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Complex systems and changes in their structures and processes directed towards more 
sustainable practices have been increasingly investigated. However, such transitions 
towards sustainability have often been hindered by lock-in, where positive feedback locks 
the system into a certain outcome. In the forest-based bioeconomy transition in the boreal 
region, lock-in has played a two-fold role. On the one hand, it has driven force-resisting 
changes, whereas on the other hand, it has accelerated the implementation of novel 
practices. Qualitative and quantitative approaches were employed in this dissertation to 
identify the types, effects and related alternative outcomes of interconnections of lock-in 
mechanisms in the transition of complex systems towards sustainability in the context of 
the forest-based bioeconomy. The results identify maintaining interconnections 
supporting lock-in and transformational interconnections facilitating lock-out, not only in 
historical transition but also in future renewal. In addition, the effects of interconnections 
and related outcomes, such as a diversified product range and improved environmental 
sustainability, have been made visible in the forest-based bioeconomy transition. A wide, 
systemic view of this dissertation enables a comprehensive understanding of the 
interconnections of complex system transitions in terms of company-level practices and 
critical ecological limitations. 

Keywords: path dependence; sustainability transitions; system dynamics; complex 
systems; forest industry; forest bioeconomy  
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1 Introduction 
The planet Earth, constituted by plants, animals, humans and their environment, forms a 
living ecosystem with diverse interactions (Malone, 1986). In the past 600 million years, 
changes in the ecosystem, such as drops in sea levels and climate change, have caused 
five mass extinctions (Raup, 1986). In addition, recent rapid losses in the number of 
species indicate a sixth mass extinction (Barnosky et al., 2011). In fact, all forms of life 
have faced challenges while searching for solutions to growth in a limited environment. 
For example, humans living on the planet Earth and bacteria living in a nutrient-rich petri 
dish share similarities regarding the limited available resources, submergence in produced 
waste and development leading to stagnation or collapse (Clark, 1989). To overcome such 
challenges and avoid undesirable development, humans increasingly learned to utilise 
natural resources and develop new practices regarding the development of agricultural 
practices and the subsequent industrial revolution.  

The first industrial revolution in the 18th century, enabled by multiple technological 
innovations in the textile, iron and steel industries and transportation, increased economic 
growth and wealth (Mohajan, 2019). This development continued in the second and third 
industrial revolutions, where new technical achievements, such as electrification in the 
first half the of 20th century and digitalisation in the second half of the 20th century, 
accelerated changes in the economy, producing a shift from an agrarian and handicraft 
economy to the industrial mass production of products (Xu et al., 2018). In addition to 
achieving positive social impacts, the first industrial revolution also accelerated the 
increase in child labour, the slave trade and environmental pollution (Mohajan, 2019), 
whereas the second and third revolutions worked as a springboard for the rapid increase 
in the world population and income inequalities across the world (Lucas, 2002). Recently, 
the ongoing fourth revolution in industries includes a transition to green energies and 
technical achievements, such as the internet and high-tech industries, which differ from 
the earlier industrial revolutions in terms of speed, scale, complexity and power (Xu et 
al., 2018). However, the interactions of sociological development enabling a flow of 
goods for the demands of modern life have contributed to not only economic development 
but also global environmental challenges (Centeno et al., 2015). 

Human activities have increasingly changed ecosystems and the geological state of planet 
Earth in terms of land use changes, deforestation and fossil fuel use, which has been 
characterised as the transition from the holocene to the anthropocene (Crutzen, 2006). 
Such a transition has caused interdependent environmental challenges, e.g. climate 
change, biodiversity loss and changes in the nitrogen cycle (Rockström et al., 2009). Such 
environmental challenges have been interlinked with the social challenges of humans, 
such as fulfilling basic needs regarding water, food and income (Leach et al., 2013). As 
a response to these sustainability challenges, the transition to a system that fulfils social 
human needs within environmental limits has been suggested (for example, Meadows et 
al., 2004; Raworth, 2017). The sustainability science discipline has sought to meet 
sustainability challenges (Clark and Dickson, 2003) and create well-being by developing 
better practices for the production of goods and services (Clark and Harley, 2019). The 
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bioeconomy and its sectors, such as the forest-based bioeconomy, have been highlighted 
as one solution in the transition towards sustainability in recent policy strategies (for 
example, European Commission, 2018) and thus received increasing attention in recent 
research on sustainability impacts (Karvonen et al., 2017). However, the forest-based 
bioeconomy transition towards more sustainable practices has been, on the one hand, 
hindered and, on the other hand, enabled by the concept of the lock-in (Luhas et al., 2019).  

The lock-in has roots in studies of path dependence, which explain how increasing returns 
in the economy cause lock-in to a certain outcome (Arthur, 1989). This mechanism results 
in a twofold nature from the viewpoint of the transition towards more sustainable 
practices: on the one hand, increasing returns support existing regimes by hindering the 
development of alternative paths (Unruh, 2000) and sustainable innovation (Foxon, 
2002), but on the other hand, these returns facilitate niche development and more 
sustainable alternative solutions (Martin and Sunley, 2006; Klitkou et al., 2015). More 
specifically, such a transition and its direction in the future are dependent on the 
interconnections of lock-in mechanisms (for example, Näsi et al., 2001; Klitkou et al., 
2015; Seto et al., 2016; Poesche and Lilja, 2016). 

1.1 Positioning the dissertation within the current research 

1.1.1  Theoretical positioning of the dissertation 

This dissertation is positioned within the interdisciplinary space of sustainability science, 
bringing together scholarship from both the natural and social sciences. The dissertation 
has a theoretical foundation in complex systems and related subdisciplines, such as 
network theory and system dynamics, which are rooted in systems theory. The 
dissertation contributes to complex systems from the viewpoint of socio-technical 
systems. More specifically, the main focus of the dissertation is on socio-technical 
systems as a part of socio-ecological systems, which also include socio-economic systems 
(indicated as bold in Figure 1).   



1.1 Positioning the dissertation within the current research 

 

17 

 

Figure 1: The theoretical position of the dissertation.   

Nonlinear systems can be presented as interconnections of dynamic and static elements 
(Billings and Falkhouri, 1982) that constitute a self-organised, complex system 
(Kauffman, 1993). Complex systems research that applies both the natural and social 
sciences has received increasing attention in many disciplines (Ladyman et al., 2013). 
Sustainability science discovers the relationships of such systems constituted by nature 
and society to understand interactions between and within the systems: how social 
changes shape the environment and how the environment shapes society (Clark and 
Dickson, 2003). More specifically, much attention has been paid to sustainability 
challenges and how to meet them (Clark and Dickson, 2003). Three core themes of the 
research have been identified: scientific understanding, sustainability goals and 
sustainability pathways (Jerneck et al., 2011). Even though the challenges, practices and 
goals have been debated in multiple, partly siloed disciplines, a common vision of human 
well-being within and across generations has formed the consensus of researchers (Clark 
and Harley, 2019). In line with this, the theoretical framework of this dissertation is 
strongly linked to the social dimension of sustainability while addressing the transition 
towards sustainability through socio-technical systems.  

Socio-technical systems explain technical development formed by new technical objects 
applied to human functions (Ropohl, 1999). The research has focused, for example, on 
designing and thus aiming to optimise dynamic and evolving social and technical aspects 
jointly; these socio-technical systems cannot be fully predicted or designed, but still, 
empirical cases have presented evidence of how design and planning can have an impact 
on the transition (Bauer, 2009). The socio-technical system has been a central part of 
sustainability transition research, which has tried to describe socio-technical change with 
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complex challenges (Markard et al., 2012; Köhler et al., 2019). The research has criticised 
a lack of engagement in more predictive research and included a wider range of complex 
problems and global challenges (Davis et al., 2014), such as addressing socio-ecological 
systems (Røpke, 2016).  

The socio-technical system is considered part of the socio-ecological system (for 
example, Raworth, 2017). The socio-ecological system constitutes interconnections 
between biophysical systems and social systems, which have grown to the point where 
the human-dominated ecosystem is highlighted (Young et al., 2006). This development 
has been implemented as overharvesting of resources and growing greenhouse gas (GHG) 
emissions have disturbed the system in unpredictable ways without leaving time for 
adaptable actions; thus, the change from conventional notions of risk, stability and control 
to a dynamics of resilience, vulnerability and adaptability has been proposed (Young et 
al., 2006). To understand these interconnections and enhance the state of the socio-
ecological system, frameworks addressing vulnerability (Berrouet et al., 2018) and 
resilience have been developed, such as doughnut economics (Raworth, 2017). 

The socio-technical system is considered to include the socio-economic system as a 
smaller subsystem (for example, Manca, 2018). The socio-economic system explains 
non-linear interactions of elements, such as companies, organisations and societies 
(Helbing, 2009), and related ownership, business models and governance (Manca, 2018). 
In line with the socio-ecological system, socio-economic systems also behave 
unpredictably—for example, due to hazards or phase transitions—and respond through 
feedback loops (described in Chapter 2.1.3) (Helbing, 2009). This development is seen 
as a transition led by innovations as a result of knowledge conversion into products 
needed for individual or public demands (Dudin et al., 2013). 

1.1.2 Empirical positioning of the dissertation 

This dissertation has an empirical foundation in the forest-based bioeconomy as part of 
the larger bioeconomy. Instead of describing the forest-based bioeconomy, most of the 
literature defines the bioeconomy more precisely. More specifically, the definitions of the 
bioeconomy and forest-based bioeconomy have evolved from simplistic to more diverse 
since the beginning of the 21st century (Paletto et al., 2020). McCormick and Kautto 
(2013) define a BE as an economy in which materials, chemicals and energy are derived 
from renewable biological sources. Although there are numerous definitions of the 
bioeconomy in the literature, they all share two key points: sustainability has been a 
theoretical foundation (I), and innovation and knowledge have played a central role 
(Paletto et al., 2020). Wolfslehner et al. (2016) characterise the importance of the forest-
based bioeconomy in providing wood and non-wood materials, energy and other 
ecosystem services. Ecosystem services are considered processes and conditions in 
ecosystems that enable human activities (Daily, 1997). In addition, three main themes of 
forest-based bioeconomy development can be identified: sustainable development, 
bioenergy and climate change mitigation (Paletto et al., 2020). Overall, specific empirical 
positioning of the forest-based bioeconomy may be difficult due to geographical 
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differences and various understandings in different sectors that are constantly evolving 
(Paletto et al., 2020). Nevertheless, establishing a foothold in these descriptions, the 
empirical position of the dissertation (indicated as bold in Figure 2) can be understood 
through ecosystem services. 

 

Figure 2: The empirical position of the dissertation and related examples of processes and products. 

The dissertation contributes especially to wood-based products of provisioning services 
(Figure 2). However, this dissertation also contributes to other ecosystem services to some 
extent. For example, wood-based products and their production have also impacted 
cultural services, such as recreational use, and regulating services, such as the ability to 
provide water purification. More specifically, from the viewpoint of wood-based products 
of provisioning services, the forest-based bioeconomy concept has blurred industry 
structures (Hetemäki, 2014). The forest-based bioeconomy has traditionally focused on 
pulp and paper, wood products, and forestry related to these; however, recently, the focus 
has also increasingly widened to energy, chemicals, textiles and construction 
(Wolfslehner et al., 2016). 

1.2 Research gap 

The following section describes the research gap related to the interconnections of lock-
ins in transitions of complex systems and the forest-based bioeconomy literature. First, 
the interconnections are introduced in transitions of complex systems, followed by the 
description of interconnections in forest-based bioeconomy studies. Finally, the 
contributions of the studies are summarised (Table 1), and research gaps are elaborated. 

Lock-in has been one explanatory concept in the discipline-rich research on transitions of 
complex systems. Self-organised complex systems (Kauffman, 1993), constituted by 
various subsystems, such as nature and society, interact within and between each other 
(Clark and Dickson, 2003). More specifically, elements and feedback loops are used to 
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explain changes in such interconnected systems using the concepts of path dependence 
and lock-in (Arthur, 1989). These insights have become part of sustainability transitions 
research, which explains transitions in different disciplines, for example, through a multi-
level perspective (MLP) at the regime, landscape and niche levels (Rotmans et al., 2001; 
Geels, 2002) and transition management (TM) in socio-ecological, socio-technical and 
socio-economic perspectives (Loorbch et al. 2017). These disciplines share the common 
idea of lock-ins. Interconnections within and between lock-ins have been reported, 
especially in recent research on the transitions of complex systems. 

Unruh (2000) identified interactions between technological systems and governing 
institutions and considered their synergistic coevolution as a techno-institutional complex 
system. More specifically, the elements involved fed into each other and locked out 
alternative technologies, thus creating market and policy failures. Even though Unruh 
(2000) reported some reinforcing forces in the system, Foxon (2002) outlined reinforcing 
interconnections between institutional and technological lock-ins. Klitkou et al. (2015) 
analysed nine various lock-in mechanisms and identified multiple interconnections within 
and between the lock-in mechanisms in more specific ways in comparison to earlier 
research—for example, the absence of network externalities hindered learning effects. In 
addition to focusing on the interconnections in socio-technical systems and their more 
specific socio-economic processes, Spangenberg et al. (2015) and Laborde et al. (2016) 
also investigated lock-in mechanisms in socio-ecological systems: the problems in 
feedback processes prevent learning effects and cause harm to the environment. Seto et 
al. (2016) identified the interconnections of carbon lock-in in institutional, technological 
and behavioural dimensions at multiple scales, from local to national or individual to 
structural. More specifically, in line with earlier research, the interconnections were able 
to reinforce each other and cause harm to the environment. Furthermore, Groen et al. 
(2022) highlighted the intentional and unintentional effects of interconnections fostering 
active and passive stability in climate change adaptation.  

In addition to the transitions of complex systems, the interconnections of lock-in 
mechanisms have been researched in the context of the forest-based bioeconomy. Näsi et 
al. (2001) identified interconnections between lock-in mechanisms in the strategic 
management of forest industry companies. Companies’ actions have been steered by 
different forms of interactive lock-ins. For example, decisions, investments and strategies 
have been affected by knowledge and resources. These interconnections have occurred in 
the pulp and paper industry, especially between research and development (R&D) and 
master’s programmes of universities, which have had an impact on innovation (Poesche 
and Lilja, 2016). Lamberg et al. (2017) described the institutional interconnections of 
lock-in mechanisms of firms steering competitive actions. The abovementioned 
contributions of transitions of complex systems and the forest-based bioeconomy 
literature are summarised in Table 1. 
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 Table 1. Contributions of extant literature on the interconnections of lock-in mechanisms. 

Literature Theme  Main system Main contribution Author 

Transitions 
of complex 
systems 

Fossil-fuel 
powered 
energy 

Socio-
technical 

• Lock-in occurs through 
interactions among technological 
systems and institutions 

Unruh, 2000 

 Sustainable 
innovation 

Socio-
technical 

• Interactions between lock-ins 
can reinforce each other 

Foxon, 2002 

 Energy for road 
transport 

Socio-
technical, 
socio-
economic 

• Interactions between lock-in 
mechanisms can weaken each 
other 

• The absence of certain lock-in 
mechanisms can hinder the other 
mechanisms 

Klitkou et al., 2015 

 Insecticide 
spraying in rice 

Socio-
economic, 
socio-
ecological 

• Interconnections support 
incumbent configurations  

• Interconnections result in 
feedback processes  
and can cause harm to the 
environment 

Spangenberg et al., 2015 

 Inland fishery Socio-
economic, 
socio-
ecological 

• Interconnections occur because 
of resource exploitation 

Laborde et al., 2016 

 Fossil-fuel 
powered 
energy  

Socio-
technical 

• Interconnections occur in 
different dimensions at multiple 
scales 

Seto et al., 2016 

 Coastal 
management 

Socio-
technical 

• Interconnections have intentional 
and unintentional effects 
fostering active and passive 
stability 

Groen et al., 2022 

Forest-based 
bioeconomy 

Strategic 
management  

Socio-
economic, 
socio-
technical 

• Interconnections have an impact 
on the actions of companies 

Näsi et al., 2001 

 Innovation  Socio-
technical 

• Interconnections occur between 
research and development 
(R&D) and education 

Poesche and Lilja, 2016 

 Strategic 
management 

Socio-
economic, 
socio-
technical 

• Interconnections have an impact 
on firm-level competitive actions 

Lamberg et al., 2017 
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The interconnections of lock-in mechanisms occur in transitions of different systems, and 
they affect the surrounding system, including the environment (Table I). In addition, 
interconnections occur in the forest-based bioeconomy industry and have impacts on the 
actions of companies. However, more specific details related to the types of 
interconnections and how they affect the systems have received marginal attention. Thus, 
two research gaps were identified in the extant literature on transitions of complex 
systems and in the context of forest-based bioeconomy: the types and effects of the 
interconnections of lock-in mechanisms. These research gaps are elaborated upon in the 
following chapter. 

1.3 Aims and objectives 

Transitions of complex systems describe changes in the elements of systems and their 
interactions (Kauffmann, 1993). These interactions occurring as a result of feedback 
processes have led to the lock-in of systems and formed interconnections within and 
between the lock-ins of systems. The literature on transitions of complex systems and in 
the context of forest-based bioeconomy has identified some specific features of these 
interconnections, mainly within and between socio-economic and socio-technical 
systems, but also in socio-ecological systems. However, the features of the 
interconnections of lock-in mechanisms and their effects in several integrated systems 
have received marginal attention. Thus, the aim of the dissertation is to increase our 
understanding of the characteristics of the interconnections of lock-in mechanisms in 
transitions of complex systems and in the context of the forest-based bioeconomy. In 
addition, the interconnections are examined in complex systems constituted by integrated 
socio-technical, socio-economic and socio-ecological subsystems. More specifically, the 
main focus is on the socio-technical system, including socio-economic systems as a 
subsystem, whereas a minor focus is on the socio-ecological system as the background of 
the socio-technical system. The research questions are presented in the following 
sections.  

