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Abstract: This paper provides an innovation systems perspective on the combination of policy instru-
ments that will be required to stimulate technological development in the advanced biorefi nery fi eld. 
We fi rst consult the established innovation policy literature, and provide a general framework that can 
be used to identify the type of policy instruments needed to develop new sustainable technology. In a 
second step, we illustrate how these general principles can be applied in the context of future biore-
fi neries based on either the thermochemical or biochemical conversion of lignocellulosic biomass 
feedstocks. We draw heavily on the experiences of biorefi nery development in Sweden. A central con-
clusion is that in Sweden, and elsewhere, there are few niche markets for advanced biorefi neries and a 
lack of long-term policy instruments for the more established renewable fuels. For this reason, there is 
a need for innovation policy instruments that create markets for renewable fuels and green chemicals, 
thus supporting technology development during a niche market phase and allowing for the fi rst com-
mercial-scale plants to be built. The aim of such a policy would be to stimulate learning, form value 
chains, and experiment with various design options on a larger scale; this complements the use of 
technology-neutral policy instruments such as carbon pricing, which primarily promotes the diffusion 
of mature technologies. The policy instruments that are candidates for the niche market phase include, 
for example, public procurement and various types of price guarantees. © 2016 Society of Chemical 
Industry and John Wiley & Sons, Ltd
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and increasingly uncertain public policies in both Europe 
and North America, the development of advanced biore-
fi neries has progressed slower than anticipated.10,11 Many 
plans for large-scale plants have been abandoned and only 
a limited number of demonstration and semi-commercial 
scale plants have been constructed.11 Th is therefore begs 
the question of what future policies – and combination of 
policies – need to be implemented to promote the develop-
ment and commercialization of advanced biorefi neries. 

Th is paper has two aims. Th e fi rst is to provide a general 
framework that can be used to identify the types of innova-
tion policy instruments required to develop new sustainable 
and zero-carbon technology. Th e second aim is to illus-
trate how these general principles can be applied in prac-
tice to realize the development of advanced biorefi neries. 
Specifi cally, in a fi rst step we derive general insights from 
the established innovation policy literature, and in a second 
step we analyze the role of innovation policy mixes in the 
empirical context of Swedish biorefi nery development. Th e 
latter part builds on our own analysis of weaknesses in the 
Swedish biorefi nery innovation system.12 Specifi c policy 
instrument options are also briefl y discussed and evaluated. 

In order to achieve a signifi cant global penetration of 
biofuels and green chemicals, certain regions and coun-
tries will be required to take the lead by actively promot-
ing both technological development and the subsequent 
diff usion of new technologies. Sweden has expressed such 
ambitions. In a speech at the UN Sustainability Summit, 
26 September 2015, the Swedish Prime Minister Stefan 
Löfven stated: ‘My goal is for Sweden to be among the fi rst 
fossil-free welfare nations, and I want Swedish companies 
to develop the climate-smart innovations that the world is 
asking for.’13 Th e transition to a bio-economy is an essen-
tial component of this political ambition. 

In Sweden, bioenergy already accounts for 37% of total 
primary energy supply, and more than 175 000 people are 
employed in forest-related industries.14 Th e country also 
already hosts biomass-based refi neries that produce fuels 
in combination with other products, but these facilities are 
largely based on mature technologies.† In order to further 
stimulate this development, Swedish industry,  govern-
ment, research institutes, and academia have partnered in 
developing and demonstrating more advanced biorefi nery 

Combating climate change 
and gaining competitiveness

I
n order to attain the global 1.5-degree target, the Western 
world needs to achieve virtually zero greenhouse gas 
(GHG) emissions by 2050 – i.e., less than 35 years from 

now.1 From a global technological development perspec-
tive, 35 years represent the blink of an eye. It typically takes 
several decades for new technology to be developed and 
diff used in global markets.2,3 Th is implies that most low-
carbon technologies available today must be diff used in par-
allel with the development and commercialization of new 
technologies in virtually all sectors. Such a transition toward 
a zero-carbon society presents great challenges, but it also 
off ers an opportunity for innovation and for strengthening 
the long-term competitiveness of various industrial sectors. 

