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Abstract: This article provides a sectoral innovation system perspective of the development of
energy efficient and clean process technologies in the Swedish pulp and paper industry. Specifically,
the analysis elaborates the importance of knowledge development, actor networks, and institutions
(including policy) for progressing and diffusing novel technologies related to energy use. The empirical
analysis also sheds light on how significant changes in the sectoral innovation system have influenced
the relevant research, development and demonstration activities in the Swedish pulp and paper
industry over the period 1970–2010. The results are based on various sources—e.g., industry magazines,
reports from industrial consultants and associations, minutes from meetings—and illustrate the
importance of well-functioning innovation systems for successful technological development and
diffusion processes. They display, in particular, the importance of joint, industry-wide R&D activities,
trust-based state—industry relationships, government R&D expenditures, and intense information
sharing. One important implication is that the role of policy stretches beyond the funding of basic R&D.
Policy also involves measures that strengthen existing actor networks, build competence, and secure
the existence of research institutes that provide a bridge between basic knowledge generation (at the
universities) on the one hand, and industrial application on the other.
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1. Introduction

This article addresses the question of how a transition towards radically lower energy use and
zero-carbon production processes in the industrial sectors can be achieved. Such a transition cannot
solely build on existing, “off-the-shelf”, technologies; it requires that new technologies be developed,
optimized and diffused among industrial firms [1,2]. Such a process ought in turn to build on the
establishment of a network of collaborating actors, i.e., institutes, producers, equipment suppliers,
and universities, as well as on policy interventions through the (co-)funding of R&D programs and
pilot and demonstration plants [3,4]. Moreover, the transitions towards more sustainable production
patterns are often characterized by relatively long development periods, during which sometimes
novel value chains and institutional arrangements must be put in place and aligned with emerging
technologies [5].

In the light of the above, it is useful to draw on the lessons from sustainable energy transitions
in the past. The purpose of this article is therefore to analyze the development of energy efficient and
carbon-free process technologies in the Swedish pulp and paper industry over an extended period,
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1970–2010. The analysis focuses on key prerequisites for progressing and diffusing novel technologies
in this industry, i.e., knowledge development, information sharing, actor networks and public policy
support. Significant changes in these prerequisites over time are highlighted. Given this purpose,
we are not able address details about specific technologies and processes; instead, the focus lies on the
institutional and organizational circumstances that have made these possible in the first place.

Related previous research about industrial energy transitions has had a strong emphasis on
the contemporary barriers and driving forces for improved energy efficiency and carbon dioxide
reductions, including the role of different types of policies (e.g., [6–9]). The historically oriented
studies have been biased towards quantitative assessments of industrial energy use, addressing the
role of fuel prices, productivity improvements, structural change and shifts in demand [10–14]. Still,
the latter work has primarily devoted attention to the outcomes of technological change (e.g., in terms
of productivity improvements and fuel choices), without, however, investigating in detail what made
sustainable technological change possible in the first place. Both Bergquist and Söderholm [15] and
Ottosson [16] provide qualitative analyses of the energy transition of the Swedish forest industries.
However, the present article differs from this research in that it: (a) devotes explicit attention to
the prerequisites for R&D and demonstration activities relating to energy efficient and zero-carbon
production processes; (b) acknowledges the sources and the consequences of key changes in these
prerequisites over an extended time period (1970–2010).

There are at least two reasons for why this historical approach could contribute with relevant,
generic lessons about how the organization of, and the support of, knowledge development and
transfer could affect the prospects of contemporary energy transitions in the industrial sectors. First,
industry representatives and policy makers increasingly emphasize the importance of management
practices and policy interventions in the form of, for instance, government support of knowledge
development and diffusion, network management activities, information sharing, and funding of
pilot and demonstration plants [17]. Such best practices and policies indeed dominated the energy
transition of the Swedish pulp and paper industry, in particular during the 1970s and the 1980s [15].
The outcomes in terms of energy efficiency improvements and reduced fossil fuel use were notable.

Specifically, the fossil fuel fraction out of total fuel use decreased from 43 to 7 percent over
the period 1973–2011 [13]; this implied an 85 percent reduction in the emissions of carbon dioxide.
The energy efficiency of Swedish pulp and paper mills also improved significantly during this period.
For instance, even though the entire sector’s energy use remained more or less constant over the
1970–2000 period, pulp production increased by 70 percent and paper production by 127 percent [18].
The energy performance of Swedish mills has, overall, been higher compared to mills in countries such
as Brazil, Canada and the USA [19]. For these reasons, it is useful to learn about how these practices
and policies were established, maintained and altered, and what lessons can be drawn in the context of
contemporary policy ambitions.

Second, the existing research on sustainability transitions has emphasized how the design and
implementation of effective mixes of policy instruments is a complex and highly context-specific
undertaking [20]. It is therefore important to abstain from oversimplified normative notions about
the impact and desirability of policy mixes regardless of context, including the existence of various
institutional preconditions as well as different types of actor networks and forms of cooperation [21].
Furthermore, public policy is not static, and important policy responses may emerge from systemic
imbalances; these could even coevolve with the sectors that policy makers intervene in [22]. In this
context, our long-term, historical approach provides an opportunity to understand how important
changes—in industry practices and in institutions and policy—have affected the direction and the
nature of the industry’s knowledge generation and technology diffusion activities.