The feedback loops between the elements of systems form different lock-ins. More 
specifically, such lock-ins can be interconnected and have an impact on the elements of 
systems (Spangenberg et al., 2015). Interconnections have been identified between 
certain lock-in mechanisms. However, their more specific characteristics have received 
marginal attention in the literature. Thus, the first research question aims to describe 
different types of interconnections of lock-in mechanisms within and between different 
complex systems and address the path dependence in transitions of complex systems and 
forest-based bioeconomy research. 

The interconnections of lock-in mechanisms have had an impact on the configurations of 
systems (Spangenberg et al., 2015) and caused harm to the environment (Spangenberg et 
al., 2015; Seto et al., 2016). The extant literature has identified some effects of the 
interconnections of lock-in mechanisms on the surrounding environment. However, the 
effects of lock-in mechanisms and related outcomes have received marginal attention. 
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Thus, the second research question aims to describe the effects of interconnections of 
lock-in mechanisms and alternative outcomes in different complex systems and address 
the impact of path dependence in transitions of complex systems and forest-based 
bioeconomy research. 

The dissertation aims to answer the following research questions: 

1. What types of interconnections occur between lock-in mechanisms in the forest-
based bioeconomy from the viewpoint of transitions of complex systems? 

2. What are the effects and related alternative outcomes of interconnections in the 
forest-based bioeconomy from the viewpoint of transitions of complex systems? 

1.4 Structure of the dissertation 

This dissertation includes a summary (Chapters 1–7) and four publications (Papers I–IV). 
An overview of the dissertation is presented below (Figure 3). 
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Figure 3: An overview of the dissertation 

This dissertation is structured by seven chapters and publications (Figure 3). The first 
chapter introduces a short background of the topic, its position in the literature, the 
research gap, aims and objectives, and the structure of the dissertation. The second 
chapter presents a theoretical framework beyond research questions from the viewpoint 
of complex systems, discusses transitions within complex systems and path dependency 
in transitions and finally operationalises the theoretical framework. The third chapter 
introduces the context of the forest-based bioeconomy. The fourth chapter presents the 
research methodologies used in the papers. The fifth chapter introduces the results based 
on the publications (Figure 3); more specifically, the research questions are investigated 
from the viewpoint of product diversification (Paper I), industry development (Paper II), 
circular bioeconomy development (Paper III) and future transition pathways (Paper IV). 
In addition, the fifth chapter finally achieves a synthesis based on the results. The sixth 
chapter discusses the results, and the seventh chapter states the conclusions of the thesis. 
In addition to a summary, the final section presents the publications of the dissertation.
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2 Theoretical framework 
The following section describes the theoretical framework of this dissertation. First, 
complex systems and their characteristics, elements and feedback loops are introduced. 
Second, sustainability transitions, regime, lock-in and related concepts are described. 
Finally, the abovementioned framework is operationalised for this dissertation.  

2.1 Complex systems 

Many scholars, such as those in biology and economics, have investigated complex 
systems and their behaviour and tried to derive characteristics from diverse systems, from 
small socio-economic systems to medium socio-technical and large socio-ecological 
systems. Kauffman (1993) outlined complex systems as self-organised systems whose 
structure is constituted by their elements.  Understanding the elements of such systems 
and their interconnections through feedback loops has worked as a basis for, for example, 
understanding lock-in (Arthur, 1989). Context-rich studies have presented numerous 
examples of such systems, the most classic of which is the human brain as a complex 
system: neurons work as elements that stimulate each other and their environment, and 
these interconnections create a massive, complex system. There have been difficulties in 
understanding and modelling such a system. Thus, complex systems as a whole are poorly 
understood in comparison to their individual elements, which are relatively well 
understood (Ottino, 2003). Nevertheless, scholars have identified specific characteristics 
of such systems.  

2.1.1 Characteristics 

Complex systems can have simple or diverse characteristics that might vary depending 
on their position and state. First, nonlinearity and spontaneous order have been central in 
complex systems (Kauffman, 1993), which provide a distributed structure, robustness and 
stability under perturbations (Ladyman et al., 2013). Although nonlinearity and order 
have been loosely defined in some studies, these features are used, for example, when 
referring to symmetry, organisation or patterns (Ladyman et al., 2013). Secondly, systems 
might have the ability to adapt due to adaptive evolution (Kauffman, 1993), which enables 
adaptability and robustness; however, such features are considered by-products in most 
cases (Ottino, 2003). Third, even though the complexity of systems varies, all complex 
system studies have displayed organisation without applying any external organising 
principles (Ottino, 2003). The abovementioned features of complex systems have 
received increasing interest in sustainability science research, for example, when 
designing systems transitions towards sustainability. To study such systems in a precise 
way and describe system boundaries, different complex systems may be categorised into 
various dimensions.  

The different sizes of complex systems, such as technical, ecological and socio-economic 
systems, have been studied in diverse ways in many disciplines. In addition, multiple 
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systems, such as socio-technical, socio-economic and socio-ecological systems, are 
studied simultaneously (Markolf et al., 2018). To study multiple systems 
comprehensively, systems can be positioned in relation to each other. Taking grasp from 
the concept of strong sustainability, the socio-ecological system is considered a larger 
system as a background of the socio-technical system (Giddings et al., 2002), whereas the 
socio-economic system is considered part of the socio-technical system (Manca, 2018). 
To understand these systems in a thorough way, the elements of such systems are 
introduced in the following section. 

2.1.2 Elements 

Kauffman (1993) described elements as central structures of complex systems. These 
elements are also known as building blocks or agents in the systems literature (Ottino, 
2003). Thus, definitions that describe the structures of complex systems are dependent on 
the context; for example, agents are highlighted in some transitions disciplines. Based on 
the theoretical framework and applied concepts of this dissertation, the elements and their 
feedback loops (described in Chapter 2.1.3) are addressed. 

The elements of complex systems behave in various ways in terms of state and position. 
Billings and Falkhouri (1982) investigated individual elements and their behaviours, 
which provided valuable information, for example, for controlling purposes. First, 
identical and different elements can have varying states, from stable to more active 
(Kauffman, 1993). More specifically, they can learn from the past and modify states 
accordingly in most cases (Ottino, 2003). Second, the elements can move or stay in fixed 
positions (Ottino, 2003). More specifically, the elements are positioned on different levels 
of systems or subsystems based on hierarchical organisation (Ladyman et al., 2013). 
Overall, these findings related to state and position reflect the characteristics of complex 
systems regarding spontaneous order and the possibility of adaptation. To understand the 
behaviours of and relationships between the elements more precisely, the 
interconnections are presented in the following section. 

Interconnections between elements may lead to stimulus and coevolution between the 
elements, which can have larger significance in complex systems. First, interactions 
between the elements can lead to coevolution (Kauffman, 1993). Such development may 
occur with elements that are close or with distant ones (Ottino, 2003). More specifically, 
these interconnections can be presented as elements stimulating not only each other but 
also their environment (Ottino, 2003). In addition, interactions between the elements 
occur through a feedback process (Ladyman et al., 2013). Overall, the richness of these 
interconnections between elements has an impact on the natural selection of complex 
systems (Kauffmann, 1993). To understand the interconnections between elements and 
mechanisms beyond interaction, feedback loops are introduced in the following section. 
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2.1.3 Feedback loops 

Feedback is the transmission of information received from surrounding elements or 
environments through processes and events. Feedback is considered an important process 
in the dynamics of elements in complex systems (Ladyman et al., 2013), and it has 
explained the basic processes of path dependence and lock-in (Arthur, 1989) (explained 
more precisely in Chapter 2.3). Although many feedback studies focus on the 
mathematical modelling of systems, there are also several studies in other disciplines, 
such as biology, economics and transitions. One classic and simple example is a flock of 
birds. The birds have a certain distance from each other, and they have the ability to 
change that distance based on the feedback processes between each other. Feedback is 
usually illustrated as a loop between elements that interact back and forth. The effects of 
feedback loops can be from positive to negative or neutral; thus, the loops are usually 
presented with a sign (+, - or 0) (for example, Plahte et al., 1995). Positive loops have 
garnered greater attention in comparison to negative and neutral loops. Thus, positive 
loops are described more precisely in the following section. 

Positive feedback loops indicate increases in certain dimensions or factors, such as 
distances between birds or blood sugar levels. First, positive loops may cause instabilities 
(Kauffman, 1993) by generating multiple stable states or isolated points and thus support 
the multistationarity of complex systems (Plahte et al., 1995). For example, such 
developments may lead to speciation or extinction events (Kauffman, 1993). More 
specifically, this might show as perturbations at the micro level, which can further have 
macro-level significance (Sterman, 1994). Second, positive loops may cause lock-in of 
systems, for example, in socio-economic (for example, Arthur, 1989), socio-technical 
(David, 1985) and socio-ecological systems (Laborde et al., 2016). In contrast to positive 
loops, negative loops decrease certain dimensions or factors and balance the increases of 
positive loops, and are thus necessary for stability (Plahte et al., 1995). Even though the 
different feedback loops and their behaviours reflect the spontaneous order of complex 
systems to some extent, they may adapt because elements are able to learn about different 
feedback loops (Sterman, 1994). 

Sterman (1994) considered learning through feedback loops, where information feedback 
is received from the surrounding environment and, based on the received information, 
decisions in the making are revised. This indicates that the elements and their behaviour 
are smart rather than spontaneous, with random actions. To study the feedback loops of 
elements in complex systems in an effective way in the social context, tools to learn 
participants’ knowledge (I), articulate and rephrase perceptions (II), and understand the 
feedback structures of problems based on perceptions (III) are required (Sterman, 1994). 
Understanding feedback loops facilitates their management, which may be utilised when 
addressing transitions of complex systems; however, understanding of and reaction to 
feedback loops has become difficult, for example, due to intensification, specialisation 
and distancing (Sundkvist et al., 2005). 
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2.2 Transitions within complex systems 

Transitions are considered in diverse literature, such as in health science (Schumaher and 
Meleis, 1994), sociology and technology (Geels, 2002), ecology (Kennet and 
Winterhalder, 2006) and physics (Eichten et al., 2008). They all share the common idea 
of transitions stemming from changes in the elements of complex systems. From the 
viewpoint of sustainability science, this is greatly focused on social aspects (described in 
Chapter 1.1.1). For example, sustainability transition research explains changes in socio-
technical systems. More specifically, fundamental shifts in socio-technical systems, 
including changes in the elements, such as user practices, industrial networks and 
infrastructure, are considered transitions (Geels, 2002). Thus, sustainability transitions 
and their main subdisciplines are presented more precisely in the following section.  

2.2.1 Sustainability transitions 

Sustainability transition studies, commonly referred to as transition studies, is an 
interdisciplinary, sustainability-oriented transition research field focusing on various 
sustainability challenges (Markard et al., 2012). The transition discipline has widened the 
viewpoint of systemic changes and system innovations, which has helped to coordinate 
and legitimise policies, such as climate policies (Rotmans et al., 2001). Recently, research 
has developed by building bridges between various disciplines, such as business studies 
and development studies, and ‘zoomed out’ to gather a more encompassing understanding 
of transitions, for example, by widening the scope from a single system to multiple 
systems (Köhler et al., 2019). In addition, the research field has focused more on current 
instances, such as the unsustainable transition pathways of SARS-CoV-2 (Clark and 
Harley, 2019) and the Russia-Ukraine conflict (Hosseini, 2022), along with traditionally 
examined historical transitions, especially in the context of energy systems (for example, 
Unruh, 2000; Geels, 2002; Seto et al., 2016).  

The core research strands applied today, such as transition management (TM) and the 
multi-level perspective (MLP), have roots in earlier transition research on complex 
systems (Kauffman, 1993) and technological regimes (Nelson and Winter, 1977). These 
scholars share similar main ideas about the transformations of various socio-technical 
systems and how they evolve and resist change over time. More specifically, transition 
management studies and complex systems share key ideas related to coevolution, 
diversity, interactions and feedback in systems (Rotmans and Loorbach, 2008). Such 
insights occur through feedback loops and path-dependent processes in socio-technical 
systems (Rotmans and Loorbach, 2008). To understand these concepts in the transitions 
of complex systems, regimes, with actors, elements and their interconnections and related 
processes, must be examined (Holtz et al., 2008). 
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2.2.2 Regimes within transitions 

The following sections describe regimes and their interactions in transitions of complex 
systems. First, the regime as a concept and a short background of this concept are 
described. Then, interactions within regimes are introduced. Finally, the interactions 
between regimes are described.  

The regime has been one of the core concepts of transition research in both earlier 
research, such as that on technological regimes (Nelson and Winter, 1977), and later 
sustainability-oriented transition research, such as in TM and MLP (Markard et al., 2012). 
Generally speaking, regimes are in continuous transformation due to changes in rights 
and rules influenced by inner and outer dynamics that respond to changes in the 
surrounding environment. Thus, as a result, regimes can be separated into spontaneous, 
negotiated and imposed types (Young, 1982). The definition of ‘regime’ has varied 
depending on the discipline—for example, between MLP and TM in recent transition 
research. Regimes are described as sets of socially embedded rules or grammar in 
engineering practices, production, skills and knowledge, and ways of handling (Kemp et 
al., 1998; Geels, 2002). In addition, the rules are shaped by social groups, such as users, 
policymakers, suppliers and capital banks (Geels, 2002). In TM, a regime is described as 
a conglomerate of structure (institutional and physical settings), culture (prevailing 
perspective) and practices (rules, routines and habits) (Rotmans et al., 2009). Thus, both 
MLP and TM share similar main ideas about rules in practice with a technological and 
social focus. These rules enable and constrain activities and try to stabilise the 
configurations of regimes through interactions (Geels, 2002). 

Interactions such as those between industry and policymakers enable both stability and 
destabilisation within a regime. On the one hand, stability, as a result of interactions 
between heterogeneous elements (Geels, 2002), is the outcome of active resistance 
against and pressures of instrumental, discursive, material and institutional powers of 
incumbent elements (Geels, 2014). On the other hand, interactions causing changes in the 
elements of regimes facilitate changes in other elements (Geels, 2002), which causes 
tensions and stress, possibly leading to destabilisation (Bosman et al., 2014; Geels, 2014). 
In addition to interactions within regimes, interactions between regimes have received 
increasing attention (Raven, 2007; Rosenbloom, 2020).  

Interactions between regimes form interconnections that respond to changes in the 
surrounding environment. The interactions between regimes occur through connecting 
elements, e.g. biomass between the waste and electricity regimes (Raven, 2007). More 
specifically, these interaction processes, through connecting elements, create 
relationships between the regimes (Raven, 2007), which may be coevolving (Raven, 
2007; Rotmans and Loorbach, 2008), symbiotic or competitive, or lead to the creation of 
new ‘flat’ regimes (Sutherland et al., 2015). However, relationships can change in 
response to changes in landscape-level development, such as the oil crisis and thus 
growing environmental awareness (Raven, 2007). Overall, the widened research focus 
explaining regime interactions has blurred traditional system boundaries and helped not 
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only to uncover alignments and tensions among different systems but also to understand 
lock-in mechanisms that are linked in and across the regimes (Bosman et al., 2014; 
Rosenbloom, 2020).  

2.3 Path dependency in transitions 

The following section describes the concepts of path dependence and lock-in in 
transitions of complex systems. First, the background of path dependence and lock-in is 
introduced. Then, lock-in and lock-out are described more precisely. Finally, lock-in 
mechanisms are introduced.  

Path dependence and lock-in are related concepts in both earlier and recent literature on 
economics. These terms are often used to describe phenomena as ‘path-dependent’ or 
‘locked-in’. The pioneers of path dependence, especially David (1985) and Arthur (1989), 
discovered the economic lock-in to a certain outcome, even though alternative options 
could be superior. Liebowitz and Margoliz (1995) identified three different degrees of 
path dependence that affect the economy in different ways. In first-degree path 
dependence, events do not cause inefficiency in the economy, whereas in second-degree 
path dependence, alternative paths yield greater wealth; hence, a chosen outcome is 
regrettable and costly to change. However, third-degree path dependence is a situation in 
which the outcome is inefficient and could have been avoided with better alternatives. 
One of the most famous lock-in instances in the transition literature is the carbon lock-in 
described by Unruh (2000), which describes the lock-in of fossil-based energy systems 
in industrial countries. In addition to evolutionary economics and transition literature, 
path dependence and lock-in are investigated in related subdisciplines, such as 
competitive dynamics. 