In these respects, a transition toward a bio-economy is 
increasingly emphasized by international actors, such as 
the International Energy Agency (IEA), the Organisation 
for Economic Co-operation and Development (OECD), 
etc., as well as by national governments.4–6 For the indus-
try and transport sectors, managing this transition largely 
hinges on biorefi nery development. Based on a fl exible 
intake of forest residues and/or other lignocellulosic raw 
materials, biorefi neries permit production of large quan-
tities of bulk products such as biofuels along with other 
high-value products such as specialty chemicals. In this 
paper, we focus solely on the development of so-called 
advanced biorefi neries. Th ese are based on either of two 
technological platforms: thermochemical or biochemi-
cal conversion of lignocellulosic biomass feedstocks.*7,8 If 
deployed on a commercial scale, advanced biorefi neries 
hold the potential for industrial renewal of mature process 
industries while, at the same time, create opportunities for 
new businesses through the creation of innovative value 
chains and products (e.g. biofuels, green chemicals). 

Most advanced biorefi nery technologies are not yet 
commercial and their future development depends on 
investment in thermochemical and biochemical conver-
sion of biomass.9 However, investments in either of these 
two platform technologies are highly capital intensive and 
imply signifi cant risks. Th is makes the development con-
tingent on public policy support to stimulate knowledge 
generation and progress along the learning curve. At the 
same time, due to a combination of economic challenges 

*This focus on advanced biorefineries, i.e., the integration and utilization of bio-
chemical and thermochemical conversion processes, therefore excludes, for instance, 
hydrogenated vegetable oils (HVO) and the production of first-generation fuels in 
combined processing plants, unless this is combined with the above-mentioned plat-
form technologies for processing lignocellulosic feedstocks.

†The existing biomass-based refineries in Sweden focus on: (i) hydro-treatment 
of vegetable oils developed and operated by the oil company Preem in collabo-
ration with the forest-based company Sunpine that extracts tall oil for diesel 
production; (ii) agrarian-based fuel technologies developed and operated by the 
chemical company Perstorp and the Swedish farmers’ cooperative Lantmännen; 
as well as (iii) forest-based resources combined with the production of dissolv-
ing cellulose at the mill, developed and operated by Domsjö Fabriker.
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could work on commercial terms, while at the same time 
eliminating institutional barriers (i.e., legal rules, norms, 
etc.) to such learning. Th us, a systems-oriented innovation 
policy does not only promote R&D, it also has a strong 
focus on learning and associated gradual market forma-
tion through deployment policies and the creation of so-
called niche markets. 

An in-depth understanding of how policy can promote 
the development of advanced biorefi neries, drawing on 
important practical lessons from the Swedish case, should 
be essential for also giving other countries with trail-
blazer ambitions the insights necessary to harness such a 
development. Adequate innovation policy instruments for 
stimulating the development of advanced biorefi neries are 
lacking also in other key countries, both in Europe and in 
North America.10 For this reason, the key arguments in 
this paper should be of interest well beyond the Swedish 
case; they will assist policymakers and other actors inter-
nationally to capitalize on existing strengths and to for-
mulate effi  cient policies for the further commercialization 
of advanced biorefi neries. 

Th e paper proceeds as follows. First, we describe and dis-
cuss the main elements of an innovation policy mix based 
on a systems perspective, and why such a perspective is 
essential. Th is is followed by a description of the main 
system weaknesses that obstruct the realization of future 
biorefi neries. Th e focus is on the situation in Sweden 
building on our own analyses of key system weaknesses, 
although studies show that similar weaknesses exist also 
in the biorefi nery innovation systems of other  countries.10 
Th e paper proceeds with an analysis aiming at identify-
ing an effi  cient combination of policy instruments that 
can address the weaknesses in the innovation systems for 
advanced biorefi neries in Sweden and elsewhere. Finally, 
we conclude the paper.

Innovation policy from a systems 
perspective

At least since the pioneering works of Joseph Schumpeter, 
innovations in the form of novel products and services 
have been identifi ed as keys for the creation of new fi rms 
and industries, including the revitalization of existing 
industrial structures.16 Schumpeter introduced an analyti-
cal distinction between invention and innovation, where 
invention represents an intellectual process that can lead 
to a patent, new concepts, or the like, while innovation 
involves the deployment of new knowledge, technology, 
products, or services in the market. In the remainder of 

concepts in terms of which types of biomass feedstocks 
that can be processed. 