The article proceeds as follows. In the next section, we present an analytical framework, rooting
in the so-called sectoral innovation system (SIS) literature, and we link this perspective to the various
iterative phases of the technological development process (i.e., basic R&D and concept development,
applied R&D and pilot and demonstration projects, and technology diffusion). Section 3 presents the
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methods and materials used, while Section 4 outlines the key empirical findings. The article ends
with a discussion of important implications, e.g., for policy in the context of ongoing sustainability
transitions (Section 5), and a brief concluding section outlining some important avenues for future
research (Section 6).

2. Conceptual Points of the Departure and Analytical Framework

The analysis in this paper departs from the so-called sectoral innovation system (SIS) approach [23].
The SIS framework addresses the rate and the types of innovation, as well as the organization of
innovative activities in sectors. The notion of an SIS relates to two strands of the literature. The first
is evolutionary theory, which views innovation as a dynamic and interactive process among a wide
variety of actors [24]. Knowledge and learning are key elements in the change of the economic system,
and heterogeneous agents act, learn and search in uncertain and changing environments. However,
their behavior, learning and capabilities will be constrained by technology, knowledge base and
institutional context, which all tend to vary across sectors [25]. The second strand of literature is the
innovation system approach, which stresses that innovation is an interactive and collective process
among a wide variety of actors [26]. In other words, the innovative performance of a given sector
(or economy) depends not only on how the individual actors perform in isolation, but also on how
they interact with each other in terms of knowledge generation and diffusion, including their interplay
with societal institutions [27].

Following Malerba [25], the SIS concept consists of three key building blocks: the knowledge and
technological domain, actors and networks, and institutions. The knowledge and technological domain
is the domain in which the boundaries of the system are defined. Knowledge and basic technologies
constrain the behavior and organization of firms, but these boundaries change over time (not least
as a consequence of innovation). The actors and networks are sector-specific as well, and the actors
are heterogeneous, including, for instance, producing firms, equipment suppliers, users, universities,
research institutes, government agencies, etc. An SIS is as such composed of webs of market and
nonmarket relationships among actors with typically different beliefs, competences and behaviors.
These relationships and the resulting actor networks will thus integrate complementarities in knowledge,
capabilities and specialization [28]. Furthermore, the societal institutions shape actors’ cognition, actions
and interactions, and include formal rules (e.g., immaterial rights, environmental regulations, product
standards, policies), and informal rules (e.g., norms and codes of conduct). The institutions are often
national (e.g., the patent system), but they are often sector-specific (e.g., business practices, product
standards) [25].

Figure 1 displays our analytical framework, illustrating the article’s focus on how knowledge is
generated and diffused in industries, not least in energy-intensive process industries. The framework
also addresses how actor networks and collaborations, and policy and institutions make this possible.
Figure 1 links the structural components of a (SIS) to the process of technological development, thus also
recognizing that the relationship between basic R&D and diffusion of novel technology is a complex
and highly iterative process with several feedback loops. Two issues are worth noting.

First, pilot and demonstration projects may play several important roles, not least in verifying,
optimizing, upscaling and improving the performance of new technology [29]. In other words,
such projects (and plants) represent bridges between basic knowledge generation on the one hand,
and industrial application and commercial adoption on the other. Second, the process is iterative in that
there are key feedback mechanisms between all stages of this process. This feedback can generate
learning where firms, suppliers and researchers can contribute to the development in various ways.
For instance, learning-by-doing refers to the learning that takes place as the production is up-scaled,
including tacit knowledge acquired during manufacturing. Learning-by-using instead refers to the
learning that occurs in connection with the use of the products, i.e., as customers give feedback to
suppliers and thus devise new ways to use and/or integrate new technology in existing production
processes [30]. Thus, technological progress requires both R&D and learning and for this reason,
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R&D programs should typically not be designed in isolation from practical application. For instance,
the gradual diffusion of certain technologies can reveal new areas where additional R&D would be
most productive, and industrial companies may also cooperate directly with the university sector.
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Figure 1. Analytical Framework: Sectoral Innovation System and Technological Development. 

First, pilot and demonstration projects may play several important roles, not least in verifying, 
optimizing, upscaling and improving the performance of new technology [29]. In other words, such 
projects (and plants) represent bridges between basic knowledge generation on the one hand, and 
industrial application and commercial adoption on the other. Second, the process is iterative in that 
there are key feedback mechanisms between all stages of this process. This feedback can generate 
learning where firms, suppliers and researchers can contribute to the development in various ways. 
For instance, learning-by-doing refers to the learning that takes place as the production is up-scaled, 
including tacit knowledge acquired during manufacturing. Learning-by-using instead refers to the 
learning that occurs in connection with the use of the products, i.e., as customers give feedback to 
suppliers and thus devise new ways to use and/or integrate new technology in existing production 
processes [30]. Thus, technological progress requires both R&D and learning and for this reason, R&D 
programs should typically not be designed in isolation from practical application. For instance, the 
gradual diffusion of certain technologies can reveal new areas where additional R&D would be most 
productive, and industrial companies may also cooperate directly with the university sector. 

The above implies the significance of several overlaps—and iterative collaborations—between 
the various types of actors in the innovation system. R&D collaboration provides an opportunity to 
share risks and costs, as well as exploit complementary know-how between companies [31]. Cohen 
and Levinthal [32] showed that the interaction between proprietary and external knowledge is highly 
important for such collaborations and the overall performance of an SIS; companies must possess the 
ability to recognize and make use of information generated through R&D and learning—the so-called 
absorptive capacity. In this respect, the industry research institutes could well play an important 
intermediating role through applied R&D and pilot projects as well as efforts aimed at transferring 
and diffusing knowledge within the industry. 