Competitive dynamics has widely applied the concepts of path dependence and lock-in 
(for example, Näsi et al., 2001; Lamberg et al., 2017). Competitive dynamics research 
has roots in Schumpeter’s theory of creative destruction, out of which insights have been 
developed for research themes such as action-based studies of competitive interaction and 
business studies of strategic competitive behaviour (Chen and Miller, 2012). Research 
has focused on explaining the actions and reactions of companies in industry sectors 
(Smith et al., 2001). More specifically, the research has largely focused on the actions 
affecting competitors, competitive advantages and performance in beneficial or adverse 
ways (Smith et al., 2001). Such actions—for example, related to technical solutions, 
ownership of resources and marketing—are influenced by path dependence, which can 
have a long-lasting and strong influence on strategic decisions (Näsi et al., 2001). For 
example, a high degree of path dependence occurs as narrow strategies, close evolution 
of a capability base and institutional environment and system lock-in (Lamberg et al., 
2017). Thus, it is important to understand lock-in and lock-out more precisely.  
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2.3.1 Lock-in and lock-out 

Lock-in and lock-out have appeared in many case studies in the transition literature, for 
example, in the case of carbon lock-in (Unruh 2000, 2002). In such studies, the lock-in 
has been presented as positive and negative across time. First, economic performance is 
increased through positive externalities, increasing embeddedness and inter-relatedness, 
which is presented as a positive lock-in (Martin and Sunley, 2006). More specifically, the 
chosen lock-in gains advantages of incumbency, inertia and support from economic, 
political and social groups that benefit from the lock-in state (Seto et al., 2016).  Second, 
in the long run, economic performance is decreased due to high inter-relatedness and 
embeddedness causing inflexibility and hindering innovation, which is presented as a 
negative lock-in (Martin and Sunley, 2006). Overall, lock-in can appear as positive or 
negative, and it can turn from positive to negative over time. However, this interpretation 
depends on different factors, such as the time sphere and the viewpoint of the inspector. 
For example, industry and environmental protection organisations may see the lock-in in 
different ways. 

In most cases in the transition literature, negative lock-in is not the favoured state, for 
example, due to harm caused to planetary health (Unruh, 2002; Seto et al., 2016), and 
lock-out is the long-term goal. However, lock-out is difficult, and exogenous forces are 
probably required, for example, in carbon lock-in (Unruh, 2002). More specifically, Seto 
et al. (2016) identified factors affecting lock-out: involvement and cooperation of actors 
from different sectors (I); viability, lifetime of the systems, costs of moving away from 
the systems and alternative options (II); and an increase in institutional plasticity, 
institutional change and the fostering of new institutional lock-in to alternatives (III). To 
increase our understanding of lock-in and lock-out, an examination of processes and 
mechanisms beyond the surface is needed.  

2.3.2 Lock-in mechanisms 

Lock-in mechanisms (Klitkou et al., 2015), also called path-dependent processes and 
increasing returns processes in the earlier literature (Arthur, 1989), are the processes 
behind path dependence and lock-in. Arthur (1989) identified four main mechanisms 
causing lock-in: economies of scale, network effects, learning effects and adaptive 
expectations. Former research has identified more lock-in mechanisms, such as collective 
action and the differentiation of power (Klitkou et al., 2015). In addition, the 
interconnections between the mechanisms have been identified (for example, Näsi et al., 
2001; Foxon, 2002). More specifically, the interconnections between lock-in mechanisms 
occur through their interactions, which can have a reinforcing impact on each other 
(Foxon, 2002) in institutional, technological and behavioural dimensions at multiple 
scales, from local to national or individual to structural (Seto et al., 2016).  

The interconnections of lock-in mechanisms can have multidirectional causation within 
and between different levels of lock-in (Seto et al., 2016). In addition, other characteristics 
of these interconnections have been identified. More specifically, in line with the 
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characteristics of lock-in, the interconnections of lock-ins may also be harmful for the 
environment (Spangenberg et al., 2015) and shape systems’ resilience (Laborde et al., 
2016). Such development occurs, for example, through the interactions resisting 
adaptation to climate change across the system (Groen et al., 2022). 

2.4 Operationalisation of the theoretical framework 

The following section describes the operationalisation of the theoretical framework. 
Complex systems theory and the abovementioned concepts, such as feedback loops, work 
as a theoretical foundation for investigating FBB transition. Based on the theoretical 
foundation, various subsystems and relevant concepts are applied. More specifically, the 
main concepts of this dissertation are positioned in the socio-technical system, which also 
includes the socio-economic system as a subsystem; however, the concepts applied here 
have the socio-ecological system as a background.  

Both sustainability transitions research, such as TM subdisciplines, and path dependence 
research, for example, related to feedback loops, have roots in complex systems theory. 
Thus, the main insights of complex systems theory related to their characteristics, 
elements and feedback loops are applied when addressing concepts in transition and path 
dependence research in the context of FBB (Figure 4). To gain a comprehensive 
understanding of complex systems and their relationships and avoid a narrow systemic 
view (Sorge et al., 2022) ignoring the full potential of BE (Wohlfahrt et al., 2019), the 
operational framework includes the socio-technical system as the main system and socio-
ecological and socio-economic systems as minor systems.  
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Figure 4: Operational framework of the dissertation. 

Socio-technical systems have been central in both sustainability transitions research and 
regime research in earlier (Nelson and Winter, 1977) and later literature (Markard et al., 
2012; Köhler et al., 2019).  Thus, the main operational framework for socio-technical 
systems applies sustainability transition research and the concept of the regime (Figure 
4). However, recently, sustainability transitions research has developed and ‘zoomed-in’ 
and ‘zoomed out’ from socio-technical systems to achieve a more encompassing 
understanding of transitions (Köhler et al., 2019). In addition, regime research related to 
interactions has also widened its focus, from individual regimes to multiple regimes 
(Raven, 2007; Rosenbloom, 2020). Thus, the minor operational framework is zoomed in 
on the socio-economic system and zoomed out on the socio-ecological framework. 

Socio-economic systems have been at the core of path dependence research (for example, 
Arthur, 1989; Lieborwitz and Margolis, 1995); however, further developed research on 
lock-in and lock-out (Unruh, 2000, 2002) and lock-in mechanisms (Klitkou et al., 2015) 
has also greatly contributed to socio-technical systems. Thus, considering the socio-
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economic system as a smaller subsystem of the socio-technical system (Manca, 2018), 
combining the micro and meso levels (Hermans et al., 2013) and avoiding overlooking 
the micro level—and hence, for example, ignoring the role of companies in transition 
(Heiskanen et al., 2022)—the concepts of path dependence and lock-in mechanisms are 
applied in the minor operational framework.  

Socio-ecological system constitute interconnections between biophysical systems and 
social systems (Young et al. 2006). The socio-ecological systems have provided a 
foundation, for example, in the concept of strong sustainability, where the socio-
ecological system is considered a larger system as a background of the socio-technical 
system (Giddings et al., 2002), in the concept of doughnut economics (Raworth, 2017) 
and alternative concepts in sustainability transitions research (Köhler et al., 2019). In 
addition, the socio-technical approach has been criticised for not addressing socio-
ecological systems (Røpke, 2016). To understand vulnerability and enhance the state of 
the socio-ecological system (Berrouet et al., 2018) and its relation to economic 
development (Wahlund and Hansen, 2022) and sustainability impacts in the context of 
the forest-based bioeconomy (Karvonen et al., 2017), the strong sustainability concept is 
applied as a background in the minor operational framework. 
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3 The forest-based bioeconomy 
The following chapter introduces the context of this dissertation. The publications of this 
dissertation focused on FBB in Finland. Thus, most of the context description in this 
chapter is presented from the viewpoint of FBB in Finland. First, the forest-based 
bioeconomy is described as part of the bioeconomy. Then, the forest resources in Finland 
are introduced, followed by a short overview of the history of wood-based industries in 
Finland. Finally, transitions in Finland’s forest-based bioeconomy are presented.  

3.1 The forest-based bioeconomy as a part of the bioeconomy 

The context of this dissertation is FBB as a part of BE. In line with the term bioeconomy 
(BE), the forest-based bioeconomy (FBB), sometimes referred to as the forest 
bioeconomy, is a relatively young idea. Papers referring to bioeconomics can be traced to 
the 1960s. However, the first papers referring to the term ‘bioeconomy’ can be traced to 
the end of the 1990s (Birner, 2018). The European Commission (2018) describes BE as 
covering all interlinked sectors that rely on biological resources, their functions and their 
principles. In addition, the Natural Resources Institute Finland (2021) has divided the BE 
into seven different sectors, such as food and energy (Figure 5). The FBB as a context of 
this dissertation is especially constituted by the forest sector but also by other sectors to 
some extent (indicated as bold in Figure 5). For example, only a minor part of the 
construction sector, such as wooden multistorey construction, contributes to the FBB. 

 

Figure 5: The FBB as part of the BE (adjusted from the Natural Resources Institute 
Finland, 2021). 

The FBB accounts especially for the forest sector, but also for all the other BE sectors to 
some extent (Figure 5). More specifically, the FBB concept has blurred traditional 
industry sectors (Hetemäki, 2014). For example, the FBB has traditionally focused on 
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pulp and paper, wood products, and forestry related to these; however, recently, the focus 
has increasingly widened to energy, chemicals, textiles and construction (Wolfslehner et 
al., 2016). 

3.2 Forest resources in Finland 

Forest resources in Finland have their own characteristics in comparison to the forest 
resources of other European Union member states (EU-28) in terms of forest area, private 
ownership, protected areas and contribution to gross domestic product (GDP). More 
specifically, forest resources in Finland account for a remarkably high share (13.8%) of 
the total EU-28 forest areas; more specifically, only Sweden accounts for a higher share 
(17.2%) (Natural Resource Institute Finland, 2021). The share of private ownership in 
Finland accounts for 69% of the total forest area. However, Portugal has accounted for a 
larger share, at 97% (Natural Resource Institute Finland, 2021). Finland has relatively 
few protected forest areas (16%) compared to the average in the EU-28 (24%). The felling 
share of the annual increment is relatively high (80.4%), with only Sweden accounting 
for a higher share (93.7%) (Natural Resource Institute Finland, 2021). Nowadays, almost 
90% of forest areas in Finland are under commercial functions, and pine has been the 
most common cultivated species since 2005; however, there are regional differences, for 
example, between southern and northern Finland (Natural Resource Institute Finland, 
2022). Forest resources in Finland make the highest contribution to the GDP (4.2%). The 
key indicators are summarised below (Table 2). 
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Table 2. Forest resources in Finland in comparison to those in the European Union member states (EU-28) 
in 2020 (Natural Resource Institute Finland, 2021). 

Indicator Unit Finland The EU-28  Year 

Forest area of 
total land are  

[million ha] 23 161  2020 

Share of private 
forest ownership 

[million ha] 15 88  2015 

Protected forest 
areas of total 
forest areas  

[%] 16 24 2015 

Growing stock 
volume 

[million m3] 2249 26,470 2020 

Carbon stock in 
forest (above and 
below ground) 

[million ton] 864 9,802 2020 

Contribution of 
forest sector to 
GDP  

[%] 4.2 0.8 2015 

3.3 History of wood-based industries in Finland 

Even though the FBB is a relatively young concept, the foundation of FBB relies greatly 
on the history of the forest sector—more specifically, its wood-based industry sectors that 
have utilised wood as a raw material, such as the sawmill and pulp industries. The 
following section describes changes in wood-based industries from the viewpoint of key 
indicators for 1990–2020 and product ranges for 1800–2019. 

3.3.1 Changes in key indicators  

Wood-based industries in Finland have become more intensive from 1990–2020: the 
growing stock, carbon stock in harvested wood products, fellings as % of net annual 
increment on forest available for wood supply, industrial roundwood production and area 
of forest plantations have increased, whereas employment has decreased (Table 3) 
(Natural Resource Institute Finland, 2021). 
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Table 3. Changes in wood-based industry-related indicators in Finland for 1990–2020 (Natural Resource 
Institute Finland, 2021). 

Indicator Unit 1990 2020 

Growing stock  [million m3] 1881 2499 

Carbon stock in harvested wood 
products 

[million tonnes] 72 97 

Fellings as % of net annual increment 
of forest available for wood supply  

[%] 68.6 80.4 

Total industrial roundwood removals [1000 m3] 43 230 63 270 

Plantations [1000 m3] 4 150 7 370 

Employment in forestry, wood 
processing and pulp and paper 
industry  

[1000 persons] 124 64 

3.3.2 Changes in product range 

The following section outlines changes in the product range of wood-based industry 
sectors (Figure 6). Due to the empirical position of this dissertation (Chapter 1.1.2), non-
wood sectors of FBB, such as the food and service sector, are excluded from the historical 
overview. 

 

Figure 6: The history of wood-based industry sectors and their product diversification in Finland for 1800–
2019 (adjusted from Kunnas, 2007 and Luhas et al., 2019). 

The FBB has long roots in the different wood-based industry sectors in Finland (Figure 
6). The history of forest industry products in Finland is traced at least to the early 19th 
century, when potash, saltpeter and tar production reached the level of slash-and-burn 
cultivation (Kunnas, 2007). In the middle of the 19th century, the product range included 
primitive pulp and paper products along with tar and sawn goods (Luhas et al., 2019). 
Later, the product range diversified in three waves: first, in the early 20th century, as a 
result of developments in the machine industry, chemical industry and mechanical 
industry, the product range diversified to carboard, tall oil, ply and carpentry products; 
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second, in the middle of 20th century, innovations in the paper and carton industry, 
chemical industry, wood panel industry and cooperation with the packaging industry 
resulted in the product range, when the industrial production of different paper and carton 
grades, spirit and other chemical substitutes, and panel products started; third, at the end 
of the 20th century, technological development in several industry sectors enabled the 
industrial production of new products, such as composites and cross-laminated timber 
(Luhas et al., 2019). 

3.4 Recent transitions in the forest-based bioeconomy in Finland 

As the overview of history above showed, the FBB in Finland has been in transition and 
thus been the focus of transition researchers. Former research focusing on traditional 
sectors in forestry and the forest industry, such as the sawmill and paper industry, and 
recent transitions research focusing on FBB sectors, such as wooden multistorey 
construction and biorefineries, greatly overlap. More specifically, especially in the last 
decades, the terminology used and the research focus of studies have begun to change to 
some extent. The following section focuses on recent transitions research on the FBB and 
its prominent sectors rather than former research. 

The transition of the FBB from the viewpoint of sustainability has received increasing 
attention in diverse disciplines in Finland. The research has aimed to understand the 
relationship between sustainability and the FBB by identifying indicators and tools for 
assessing the FBB’s impact on sustainability (Karvonen et al., 2017) and evaluating more 
specific aspects of transition, such as the impact of structural changes in wood-based 
industries on net carbon emissions (Hurmekoski et al., 2020) and the role of wooden 
multistorey construction in future transitions (Toppinen et al., 2018). In addition, the 
actors involved in such a transition towards sustainability have been investigated not only 
by analysing governance (Bosman and Rotmans, 2016), FBB-related polices (Kröger and 
Raitio, 2017) and recently changed policy regimes (Toivanen, 2021) and views of 
companies (Näyhä, 2019), but also by considering the inclusion of citizens and 
environmental capability (Mustalahti, 2018). Overall, many of the abovementioned 
studies have suggested the implications of enhancing sustainability in the FBB, for 
example, through circularity.  

Transition research in the context of the FBB in Finland has greatly contributed to CBE 
development by combining BE and CE concepts to develop more sustainable practices. 
Drivers, organisational resources and innovations of companies (Näyhä, 2020), novel 
business models in SMEs (D’Amato et al., 2020) and the renewal of FBB industries from 
the viewpoint of the CE have been investigated. More specifically, the strengths of the 
FBB in Finland, along with Sweden, have offered the potential to develop world 
leadership in the CBE (Antikainen et al., 2017). FBB companies in Finland have 
positioned themselves as forerunners of sustainable CBE. However, the key dichotomy 
here is related to the products: should the FBB include low-value bulk products in 
addition to high-value innovative products (Näyhä, 2019)? Overall, the CE has offered 
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insights for the FBB to enhance sustainability and develop towards a CBE. However, 
there is a lack of consistency and coherence. For example, expectations related to 
increases in product value and increased sustainability through closed loops have rarely 
been met so far (Temmes and Peck, 2020). 
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4 Research design 
The following section describes the research design used in this dissertation. First, the 
data used in the publications are introduced. Then, the qualitative and quantitative 
methods are described. Finally, the analytical approaches are introduced. 

4.1 Data collection 

The following section describes the data used in the publications of this dissertation. The 
types of data (both qualitative and quantitative) and their descriptions are introduced and 
summarised in Table 4.  

Data in Paper I focused mainly on narratives that refract the past. The qualitative data 
used were collected from preferred academic literature if possible; however, due to a lack 
of academic literature related to the lock-in mechanisms of FBB, other type of data, such 
as newspaper articles, web pages and presentations, were also used. The timespan of the 
data began with industrialisation in Finland in 1850, when the scale of sawmilling and 
pulp production increased. Transparency was promoted by describing the used data. 

Paper II used a two-stage research approach to collect qualitative data. The qualitative 
data from the first stage’s workshop worked as an input for the second stage’s online 
survey, which produced more qualitative data. In the first stage, data as memos of 
discussions from three different workshops were gathered. The discussions focused on 
predefined questions about the current state and future development of FBB and were 
shaped by experts. In the second stage, an online survey was formed with questions and 
statements based on the results of the workshop discussions in the first stage. Qualitative 
data from the online survey were gathered. 

At the beginning of Paper III, there was a lack of data for LCA calculations, especially 
regarding willow cultivation and wood-based biochar production. Thus, the data in Paper 
III were collected from publications and from interviews with six local suppliers and 
entrepreneurs and one biochar producer. The gathered qualitative and quantitative data, 
such as material flows for closed loops and raw material inputs for GaBi, were interpreted 
and compared to data from the literature. 

Paper IV collected qualitative data from discussions in a participatory backcasting 
workshop. The discussions of stakeholders from various backgrounds and expertise were 
collected as memos. The qualitative data from these memos were later combined and 
organised into a thematic table. A summary of this data is described in Table 4.  
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Table 4. Summary of data used in the dissertation. 

