a process of
cumulative causation which works in favour of the new
technology, as has happened in the Danish case of wind
turbines.

Clearly, the transformation of an energy system to-
wards one based on a substantial share of renewable
energy technologies is highly uncertain and a whole set of
questions needs to be raised, and answered, if we are not
only to understand it better but also in#uence the
outcome.

The third objective was to identify a set of issues that
need to be researched. The "rst was the conditions under
which variety in knowledge is generated and how that
knowledge is di!used. We emphasised the risks of `lock-
ina e!ects and the role of networks in generating and
di!using new knowledge. The second issue was the pro-
cess of institutional change. We underlined its import-
ance, the tenacity and ingenuity required by policy
makers and the essentially political character of institu-
tional change. The third issue was the emergence of
`prime moversa that can lead the transformation process.
In particular, we emphasised the role that a local capital
goods industry can play. The `prime moversa both be
larger "rms and networks of smaller "rms. In a scenario
with a distributed energy system made up of a whole set
of di!erent technologies, it may well be that networks
take on the role of `prime moversa.
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