Put differently, while universities generate and transfer codified knowledge, the industrial firms 
apply and use such knowledge, and thus generate mainly tacit knowledge. In between, however, the 
industry research institutes play a key role. These also produce and transfer codified knowledge, but 
in addition to this, they often assist in stimulating knowledge transfer and application in industry 
[33]. This notion is particularly valid in the context of the pulp and paper industry; in this sector, the 
knowledge formation process does not only concern R&D, but also technology demonstration and 
tests [15], as well as synthetical development activities for which system integration is very important 
[34]. 

Policy typically needs to build on a mix of instruments in order to address market imperfections 
as well as various types of structural and transformational system failures [35]. These include the 
long-term risks of R&D and technology demonstration, environmental externalities, absence of 
diversity in the actor base, and the lack of collaboration among key actors. For this reason, policy 

Figure 1. Analytical Framework: Sectoral Innovation System and Technological Development.

The above implies the significance of several overlaps—and iterative collaborations—between the
various types of actors in the innovation system. R&D collaboration provides an opportunity to share
risks and costs, as well as exploit complementary know-how between companies [31]. Cohen and
Levinthal [32] showed that the interaction between proprietary and external knowledge is highly
important for such collaborations and the overall performance of an SIS; companies must possess the
ability to recognize and make use of information generated through R&D and learning—the so-called
absorptive capacity. In this respect, the industry research institutes could well play an important
intermediating role through applied R&D and pilot projects as well as efforts aimed at transferring and
diffusing knowledge within the industry.

Put differently, while universities generate and transfer codified knowledge, the industrial firms
apply and use such knowledge, and thus generate mainly tacit knowledge. In between, however,
the industry research institutes play a key role. These also produce and transfer codified knowledge,
but in addition to this, they often assist in stimulating knowledge transfer and application in
industry [33]. This notion is particularly valid in the context of the pulp and paper industry; in this
sector, the knowledge formation process does not only concern R&D, but also technology demonstration
and tests [15], as well as synthetical development activities for which system integration is very
important [34].

Policy typically needs to build on a mix of instruments in order to address market imperfections
as well as various types of structural and transformational system failures [35]. These include the
long-term risks of R&D and technology demonstration, environmental externalities, absence of diversity
in the actor base, and the lack of collaboration among key actors. For this reason, policy instrument
mixes will often facilitate the provision of basic and applied R&D, but also support the diffusion of
novel technologies as well as the different functions operating at the innovation system level [3,36].
The latter includes providing infrastructure, facilitating the alignment among actors and stakeholders,
stimulating strategy and vision development, as well as the establishment of effective organizational
solutions. As noted above, some policies may be uniform across sectors while others, e.g., government
support of given technological fields, are typically sector-specific. Sector-specific policies could be
motivated given that different sectors and types of technologies tend to face unique learning processes
and bottlenecks [2].
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Finally, sectoral innovation systems evolve over time. The type and the structure of relationships
and actor networks may change, e.g., as a consequence of changes in the knowledge base, the learning
processes, demand and institutions, among other things [23]. Changes over time in turn results
in a coevolutionary process of the various elements of the SIS, i.e., knowledge, actors, technology and
institutions. Given its focus on a 40-year-long period, this article enables an analysis of such changes.
In the article, we highlight how often-external factors have induced changes in the SIS. Still, the focus
does not lie on elaborating the sources of such changes, e.g., the consolidation and globalization of
the industry. Instead, we investigate what these changes have implied for managerial and policy
decision-making in the country.

3. Material and Methods

The analysis builds on qualitative historical case study method focusing on the energy transition
of the Swedish pulp and paper industry over a 40-year-long period. Previous innovation system
research has emphasized the historical perspective, and that important lessons could be drawn from
studying past transitions [37]. The Swedish pulp and paper industry case is interesting not only since
it illustrates excellent track records in terms of energy efficiency improvements and carbon dioxide
reductions, but also because it involves an interesting history of industry cooperation in energy R&D,
which is in turn actively supported by the state [15]. In particular, during the 1970s and the 1980s,
there was a strong focus on R&D and pilot tests as engines of change, and per capita government
spending on energy R&D and demonstration activities was typically significantly higher than that of
most other Organization for Economic Co-operation and Development (OECD) countries [38].

The Swedish pulp and paper case study relies on a number of first-hand sources, including:
(a) industry magazines; (b) various policy documents (e.g., government bills, public inquires); (c) reports
from selected government authorities (such as the Swedish Energy Agency, Swedish Ministry of
Industry, and Swedish Industry Agency); as well as (d) reports and committee minutes from various
industry organizations, including the Swedish Pulp and Paper Research Institute (STFI), the Swedish
Pulp and Paper Mill Association (SCPF) and the Pulp and Paper Research Foundation (the latter is
based on material archived at Stockholm Centre for Business History). As noted below, the STFI,
in particular, played a key role in the industry’s energy transition, although its role changed over the
studied period. The history of the STFI and other key institutes has been documented also in previous
reports and books [39–41]. In terms of industry sector magazines, we consulted all issues of Svensk
Papperstidning (Swedish Paper Journal) from 1970 and onwards.

In Section 4, we review the key experiences from the energy transition of the Swedish pulp and
paper industry focusing on initiatives initiated during the 1970–2010 period divided into three phases
(introduced by a brief historical background). The key rationale for dividing the full period into these
shorter phases was based on the emergence of significant changes in the relevant sectoral innovation
system as well as on changed priorities in the public and private R&D agendas.