A number of production processes have been dem-
onstrated and these include: (i) biochemical conversion 
of forest-based resources for the production of ethanol; 
(ii) thermochemical conversion of black liquor through 
entrained fl ow gasifi cation for the production of dimethyl 
ether (DME) and methanol; (iii) thermochemical conver-
sion of forest-based resources through indirect gasifi ca-
tion for the production of methane; (iv) the substitution 
away from coal and oil through torrefaction (drying) and 
pyrolysis of biomass; and (v) extraction of lignin from 
black liquor produced in a paper and pulp mill for further 
refi nement into fuel or other high-value applications.12,15 

Th ese demonstrations and technical concepts have 
resulted in several working technology trajectories that 
have been tested in practice, and a wide range of new actor 
networks and alliances across the respective value chains 
have been formed. Many of the new trajectories could 
be integrated with existing industrial structures in, for 
example, the petrochemical and oil industries, the district 
heating sector, the pulp and paper industry, existing biore-
fi neries, and biofuel plants. In this way, future advanced 
biorefi neries could serve as platforms for an industrial 
revitalization of mature industries, and create prerequi-
sites for new businesses and sustained industrial competi-
tiveness in Sweden. 

Nevertheless, in spite of the progress made and the far-
reaching policy ambitions, no biorefi neries based on these 
technical concepts have been built on a commercial scale. 
Th ere is, therefore, a risk that large-scale industrialization 
of advanced biorefi neries will not take place. Th e hitherto 
large R&D investments may, therefore, not generate any 
returns and the commercialization of the state-funded 
knowledge generation may instead take place in other 
countries or regions. 

Th e obstacles to commercializing advanced biorefi nery 
concepts in Sweden – and elsewhere – should, we argue, 
primarily be attributed to a lack of adequate innovation 
policies and much less to technical failures and risks. In 
this paper, we argue that a successful innovation policy 
needs to be based on a systems perspective on innova-
tion, taking its point of departure in the critical feedback 
mechanisms between knowledge generation and market 
development. Th ese mechanisms are necessary so that new 
technology trajectories with high long-term potential will 
be able to mature and compete with established alterna-
tives in the market. Th is implies in turn that innovation 
policy must be aimed at stimulating fi rms to build net-
works, experiment, and learn how the new technology 
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linear model. An eff ective innovation policy must proceed 
from the feedback between each stage of the innovation 
and diff usion processes. We also know that the prerequi-
sites for innovation may diff er signifi cantly from one tech-
nological fi eld to another (e.g. as a result of institutional 
barriers).  Figure 1 illustrates the main diff erences between 
the linear model and what we refer to as the systems-ori-
ented innovation model. In addition to its emphasis on the 
role of iterative learning processes, the latter model also 
recognizes the importance of market formation, i.e., the 
process involving taking the step from early demonstra-
tion to mass markets.

Th ere are key feedback phases between all stages of the 
innovation process, not least between the market forma-
tion, demonstration, and R&D stages. Th is feedback gener-
ates learning where customers, technology suppliers, and 
researchers contribute to the development in various ways. 
Two specifi c learning processes oft en highlighted in the 
literature are learning-by-doing and learning-by-using. 
Th e former refers to the learning that occurs in production 
as it is scaled up; larger volumes entail larger investments 
in increasingly effi  cient processes and the fi rm can exploit 
economies of scale. Learning-by-doing also refers to any 

this section we discuss the prerequisites for successful 
innovation and the role of policy in stimulating this. 

The importance of iterative learning 
processes 

A proper understanding of innovation processes and how 
these can be reinforced is required to stimulate innova-
tion and promote economic development. Th e dominant 
innovation model has been the linear model according 
to which investments in basic research eventually result 
in the development, innovation, and diff usion of new 
products (so-called technology push). Sometimes the con-
nections are believed to be reversed, thus building on the 
notion that innovation is spurred only if new markets can 
be established (so-called demand-pull).17 Even though 
this linear innovation model has been declared dead by 
innovation scholars since the mid-1980s,18 it still tends to 
dominate the logics in some policy circles. For this reason, 
it is important to present clear alternatives.

Th e more recent literature emphasizes that the relation-
ships between research, development, and diff usion of new 
innovations are far more complex than suggested by the 
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Figure 1: The difference between linear and systems-oriented innovation models. Source: IEA (2015).
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Large-scale diff usion of new technology may therefore 
become possible only with institutional changes, such as 
the introduction of ‘net charging’ and/or reformed permit-
ting processes.

The different roles of industrialization and 
diffusion policies

In the innovation systems literature, various types of 
barriers to the development and diff usion of innova-
tions are oft en referred to as ‘system weaknesses’; these 
impair the positive feedback between the various stages 
of the innovation process.12,24,25 If these weaknesses are 
not addressed, the innovation system will develop slowly. 
Correspondingly, ‘system strengths’, which instead create 
favorable conditions for the up-scaling of new technology, 
can also be identifi ed.12 System weaknesses and strengths 
are oft en specifi c to various technological fi elds, for exam-
ple diff erent combinations of system weaknesses may have 
led to the stalled development of advanced biorefi neries 
in Sweden compared to the case of biogas in Holland.26 
For this reason, only introducing a general – technology-
neutral – policy instrument, such as a carbon tax, will not 
be an eff ective innovation policy on its own. 