Publication Type of data Description of data Year of data 
collection 

Paper I Qualitative Domestic and academic literature, reports, 
statistics, newspaper articles, web pages and 
presentations 

2018–2019 

Paper II Qualitative Workshop discussions and online survey data 2017–2018 

Paper III Qualitative and 
quantitative 

Domestic and academic literature, interview data 
from local suppliers and entrepreneurs  

2021 

Paper IV Qualitative Participatory backcasting workshop discussions 2020 

 

Most of the data used in the publication of this dissertation were qualitative, except in 
Pape III, which included both qualitative and quantitative data (Table 4). The data were 
collected from diverse sources, such as domestic and academic literature and participatory 
backcasting workshop discussions. The data of the publications were collected between 
2017 and 2021. The collected data were elaborated for further analysis (described more 
precisely in Chapter 4.2.2). 

4.2 Qualitative and quantitative methods 

The following section describes the qualitative and quantitative methods used in the 
publications of this dissertation (Table 5). First, the depth of scope is introduced, followed 
by a description of the type of research. The main and minor systems of the publications 
are then introduced, followed by a description of the methods used. Finally, a more 
specific description of the methods used is given. 

The depth of scope of sustainability science has been characterised as descriptive-
analytical when analysing problems of human–environment systems and 
transformational when searching for practical solutions to such problems (Wiek et al., 
2012). In this dissertation, Papers II & IV were more descriptive in comparison to Paper 
I, which was more exploratory. Paper III can be characterised as explanatory. 

Sustainability science has sought solutions from different conceptual models and methods 
from interfaces of various disciplines (Spangenberg, 2011) to understand and manage 
interconnected sustainability challenges (Brandt et al., 2013) in a complex and context-
rich environment (Nagatsu et al., 2020). In line with this, various concepts were applied, 



4.2 Qualitative and quantitative methods 

 

43 

especially in Papers II and IV. For example, Paper IV applied the concepts of path 
dependence, bioeconomy transition and policy targets.  

In sustainability science, the research has tried to describe the studied systems. Systems 
are characterised as complex systems, including various subsystems such as nature and 
society (Clark and Dickson, 2003). In transition research and its core strand, MLP, the 
focus has been on socio-technical systems (Markard et al., 2012). However, some of the 
studies have focused on socio-economic systems as a smaller subsystem of socio-
technical systems (Manca, 2018). In this dissertation, both main and minor systems were 
described. For example, the socio-economic system was considered a main system in 
Papers I and III, whereas the socio-ecological system was considered a minor system in 
Papers III and IV (see Table 5). 

A diverse set of methods has been used to integrate conceptual frameworks and reveal 
interconnections between different domains (Ness et al., 2010). In line with this, a diverse 
set of methods, more specifically, a literature review, workshop, participatory backcasting 
workshop, survey, financial methods of net present value (NPV), internal rate of return 
(IRR) and cash flow, environmental methods of life-cycle assessment (LCA) with carbon 
footprint (CF) and literature review related to closed-loop analysis were used in this 
dissertation. For example, in Paper I, only a literature review was used, whereas in Paper 
II, a workshop and survey were used as a combined method (Table 5).  

Table 5. Summary of qualitative and quantitative methods used in the dissertation. 

Publication Depth of 
scope 

Type of 
research 

Main system Minor 
system 

Method 

Paper I Exploratory Empirical  Socio-
economic  

Socio-
technical 

Literature 
review 

Paper II Descriptive Conceptual Socio-
technical 

 Workshop & 
survey 

Paper III Explanatory Empirical Socio-
economic 

Socio-
technical, 
socio-
ecological 

Multiple 
methods* 

Paper IV Descriptive Conceptual Socio-
technical  

Socio-
ecological 

Participatory 
backcasting 
workshop 

*net present value (NPV), internal rate of return (IRR), cash flow, life-cycle assessment (LCA) and 
identification of closed loops through literature review   

In sum, the publications contribute to an understanding of the interconnections of lock-in 
mechanisms from different depths and systemic viewpoints (see Table 5). More 
specifically, the diverse depth of scope of publications included exploratory, descriptive 
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and explanatory research. Both empirical and conceptual frameworks were applied. The 
publications included eight different methods. However, the methods of the papers shared 
some similarities. For example, a workshop was used in Papers II and IV, while a 
literature review was used as a method in Papers I and III. The socio-technical system 
was considered in all of the publications: as a main system in Papers II and IV, and as a 
minor system in Papers I and III. In addition, due to characteristics of path dependence, 
the socio-economic system was considered a main system in Papers I and III.  

Qualitative methods 

A literature review was used in Papers I and III. More specifically, in Paper I, in line with 
most historical transition studies (Markard et al., 2012), a qualitative methodology was 
chosen. A literature review as a method enabled a flexible review of the narratives related 
to the products and lock-in mechanisms of FBB. In Paper III, a literature review related 
to closed loops was applied to identify potential closed materials and energy flows that 
improve the circularity of operational models (Mohan et al., 2016; Mohan et al., 2020). 

Workshops and a survey were used as a two-stage exploratory research approach in Paper 
II. More specifically, to capture expert views of forest-based bioeconomy development, 
in the first stage, predefined questions were discussed in three workshops. In the second 
stage, to examine perceptions in more detail, an online questionnaire was composed based 
on the results of the first stage. A participatory backcasting workshop was also used as a 
method in Paper IV. To study future visions and transition pathways, experts from various 
fields were invited to the participatory backcasting workshop. Such a workshop was 
applicable because major change is needed and problems related to topics in this 
workshop are affecting society (Dreborg, 2006). 

Quantitative methods 

Multiple methods, including the financial methods of NPV, IRR and cash flow, and the 
environmental method of LCA with CF analysis, were used to integrate environmental 
and financial elements for analysis in Paper III. More specifically, cash flow analyses 
with profitability indicators, NPV and IRR, were used to evaluate the profitability of CBE 
models (e.g. Mikkilä et al., 2021). LCA with CF analysis enabled quantification of the 
environmental sustainability of value chains. The assessment was supported by 
identifying closed loops in a literature review to improve the circularity of value chains.  

4.3 Analytical approaches 

The following section describes the analytical approaches used in the publications of this 
dissertation. More specifically, different types of analyses and sectors analysed are 
introduced. 

In line with the sustainability science research using a great number of different types of 
analyses (Spankengberg, 2011), various types of analyses were used in the publications 
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of this dissertation. More specifically, narrative analysis, content analysis, survey 
analysis, financial and environmental analysis were used.  

Narrative analysis was used in Papers I, III and IV. More specifically, in Paper I, a 
qualitative narrative analysis was used because of its flexible and data-driven 
characteristics (Mason, 2002). Such an analysis enabled the evaluation of transitions by 
using narratives that refract the past (Koskinen et al., 2005; Riessman, 2005). In Paper 
III, narrative analysis was used to evaluate the potential of closed loops to improve the 
circularity of value chains. In Paper IV, narrative analysis was used to analyse the 
participatory backcasting workshop data and construct the required actions, events and 
changes, creating transition pathways. 

Content analysis and survey analysis were used in Paper II. More specifically, in Paper 
II, content analysis was chosen to elaborate the expert views from the workshops (e.g. 
Haapanen and Tapio, 2016). The results of the content analysis in the first stage worked 
as an input for the survey in stage two. The results of the questionnaire were analysed in 
a survey analysis in stage two, in which results were partly illustrated (see Chapter 5.2).  

Financial analysis and environmental analysis were used in Paper III. More specifically, 
financial and environmental analysis were chosen because of their applicability for 
evaluating the sustainability of CBE models. Financial analysis was used to assess the 
profitability of CBE models. Environmental analysis was used to examine the CF and 
closed loops in CBE models.  
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Table 6. Summary of analyses in the dissertation. 

Publication Type of analysis Sectors analysed 

Paper I Narrative analysis Wood-based industries 

Paper II Content and survey 
analysis 

Multistorey construction, biorefineries, fibre-based 
packaging 

Paper III Financial, 
environmental and 
narrative analysis 

Short rotation coppice, wood-based biochar and greenhouse  

Paper IV Narrative analysis Multistorey construction, biorefineries, fibre-based 
packaging 

 

Although the analyses used in the publications of this dissertation had similarities—for 
example, both Papers I, III & IV used narrative analysis—the data of each publication 
were analysed in different ways.  

Most of the publications analysed the sectors of the FBB. More specifically, only Paper 
III differed and analysed one model of the greenhouse sector along with two models of 
wood-based sectors (short rotation coppice and wood-based biochar) as a part of the 
integrated CBE model. In addition, the sectors analysed were similar in Papers II and IV. 
It is important to bear in mind how Paper I analysed a greater number of sectors in 
comparison to Papers II, III and IV, which analysed three different sectors. 
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5 Results 

5.1 Paper I: Product diversification in sustainability transition: the 
forest-based bioeconomy in Finland 

5.1.1 Objectives 

The objective of Paper I was to revise the relation between lock-in mechanisms and 
product diversification in the FBB in Finland. The wood-based industry sectors in the 
FBB and their product range and lock-in mechanisms were identified for 1850–2019. 
More specifically, three common lock-in mechanisms in relation to product 
diversification were analysed: economies of scale, learning effects and network effects. 

5.1.2 Findings and main contribution 

The narrative analysis of Paper I showed the lock-in mechanisms and their relation to 
product diversification in wood-based industry sectors, such as the pulp, paper, chemical 
and wood product sectors. The results suggest that the effects of lock-in mechanisms in 
relation to the diversification of product range can be beneficial, adverse or neutral. In 
addition, this relationship is reflected in adaptability to changes in the business 
environment. 

The relationship between lock-in mechanisms and product diversification explains the 
concept of positive and negative lock-in. More specifically, on the one hand, new lock-in 
mechanisms and their interconnections, e.g. through novel cooperation and changes in 
R&D, have diversified product range and increased interrelatedness and embeddedness 
over time. On the other hand, in the long run, the degree of these lock-in mechanisms and 
interactions between them have increased and started to hinder the diversification of 
product range, e.g. through industry associations and incremental innovation. In addition 
to positive and negative lock-in, more specific characteristics of lock-in mechanisms were 
identified. The interconnections of lock-in mechanisms occurred not only within the 
certain dimensions of lock-in mechanisms (e.g. between various learning effects), but 
also between different dimensions (e.g. between economies of scale and network effects). 
Some lock-in mechanisms had no significant impact on product diversification, or their 
effect was difficult to recognise, e.g. mergers and acquisitions. 
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5.2 Paper II: Development of a forest-based bioeconomy in Finland: 
insights on three value networks through expert views 

5.2.1 Objectives 

The objective of Paper II was to examine the current perceptions of experts regarding the 
development of the FBB in Finland. More specifically, the roles of actors, requirements 
for their cooperation and motivations for development and assurance of sustainability 
were analysed in the three main potential value networks for industry renewal: forest 
biorefineries, fibre-based packaging and wooden multistorey construction.  

5.2.2 Findings and main contribution 

The workshop and survey analysis of expert opinions showed the importance of actors 
(Figure 7), requirements for their cooperation and motivations for FBB renewal. The 
results suggest new interconnections on both the vertical (e.g. between institutions and 
technology) and horizontal (e.g. between companies) levels to facilitate renewal. More 
specifically, these interconnections can be stimulated through policy interventions. The 
motivation for such renewal varies.  

 

Figure 7: The most important actors for advancing sustainability in Finland (1 = most important, 5 = least 
important, n = 18) (Korhonen et al., 2021). 

The importance of the roles of actors in FBB renewal varied (Figure 7). Government 
agent was rated as the most important role, whereas raw material purchaser was rated as 
the most unimportant. The role of consumers was rated equally as the most important and 
unimportant.  



5.2 Paper II: Development of a forest-based bioeconomy in Finland: insights on 
three value networks through expert views 

 

49 

Intersectoral cooperation across both actors and sectors was highlighted. More 
specifically, research programmes, financial support for the emergence of business-based 
cooperation and universities’ support of cooperation, such as innovation workshops and 
hackathons, are required. In addition, the destruction of undesired technologies, i.e. old 
technological lock-ins, could facilitate cooperation in FBB. This may be implemented 
through policy interventions, such as setting negative environmental externalities for 
products related to pricing. However, the motivations for developing BE and assuring 
sustainability varied (Figure 8). 

 

Figure 8: Perceived order of importance of motivations for developing BE and assuring its sustainability 
in Finland (1 = most important, 6 = least important, n = 18) (Korhonen et al., 2021). 

Reducing dependency on fossil raw materials, mitigating climate change and maintaining 
national competitiveness, respectively, were ranked as the most important motivations for 
developing BE and assuring its sustainability (Figure 8). Secure biodiversity was ranked 
as the least important. 
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5.3 Paper III: A financial and environmental analysis of circular 
bioeconomy: a case study of short rotation coppice, biochar and 
greenhouse production in Southern Finland 

5.3.1 Objectives 

The objective of Paper III was to assess the financial and environmental sustainability of 
biomass processing models in southern Finland. Three BE models and their potential 
from the viewpoint of the circular bioeconomy (CBE) were analysed: willow cultivation 
on marginal lands, wood-based biochar production and wood chip-heated greenhouse 
production. The financial analysis applied net present value and internal rate of return 
indicators through a cash flow analysis. The environmental analysis included a carbon 
footprint indicator through a life-cycle assessment and closed-loop analysis.   

5.3.2 Findings and main contribution 

The quantitative analysis supported by qualitative analysis of biomass processing models 
showed potential from the viewpoint of financial and environmental sustainability and 
the applicability of the models as a part of the cooperative CBE model. New 
interconnections through closed loops between the sectors facilitate both financial and 
environmental sustainability and adaptability in most cases. More specifically, individual 
closed loops have the potential to affect multiple environmental issues in a beneficial 
way, such as improving water retention and carbon sequestration. In addition, new 
interconnections have the potential to facilitate incremental diversification of the product 
range. For example, willow cultivation for biochar production can increase the amount 
and types of biochar products. 

The closed energy and material flows between the models have the potential to increase 
IRR and decrease the carbon footprint (CF) in most cases. In addition, the flows may 
improve flexibility in terms of raw materials and other sustainability issues, such as land 
use and freshwater management. However, policy support for the models and their closed 
loops can cause sustainability issues, which were already seen in the subsidy scheme 
related to short rotation crops and food production in agricultural fields. 
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5.4 Paper IV: Pathways to a forest-based bioeconomy in 2060 within 
policy targets on climate change mitigation and biodiversity 
protection 

5.4.1 Objectives 

The objective of Paper IV was to investigate FBB transition pathways by 2060, when 
they must meet policy targets related to climate change mitigation and biodiversity 
protection. Visions for 2060 and required actions for 2020–2050 to achieve such a vision 
and common characteristics between the pathways were identified based on the core 
priorities of Finnish stakeholders in three value networks: forest biorefineries, fibre-based 
packaging and wooden multistorey construction.   

5.4.2 Findings and main contribution 

The workshop data analysis revealed the common characteristics of the required actions 
between the envisioned transition pathways in the FBB in Finland for 2020–2050. The 
results suggested new interconnections across the value networks, especially in forestry, 
which benefit or co-benefit both policy targets related to climate change mitigation and 
biodiversity protection. In addition, the interconnections supported transformative or 
incremental transition pathways in most cases. 

Forest diversification was seen as the most important action in all three value networks, 
facilitating both policy targets in future transition pathways. In addition, the assessment 
of the biodiversity impacts of products and ecological compensation was seen as crucial 
in many envisioned transition pathways. The interconnections between service-based and 
traditional sectors, such as eco-tourism and biorefineries, were also seen as important. 
Thus far, market- and consumer-related actions, such as ecological compensation or 
personal nature reserves, have received marginal attention. 
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5.5 Synthesis  

The following chapter synthesises the results of the publications and is divided into 
sections based on the main research questions. The aim of the dissertation was to 
understand what types of interconnections occur between lock-in mechanisms (Aim I) 
and what their effects and related alternative outcomes are to systems (Aim II) in the FBB 
transition towards sustainability. The examined themes in product diversification (Paper 
I), industry development (Paper II), CBE development (Paper III) and future transition 
pathways (Paper IV) are synthesised based on the research questions. The synthesis not 
only increases our understanding of the historical transitions of complex systems but also 
increases knowledge in the incumbent system and knowledge of how to design its 
transition towards sustainability. More specifically, the interconnections of lock-in 
mechanisms are presented through the feedback loops between the elements of the 
systems. In addition, the effects of interconnections are presented from the viewpoint of 
the operational framework of this dissertation (described more precisely in Chapter 2.4).  

5.5.1 Maintaining and transformational interconnections of lock-in mechanisms 

The following section describes the results regarding the types of lock-in mechanisms 
(Aim I). First, the identified interconnections are presented. Then, the types are described 
from the viewpoint of transitions. Finally, the types are presented from the viewpoint of 
FBB. 

Two types of interconnections of lock-in mechanisms were identified: maintaining 
(indicated as red in Figure 9) and transformational (indicated as green in Figure 9) 
interconnections. Both types of interconnections of lock-in mechanisms were identified 
as stimulating feedback loops that affect the elements and configuration of systems. More 
specifically, the interconnections stimulated extant and/or new positive and/or negative 
loops between the elements of socio-economic, socio-technical and socio-ecological 
systems.  
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Figure 9: Maintaining and transformational interconnections of lock-in mechanisms within and between 
the socio-technical and socio-economic systems. 