4. Results

4.1. Historical Background

The emergency situation during the Second World War induced Swedish pulp and paper mills to
identify more energy-efficient production practices. Several technological improvements did contribute
to a more efficient use of heat in paper mills, such as through more enclosed dryer sections, refined
heat recovery systems, and more efficient steam and condensate systems [42]. For instance, at a typical
kraft pulp mill almost 90 percent of the heat demand was supplied by the burning of black liquor and
bark (and thus only roughly 10 percent by oil). Thus, prior to the advent of the oil crises in the 1970s,
Swedish (and also Scandinavian) mills were more energy efficient compared to most of the North
American ones (where gases were generally not recovered for heat generation).
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An important reason for this was that environmental protection and energy efficiency often
constituted different sides of the same coin, and early on, the strategy of the Swedish pulp and paper
industry involved responding to the environmental pollution challenges jointly within collaborative
(industry-wide) R&D platforms. A number of R&D platforms were established, and during the 1940s
and 1950s, the industry decided to deal with pollution abatement preventively, i.e., with a focus on
internal process changes in favor of end-of-pipe technology [43].

As noted below, the Swedish approach also built on consensual and trust-based relationships
between government and industry. This cooperative approach, also frequently involving generous
government R&D grants, remained intact until the end of the 1980s. A large chunk of the investments
in environmental protection undertaken since the 1940s and onwards, implied energy savings.
For instance, the further development of oxygen bleaching, as well as improvements in process system
control, led to both energy savings and reduced pollution due to the recovery of the dissolved lignin
for energy generation and lowered emissions of organic material [44].

4.2. The Cooperative State–Industry Response to the Oil Crises, 1970–1985

The Arabic oil embargo and the soaring oil price in 1974 had significant impacts on the global
economy, and not least on energy-intensive industries. Since the Swedish pulp and paper industry had
far from neglected energy issues during the 1950s and the 1960s, it was relatively well-prepared for
this external shock.

In January 1973, the sector had established a standing energy program committee, with the
objective to encourage the development and adoption of built-in energy efficient technologies,
which improved mill performance [45]. Equally important purposes included collection and
dissemination of information within the sector about state-of-the-art technology and important
developments, and the appointment of representatives to investigate special tasks and represent the
industry in public bodies and inquires [40]. Specifically, in-depth systematic surveys of the energy
use and performance of all Swedish pulp and paper mills were conducted [45,46], first in 1974 [47],
and then onwards every fifth year. The early surveys were used as central references in an international
cooperation among pulp and paper mills, coordinated by the International Energy Agency [48].

In another project initiated by the committee, best available technologies in the manufacturing of
four standard grades were investigated, with the aim to provide a handbook for technicians in the
industry [45,46]. This work resulted in four reports outlining model mills in terms of energy efficiency
potentials and measures in both existing and new paper mills [49–52]. The findings from both the
surveys and the technical assessments were widely diffused in the sector, and individual mills could
draw from the experiences and skills of the entire pool of process engineers and technicians in the
country [53]. This was facilitated by the long-standing tradition of intraindustry collaboration within
the Swedish pulp and paper industry, and not least the often-positive attitude towards information
sharing [54].

Moreover, starting in 1973, the standing energy committee compiled a list of key R&D and
demonstration projects, e.g., focusing on back-pressure turbine generation and the incineration of bark
and other forest waste [45]. With the advent of the first oil crisis in 1974, this work intensified, and in 1977,
50 energy projects had started or been proposed [55]. This mobilization included both low-hanging
energy savings projects such as so-called “go-through” procedures, i.e., simple energy mapping
activities [56], but increasingly also projects aimed at developing and improving new technology
enabling either the phase out of oil (27 percent) or increased energy efficiency (73 percent) [49–52].
When pursuing such development activities, individual mills contributed by testing new machinery
and processes in full-scale, as well as through own applied R&D. The Swedish pulp and paper industry
also attempted to engage university departments and encouraged these to apply for government
funding [57].

The Swedish government assumed a rather active role in these efforts, not least by providing
funding to the industry research institutes, such as the STFI, as well as to specific industry-wide
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R&D projects. In Sweden, the relationship between state and industry was very much trust-based;
it rested on collaboration and consensus-seeking, i.e., a corporatist, negotiated form of governance [58].
This included the state’s engagement in the industry research institutes with the purpose of securing the
competitive strength of the country’s industry. This model stands out in an international comparison,
although inspiration also came from Germany [59]. For instance, Smith [60] notes that shared and
collective R&D in the US pulp and paper industry was limited during this period, as were joint
state–industry R&D projects. This, it is argued, handicapped environmental innovation in the US
industry. The Swedish model, very much based on intense cooperation between industry, research
institutes, and universities, was recognized internationally [61].

Following the first oil crisis in 1974, the Swedish government greatly increased its commitment
to energy R&D. The so-called energy program was launched in 1975 [62] and additional funding
was granted to individual companies, research institutes and universities. Basic and applied R&D,
not least various pilot and demonstration plants for oil substitution, constituted key ingredients of
this industry-focused policy e.g., [41,63]. The development and installation of new processes could be
subsidized by as much as 50 percent [53].