From an innovation systems perspective, an important 
role for policymakers is to track technological fi elds of 
strategic importance, identify system strengths, stimulate 
positive feedback, and address system weaknesses that 
block further development by means of a combination 
of general and specifi c policy instruments.12,27 It also 
becomes important for  policymakers to participate in 
learning processes, especially with regard to the risks asso-
ciated with new technologies and the laws and regulations 
that need to be amended to stimulate a wider diff usion.28,29 

Th e feedback between the various stages of the inno-
vation process oft en lead to the development of further 
innovations following a so-called S-curve. New technolo-
gies have to go through four main phases of development 
before reaching a maturity phase.27 Th ese phases are illus-
trated in Fig. 2. 

Th e fi rst three phases, i.e., the concept development, dem-
onstration, and niche market phases, are essential for creat-
ing industrial capacity. Such capacity is shaped when fi rms 
and other actors learn about the new technology, when spe-
cialists are trained, and when production methods and new 
value chains are created, along with new habits and routines. 
Moreover, existing laws and regulations will oft en need to be 
amended, and new laws and regulations enacted to establish 
the prerequisites for large-scale diff usion of the new tech-
nology. Th e commercial growth phase does not follow until 

tacit knowledge acquired during manufacturing. In con-
trast, learning-by-using refers to the learning that occurs 
in connection with the use of the products, i.e., when cus-
tomers give feedback to suppliers and devise new ways to 
use or integrate the products in their daily lives and/or in 
existing production processes.19–21 

Th ese learning processes make possible improvements 
in the price/performance ratio for new innovations and 
improve the conditions for further diff usion as new mar-
kets and applications are opened up. Markets do not exist 
from the outset, but are instead created in the interactions 
among key actors. As new markets are formed, companies 
become more interested in participating in the technologi-
cal development process. Th is also creates opportunities 
for reforming existing laws and regulations (i.e., institu-
tions) that might otherwise impede large-scale diff usion of 
new technology. In the presence of this type of feedback, 
even better conditions are created for further improve-
ments of the price/performance ratios. 

In the recent past, we have witnessed how various policy 
initiatives have addressed these feedback mechanisms, 
with profound impacts on the global development of 
renewable energy technologies such as solar photovoltaic 
and wind power. For example, the price of PV cells has 
declined from more than US$ 50/W in the mid-1970s to 
about US$ 1–2/W today, making this technology competi-
tive against established alternatives.22 Positive feedback 
between the diff erent innovation stages allow new innova-
tions to move from a situation in which very few actors are 
involved in technology development, deployment is low, 
and the price/performance ratio is unfavorable, to one in 
which new industrial sectors are created, providing a large 
number of jobs while at the same time powering large-
scale diff usion of new products. 

However, the development of innovations is seldom 
smooth, and it can take many decades before they result 
in the establishment of new industries. One of the main 
reasons for this is that the laws and rules that prevail in a 
market have largely been shaped by actors with established 
technology, and these institutions may therefore need to 
be reformed before new technology can be diff used.23 One 
example is the electricity supply system, which historically 
has been dominated by large-scale power generation (e.g. 
nuclear energy, coal-fi red power stations), but is now mov-
ing increasingly toward distributed power solutions where 
individuals become electricity suppliers by, for instance, 
installing solar panels on the roofs of their houses. Still, 
existing electricity regulations are largely designed for 
large-scale generation, and individuals with small systems 
may therefore fi nd it diffi  cult to gain access to the market. 
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referred to as a diff usion policy as it is aimed at facilitating 
the diff usion of existing innovations, as well as opening up 
for incremental innovations and cost reductions. 

An important role for industrialization policy is to 
invest in generic technologies that entrepreneurial fi rms 
then can build on, creating variations, fi nancing R&D and 
demonstration, and establishing niche markets so that 
the new innovations can be tested in practice.32,33 Public 
R&D support and co-funding of pilot and demonstration 
plants, etc., are thus key policy instruments in the concept 
development and demonstration phases. An important 
component may also involve developing generic technolo-
gies, as is done in basic research institutes in Germany 
and in government-funded research labs in the United 
States. 

In the niche market phase, R&D funding is still important 
but even more important is market formation. Here the 
products must be tested in a market with real customers, and 
the government will have to create the conditions for private 
fi rms to raise long-term loans (on reasonable terms) in new 
areas for which established fi nancial organizations are not 
yet providing funds. State-owned fi rms and agencies can also 
play a role as fi rst key customers by procuring, for example, 
biogas buses and new fuels. Another alternative is to enact 
regulations designed specifi cally for up-scaling. 