From the viewpoint of transitions, the maintaining interconnections tried to conserve the 
incumbent configurations of regimes in the socio-technical and socio-economic systems 
and facilitate the increase in size and/or dominance of elements through interconnections 
and positive feedback loops. However, such development without balancing negative 
loops caused instabilities, especially in the socio-ecological system. For example, 
referring to Paper III, both willow chip and char production for energy purposes had 
interconnections of lock-ins with burning technologies and produced greenhouse gas 
(GHG) emissions in the atmosphere, which disturbed the socio-ecological system. The 
transformational interconnections facilitated lock-out and changed the configuration of 
regimes in the systems by stimulating feedback loops. For example, willow chips and 
char production created new interconnections by interactive learning effects and 
established willow-based biochar production for agricultural purposes that increased 
carbon in soil and mitigated GHG emissions in the atmosphere. Nevertheless, in the long 
run, these transformational interconnections have changed to maintaining. For example, 
the abovementioned transformational interconnections enabling willow-based biochar 
production began to maintain preferred regime structures. Thus, it is important to bear in 
mind that the interpretation of the types of interconnections was dependent on the time 
sphere. In addition, it was possible to manipulate both interconnections via policy 
interventions. 

From the viewpoint of FBB, the maintaining interconnections reflected the conservation 
of incumbent industry structures and practices, for example, as a result of industry 
associations, whereas transformational interconnections reflected the creation of novel 
solutions, for example, as a result of intersectoral cooperation in changes in R&D.  
Despite theoretical system boundaries, both maintaining and transformational 
interconnections had an impact on the surrounding environment by affecting the factors 
and sectors of FBB, such as atmospheric CO2 and the energy sector (elements in Figure 
9). More specifically, the interaction of these factors and sectors (feedback loops in Figure 
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9) occurred as business transactions and material and energy flows and contributed to 
productivity, flexibility, customer satisfaction, wealth and the state of the environment. 
Such positive interactions occur as lock-ins. However, negative interactions hindering the 
increase in positive interactions also occurred. In addition, it was possible to steer the 
development and related impacts through the policies. However, the manipulation caused 
new sustainability issues in some cases (willow cultivation in Paper III). Overall, the 
incumbent structures and practices of FBB tried to maintain and increase their dominance 
in the markets. However, instabilities in the environment hindered such development, 
which led to a search for transformative solutions through the interconnections. However, 
such transformative moves were complex and included contradictions, for example, 
between the motivations to search for new interconnections (Paper II) and the actions 
required and policy targets in terms of biodiversity protection (Paper IV).  

5.5.2 Systemic effects of the interconnections of lock-in mechanisms  

The following section describes the results regarding the effects and their alternative 
outcomes of lock-in mechanisms (Aim II). First, the identified effects are presented. The 
effects and their alternative outcomes are then described from the viewpoint of transitions. 
Finally, the effects and their alternative outcomes are presented from the viewpoint of 
FBB. 

The effects of the interconnections of lock-in mechanisms and their alternative outcomes 
were identified from the viewpoint of the operative framework of the dissertation. Five 
different effects of the interconnections of lock-in mechanisms were identified. More 
specifically, changes in product range and adaptability were identified as effects of 
interconnections of lock-in mechanisms in the socio-economic system. In addition, the 
diffusion of lock-in mechanisms and transition pathways varied in the socio-technical 
system as an effect of interconnections. Furthermore, changes in financial and 
environmental sustainability in the socio-ecological system were identified as a result of 
interconnections (Figure 10). 
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Figure 10: The effects of the interconnections of lock-in mechanisms from the viewpoint of the operational 
framework of this dissertation. 

The effects of the interconnections of lock-in mechanisms were identified within and 
between socio-technical systems (main system boundary) and socio-economic and socio-
ecological systems (minor system boundary) (Figure 10). Two notions related to the 
effects of interconnections were formed. First, the effects of the interconnections of lock-
in mechanisms do not respect system boundaries. More specifically, the interconnections 
of lock-in mechanisms that occurred in socio-economic systems had an impact on both 
the socio-technical and socio-ecological systems. Second, these effects were partly 
interlinked with each other. More specifically, interconnections of effects were identified 
between the systems. For example, the effect of product range had an impact on the effect 
of adaptability, and the effect of transition pathways had an impact on sustainability.  

The alternative outcomes of the effects of the interconnections of lock-in mechanisms 
related to different systems were identified (Table 7). In line with the results related to 
transformational interconnections and their transformation to maintaining (defined in 
Chapter 6.1), the alternative outcomes of the effects of interconnections may change over 
time. For example, first, the interconnections of lock-in mechanisms support the 
diversification of product range, but over time, the same interconnections of lock-in 
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mechanisms can change the outcome hindering the diversification of product range. In 
addition, the permeability and magnitude of the outcomes of interconnections varies, 
depending on the characteristics of the lock-in mechanisms, time, capabilities, 
motivations and policies involved. 

Table 7. The effects of the interconnections of lock-in mechanisms and related alternative outcomes. 

Publication Effect of 
interconnecti
on 

Alternative 
outcomes 

  Main system level 

Paper I & III Product range Support 
diversification 

Neutral Hinder 
diversification 

Socio-technical, 
socio-economic 

Paper I & III Adaptability Support 
adaptability 

Neutral Hinder 
adaptability 

Socio-technical, 
socio-economic 

Paper II & 
IV 

Diffusion of 
lock-in 
mechanisms 

Support 
horizontal 
diffusion 

Multi-
directional 

Support 
vertical 
diffusion 

Socio-technical 

Paper I & IV Transition 
pathway 

Support 
transformative 
pathway 

 Support 
incremental 
pathway 

Socio-technical 

Paper III & 
IV 

Sustainability Support 
financial 
aspects 

Support 
financial 
and 
environme
ntal aspects 

Support 
environmental 
aspects 

Socio-ecological 

 

From the viewpoint of FBB, the effects of interconnections’ lock-in mechanisms 
explained the impact of industry sectors on the surrounding environment (Figure 10). 
More specifically, interconnections between the effects, such as between adaptability and 
the transition pathway of industry sectors, were found. In addition, the alternative 
outcomes of the effects (Table 7) were examined in the FBB transition. Overall, the 
effects of the interconnections in FBB appear for consumers, companies, industries, 
society and ecosystems as various alternative outcomes, for example, from the viewpoint 
of the consumer, as a diversified product range, and more specifically, as an increase of 
options of wood-based products and services.
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6 Discussion 
The following chapter discusses the findings of this dissertation. First, the types and 
effects of the interconnections of lock-in mechanisms are discussed in light of the 
transition and BE literature. The system boundaries and dimensions of lock-ins are then 
discussed. Finally, reliability and validity are discussed. 

6.1 Interconnections of lock-in mechanisms: threat or opportunity for 
transition towards sustainability? 

The following section discusses the types and effects of interconnections of lock-in 
mechanisms from the viewpoint of transitions and BE literature.   

6.1.1 Hindering and accelerating the transitions  

The results of this dissertation indicated that the interconnections of lock-in mechanisms 
stimulate feedback loops and maintain the incumbent configurations of systems. More 
specifically, such development occurred as a result of increased interactions, for example, 
in incremental innovation and network effects (such as industry associations), which also 
increased the degree of path dependence. In addition, these interconnections occurred not 
only within certain dimensions of lock-in mechanisms (e.g. between various learning 
effects) but also between different dimensions (e.g between economies of scale and 
network effects). The results resonate with findings from Klitkou et al. (2015), who 
identified a symbiotic relationship between industry actors and political and R&D 
institutions favouring incremental changes, thus resisting change through lock-in 
mechanisms, such as institutional learning effects and policy coordination. These findings 
may be outlined as dominance in a regime preferring maintaining processes and 
reinforcing development patterns (Seto et al., 2016). In this sense, the maintaining 
interconnections of lock-in mechanisms through multiple lock-in mechanisms not only 
aim to reach dominance in the regime but also resist change and reinforce the incumbent 
structures of the system. Nevertheless, the results of this dissertation and findings also 
revealed the possibility of replacing maintaining interconnections. 

Transformational interconnections of lock-in mechanisms lead to lock-out by stimulating 
feedback loops, thus changing the configuration of the system. These results resonate 
with Klitkou et al. (2015), who identified that the interconnections of lock-in mechanisms 
weaken technological trajectories. However, as the results of the dissertation showed, 
these transformational interconnections also facilitate the creation of new lock-in 
mechanisms, especially learning effects, for example, through novel cooperation and 
changes in R&D, which try to maintain the favoured configuration of the system in the 
long run. More specifically, these transformational learning effects can be reinforced by 
their interconnections with other lock-in mechanisms, such as economies of scale and 
scope and informational increasing returns (Klitkou et al., 2015). Overall, the 
transformational interconnections by learning effects result in lock-out, followed by 
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interaction with other lock-in mechanisms, which can lead to new lock-in. Thus, similarly 
with lock-out and lock-in, the maintaining and transformational interconnections of lock-
in mechanisms occur back and forth in periods across transitions. 

6.1.2 Maintaining and transforming bioeconomy development  

The results of this dissertation outlined how the FBB in Finland has maintained 
interconnections and could maintain its preferred interconnections in industry sectors in 
the future, for example, through incremental innovation and industry associations. The 
results resonate with Bosman and Rotmans (2016), who characterised the top-down 
governance focusing on short-term actions and incremental innovation in the quite 
conservative and powerfully siloed BE regime in Finland. More specifically, the strategic 
decisions and ability to cooperate have been limited due to historical choices, created 
knowledge and resources, especially expensive and long-term investments in machines 
(Näsi et al., 2001). For example, decisions regarding forest estate sales led to the lack of 
forest estate ownerships of Yhtyneet paperitehtaat, which locked their strategic focus on 
thermomechanical pulping for a long time (Näsi et al., 2001). Maintaining 
interconnections and limitations have also been seen in the printing and paper industry, 
in which interconnections have shown a close relationship between master’s programmes 
and companies and business strategies focusing on evolutionary innovation (Poesche and 
Lilja, 2016). These relatively strong maintaining interconnections of lock-in of FBB in 
Finland not only increase our understanding of why the renewal of the FBB has been 
difficult and slow but also suggest new ideas of which interconnections should be deleted 
in the future.  

The FBB in Finland has partly renewed traditional sectors and diversified into new sectors 
as a result of new interconnections, for example, through novel intersectoral cooperation 
and changes in R&D. In addition, bottom-up governance, regional clusters, 
transformative innovation through cooperation and co-created a long-term vision 
informing short-term action facilitate transformation (Bosman and Rotmans, 2016). Even 
though it is difficult to change organisational cultures geared towards evolutionary 
innovation, strategic myopia and factors relevant in the past in large FBB companies, the 
involvement of new sets of expertise and change in organisational settings have been 
suggested (Porche and Lilja, 2017). More specifically, cooperation with a wider set of 
actors, such as other industry sectors, start-ups and research institutes, can support the 
change from traditional organisational settings and facilitate not only revolutionary 
innovation but also high value-added products (Poesche and Lilja, 2016). To support such 
a transformative BE development and lock-out, complementary policy interventions 
facilitating niches and climate-friendly production have been suggested; however, the 
heterogenous actors requiring different levers have been a challenge (Pannicke et al., 
2015). In addition to heterogeneous actors, biomass production also varies, for example, 
between different soil types (Paper III), which may cause challenges for policy 
interventions.  
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6.1.3 Effects in transitions of complex systems 

The results of this dissertation presented five effects of interconnections of lock-in 
mechanisms: product range, adaptability, diffusion of lock-in mechanisms, transition 
pathways and sustainability. The following sections discuss each effect from the 
viewpoint of the transition literature. 

The results of this dissertation indicated changes in product range as a result of 
interconnections of lock-in mechanisms. More specifically, neutral, diversifying and 
hindering effects on product range were identified. The results recall a study by Meynard 
et al. (2018), who identified that the development of alternative products was hindered 
due to interconnected impediments in the value chain caused by socio-technical lock-in 
favouring dominant products. In this sense, from the viewpoint of certain actors, the 
effects of product range are dependent on, on the one hand, interconnections relying on 
internal factors, such as companies’ capability to change, and on the other hand, 
interconnections of external factors, such as interconnections in industry associations and 
other companies. Klitkou et al. (2015) found that the diversified product range in general 
can have a negative effect on the development of certain technological platforms. Overall, 
the interconnections of lock-in mechanisms can hinder or diversify the product range in 
regimes. 

Adaptability was, on the one hand, supported and, on the other hand, hindered by the 
interconnections of lock-in mechanisms at the micro and meso levels. For example, the 
adaptability of companies was supported by the increase of material loops due to 
subsequent circular economy practices, whereas the adaptability of the industry was 
hindered by focusing on incremental innovation and a narrow product range. Beinhocker 
(2006) noted that the adaptability of companies was hindered due to interconnections of 
lock-ins between plans and resources. In this sense, adaptability at the micro level is 
dependent on both historical and future actions. Recently, Groen et al. (2022) considered 
adaptability and lock-in in a more comprehensive way at the meso level. Adaptability is 
collectively hindered by interactions across the system with other actors, such as 
institutions, decisionmakers and infrastructures. In line with the discussion related to 
product range described above, from the viewpoint of certain actors, the effects of 
adaptability are also dependent on, on the one hand, interconnections between internal 
factors and, on the other hand, interconnections between external factors. In addition to 
the effects on the socio-technical system, Pelling et al. (2015) presented a framework for 
adaptability and decision making that includes the elements from the ecological system. 
Thus, adaptability is dependent on the interconnections at the micro, meso and macro 
scales and may be identified in the socio-economic, socio-technical and socio-ecological 
dimensions.  

Diffusion of lock-in mechanisms as a result of interconnections occurred on the vertical 
(for example, between institutions and technology), horizontal (for example, between 
companies) and multidirectional levels. More specifically, the diffusion was dependent 
on the characteristics of the lock-in mechanisms, time, capabilities, motivations and 
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policies involved. The results are firmly in line with Seto et al. (2016): the 
interconnections occur in multiple directions at the institutional, technological and 
behavioural levels. In addition, the diffusion of new solutions is allowed by 
organisational, social and institutional changes rather than science and technology 
(Unruh, 2002). In this sense, overall, the diffusion of lock-in mechanisms depends on the 
interconnections of both external and internal factors (from the viewpoint of lock-in 
mechanisms) and top-down and bottom-up factors. 

Both incremental and transformative transition pathways were supported by the 
interconnections of lock-in mechanisms. More specifically, the incremental transition 
pathways were supported by industry associations and incremental innovation, whereas 
transformative pathways were supported by intersectoral cooperation and changes in 
R&D. The results resonate with research by Klitkou et al. (2015), who identified the 
interconnections of lock-in mechanisms to support both incremental and transformative 
technological platforms. In addition, Frantzeskaki and Loorbach (2010) defined 
incremental pathways focusing on optimisation by centralisation, efficiency 
improvements and capacity increase, and transformative pathways focusing on a 
fundamental shift by decentralisation, alternative sources, designs and use. Overall, the 
interconnections of lock-in mechanisms can have a great effect on both incremental and 
transformative pathways. 

The results recall studies by Seto et al. (2016) and Meynard et al. (2018): financial and 
environmental sustainability have been affected by the interconnections of lock-in 
mechanisms of incumbent systems. More specifically, these interconnections have the 
potential to facilitate more sustainable technological platforms (Klitkou et al., 2015) and 
adaptation to climate change (Groen et al., 2022). In addition, the results suggest that the 
interconnections have the potential to facilitate the achievement of policy targets related 
to climate change mitigation and biodiversity protection. More specifically, certain 
individual interconnections may be co-beneficial by supporting the achievement of both 
targets. Overall, the interconnections of lock-in mechanisms are seen as both threats and 
possibilities in the transition towards sustainability.  

6.1.4 Effects in bioeconomy  

The results related to the diversification of product range recall research by Näsi et al. 
(2001): the product range of the wood-based industry has not only been hindered but also 
diversified as a result of interconnections in strategic decisions and cooperation. More 
specifically, the diversification of product range has been difficult without changes in 
cross-sectoral innovation, cooperation practices (Poesche and Lilja, 2016) and 
impediments of alternative products (Meynard et al., 2018). Thus, the diversification of 
product range in the context of the BE requires changes not only in companies’ actions 
but also in the surrounding business environment. To facilitate such a diversification of 
product range in the BE, new lock-ins are required to facilitate the adoption of alternative 
products (Magrini et al., 2018). In addition to this, the results suggest investigating the 
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potential of side streams, especially from other BE sectors, to diversify product range in 
an efficient way.  

In line with Näsi et al. (2001), adaptability to changes in the business and institutional 
environments can be seen as key to success in companies in FBB development. More 
specifically, the results not only revealed increased adaptability through the diverse value 
networks, including diversified raw material selection in primary production, but also 
decreased adaptability as a result of interconnections of old lock-ins. In some cases in the 
BE, the adaptability of new products to regimes has been difficult, for example, in willow 
cultivation and first-generation biofuels. To facilitate the adaptability of products in a 
successful way, changes to experimental governance have been suggested to reduce the 
uncertainty of the impacts and enhance social control over technology (Asveld, 2016). 
Overall, adaptability should be understood in a precautionary way through the whole 
value network of the BE, from natural resource or raw material production to producers, 
policies and consumers. 