Figure 2 displays government R&D expenditures on industrial energy use and efficiency; these
data cover also support pilot and demonstration plants. Government support of energy R&D in the
industrial sector was high during the period 1975–1985, both compared to later periods as well as
in relation to other countries e.g., [38]. While Figure 2 displays government R&D expenditures to all
industrial sectors, it is worth noting that initially the pulp and paper industry did receive the largest
chunk of the support. For instance, during the 1975/76 period, almost 40 percent of the government
support of pilot and demonstration plants were allocated to the pulp and paper industry [64]. As further
discussed in Section 4.3, this changed in the late 1980s as the universities’ share of industry-focused
government R&D increased a lot, and at the expense of significant cuts in related grants to the private
industry [63].
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Figure 2. Government R&D Expenditures Relating to Industrial Energy Use in Sweden, 1975–2019
Source: International Energy Agency [65]. The data include national government funding to support
the installation of pilot and demonstration plants.

Much of the basic knowledge needed to generate energy from burning internal organic residual
products (i.e., black liquor, bark), and through back-pressure turbine power generation, had been
established before the first oil crisis, but the soaring oil prices and government subsidies for pilot and
demonstration projects increased the incentives for exploring these options further [66,67]. Yet other
pilot projects involved more efficient heat recovery, and improved press and drying technologies [68].
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Nevertheless, the responses to the oil crises also involved more novel R&D efforts and solutions.
The energy R&D and demonstration activities in the Swedish pulp and paper industry could use—and
benefit from—the R&D platforms and state–industry relationships that had been established over a long
period. The combination of government support and industry-wide R&D cooperation implied a lower
risk for the companies, and the STFI represented the key collaborative arena in the industry’s responses
to the oil crises. From the 1960s and onwards, every member of the SCPF, i.e., every single Swedish
pulp and paper mill, had to contribute to the funding of the STFI’s R&D activities [39]. Marklund [40]
notes how the STFI represented a bridge between basic R&D on the one hand, and industrial adoption
on the other (see also [69]).

The protective shelter of the institution, through its controlling of large quantitative and
qualitative resources, has been essential for the particular learning in R&D that took place
there—and this also attracted good researchers (Marklund [40], p. 186).

One of the most significant achievements, where the STFI and its researchers played a key role,
was the development of so-called modified continuous cooking. During the 1970s, the STFI had
initiated projects involving improvements of the pulp bleaching process; the aim was to decrease the
use of chemicals and increase the level of delignification in the digester. In the early 1980s, novel
methods of cooking the wood chips that result in pulp with low levels of lignin were developed.
This implied that the released lignin and other organic substances in the spent cooking liquor could be
used for energy production in the recovery boiler [70]. This helped reduce the use of external energy
sources and chemicals needed in final bleaching, thus also reducing the emissions of chlorinated
substances from bleaching [71].

The STFI was also one of the key collaborative R&D arenas in the development of improved
process control and optimization [72], such as for washing and in the lime kiln and recovery
boiler [73]. Marklund [40] notes that the industry’s approach to process control was empirical
rather than theoretical, largely due to the large number of connections and their complexity. In other
words, these development activities can be described as learning-by-doing processes, and involved
collaborations with key equipment suppliers (e.g., ASEA). In the case of washing, experiments were
conducted in cooperation with Korsnäs (today BillerudKorsnäs), and this resulted in reduced process
variations (and, as a consequence, a lowered energy use). The new system became standard in the
industry [39]. Corresponding improvements were made with respect to the energy performance—and
overall stability—of the lime kiln, this time in collaboration with the Mörrum mill.

Equipment suppliers were also heavily involved in the development activities led by the STFI,
such as in a project on developing process control systems for recovery boilers [39,74]. This project
received government grants, involved one supplier of recovery boilers and practical tests at the
Mönsterås mill. The new system made it possible to achieve a higher stability in the energy load
(as well as reduced emissions of sulfur dioxide), and it was widely diffused in the industry. By the
end of the 1980s, at least 60 percent of the recovery boiler capacity in the country involved some
type of process control [39]. Marklund [40] remarks that overall process control technologies diffused
more rapidly in the pulp and paper industry compared to other process industries. One reason for
this is that standardized system solutions are easier to implement in the pulp and paper industry
due to the presence of several subprocesses with similar designs across mills. Still, Marklund [40]
argues, the rapid diffusion of such technologies should also be attributed to the relatively open attitude
towards information sharing in the sector at the time.

The above progress in the field of process control and optimization also helped improve the
competitiveness of the pulp and paper industry [75]. During the 1990s, process system technologies
became increasingly computerized, and several types of new information systems were adopted and
tested [76].
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4.3. Partial Dismantling of the Cooperative Approach, 1985–2000

During the 1980s, the conventional wisdom in the Swedish pulp and paper industry was that
the past R&D cooperation had been a major source of success for the sector, and in 1985, the retiring
director of the STFI called for widened cooperation in the future [73]. For instance, he emphasized the
importance of further engaging equipment suppliers and individual companies with STFI activities,
e.g., by pooling resources from mills facing similar problems. In addition, he argued, it was essential
to establish a collaborative R&D arena for researchers at the STFI and the university departments,
respectively. A related argument for the importance of industry R&D cooperation was put forward
by a cellulose technology professor in 1987 [77]; he emphasized the important role that equipment
suppliers had had for developing the competitiveness of the country’s pulp and paper industry.
While both Stockman and Croon praised the role of STFI as a key collaborative arena for industry-wide
R&D, they also sensed that the industrial companies had become less keen on sharing R&D resources.
The Swedish pulp and paper industry, Croon argued, suffered from “conservative destructiveness” [77].