Industrialization policies need to be technology-specifi c 
in the sense that they target pre-defi ned technological 
fi elds and value chains. One example is the Renewable 
Energy Sources Act (EEG) in Germany that has encour-
aged the use of new renewable energy technologies 
through technology-specifi c so-called feed-in tariff s in 

the new technology has developed a favorable price/perfor-
mance ratio, and the industry has the necessary capacity and 
opportunity for diff using the technology on a global scale. 
Th is phase is characterized by the large-scale deployment of 
the new technology along with relatively fundamental social 
change with regard to how we use, for instance, energy and 
transportation services.‡

When an innovation reaches the growth phase, the num-
ber of product innovations and variants of the technology 
usually contract. A dominant design is established, the 
innovations become more incremental, and the number 
of competing fi rms decline.30,31 It therefore becomes more 
diffi  cult for new fi rms to enter and compete with estab-
lished fi rms. An exception occurs when new fi rms are able 
to develop an entirely new product design that is superior 
to the old one and, in so doing, redefi ne the market and its 
conditions (e.g. the smartphone), and/or if they have cost 
advantages (e.g. the rise of the Chinese solar PV industry).

Th e innovation policy instruments needed during the 
fi rst three phases are typically signifi cantly diff erent from 
the policy required in the later phases. Th e policy needed 
during the fi rst three phases of the technological develop-
ment process is here referred to as an industrialization 
policy; it is aimed at building up an industrial capacity and 
favorable conditions for further diff usion of new innova-
tions. Th e policy during the two remaining phases can be 

Figure 2: Diffusion of innovations through fi ve main phases. Source: Swedish Energy 
Agency (2014).

‡The advent of a new phase does not imply that the preceding phases come to an end; 
they proceed and often with greater vigour. For example, mature technological fields 
often benefit from more government-funded R&D than do emerging areas (e.g. com-
pare public R&D funding for fuel combustion versus  fuel cell development).
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increased electrifi cation and use of biofuels.38,39 Th us, the 
transformation of the transport sector will involve invest-
ment in a wide variety of solutions that complement each 
other in various ways.39 

If the processes that constitute advanced biorefi neries 
are put into practice, they could make a substantial contri-
bution toward realizing the government’s vision of a fossil-
free Sweden while at the same time creating the basis for 
industrial revitalization with many new potential prod-
ucts, services, and applications. Forestry and agriculture 
give rise to various by-products that could, under the right 
conditions, gain higher processing value. Th e recycling 
industry, the paper and pulp industry, the energy sector, 
the chemical industry, the oil industry, existing biorefi ner-
ies and biofuel plants, etc., could play key roles since they 
possess the technical and organizational structures that 
are well-suited for integration of the technologies that 
make up future biorefi neries. 

Many of these actors have joined together in system-
building networks and alliances, where some have been 
involved in developing advanced fuels and chemicals from 
forest resources since the 1970s.40 Th ese actor networks 
have induced positive feedback that has in turn stimu-
lated strong development of the biorefi nery innovation 
system. In an empirical investigation of this innovation 
system, the present authors collaborated with a number 
of other researchers as well as with representatives from 
the Swedish Energy Agency, and identifi ed nine system 
strengths that should be able to contribute to the creation 
of favorable conditions for the continued development of 
the technological fi elds.12,27 

Th ese strengths include, for instance: (i) a signifi cant 
research infrastructure in the form of pilot and demon-
stration plants exists, which permits experimentation with 
alternative solutions; (ii) many value chains (e.g. ethanol, 
DME/methanol) have been tested in practice; (iii) research 
actors and entrepreneurial fi rms are linked in strong net-
works with international connections, have experience in 
the relevant technology fi elds, and are ready to scale up 
the technology; (iv) long-term R&D funding is accessible, 
resulting in strong knowledge production in the fi elds; and 
(v) access to related key competencies and industrial struc-
tures in, for example, the process and chemical industry, 
oil industry and district heating sector, is available.12,15 
Clearly, these strengths have co-evolved in complex itera-
tive processes. For example just as the development of key 
competence and R&D support have enabled the establish-
ment of novel research infrastructure, these pilot and 
demonstration plants have also assisted in further build-
ing up this competence. 

which the producers of renewable electricity sell at a pre-
set (guaranteed) price per kWh generated over a certain 
time period.34 Th e literature describes the feed-in tariff  as 
an eff ective policy instrument for stimulating innovation 
and forming industrial capacity for the development of 
wind power and PV cells, but also notes that it may not be 
easily adaptable to other technological fi elds.35 