Both old and new interconnections of lock-ins have diffused between institutions and 
technology (vertically), companies (horizontally) and the abovementioned actors 
(multidirectionally) in both historical transitions and the future renewal of the FBB. More 
specifically, the interconnections have diffused both upstream in terms of resources and 
downstream in terms of marketing (Näsi et al., 2001) and between universities and 
companies (vertically) in the pulp and paper sector (Poesche and Lilja, 2016). In addition, 
the impediments of new lock-ins have diffused across value networks, such as into 
preferred methods and knowledge of producers, logistics and coordination (Meynard et 
al., 2018). Thus, the diffusion of interconnections of lock-in mechanisms and their 
impediments may be considered from two different viewpoints in the BE: actors or value-
chain ways of thinking.  

Both incremental and transformative transition pathways were identified in both historical 
and future FBB transitions. The results resonate with the business-as-usual and 
transformative pathways examined by Korhonen et al. (2018). More specifically, the 
business-as-usual pathway is highlighted by industrial and governmental coalitions and 
low-value production strategies, whereas the transformative pathway is highlighted by 
new niche-scale businesses. These future niches are highly dependent on each other, for 
example, if they are produced in the same factories (Wydra et al., 2021). In addition, our 
results resonate to some extent with circular and conventional and circular and innovative 
pathways (Ladu et al., 2020). Furthermore, technology-based and socio-ecological 
pathways have been identified. More specifically, the pathways differ from each other, 
for example, in terms of understanding sustainability, perspectives on nature and 
consumer behaviour (Priefer et al., 2017). Overall, the examined incremental (or 
business-as-usual) pathway shares similarities with circular, conventional and 
technology-based pathways, whereas the transformative pathway shares common 
characteristics with circular, innovative and socio-ecological pathways. More 
specifically, in comparison to transformative pathways, socio-ecological pathways 
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consider BE pathways from a wider viewpoint regarding, for example, perspectives on 
nature, resource utilisation and understanding sustainability.  

Individual actions in the FBB sector benefitted or co-benefited financial and 
environmental sustainability. More specifically, the achievement of policy targets 
regarding climate change mitigation and biodiversity protection was supported. In 
addition, Magrini et al. (2018) reported co-benefits related to environmental 
sustainability. More specifically, crop diversification has the potential to reduce 
greenhouse gas emissions and reduce animal-based consumption. This reflects how the 
positive impacts on sustainability have received greater attention in comparison to the 
negative impacts of the BE (Pfau et al., 2014; Dietz et al., 2018). For example, BE 
development may also lead to a lock-in that has a negative impact on sustainability, as 
seen, for example, in the case of biofuels (Asveld 2016). Thus, it is important to focus on 
both the positive and negative beneficial and co-beneficial impacts of BE development.  

6.2 Lock-in mechanisms in complex systems 

6.2.1 System boundaries  

In line with studies on sustainability transitions (Köhler et al., 2019), the main focus of 
the dissertation was on the transitions of socio-technical systems. Such an approach 
facilitates an understanding of transitions of societies and related interconnections of 
subsystems with specific regimes (Holtz et al., 2008). However, the approach has been 
criticised for not addressing socio-ecological systems (Røpke, 2016) and overlooking 
micro-level development (Hermans et al., 2013). Thus, the minor focus of this dissertation 
was on socio-economic and socio-ecological systems. The results showed the 
interconnections of lock-in mechanisms and their effects crossing system boundaries. 
More specifically, focusing on certain system boundaries may ignore both more specific 
micro-level establishment in the socio-economic system and large-scale macro-level 
development in the socio-ecological system. Thus, a wider systemic view facilitates a 
more comprehensive understanding of lock-in mechanisms and transitions of systems. 
Such an idea of systems as a whole has received increasing attention, as in the concept of 
strong sustainability (Giddings et al., 2002), the doughnut model in economics (Raworth, 
2017) and complex systems research (Markolf et al., 2018).  

Investigating multiple systems simultaneously facilitates our understanding of the 
interconnections of lock-in mechanisms and their causation between different systems. In 
line with Spangenberg et al. (2015) and Seto et al. (2016), such an approach has helped 
to identify the interconnections of lock-in mechanisms supporting configurations of the 
socio-technical system and causing harm to socio-ecological systems. More specifically, 
many of these interconnections occur due to the intensive resource exploitation in socio-
ecological systems needed in the processes of the socio-technical system (Laborde et al., 
2016). In addition, the approach can facilitate identifying trends in interconnections 
shaping the systems and the state of systems’ resilience (Laborde et al., 2016) and 
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collective interactions hindering, for example, adaptation to climate change across 
institutions, decisionmakers and infrastructures (Groen et al., 2022). In addition, the 
results showed how investigating multiple systems simultaneously helped to design more 
comprehensive solutions to overcome the interconnections of old lock-in mechanisms 
and create new lock-in mechanisms. 

6.2.2 Dimensions of lock-ins  

Self-reinforcement forces of lock-in (David 1985) create a complex web of feedback 
loops through increasing returns in socio-economic and socio-technical systems (Arthur, 
1989). More specifically, in line with the results of this dissertation, the short-term 
economic advantages enabled by feedback loops interact with the environment 
(Spangenberg et al., 2015) and change the configurations of socio-ecological systems 
(Laborde et al., 2016). Such developments lead to stabilising self-organisation or 
surprising outcomes due to interventions in socio-ecological systems (Waltner-Toews et 
al., 2003). Even though the concept of lock-in has roots in economics, various scholars 
have identified various dimensions, such as technological (Arthur, 1989), institutional 
(North, 1990) and behavioural (Marechal, 2010) dimensions, to describe the investigated 
lock-in and its context more precisely. In addition, scholars have also identified 
multidimensional lock-ins, such as techno-institutional lock-in (Unruh, 2000), in complex 
systems due to mutually reinforcing forces (Foxon, 2002) that can be interdependent 
(Seto et al., 2016). In line with the results of this study, multidimensional lock-in or dual 
lock-in are interesting because they are seen, on the one hand, as a threat and, on the other 
hand, as a possibility of directing systems transitions towards more sustainable practices 
(Seijger et al., 2017). Laborde et al. (2016) described the positive feedback loops between 
societies and ecosystems, i.e. socio-ecological lock-in. Notably, especially in the BE 
context, such socio-ecological lock-ins hold uninvestigated potential to increase both 
monetised and nonmonetised value. 

6.3 Reliability and validity 

This dissertation applied several methods in a FBB context in Finland. In line with 
research on sustainability science as interdisciplinary soft science research and related 
approaches, quality criteria should be questioned (Golafshani, 2003). Thus, for the 
employed methods, reliability and validity of the dissertation are discussed in the 
following section.  

Eight different methods were used in the publications of this dissertation, though the 
methods used partly overlapped with one another (for example, workshop and 
participatory backcasting workshop). The use of multiple and relatively diverse methods 
for this dissertation resonates with recent trends in sustainability transition studies, in 
which qualitative studies relying on interviews and documents accounts a large share 
(Hansmeier et al., 2021). To avoid the development of social injustice in the future, 
transition research requires new methods for enabling socially sustainable outcomes 
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(Köhler et al., 2019). The workshop and participatory backcasting methods used in Papers 
II and IV provided a voice for a relatively diverse group of people. However, the 
participation of citizens (Robinson, 2003) is still relatively uncommon in transition 
research (Huttunen et al., 2022). 

The reliability of this dissertation was highly dependent on its methods and applied data 
regarding issues related to geographical location and the temporal dimension. Qualitative 
and quantitative methods were used in the thesis, such as literature review and CF 
calculations in LCA. However, the reliability of some of the findings was improved 
through cross-case comparisons (Poteete & Oström, 2005) between the papers with 
different methods (see Table 7). More specifically, in transitions of complex systems, as 
in the context of FBB, crucial factors may change relatively quickly, as was seen when 
writing the summary part of the dissertation, regarding the increase in interest rates, price 
of crude oil and sawn goods and loss of wood chip imports from Russia. In addition, all 
publications focused on the FBB in Finland. More specifically, data gathered from 
participants involved in the research methods, such as the questionnaire and workshops 
(Papers II & IV), may present data on southern Finland due to the location of the 
workshops organised. In addition, data from interviews (Paper III) present data on three 
small and medium-sized enterprises (SMEs) from a small region in southern Finland. The 
differences in the time spans of the publications in the relatively long total time span 
between 1850 and 2022 may limit further generalisation of the results. Nevertheless, 
similarities may exist, especially in Nordic countries and the boreal region. 

The validity of the dissertation was enhanced using diverse research methods, such as a 
literature review, workshops and LCA. The publications in this dissertation applied 
qualitative, quantitative and a combination of qualitative and quantitative research 
approaches. Both research approaches have their own specific focus: qualitative research 
discovers complex reality and the meaning of actions, whereas quantitative research 
discovers accurate measurements for statistics (Queiros et al., 2017). In addition, 
qualitative research is well-suited to complex and multidimensional sustainability 
challenges related to, for example, equity and efficacy (Alexander et al., 2020), whereas 
quantitative research is a better fit for metrics and indicators related to, for example, 
public opinion polls (Scerri and James, 2010). All the publications in this dissertation 
applied qualitative research approaches to some extent. However, to increase their 
reliability and validity, the qualitative approaches were combined with quantitative 
research. In such combined approaches, qualitative research is used to describe the 
reasons for relationships of systems, whereas quantitative research is applied to present 
statistics related to such relationships as well as drivers and outcomes (Riedlinger and 
Berkes, 2001).  

This dissertation has two methodological notions. First, the widely adopted combination 
of qualitative and quantitative research approaches used as a bridging framework in 
transition studies (Köhler et al., 2019) offered the benefits of both research approaches, 
where qualitative approaches first explored the meaning in a certain context, whereas 
quantitative approaches subsequently accounted for the statistics underlying the meaning. 
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However, the combined approach also worked in a reverse way, where quantitative 
approaches first showed the related statistics and qualitative approaches used to explore 
the meaning and solutions based on the statistics. The second point concerns stakeholder 
involvement. In line with increasingly practiced stakeholder involvement in sustainability 
science (Mielke et al., 2016), relatively high and diverse amounts of stakeholders were 
involved in the approaches used in some of the publications (Papers II & IV). More 
specifically, non-expert users and consumer participation were ignored due to difficulties 
in reaching consumers in workshops. However, the active involvement of consumers may 
help widen the perception of transitions towards sustainability, for example, in the context 
of BE (Stern et al., 2018). Thus, to avoid conflicts and trade-offs, the active involvement 
of non-expert users and consumers and new ways to ensure their participation is suggested 
when designing transition pathways towards sustainability. 
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7 Conclusions 
The conclusions are derived in the following section. First, the scientific implications are 
stated, followed by recommendations for practitioners. Policy implications are then 
described. Finally, future research directions are described. 

7.1 Scientific implications 

The dissertation has four scientific implications. First, the interconnections of lock-in 
mechanisms have two-fold characteristics and are thus divided into two types: 
maintaining interconnections supporting lock-in and the incumbent configuration, and 
transformational interconnections facilitating lock-out and changes in configuration. Both 
types of interconnections tend to penetrate system borders, such as in socio-technical, 
socio-ecological and socio-economic systems in this dissertation, and thus are not limited 
by certain system boundaries. Second, the effects of interconnections of lock-in 
mechanisms, such as impacts on product range and environmental sustainability, occur 
within and between different systems and can be interconnected. Third, a wider systemic 
view formed by zooming in and out from the socio-technical systems produces a more 
comprehensive understanding of the interconnections between the system transitions. On 
the one hand, zooming into socio-economic systems and analysing entrepreneurs at the 
micro level reveals the roots of feedback processes of lock-in mechanisms that shape 
socio-technical systems, whereas, on the other hand, zooming out to socio-ecological 
systems by analysing the relationship between society and ecosystems provides ideas for 
both critical ecological limitations and opportunities for new businesses in socio-technical 
systems. Fourth, various lock-ins together form a complex web of lock-ins in various 
subsystems as part of a larger complex system lock-in. More specifically, along with the 
traditional dimensions of lock-in, such as technological, institutional and behavioural 
lock-in, socio-ecological lock-in increases returns, which can be utilised when designing 
the transition towards sustainability.  

The dissertation has three implications for the BE literature. First, the interconnections of 
lock-in mechanisms not only explain the historical transition of BE, but also provide 
solutions for renewal. More specifically, both types of interconnections of lock-in 
mechanisms facilitate renewal: on the one hand, transformational interconnections, such 
as novel intersectoral cooperation and changes in R&D, can be implemented across the 
BE sectors and boosted with policy interventions, whereas maintaining interconnections, 
such as incremental R&D and network effects across the sectors, can be utilised when 
scaling up novel solutions. Second, the interconnections of lock-in mechanisms in BE 
sectors can have an interconnected impact on the value network, from biomass production 
to the use of products and environments, for example, in terms of product range and 
adaptability. More specifically, practices locked in the primary production, such as in 
pulp mills and sawmills, are interconnected with practices locked in forestry and users of 
products. Third, the interconnections with both the environment and other BE sectors still 
harbour the uninvestigated potential to increase returns and enhance the sustainability of 
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the BE. More specifically, the utilisation of natural interconnections of the ecosystem and 
new interconnections between other BE sectors, such as agriculture, have the potential 
not only to increase the financial feasibility of BE but also to mitigate vulnerability and 
enhance the resilience of the environment.  

7.2 Recommendations to practitioners 

The dissertation makes three recommendations for practitioners. In this dissertation, the 
practitioners are industries, industry associations and non-governmental organisations 
(NGOs); however, some of the results may contribute to SMEs, forest and landowners, 
and consumers. First, the interconnections between the sectors and the environment, and 
the dependencies on them, could be reconsidered from the viewpoint of preferred 
motivations (the motivations for FBB renewal were presented in Chapter 5.2.2) and new 
actions implemented based on these motivations. More specifically, the practitioners have 
the possibility of updating their motivations and thus choosing maintaining, 
transformative or combined actions. Second, the effects of interconnections, not only in 
the business environment but also in the surrounding social and ecological environment, 
should be considered. Third, each practitioner should consider themselves a part of an 
interconnected web of complex systems who is holding a key for more sustainable 
solutions.  

7.3 Policy implications 

This dissertation has three policy implications. First, instead of limiting the focus to 
specific individual elements, sectors or systems, policymakers should reconsider systems 
and the effects of systems as interconnected complex systems. More specifically, to avoid 
sustainability conflicts, policy interventions should, on the one hand, support actions with 
a positive impact on the system and, on the other hand, eliminate actions with a negative 
impact. Second, policymakers should reconsider supported incumbent interconnections 
and designed interconnections from the viewpoint of sustainability challenges, highlight 
critical issues, such as climate change and biodiversity loss, and, based on 
reconsideration, allocate support for beneficial and co-beneficial interconnections from 
the viewpoint of sustainability. Third, to support new interconnections, policy 
interventions should be allocated to transformative actions, such as intersectoral 
cooperation, university–business cooperation, revolutionary and transformative 
innovation, and hackathons. 

7.4 Future research directions 

This dissertation suggests four directions for future research in transition studies. First, 
this dissertation contributed only to the surface of interconnections of lock-in and 
introduced maintaining and transformational interconnections. To understand the 
behaviour of the complex web of lock-in and lock-outs in transitions more 
comprehensively, both maintaining and transformational interconnections of lock-in 
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mechanisms could be investigated in a more precise way in different contexts. More 
specifically, future research could track and illustrate the interconnections of lock-in 
mechanisms in systems at the micro to macro levels and in different dimensions, such as 
the social, technical and ecological dimensions. Second, this dissertation identified only 
five different effects of the interconnections of lock-in mechanisms and revealed the 
interconnectedness of the effects. Thus, different effects of interconnections of lock-in 
mechanisms could be investigated—for example, from the viewpoint of planetary 
boundaries—in exploratory case studies. More specifically, future research could explore 
the effects of individual interconnections of lock-in mechanisms and what kinds of effects 
are interconnected with each other. Third, in addition to the focus on socio-technical 
systems, ‘zoom-in’ and ‘zoom-out’ approaches were combined in this dissertation. More 
studies with a comprehensive systemic view are required to understand not only the 
causes of lock-in but also other concepts shaping systems in transition. Fourth, in addition 
to traditional (techno-institutional, behavioural, etc.) lock-in, research is needed to 
describe other uninvestigated lock-ins, such as socio-ecological and ecological lock-ins 
(i.e. mutualistic symbiosis in biology). More specifically, research could investigate the 
differentials of the mechanisms in terms of feedback processes between the different 
dimensions of lock-ins in different systems and the potential of unmonetised feedback 
processes from the viewpoint of business. 