The prerequisites for R&D cooperation did indeed change during the second half of the 1980s,
not least in the form of an altered perception of the role of the collective research institutes such as the
STFI. This was in turn a result of both political change and new sector-internal priorities. Changes in the
political sphere contributed to a weakening of the industry research institutes; government support of
the universities increased substantially during the 1980s and the 1990s, and very much at the expense
of lower funding to the institutes [63]. Figure 2 shows that the total government support of industrial
energy R&D was comparatively low during the entire 1985–2000 period. Pettersson [78] explains that,
at the time, this policy shift was partly rooted in the notion that the university sector was expected to
take more responsibility for applied R&D and innovation, and also collaborate more with industrial
sectors [79].

Some scholars even claim that the Swedish corporatist, consensus-seeking approach to
state–industry relationships became weaker during the 1990s and onwards [80], although others
maintain that it remains a relevant description of the current Swedish policy model [81]. In any case,
during the 1990s, there was less room for the collective industry research institutes, not only for the STFI
but also for corresponding institutes in other industrial sectors such as the mining and metals industry.
This, industry representatives argued, constituted a particular threat for R&D on challenges shared by
industrial companies, not least for challenges related to energy savings and limited environmental
impacts [82]. Moreover, fears were expressed that an efficient interaction between basic and applied
R&D would become more difficult to realize [39].

At the sector level, structural changes in the pulp and paper industry led to a consolidation,
and the emergence of larger companies [83], which also considered it rational to conduct more of the
applied R&D in-house. The STFI was therefore induced to take on more basic R&D endeavors, but this
did not benefit the smaller companies, which as a result faced fewer incentives to contribute to STFI
activities. Consequently, in 1993, the mandatory participation in the STFI platform ceased, and it was
replaced by a model based on bilateral R&D agreements [39]. Moreover, the Swedish pulp and paper
companies also began to increasingly prioritize cooperation with university departments, in part due
to less government R&D funding being allocated to the STFI [39], but also as a way of attracting and
recruiting new staff, such as process engineers.

In spite of these political and structural changes, the STFI retained its position as one of the
key actors in the case of energy R&D for the pulp and paper industry, but in a partly new disguise.
Three changes are worth noting. First, in 1993, the STFI went through an organizational change,
and one important outcome of this was a clearer distinction between the basic and applied R&D
departments. Eriksson [39] refers to this as the emergence of “a moat” between the two departments.
Second, since the industry started to collaborate more directly with university departments, there was
often more direct competition between the STFI and the university sector. In this way, the STFI in part
lost its role as a bridge between basic R&D and industrial applications. Third, the emerging arenas for
R&D cooperation were project-based rather than being characterized by continuous, and occasionally
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more long-run, development activities under the auspices of the STFI [39]. One relevant example of this
development is the launch of a new joint research project—the so-called KAM project—involving the
STFI, several universities and a few industrial companies. It ran over two shorter periods, 1996–1999
and 2000–2002, respectively [84–86], and the main funding came from the government.

Around 1990, the Swedish pulp and paper industry began to focus more on achieving a more
efficient use of electricity, in part a natural consequence of the increase in electricity use at the expense
of fossil fuels during the early 1980s. These R&D activities focused on, for instance, improved process
control [72], and reduced electricity use through eliminated wear losses in large pumps [87]. In terms
of realized electricity savings, the most significant outcomes of these—and related—efforts primarily
became evident after the turn of the century [13]. From the late 1990s and onwards, there was also further
interest in internal electricity generation through investments in so-called backpressure turbines [88].
The development towards increased internal electricity generation was largely policy-driven; it was
induced by the electricity market reform (1996), the green certificate scheme for renewable electricity
(2003), and the European Union emissions trading scheme for carbon dioxide (EU ETS) (2005) [89].
At a general level, government support of energy R&D also helped promote a more efficient use of
electricity in the industry. Nevertheless, its role was more modest during the late 1980s and early
1990s compared to the 1975–1985 period (see Figure 2), in part as a result of the deep macroeconomic
recession in Sweden in the early 1990s.

The above-mentioned KAM-project also illustrates the reallocation of funding for R&D efforts
addressing energy potentials, resource efficiency and the increased recovery of excess energy at pulp
mills [90]. This involved, for instance, research on black liquor gasification [91,92], where the spent
cooing liquor from a chemical pulp mill (or solid biomass) can be used to produce heat, electricity,
or synthesis gas (syngas), which in turn can be upgraded to various fuels [93]. Still, a lot of attention
was also devoted to closing the cycles through improved process integration. In a follow-up R&D
endeavor—the so-called FRAM project (2003–2004)—these development efforts focused much on
the extraction of lignin as this permits a capacity increase in pulp production. In other words,
less attention was devoted to using the syngas (or the lignin) to diversify the sector’s product portfolio,
e.g., by producing biofuels such as ethanol or DME (dimethyl ether), green chemicals and/or carbon
fibers [94,95]. Quite a few people in the sector argued that this R&D scope was too narrow, and needed
to include novel business models [96]. Others, however, claimed that product diversification required
a more fundamental change in the relative prices of raw materials as well as significant further R&D
and development efforts [97].

4.4. In Search for New Cooperative Approaches and Value Chains, 2000–2010

When entering the 21st century, a few of the success factors facilitating the past transition away
from fossil fuels had been lost. The role of the research institutes, such as the STFI, was now weaker.
In addition, while innovations had for long been developed in close cooperation with institutes,
equipment suppliers and consultants, this now occurred to a lesser extent. Often, R&D would simply
be outsourced to technology providers such as Valmet and Metso [98]. The level of corporate R&D
among Swedish pulp and paper producers was (and has remained) low, typically below one (1) percent
of the total turnover [99,100]. Instead, the universities have come to dominate the R&D landscape,
in turn resulting in relatively low levels of applied R&D as well as comparatively limited coordination
and information sharing among key industrial partners.