Diff usion policies are diff erent from industrialization 
policies in that these should focus on creating long-term 
conditions that stimulate the diff usion of low-carbon 
technologies that already have been tested in niche mar-
kets. Th ere are numerous policy instruments available to 
achieve this, such as green certifi cate schemes and carbon 
taxes. Th is type of policy instrument should not, in prin-
ciple, discriminate between diff erent technologies based 
on how mature they are, and instead focus on lowering 
general entry barriers for renewable energy technologies in 
relation to those based on fossil fuels. Th ese policy instru-
ments are sometimes referred to as technology neutral, 
although this description is somewhat misleading; all pol-
icy instruments tend to steer toward certain technologies 
and less toward others – in other words, they always tend 
to create both winners and losers.36 

Naturally, a country may pursue a diff usion policy in the 
absence of an industrialization policy. Th is may however 
have negative consequences in that such a policy approach 
primarily supports the deployment of the existing solu-
tions that are cost-eff ective only in the short term. Th us, 
the long-term development and renewal of the domestic 
industry may be undermined as long-term solutions with a 
great potential for future cost reductions are neglected. An 
eff ective diff usion policy must therefore typically be sup-
ported by an equally eff ective industrialization policy. 

Strengths and weaknesses in the 
innovation system for advanced 
bio-refi neries: The case of Sweden

Th e transport sector accounts for about 15% of total global 
greenhouse gas (GHG) emissions, and in Sweden the cor-
responding fi gure is 32%.27,28 Reducing emissions from 
the transport sector is therefore a prioritized area in 
Sweden, and a vision has been formulated stating that the 
country should have a fossil-independent vehicle fl eet by  
2030 and become one of the fi rst fossil-free welfare coun-
tries in the world.37 Radically reducing GHG emissions 
from the transport sector will require heavy investments 
in alternative modes of transport with signifi cantly less 
climate impact alongside energy effi  ciency improvements, 
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there exists a time gap between the demonstration and 
niche market phases, in that commercial actors are ready 
to scale up the technology but the necessary prerequisites 
are not present. As a consequence, key competencies in 
the fi eld can be lost and the large and more established 
actors may choose to invest in other areas (Weaknesses #1 
and 2).

In Sweden there is also a lack of long-term policy instru-
ments for fuels in a growth phase (Weakness #3).14 At 
present, biofuels benefi t from a reduced carbon tax, which 
makes the already established alternatives (e.g. HVO, bio-
diesel, and ethanol) profi table compared to the use of fossil 
fuels. Th is tax exemption is, however, renewed every year, 
and the European Commission has extended approval 
of this state aid throughout 2017. Until a more long-term 
stable system is in place, no new investments are likely 
to emerge in either established or new technologies that 
depend on this tax exemption.

Th e realization of advanced biorefi neries is also dependent 
on mature industries, such as the chemical industry, for-
est industry, oil industry, and/or the district heating sector, 
choosing to integrate radically new technology into their 
existing operations and establish partnerships with other 
organizations that have completely diff erent knowledge 
bases. Th is would involve a relatively radical transition 
for fi rms and industries that for long have specialized in a 
certain number of products and markets by establishing 
long-lived cooperation with suppliers and customers. Such 
specialization has reinforced their capacity to compete in 
international markets, but it has also weakened the condi-
tions for taking part in long-term R&D projects and being 

In spite of signifi cant progress, though, there has been no 
commercial breakthrough toward integrating the technol-
ogies that constitute advanced biorefi neries into existing 
industrial structures. Internationally, a few commercial-
scale plants have been constructed, but no such plants are 
being built in Sweden even though several commercial 
projects have been proposed. Accordingly, the fi eld is 
essentially positioned in a late demonstration phase while 
well on its way toward the niche market phase (Fig. 3). 
Still, for this to happen, one or more of the novel technolo-
gies must be up-scaled to commercial size and in this way 
generate learning, both via feedback from customers and 
users (learning-by-using) and through increased produc-
tion volumes (learning-by-doing). 

Th us, in order for the fi eld to reach the commercial growth 
phase, the Swedish government needs to – in a fi rst step 
– pursue an industrialization policy wherein a number of 
technical concepts are tested on a commercial scale. A real-
istic target for the overall policy initiatives could be around 
20 TWh of green fuels and chemicals by the year 2030, in 
turn corresponding to the construction of about 8–12 plants 
on a commercial scale.12,27 While this would be a signifi cant 
achievement from a national perspective, it is still relatively 
modest when viewed from a global perspective. Still, since 
innovation processes are genuinely uncertain, we cannot 
know for sure whether such an initiative would suffi  ce for 
the fi eld to reach a commercial growth phase; thereby result-
ing in a larger scale diff usion also to other contexts without 
additional, very specifi c, deployment instruments.