This dissertation suggests three future research directions for BE studies. First, 
understanding new interconnections in the BE is required to accelerate more sustainable 
BE development. More specifically, research contributing to the interconnections within 
BE sectors and between other sectors, and with the ecosystem, and policy instruments 
boosting such development are required: Which BE sectors can cooperate more 
intensively? What natural interconnections in ecosystems have potential from the 
viewpoint of BE? Second, this dissertation focused on the BE and addressed CBE 
development only to some extent. Research on interconnections in the context of CBE 
and their relation to lock-ins is required. Does development towards CBE support lock-
ins to old industry structures? Would greatly interconnected CBE practices in incumbent 
industries be a better option in comparison to less interconnected large-scale BE renewal 
towards service-based value adding and long-life products? Third, in addition to 
traditional (business-as-usual, transformative, etc.) BE pathways, research in pathways 
with a more comprehensive systemic view, such as socio-ecological pathways (Priefer et 
al., 2017), are required to understand the BE transition as a part of a larger system 
transition. More specifically, what is a sustainable pathway in the context of BE? Does 
the recommended high degree of collaborative stakeholder involvement look down on 
environmental sustainability in BE pathways? What is the impact of BE pathways on 
different systems?
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Abstract: The forest-based bioproduct field has diversified into the chemical, medical, energy,
nanoproduct, and construction material sectors. This paper argues that forest-based bioeconomy has
kept the focus on conventional products and new bioproducts have primarily been developed as
extensions to existing product portfolios due to a lock-in mechanism, i.e., a state where an economy
gradually locks itself to a dominant market position due to technical interrelatedness, economies of
scale, and quasi-irreversibility of investment. The study examines forest-based product transition in
the context of lock-in mechanisms through narrative analysis over the past 170 years. A theoretical
framework is formulated based on complex system studies and the economics of lock-in mechanisms.
The relation between the lock-in mechanisms of the regime and product diversification is described
for the forest-based bioeconomy in Finland. The study supports previous findings indicating that
interactions occur between the lock-in mechanisms. Furthermore, lock-in mechanisms can have
a neutral, adverse, or beneficial effect on product diversification. The paper extends knowledge about
the role and functioning of lock-in mechanisms in changing market environments. Recent trends in
network development and foreign investment, and their effects on industrial symbiosis and product
diversification, is recommendable to consider in future research.

Keywords: sociotechnical transition; systemic transition; forest industry; pulp and paper industry;
wood processing; path dependence; lock-in; increasing returns; value addition

1. Introduction

Transition to a sustainable bioeconomy is one of Europe’s responses to the key environmental
challenges of climate change and resource depletion [1]. A robust bio-based industrial sector will reduce
dependency on fossil-based products, support climate targets, and lead to sustainable growth [2].
Currently, the bioeconomy accounts for around 4% of the gross domestic product (GDP) of the European
Union (EU) [3] and around 16% of the GDP of Finland [4]. The backbone of the Finnish bioeconomy,
the forest-based bioeconomy, is formed by the pulp and paper industry (PPI) and the wood processing
industry, but also increasingly the energy and chemical industries. Cooperation with other industries,
such as the machine industry and the packaging industry, has created unique technologies, know-how,
and solutions, and has made Finland a forerunner in bioeconomy development [5]. In relation to
its size, Finland is more dependent on its forest and the forest-based bioeconomy than any other
country in the world: bioeconomy-related exports account for more than 20% of export earnings.
In addition, the bioeconomy creates welfare through employment effects, especially in sparsely
populated regions [6].
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A successful forest-based bioeconomy in Finland requires a user-driven approach, innovations,
and initialization of new technologies, as well as competitive production costs [7]. Such technological
and product-related changes can increase the added value of products, improve employment, and help
achieve targets set out in the Finnish Bioeconomy Strategy and global climate change agreements.
In recent years, structural change in the PPI has driven pulp production investments towards regions
with the lowest raw material prices and production of finished paper products closer to major markets [8].
In Finland, this development has led to a 43% decrease in the number of people employed in the sector
(approximately 32,000 jobs) [9], a 40% decrease in value added in forest-based production [10], a 17%
increase in wood usage [10], and almost tripled pulp exports [11]. Current investment plans envisage
23 million m3 wood capacity in pulp and energy production and, if realized, wood usage will grow by
approximately 34% [12]. However, it has been forecast that with an assumption of 2% productivity
increase annually, 30% of jobs are in the sector are threatened by 2035 [13]. This may slow down the
development of sustainable economy, e.g., economic, environmental, and societal equilibrium are
not realized.

Biomass is utilized in traditional forest-based bioproducts, such as sawn goods and paper,
but also in textiles, medicines, chemicals, functional groceries, plastics, cosmetics, intelligent packaging,
and bio-based oils [5]. The emergence of an international trend for greater and more varied usage of
bioproducts has been discernable in recent decades. In Finland, however, despite many statements by
business leaders to the contrary, diverse use of wood and value addition have not been achieved on
a large-scale [10,14], and trust in a closed-network structure and the domination of the bulk production
strategy have kept currently prevailing industry structures intact [15]. Lock-in arises through the
utilization of technologies and technological systems that follow a specific path and are challenging
and expensive to escape [16]. Technological and system lock-in can slow the emergence of alternative
and innovative technological solutions [17]. This paper argues that forest-based bioeconomy lock-in in
Finland has kept the focus on traditional products and new bioproducts have primarily been developed
as extensions to existing product portfolios [18].

Research on sustainability transition has focused mainly on the energy, transport, and agriculture
sectors, and less attention has been devoted to other domains. Nevertheless, a number of lock-in cases
have been examined in the forest-based bioeconomy sector, for example, as regards regional innovation
policy [19] and technology and market shifts [20]. Studies on sociotechnical transitions have tended to
focus on the notion of system innovation, and thus there is scope for greater consideration of the topic of
regime transformation [21]. The concept of regime as used in sustainability transition studies imposes
a path and logic for incremental sociotechnical change along established pathways of development [22].
Transition in a complex system is a result of coevolution at different scales where various domains
and their components interact: an economy changes in the short-term, whereas technology changes
slowly over a longer time scale [23]. By increasing returns, cumulative path-dependent processes [24]
reinforce that which gains success or exacerbate that which suffers loss, which can cause economic
lock-in [25,26]. Recent studies in sustainability transition research have examined transition through
lock-in mechanisms [27,28] and have investigated product diversification [29,30]. Lock-in mechanisms
and related phenomena such as learning effects, economies of scale, and network externalities [27]
can reinforce market position [29]. On the other hand, even though diversification may be required,
sociotechnical lock-in that favors dominant designs can hinder the development of alternatives [30]
which may be excluded merely because they do not fit the prevailing paradigm [28]. Despite its
importance, the relation between lock-in mechanisms and product diversification in a bioeconomy
context has received only marginal attention in the literature. Diversity offers systemic robustness,
flexibility, and the qualities of precaution that are central to long-term sustainability [31].

This paper investigates the interconnection of the lock-in mechanisms of regime and their relation to
product diversification in the forest-based bioeconomy in Finland from 1850–2019. First, the theoretical
and operative framework is presented. The material and methods used are then described, followed by
examination of product diversification and lock-in mechanisms (economies of scale, learning economies,
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and network effects) in the Finnish forest-based bioeconomy. The paper concludes by discussing the
results and presenting conclusions.

2. Theoretical Framework

The following section describes the theoretical and operative framework of this paper.
First, complex systems are introduced based on systems theory, followed by description of regimes
in sociotechnical transitions. Then, the concepts of path dependence and lock-in are presented,
followed by lock-mechanisms. Finally, the theoretical framework is operationalized.

Systems theory transcends technological problems and demands, and it investigates all conceivable
connections abstracted from concrete situations or experimental knowledge [32,33]. It is the language
of theory but does not give the content [33]. Systems theory has become a soft systems approach
that has evolved from deterministic to probabilistic and integrated descriptions [23]. It can provide
understanding of complex systems [34] and, within the context of a set of understandings of the
behavior, the theory investigates the behavior of complex systems that are stable for a long time,
and order and intersperse with short times of instability [23]. Complex systems are path-dependent
and often nonergodic open systems where diverse nonlinear components interact and evolve: feedback
loops occur and a small stimulus can have a significant effect or no effect at all [23,34]. The networks
between the components of the system can be seen as a memory that stores and records the recent past
of the system [34].

Sustainability transitions determine how sociotechnical systems transform to more sustainable
production and consumption through long-term coevolution processes that embody changes in
technologies, markets, user groups, infrastructure, science, culture, and regulation [22,35]. One of the
most essential concepts of transition research, the sociotechnical regime, originates from studies of
technological regimes and combines findings of evolutionary economics and the multilevel perspective
(MLP) [22]. In the sociotechnical regime, a set of rules are embedded in the know-how, engineering
practices, corporate and government structures, manufacturing processes, and product characteristics
that are linked and coevolved [36] in different subregimes, such as the technological, user and market,
science, policy, and sociocultural regimes [37]. Change can be radical due to the emergence of a new
paradigm or continuous along trajectories that are specific to the particular regime [38,39]. A bulk
production regime operates under diminishing returns, whereas knowledge-based production operates
under a scheme of increasing returns [26]. Innovation is mostly incremental in existing regimes,
because of path dependence and lock-in mechanisms, but change still emerges although it is relatively
predictable and occurs in particular directions [40].

Path dependence and lock-in have roots in studies of evolutionary economics that explain
technological change through technological paradigms, trajectories, and regimes [39,40]. Early studies of
path dependence and lock-in examine temporally remote events and increasing returns for adoption by
positive feedback loops that can cause the economy to gradually lock itself into a specific outcome [25,41].
The iconic QWERTY case explains how the keyboard type locked-in to a dominant market position due
to technical interrelatedness, economies of scale, and quasi-irreversibility of investment, even though
an alternative, DVORAK, had better performance [41]. Historical development is highlighted as
path-dependent processes [25] whose outcome is conceptualized as lock-in that explains how the
technologies coevolve with social, institutional, cultural, and political systems and resist change towards
alternative sociotechnical systems [42]. Technological lock-in occurs in forms such as a dominant
design, standards in technological architectures and components, as well as required compatibility [43].
A dominant design is one that competitors and innovators follow, and dominant designs arise when
the product innovation phase is superseded by process innovation and lower cost phases in the
Abernathy–Utterback model [44].

In an increasing returns process, or self-reinforcing or positive feedback process, or lock-in
mechanism, the benefits of a current activity increase over time, i.e., switching to an alternative
option becomes increasingly costly [45]. Increasing returns can affect predictability, efficiency,
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flexibility, and ergodicity, where specific patterns of timing and sequencing have a critical role [25,45].
Increasing returns to scale can lock industrial economies into specific structures, e.g., fossil fuel-based
energy systems [17]. Increasing returns occur from four main mechanisms: economies of scale,
learning effects, adaptive expectations, and networks effects [46]. Economies of scale increase
when higher capacity utilization from large production runs lowers set-up and fixed costs [46,47].
Learning effects occur when knowledge that is gained from use and repetition allows understanding
of how to improve production [46,48]. Technology that first achieves significant advances along its
learning curve has a greater likelihood of becoming a dominant approach [49]. Networks effects
increase when positive network externalities attract more users [46], which can increase the inertia
in demand and lead to clustering of choices [50]. Network effects can hinder the entry of radical
technologies that are not part of the dominant technological cluster [16]. An interesting phenomenon is
that reduced isolation and increased integration to regional and global markets can intensify selective
pressures and reduce diversity [51]. Increasing returns on the demand side are more important,
because stronger increasing returns on the supply side typically lower the probability of lock-in [50].
The consequences of network effects are visible, especially when the cost of adoption is high [52].

The sociotechnical regime is used in this work as a central theoretical approach for study of the
forest-based bioeconomy in Finland. The regime is complemented by concepts of lock-in mechanisms
and complex systems from evolutionary economics and systems theory, as presented in Figure 1.
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Complex systems theory provides the foundation for investigation of the Finnish forest-based
bioeconomy as a system and understanding of the actors and their interactions. The concept of
sociotechnical regime is used to describe the macro environment of the subregimes, e.g., the pulping
technology, sawn goods market, and the nanoscience regime, where long-term coevolution processes
of the forest-based bioeconomy components have developed. These components and the rules
of the forest-based bioeconomy regime operate under lock-in mechanisms that guide change in
a certain direction and have an influence on product range. Lock-in mechanisms in relation to
product diversification are presented chronologically if possible. This study is limited to three original
dimensions of lock-in mechanisms: Economies of scale, network effects, and learning effects. One of
the original dimensions of lock-in mechanisms, adaptive expectations, is omitted from the study
because it is not considered to be directly applicable to the forest-based bioeconomy, which has long
supply chains.

3. Materials and Methods

The following section describes the materials and methods used in the study. First, the forest-based
bioeconomy in Finland is contextualized. Then, materials are described. Finally, the methodological
approach and research design are presented.

Manufacturing of forest-based products has long roots in Finnish history; from tar-burning
in the 17th century, to sawmilling [53,54], to pulp and paper production [55], to the diversified
bioproduct production of more recent times [56]. Since gaining national independence in 1917,
the design, development, and production of wood products in Finland have increased greatly due to
technological improvements [57,58] and there have been considerable advances in pulp and paper
production [59,60]. Production has been fueled, for example, by industrial synergy between the
energy and pulp sector, which has allowed exchange between actors in the key areas of energy, water,
byproducts, and waste [61]. Cooperative operations have evolved into an influential Finnish forest
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industry cluster [62] that is an important part of the European forest industry [63]. During this
transition, companies’ strategic actions and focus have varied over time [64]. Competitiveness has been
supported by industrial associations [65], national policy priorities, and institutional path dependence
within competitive market dynamics [66]. Globalization and EU expansion in the 1990s significantly
changed the ownership base of forest products companies [67] and internationalized operations [68],
which has had an influence on the Finnish forest cluster [69] and structural change in Finland [9].
In recent years, the, forest-based bioproduct sector has diversified [7] and innovation management
has developed to become a part of managerial thinking [70]. Biorefineries are thus seen as a business
opportunity [71]. The forest-based bioeconomy is an important part of The Finnish Bioeconomy
Strategy and The European Strategy for Growth, but also the United Nations (UN) and the Organisation
for Economic Co-operation and Development (OECD) have recognized the potential of a bioeconomy
to promote sustainable growth [4].

Within the context described above, an in line with most historical case studies in transition
research [22], a qualitative methodology is used in this work. The reviewed material includes domestic
and academic literature, reports, statistics, newspaper articles, web pages, and presentations, which are
presented in Appendices A and B.

The paper uses a qualitative narrative analysis approach because of its exploratory, fluid,
and flexible, data-driven, and context-sensitive characteristics [72]. Narrative analysis as
a methodology allows examination of transitions using diverse texts about the history prior to,
during, and in the immediate aftermath of the transition, i.e., narratives that refract the past [73,74].
Sequence, and consequence make texts narrational because events are chosen for a particular
audience [74], and narratives thus require interpretation when used as data [74]. The data is
limited for strategic and practical reasons [72] and, consequently, explanations or arguments produced
are generalizable only to some extent [72]. Although material is provided for validity judgement [72],
there remains a danger of overpersonalization of the narratives [74]. Despite some limitations of the
approach, careful research design facilitates logical and rigorous development of the work [72].

In the research design of this paper, as presented in Figure 2, the forest-based bioeconomy
framework in Finland is first identified based on the research questions. This study is limited to
the forest-based bioeconomy in Finland. Then, relevant material in this framework is collected,
preferring academic literature if possible. The time horizon starts from the beginnings of Finnish
industrialization in 1850, when the sawmill industry expanded and wood-based pulp production
began [75]. The material collected through the operative framework is utilized as input for the analysis.
The analysis is divided into the analysis of product selection and lock-in mechanisms based on the
research questions. Finally, the results of the analysis are validated. Transparency is promoted by
describing the used material and visualization.



Sustainability 2019, 11, 3293 6 of 19

Sustainability 2019, 11, x FOR PEER REVIEW 5 of 20 

management has developed to become a part of managerial thinking [70]. Biorefineries are thus seen 
as a business opportunity [71]. The forest-based bioeconomy is an important part of The Finnish 
Bioeconomy Strategy and The European Strategy for Growth, but also the United Nations (UN) and 
the Organisation for Economic Co-operation and Development (OECD) have recognized the 
potential of a bioeconomy to promote sustainable growth [4].  

Within the context described above, an in line with most historical case studies in transition 
research [22], a qualitative methodology is used in this work. The reviewed material includes 
domestic and academic literature, reports, statistics, newspaper articles, web pages, and 
presentations, which are presented in Appendix A and B.  

The paper uses a qualitative narrative analysis approach because of its exploratory, fluid, and 
flexible, data-driven, and context-sensitive characteristics [72]. Narrative analysis as a methodology 
allows examination of transitions using diverse texts about the history prior to, during, and in the 
immediate aftermath of the transition, i.e., narratives that refract the past [73,74]. Sequence, and 
consequence make texts narrational because events are chosen for a particular audience [74], and 
narratives thus require interpretation when used as data [74]. The data is limited for strategic and 
practical reasons [72] and, consequently, explanations or arguments produced are generalizable only 
to some extent [72]. Although material is provided for validity judgement [72], there remains a danger 
of overpersonalization of the narratives [74]. Despite some limitations of the approach, careful 
research design facilitates logical and rigorous development of the work [72].  

In the research design of this paper, as presented in Figure 2, the forest-based bioeconomy 
framework in Finland is first identified based on the research questions. This study is limited to the 
forest-based bioeconomy in Finland. Then, relevant material in this framework is collected, preferring 
academic literature if possible. The time horizon starts from the beginnings of Finnish 
industrialization in 1850, when the sawmill industry expanded and wood-based pulp production 
began [75]. The material collected through the operative framework is utilized as input for the 
analysis. The analysis is divided into the analysis of product selection and lock-in mechanisms based 
on the research questions. Finally, the results of the analysis are validated. Transparency is promoted 
by describing the used material and visualization. 

 

Figure 2. Research design of the paper. 

4. Results 

The dominant trend in the structure of the forest-based bioeconomy regime in Finland since 1850 
has been diversification from sawn goods to pulp and paper products (PPP) to high-value 

Figure 2. Research design of the paper.