Still, at the turn of the century, attempts were made to revitalize the R&D collaboration arenas
in the Swedish pulp and paper industry, not least by promoting more applied R&D that could serve
as an efficient bridge between basic R&D and commercial application. In the preparatory work for
a new energy research endeavor, the so-called “Resource efficient and climate-friendly forest industry”
program, Wejding and Wendt [101] argued that such applied R&D ought to be conducted with close
cooperation between the researchers (at universities and institutes), the process engineers within the
industry, and the relevant equipment suppliers.
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Such an approach ensures that results from basic R&D are exposed, that they are assessed
from the perspective of the industry and equipment suppliers, and that investment and
operational economic analyses are conducted in a serious manner (Wejding and Wendt [101],
21, authors’ translation).

The new R&D program—which, as of August 2020, is still ongoing—has searched for solutions
to the pulp and paper industry’s challenges in the energy field. The first ten years of the program
were characterized by quite a strong focus on black liquor gasification and process integration,
i.e., methods for designing integrated production systems, ranging from individual processes to total
sites, often with a special emphasis on energy efficiency. The new program also involved R&D on
forest-based biorefineries, i.e., in which the entire potential of forest raw materials and byproducts are
used to produce a diverse set of products, including transport fuels, chemicals, and bio-based materials
alongside the traditional pulp and paper products [102,103].

In 2012, the pulp and paper industry’s new energy R&D program was evaluated [104], and this
evaluation concluded that the program helped improve the competitiveness of the sector. Interviews
with company representatives showed that an important component of the program was that it
established an arena for collaboration and information sharing among technicians. Such interactions
were, not least, important for facilitating the adoption of energy-efficient equipment in auxiliary
systems, e.g., pumps and fans [105,106]. In this way, the program succeeded in revitalizing at least
a few components of the old innovation system.

At the same time, other weaknesses in the system remained unattended. Most notably, the Swedish
government chose a highly proactive and coordinated strategy in response to the oil crises during the
1970s [15], e.g., engaging several government agencies in the above-mentioned energy program [62].
Even if public R&D expenditures increased during the early 2000s (see also Figure 2), largely due to
increased concerns about climate change, clear signs of policy coordination have been less frequent
since the turn of the century. Research instead points to a lack of coordination—and even mutual
understanding—among government ministries and authorities in relation to the industrial energy
transition [107]. This hampered the progress from the pilot and demonstration phase to the commercial
adoption phase in the pulp and paper industry since the required policy tools were not in the realm of
a single ministry. The absence of far-reaching policy coordination has been particularly negative for the
progress of more radical biorefinery concepts, including black liquor gasification, which requires long
development periods during which a large number of technological and market-related uncertainties are
reduced, effective actor networks emerge and existing institutions are aligned. In fact, the pulp and paper
companies’ interests in black liquor gasification weakened during the 2000s [104]. These companies
have instead become more interested in lignin extraction, which involves fewer changes in the core
processes and therefore lower risks [98].

Research shows that often biorefinery development projects have lacked participation from the
pulp and paper industry (however, see Peck et al. [108] for some exceptions). The development of
novel biorefinery concepts requires new types of challenges and forms of cooperation compared to
earlier, thus often spanning across different industries as well as areas of expertise. Ericsson and
Nilsson [98] note:

The strategic competences of the [Swedish pulp and paper industry] in this regard are
wood acquisition and wood processing while it does lack the knowledge, infrastructure and
distribution channels related to chemicals and transportation fuels. Collaboration across
industry sectors and with public agencies is therefore considered necessary for the
development of biorefineries (pp. 23–24).

The pulp and paper industry has traditionally, however, relied on single industry platforms;
this implies difficulties in establishing effective strategic partnerships with actors along new value
chains [109,110]. Instead, the development activities in the biorefinery field increasingly take place
in niche organizations and equipment suppliers. This, though, can halt the emergence of promising
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and valuable chains, since incumbent actors often are the ones who integrate emerging technological
trajectories into existing operations.

Finally, the often limited ability of the pulp and paper industry to absorb and translate new
knowledge into new business opportunities, and use this to pursue commercial opportunities
outside their core business segments, has also contributed to the limited involvement in biorefinery
development [107]. The low levels of corporate R&D referred to above can be viewed as an indicator
of a relative lack of absorptive capacity. This lack of absorptive capacity may not only be related to
potential future markets and customers; it may also relate to procedural knowledge in terms of how
the industry interacts and collaborates with different types of actors and shares experiences [111].

5. Discussion

This paper has shown that the sectoral innovation system (SIS) of the Swedish pulp and industry
performed well in terms of responding to the soaring energy prices in the 1970s, including the
development and diffusion of new energy efficient and fossil-free processes. These results are in line
with previous research concluding that the specific contextual and historically shaped conditions of this
particular industrial sector in many ways have facilitated the transition to deep emissions reductions,
cleaner energy use, and improved energy efficiency [1,15,112,113]. The transition relied on government
involvement in industry-wide R&D projects, and intense information sharing among the key actors.
New knowledge and energy-efficient processes were advanced jointly and sometimes incrementally
through close interactions between the pulp and paper companies, the government authorities and the
research institutes.