In our previous research, we also highlight seven system 
weaknesses that would have to be addressed for the biore-
fi nery fi eld to have any chance of reaching a growth phase 
by 2030. Th ese are outlined in Table 1, and then elaborated 
on in the remainder of this section.12,27 

To shift  the fi eld from the demonstration to the niche mar-
ket phase, new types of policy instruments will be required 
and additional policy actors will need to step in to stimulate 
the development. Th is is because various government min-
istries and agencies have control over various types of policy 
instruments. Knowledge of emerging technological fi elds 
also varies across agencies and ministries, which therefore 
need to coordinate their eff orts and identify policy instru-
ments suitable for the niche market phase (Weakness #1 in 
Table 1). 

At present, there are no policy instruments for the niche 
market phase and there are no naturally occurring niche 
markets for biofuels that can justify investments in com-
mercial-scale advanced biorefi neries (Weakness #2). Th is 
is the case in Sweden as well as in many other forest-rich 
countries, such as the USA and Canada.10 For this reason 

Table 1. System weaknesses in the Swedish 
innovation system for biorefineries. 

System weaknesses

#1: Weak coordination among government ministries, agencies, 
and regional actors.

#2: Insuffi cient policy instruments in the niche market phase.

#3: Insuffi cient policy instruments in a growth phase.

#4: Weak industrial participation and industrial absorptive 
capacity.

#5: Weak cooperation across knowledge and organizational 
boundaries.

#6: Vague roles, collaboration, ownership, and fi nancing of the 
research infrastructure. 

#7: Competition from fossil resources and alternative uses of 
biomass.

Sources: Swedish Energy Agency (2014) and Hellsmark et. al. 
(2016)12,13.
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provide high returns and are not dependent on state aid. 
Th ese alternatives, however, do not lead to increased pro-
duction of renewable fuels and chemicals (Weakness #7).

Policy instrument choice for 
technology up-scaling and diffusion 

In this section we argue that an entire portfolio of diff erent 
policy instruments needs to be reviewed and implemented 
to stimulate technological development and diff usion in 
the biorefi nery fi eld, and in this way strengthen industrial 
competitiveness and attain fossil-fuel independence. Th is 
portfolio needs to be composed of policy instruments aimed 
at both the niche market phase and the growth phase. 
In addition, the type of policy instruments that are most 
appropriate in the niche market phase depends on the policy 
instrument in eff ect during the growth phase and vis à vis. 
Accordingly, we discuss policy instruments in the growth 
phase fi rst, and then return to the issue of policy instrument 
choice for technologies in the niche market phase. Figure 3 

actively involved in developing products and processes in 
entirely diff erent areas (e.g. green fuels, chemicals). 

For these fi rms to take an active part in the transforma-
tion, action needs to be taken to strengthen their capacity 
to assimilate new knowledge that lies outside their existing 
competencies and business areas (an ability oft en referred 
to as absorptive capacity) (Weakness #4). One important 
measure could be to actively support partnerships between 
fi rms and organizations with complementary expertise 
(Weakness #5), so that new technological solutions can be 
deployed in practice and new value chains established. For 
instance, participation of both the forest industries and 
catalyst providers is necessary to further biorefi nery devel-
opment, but these actors have been diffi  cult to engage in 
the networks surrounding the major pilot and demonstra-
tion plants in Sweden. Biorefi neries build on large invest-
ments in mature industries and the policy instruments 
designed to encourage such investments must also be long-
term and provide a reasonable profi t margin. Otherwise, 
fi rms have alternative investments to make that can 
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Figure 3: The combination of policy instruments and how they are implemented is the key to a successful innovation policy.
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and biogas. Previous research confi rms that quota schemes 
have tended to be less innovation-promoting compared 
to, for instance, fi xed feed-in tariff  schemes.35 Th is means 
that the entry barriers may not necessarily be lowered for 
the less mature but perhaps more promising technologies; 
instead a separate market is created to diff use technologies 
in a growth phase. Th is also illustrates the need to imple-
ment separate policy instruments in the niche market 
phase. 

Policy instruments for technologies in 
a niche market phase

Neither mandatory quotas nor carbon pricing are suffi  -
cient instruments for stimulating investment in advanced 
biorefi neries, and thus for assisting in creating the nec-
essary industrial capacity in this fi eld. Most notably, 
carbon pricing does not provide enough incentives for 
investments in the fi rst commercial-scale plants. Th e pro-
duction costs in these plants must be lowered through a 
number of learning processes (i.e., learning-by-doing and 
learning-by-using) before the new technology can com-
pete with the established alternatives (both renewables 
and fossil fuels). Policy instruments in the niche market 
phase need to build on the understanding that develop-
ing the advanced biorefi nery fi eld is likely to be a lengthy 
and highly uncertain process where very few (if any) 
existing or new actors will be willing to assume initial 
investment risks. In addition, venture capitalists seldom 
fi ll the funding void for new innovations in the early 
stages, and particularly in knowledge-based sectors in 
which capital intensities and the technological complex-
ity are high. 

In practice, this means that the policy instruments in 
the niche market phase need to create stable conditions 
for individual investments over a long period of time. In 
various ways, they should therefore resemble the feed-in 
tariff  policies used to promote industrial development, 
learning, and diff usion of, for example, wind power and 
solar PV in Germany, through stimulating investments in 
the fi rst plants. Innovation is nurtured through targeted 
support of protected technological niches. A mandatory 
quota for advanced biofuels would probably not be able 
to achieve this eff ectively; with such a quota investors do 
not know what price they can expect and whether it will 
be high enough to compensate for the immaturity of the 
technology. As noted earlier, most existing quota schemes 
stimulate direct competition between diff erent fuels, thus 
primarily favoring technologies with the highest short-
term potential.35,42

summarizes our assessment of the role of diff erent policy 
mixes in progressing advanced biorefi nery technology. 

Policy instruments for technologies in the 
growth phase

Various national systems of carbon pricing have been used 
to stimulate the use of renewable fuels in the transport 
sector. For instance, Sweden has had energy and carbon 
tax exemptions for fuels based on renewable resources, 
and Finland has recently implemented a carbon sur-
charge on all fuels based on the carbon content of the 
fuels. Germany has implemented a carbon ceiling for the 
transport sector that is continuously lowered, also tak-
ing the relative climate performance of various fuels into 
account. For carbon pricing to stimulate the diff usion of 
new technology, the most important factors are that the 
price is high enough, that the system is long-term, and 
that the carbon price is raised over time to account for a 
tighter carbon budget. In addition, there should be dif-
ferentiation between types of fuels based on their actual 
emissions. Carbon pricing can thus lower the entry barri-
ers for renewable alternatives vis-à-vis fossil fuels and pro-
mote a clear diff erentiation across fuels based on climate 
performance.

An alternative to carbon pricing could be a mandatory 
quota system. Th is has been heavily discussed in Sweden 
and is already used in a number of EU countries.41 Such 
quotas typically involve an obligation for retailers to 
purchase a pre-determined amount (or share) of renew-
able fuels (e.g. in MWh). Th e advantage of a mandatory 
quota is that it creates a protected space for renewable 
fuels where they do not have to compete with fossil 
alternatives. 

Quotas can be an eff ective policy instrument for dif-
fusing relatively mature technologies that are in a growth 
phase and in cases where there is a good understanding of 
the opportunities for up-scaling. If these conditions are 
not met, it will be diffi  cult to determine an appropriate 
target level. Mandatory quotas are typically designed in 
a technology-neutral manner, thus creating competition 
between various renewable alternatives. In this way they 
tend to favor established actors with existing production, 
distribution systems, and end-use markets, and that rela-
tively easily can increase their production without major 
new investments.35,42 

Products that are cost-eff ective in the short-term tend 
to be favored over less-developed products but with a sig-
nifi cant long-run development potential. Low-level blends 
also tend to be favored over pure biofuels like E85, ED95, 
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public procurement and various types of price guarantees, 
perhaps combined with investment subsidies. 

If the Swedish government wishes to strengthen the 
competitiveness of the country’s industrial sectors by 
taking the lead in developing the ‘climate-smart innova-
tions the world is asking for’, the formulation of eff ective 
innovation policies must emanate from a strong political 
leadership that follows through on all levels between R&D 
and market diff usion. Other countries in, for instance, 
Europe and North America, experience similar challenges 
as Sweden with respect to the development of advanced 
biorefi neries, such as a lack of niche markets. For this 
reason, our case study, and the key implications outlined, 
should be of interest well beyond the Swedish market and 
could help policymakers and other actors in international 
markets to capitalize on strengths, eliminate weaknesses, 
and propose new policy mixes for developing the biorefi n-
ery innovation system.
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