An important contribution of this paper is its emphasis on the role of industry research institutes.
During the 1980s, the STFI played a particularly important role in terms of serving as a bridge between
basic energy R&D and industrial application. The academic literature on sustainability transitions has
not studied industry research institutes in much detail (see, however, Bergquist and Söderholm [43] and
Guan et al. [114]). Our analysis suggests that such institutes could fill important gaps in the innovation
systems of process industries. First, in the process industries, technological development largely takes
place as a result of the R&D efforts undertaken by equipment suppliers, universities, consultants,
and industry research institutes. In this context, the industry institutes often serve as collaborative
arenas for all these actors, thus ensuring that basic R&D can be channeled into industry-focused
applied R&D and pilot and demonstration projects.

Moreover, through these institutes, which are typically cofunded by the government, industrial
companies could also overcome the private disincentives for investments in corporate R&D. One barrier
includes the high development costs of technological development in relation to highly uncertain
rates-of-return in terms of market opportunities and improved performance [98,115]. The knowledge
generated in association with new process technology also tends to diffuse rapidly, which creates
difficulties in controlling property rights to any innovations (through patents). Nevertheless, by pooling
resources in a joint research institute, industrial companies can considerably decrease costs and risks.
This could also make it possible to reach a critical mass of R&D activities aimed at general-purpose
technologies (see also [40]).

Previous economics research has noted that some forms of R&D cooperation among industrial
companies could result in strategic behavior and even market efficiency (cartelization) [116]. Still,
the incentives for such behavior will differ across various sectors, e.g., due to the degree of product
differentiation. Notably, in the pulp and paper industry there is typically a relatively high degree of
product differentiation with different producers operating in rather closed markets and facing partly
different customers [40]. In other words, the risk of cartelization-like behavior should not be that high
in this sector.

Our analysis also carries a few important implications for policy. The most basic implication
is that the role of policy stretches beyond the funding of basic R&D and concept development.
Policy also plays an important role in expanding the scope of the learning processes beyond advancing
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scientific knowledge and reducing technical risks, and towards promoting both general and proprietary
knowledge development such as learning-by-doing (see also [117]). For instance, a mix of government
R&D support and cofunding pilot and demonstration plants and applied R&D at industry research
institutes can create variation, and permit new inventions to be verified, optimized and up-scaled [29].
Our analysis of the Swedish pulp and paper industry has illustrated how the Swedish government
began to give priority to university research during the late 1980s and 1990s, and how this led to
reduced R&D being applied, and, in turn, a weakened innovation system. However, universities and
industry research institutes are not substitutes for this (see also [118]).

Furthermore, policy also needs to involve measures that strengthen existing actor
networks—so-called network management. Specifically, this implies government interventions that
initiate new interactions and coalition building, but also attempts to set up goals and visions, as well
as propose effective organizational solutions [3]. Our empirical results support the conclusion made
by Hansen and Coenen [110] that the important role of the incumbent pulp and paper industry for
biorefinery development should make the case for network management a strong one.

[ . . . ], regarding the new value chain relations, the analysis suggests that facilitation of
contact to downstream actors is very important for the commercialization of biorefinery
technologies, [...]. Thus, policy can potentially play an important role in facilitating network
formation by creating arenas for interaction between pulp and paper firms and potential
downstream actors (p. 509).

In other words, given the new challenges for the pulp and paper industry, government policy
in the context of sustainable technological development must increasingly address the character,
the performance and the outcome of actor networks.

Finally, while this paper supports previous research emphasizing that innovation policy needs to
build on a wide mix of various instruments [119], it also illustrates that relatively high-performing
innovation systems can lose momentum due to largely external factors, such as structural change
in the industrial sector and altered political preferences. For this reason, an important component
of innovation policy is to conduct continuous follow-ups on the strengths and weakness of existing
innovation systems.

6. Conclusions

This article provides an innovation system perspective of the development of energy efficient
and clean process technologies in the Swedish pulp and paper industry over a four decade-long
period. The analysis elaborated on the importance of knowledge development, actor networks,
and institutions (including policy intervention) for developing and diffusing energy-efficient and clean
technology in this sector. Moreover, significant changes in the sectoral innovation system were shown
to have influenced the relevant R&D and demonstration activities, not least through a weakening of
research institutes, such as the STFI, which engaged in both basic and applied R&D but also assisted
in stimulating knowledge transfer in industry.

Overall, the results illustrate the importance of well-functioning sectoral innovation systems
for successful technological development and diffusion processes. Industry-wide R&D activities,
trust-based state–industry relationships, and intense information sharing, are vital prerequisites for
successful industrial energy transitions. One important implication is that the role of policy stretches
beyond the funding of basic R&D—it also involves instruments that strengthen actor networks,
build competence, and support the applied industry research institutes, which can help provide bridges
between basic knowledge generation and concept development (at universities) on the one hand,
and industrial applications on the other. Government interventions to promote new actor networks
are particularly important for current attempts to progress different biorefinery technologies.

The analysis in this article also indicates a number of interesting avenues for future research.
Even though the paper has illustrated that significant improvements in energy use and efficiency took
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place from the 1970s and onwards, there exist important barriers to further—and, not least, provide more
radical—innovation in the pulp and paper production processes, e.g., high capital intensity and use.
This opens up for future research work on how efficient green innovation systems can be established
that promote the development of zero-carbon production technologies in capital-intensive process
industries. As noted above, the important role of industry research institutes is to be collaborative arenas
linking basic knowledge generation (at the universities) on the one hand, and promote commercial
adoption on the other. Moreover, the pulp and paper industry’s increased focus on product and not
only process innovation implies yet other challenges in the form of the need for increased collaboration
with new types of actors, such as companies in other industry sectors, as well as an increased ability to
absorb new knowledge and pursue commercial opportunities outside the core business segments.
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