4. Results

The dominant trend in the structure of the forest-based bioeconomy regime in Finland since
1850 has been diversification from sawn goods to pulp and paper products (PPP) to high-value
bioproducts. The changes appear to follow the Abernathy–Utterback model [44], e.g., lower cost phase
in the sawmill, wood panel, and PPI in the 1990s and 2000s [70]. The bioproduct range and industrial
symbiosis in the forest-based bioeconomy are presented in Figure 3. The products are presented in
chronological order based on when production started. Bold text indicates industrial symbiosis that
has influenced product selection. The material on which Figure 3 is based is presented in Appendix B.
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The original product range has diversified in three phases, as can be seen in Figure 3: the first
wave of diversification was around the 1900s, the second in the 1950s, and third wave in the 2010s.
Industrial symbiosis between the wood processing and machine industries is first found in the
product diversification of the 1900s. In the 1950s, war reparations, a trend towards disposable
packaging, and office work accelerated cross-industry cooperation: the product range diversified into
commercialization of byproducts and related diversification without losing the focus on wood-based
products [64]. A new product diversification phase began in the 2010s. It has been broader than earlier,
but new robust industrial symbiosis has not yet developed.

4.1. Learning Effects

The sawmill industry expanded in the second half of the nineteenth century and wood-based pulp
production started in the 1850s [75]. In the late nineteenth century, the industrial dry distilling process
of tar production was unprofitable, but the economic viability was improved by use of an oven that
also produced turpentine and allowed stump use instead of logs [56,76]. In contrast to tar production,
technology always had an important role in the sawmill industry, and technical and skill requirements
were high in the PPI [56]. However, prior to Finnish independence in 1917, technological know-how
was relatively limited and technology and professionals needed to operate the sawmills and pulp mills
were bought from international companies [56].

In the early years of independence, strategic actions of Finnish companies focused primarily on
exploitation of forest resources and raw material management [64]. Over time, the quality of research
and technical education started to increase and the first journals that focused on technology and the
paper and sawmill industry started to be published [56,65]. The sawmill industry improved as a result
of electrification and improvements in power, blades, maintenance, and artificial drying [58].

After the Second World War (WW2), the strategic focus of Finnish companies changed from raw
material extraction and intermediate products to finished product [64]. The shift to higher value
products was facilitated by adoption of new technology [66] and in the 1950s and 1960s, the value chain
integrated forward from pulp to paper production and from small-scale to large-scale production [77].
Coinciding with this development, emphasis on research and consulting led to specialist know-how
developing within the Finnish forest cluster [53,69,78] and companies such as the paper machine
producer Valmet became market leaders able to gain competitive advantage from such knowledge [56].

In the 1980s, most investments focused on development of improved paper technology and
modernized small-scale PPI production [64,66]. Regarding large-scale production, the focus moved
towards greater integration as a strategy to address the cyclical nature of the PPI. World-class research
was one source of competitive strength [63], and around 90% of Finnish research and development
(R&D) was spent on PPI [69]. Numerous technical innovations were introduced in pulp and paper
production: barking, hacks, conveyors, and storage, but also new process innovations such as the Jylhä,
the pressure grinding process, versatile lines, and the medium consistency (MC) pulping technique [60].
In addition, the mechanical wood industry saw improvements in automation: laser equipment,
more accurate measurement devices, Röntgen radiation (X-ray) measurements and computerized
numerical control (CNC) were introduced [53,57]. However, an innovation paradox was created by the
contradiction between short-term cost-efficiency targets and long-term innovation; the forest-based
bioeconomy aimed for short-term cost-efficiency and competitiveness [70]. By the early 2000s, all the
biggest forest-based bioeconomy companies in Finland ended up with similar outcomes, namely,
a focus on paper production [64].

Biorefineries offer new possibilities to diversify business activities [71]. Currently, there is
greater emphasis on diversified skills and knowledge, along with greater focus on higher grades of
paper and paperboard production [66]. With demand for graphic paper decreasing, the forest-based
bioeconomy has undergone a change in strategic direction, which has led to more diversified R&D [7].
In 2015, the R&D spending was focused on chemicals (43%), pulp, paper, and paper products (39%),
construction (12%), energy (4%), and sawn goods (2%) [13].
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4.2. Network Effects

Finnish tar producers and sawmills became established in European markets in the 19th
century [53]. International demand of tar, especially in Europe, was high in the 1880s and Finnish
tar accounted for almost half of global production, but at the end of the century, production started
to decrease rapidly [56,76]. The sawmill industry created a second wave of forest-based exports,
with sawn goods being exported to meet rapidly growing European markets [56]. In the PPI sector,
most paper was exported to other parts of the Russian empire [56], but the main market areas changed
in the 1900s [64].

One of the most significant changes in the operative environment was the Russian Revolution.
Russian markets closed in 1917–1918 and following the cessation of hostilities of the Finnish Civil
War, Finnish forest-based bioeconomy companies started to turn to Western markets: Finland became
one of the world’s biggest sawn goods exporters in the 1920s [55,64]. Access to international markets
required cooperation through associations bringing companies together, especially in view of the
business structure in Finland at the time, with many small independent manufacturers and suppliers;
Finnish companies taken together were a major player on the markets [65]. One of the most important
associations, The Central Association of Finnish Woodworking Industries (CAFWI), was founded
in 1918. However, the fast-changing economic environment of the time together with prejudices
and infighting limited its impact [64,65], and the first rules of association of CAFWI prohibited
other societies or associations from joining [65]. The Finnish Paper Mill’s Association (Finnpap),
founded in 1918, allowed small-scale producers to export to international markets and supported
investments [64]. On domestic markets, Finnpap and other bioeconomy associations were, in effect,
cartels, and their cooperation led to situations where forest owners received offers from only one
purchaser [55]. Finnish forest-based products were exported via marketing associations until the 1990s,
which meant that domestic competition was controlled [64].

In the immediate aftermath of WW2, international trade was quite negligible as companies
focused on rebuilding their business networks [66,79]. The Finnish economy was directed towards
Russian markets due to war reparations, but at the same time, efforts were made to serve Western
markets [56]. Industry in Finland recovered quickly as reconstruction, war reparations, and the Korean
war increased demand [79]. The institutional environment of the time was highly collaborative and
there were few competitive pressures from abroad [66]. Interactive dynamics of organizations gained
positive externalities by cooperation and competition in the forest cluster [69]. Clustering within the
machine industry accelerated due to war reparations [80].

In the last two decades of the 20th century, around 80% of exports in the forest-based bioeconomy
went to Europe [63]. The focus was on the core countries of the EU: France, Germany, and the
United Kingdom [68]. Especially, paper production was fueled by exports [63]. From the 1970s,
industrial symbiosis with the machine industry accelerated and paper mill machinery was purchased
domestically; Tampella produced grinders, Valmet produced paper machines, and Wärtsilä produced
coaters [81]. By the 1990s, machinery and production equipment in the PPI and sawmill industries
were largely domestic [63]. In addition, the maturing chemical industry started to reinforce the forest
cluster [63]. Changes in Finnish economic policy meant that the role of shareholders became stronger
while the operations, as well as ownership base of Finnish forest-based bioeconomy companies,
became more international; average foreign holdings increased from a small share to over 50% of the
Finnish forest-based bioeconomy companies by 1999 [67].

Digitalization and changes in behavior began to affect paper and board markets in the early 21st
century: paper production in Finland dropped by 45% between 2004 and 2017 [10,82]. In recent years,
demand for pulp, paper, and sawn goods has decreased in Europe, whereas it has increased in Asia,
which now accounts for one fifth of export returns [12,83]. A major part of sawn goods (33% of total
sawn good exports) and pulp (42% of total pulp exports) with low added value were exported to
Asia [12].
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4.3. Economies of Scale

Forest-based bioeconomy production was a home industry until the 19th century, when such
dispersed production began to be replaced by greater centralization, which benefitted large-scale
production and allowed economies of scale [54,56]. Private companies bought millions of hectares of
forest area and tried to monopolize forest resources [55].

As a result of industrialization and larger production volumes, integration was considered
necessary in order to achieve economies of scale [62]. Vertical integration was part of strategic behavior
in the industry from Finnish independence in 1917 until the 1980s [64]. In the vertical integration, parts of
supply chain were purchased or established; from forests to international sales organizations [64].
The limits of organic business growth were reached in the 1980s [64]. Horizontal integration was a part
of business strategy in the Finnish forest-products industry from independence until the 1990s [64].

In the mid-20th century, renovation and upgrading of production lines and investment in new
capacity aimed to make production more efficient both to achieve economies to scale and to increase
the added value of products [64].

Mass production, a focus on large production volumes, and low specialization were typical
characteristic features of the forest-based bioeconomy [65] of the 1990s and early 2000s, which limited
innovation activity [70]. In connection with changes in the overall Finnish business environment,
forest products companies set higher targets for return of investment (ROI), and increasing shareholder
value became a major target [67].

In the 2010s, the competitive advantage of pulp producers in Finland was based on large-scale,
efficient long fibrous pulp production [13]. Substantial foreign investment funding has led to large-scale
investment in pulp production [84,85].

4.4. Summary of the Results

From the above analysis, it can be seen that interactions between lock-in mechanisms have
occurred and the lock-in mechanisms have affected the product range. The results are summarized
in Table 1.

Table 1. Summary of lock-in mechanisms in relation to product diversification in the forest-based
bioeconomy transition in Finland.

1850–1917 1917–1945 1945–1970 1970–2000 2000–2019

Change in
product range High Low High Low High

Network effects

International purchases of
technology and hiring foreign

professionals
Symbiosis between the wood

product, wood panel and
machine industries

Associations and cartels
Large-scale Western timber

networks
Creation of a wooden house

industry

Symbiosis
with the

packaging
industry

Dispersed
networks

International
ownership of

companies
Large scale

Western paper
networks

Robust
domestic

cluster

Increased Asian
networks

Dispersed networks

Economies of
scale

Vertical integration
Centralization

Forest purchases

Horizontal and vertical
integration

Horizontal and
vertical

integration
Renovation and

upgrading of
production

lines

Horizontal and
vertical

integration

Foreign
investment

Learning effects

Strategic focus on forest resources
and raw material management

Technological focus on incremental
improvements in the sawmill

industry
Increased quality in technical

research and education
Sawmill and PPI journals

Strategic focus
on finished

products
Increased

research and
consulting

Technological
focus on

incremental
improvements in
the sawmill and

PPI

Changes in
R&D: focus on
chemicals and

pulp and
paper products

Bold = Beneficial lock-in mechanism effect for product diversification. Italic = Adverse lock-in mechanism effect for
product diversification. Normal = Neutral or unidentified lock-in mechanism effect for product diversification.
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Interactions between the lock-in mechanisms have occurred vertically, e.g., foreign investment has
increased along with Asian networks, and renovation and upgrading of production lines have targeted
higher added value of the products along with the changes in the strategy. In addition, horizontal
interactions have occurred, e.g., marketing associations and cartels co-operated with Western timber
networks, and international purchases in technology and knowledge allowed symbiosis between the
wood product, wood panel, and machine industries.

The lock-in mechanisms have influenced the product range as Table 1 illustrates:
Product diversification has occurred as a result of international takeovers, industrial co-operation as well
as changes in strategy and R&D. Product diversification has been hindered by a focus on incremental
improvements (innovation paradox), industrial associations and cartels, and a resource-based strategy.
Large-scale networks abroad in the dominant design have most likely hindered product diversification,
whereas dispersed networks have most likely promoted product diversification.

5. Discussion

System lock-in in the forest-based bioeconomy in Finland has resulted in robust group thinking with
a narrow perspective of how the industry should operate strategically [66]. A path-dependent business
strategy has created the foundation for an operational model that has followed specific technology,
products, resources, and international as well as domestic market status [64]. Certain courses of action
have been restricted or prevented due to coevolution of the capability base of Finnish bioeconomy
companies and the institutional environment [66]. This reciprocity has manifested itself in business
privileges, a sense of entitlement among actors in the industry, and state enabling of allowance of
intra-industry joint investment, marketing, and R&D [66]. The forest-based bioeconomy in Finland is an
archetypal case of lock-in that shows how path-dependent increase in returns create techno-institutional
lock-in that leads to the development of conventional products in a particular and desirable direction.

The number of actors and the linkages between them have increased continuously in industrial
symbiosis and correlated production and diversification of products [61]. The significant distance
between the firms and their end customers [86] and a focus on the incremental development of
process technology and the value chain have caused a reduction in the importance of strong regional
clusters [62]. A need for efficient commercialization and marketing of know-how abroad along with
active network creation nationally and internationally have been recognized as prerequisites for
diversification of business activities [71]. Similarities can be found in nanotechnology, where it has
been shown that the degree of clustering can have a negative association with creation of technological
diversity [87]. In this sense, industry symbiosis and clustering first influence product diversification
beneficially, but as the degree of symbiosis and clustering increases, the effect can change to adverse.

At the regional level, market-related regulatory barriers can limit the development and adoption
of radical and path-breaking innovation, which in turn results in limitations in regional innovation
policy in the context of locked-in old industrial regions [19]. On the other hand, demands from a large
number of industry sectors can split the papermaking development to new development sectors,
e.g., the energy, textile, and chemical sectors [20]. Similarities can be found in the Indian software
sector, which is highly export-dependent on the US market [88]. The lock-in effect implies neither
high productivity nor any particular tendency for innovation [88]. Similar to industrial symbiosis and
clustering discussed in the previous paragraph, diverse and dispersed demand can first beneficially
influence product diversification, but as the degree of demand increases, the effect can change from
beneficial to adverse.

Interactions between different lock-in mechanisms can reinforce or weaken technological
trajectories [27]. Coevolution at the regime level is clearly visible [35]. In this sense, a lock-in
mechanism that does not affect product diversification directly can have an impact by interaction with
other mechanisms, e.g., interaction between foreign investment and new networks. On one hand,
the impact may be seen in higher productivity rather than product diversification, because foreign
funding of production results in the major share of produced pulp being exported [89]. On the other
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hand, new foreign-funded biorefineries, such as BioFutureFactory [90], and more diverse networks
may increase product diversification.

This study is qualitative and exploratory in nature and a number of limitations thus need to
be borne in mind. Three major dimensions of lock-in mechanisms were identified and discussed,
whereas at least nine different dimensions have been identified [27]. Furthermore, some lock-in
mechanisms might be missing due to the long time scale considered.

6. Conclusions

Transition in the forest-based bioeconomy in Finland has been influenced by historical events
and megatrends such as industrialization, wars, globalization, digitalization, and climate change,
which have all had an impact on the product range. Lock-in mechanisms have offered opportunities
for maintaining and increasing returns.

The literature of path dependence and lock-in and the used research design are highly relevant in
analysis of transition of the forest-based bioeconomy. The effect of lock-in mechanisms in relation to
product diversification can be neutral, adverse, or beneficial. Network effects can first have a beneficial
influence, which later becomes adverse. In addition, vertical and horizontal interactions can occur
between the lock-in mechanisms, which can change the effects on product diversification from neutral
to beneficial or adverse.

This research extends knowledge of lock-in mechanisms in the forest-based bioeconomy and
offers insights for sustainability transition studies investigating the role of lock-in mechanisms in
relation to product diversification. The results are not globally generalizable due to the historical,
geographical, and societal specificity of the case; nevertheless, there are similarities with other countries,
Nordic countries in particular. It is recommended to qualitatively and quantitatively study lock-in
mechanisms of the forest-based bioeconomies in other regions and political systems in order to
comprehensively understand the role of the lock-in mechanisms in economic development and
sustainable transition. The phenomenon could be studied further in different economic systems
with abundant forest resources, for example, within a liberal market economy like Canada, a former
transition economy such as Russia, and emerging markets such as China and Indonesia.

Future industrial policy, as well as future research, should take into account the effects of lock-in
mechanisms on product diversification in order to achieve all spheres of sustainability. This study
adopted a broad-brush approach and considered transition over the long term; future research could
investigate recent trends and the effect of networks and foreign investment on industrial symbiosis.
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Appendix A

Table A1. Material used for analysis.

Title Translation Author Type of Document

Suomen metsäsektori uudistuu ja
monipuolistuu

Forest sector in Finland reforms and
diversifies [7] Magazine article

Tilastotietokanta Statistics database [10] Web page

Metsäsektorin suhdannekatsaus
2018-2019 Forest sector’s economic outlook [12] Report

Puupohjaisen biotalouden taloudelliset
vaikutukset ja näkymät

Economic impacts and outlooks of the
forest-based bioeconomy [13] Working paper

Mastering the dynamics of innovation:
How companies can seize opportunities

in the face of technological change
[44] Book

Suomen sahateollisuuden historia History of the Finnish sawmill industry [53] Book

Saha Sawmill [54] Book

Paperin painajainen: Metsäliitto, metsät
ja miljardit Suomen kohtaloissa

1984-2014

Nightmare of paper: Metsäliitto, forests
and billions in Finland’s destinies

between 1984-2014
[55] Book

Tervanpoltosta innovaatiotalouteen From tar-burning to innovation
economy [56] Book

Puusta pitkään: puutuotteiden
suunnittelu ja valmistus

Design and production of wood
products [57] Book

Sahatavaratuotanto Sawmill production [58] Book

Tuote- ja teknologiainnovaatiot
muuttivat rajusti suomalaista
paperiteollisuutta 1900-luvun

jälkipuoliskolla

Product and technology innovations
changed Finnish paper industry in the

late 20th century
[60] Report

The fall and the fragmentation of
national clusters: Cluster evolution in

the paper and pulp industry
[62] Journal Article

Forest-Based and Related Industries of
the European Union—Industrial

Districts, Clusters and Agglomerations
[63] Book
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Table A1. Cont.

Title Translation Author Type of Document

Metsäteollisuusyritysten strategiset
kehityspolut: kilpailu, keskittyminen ja

kasvu pitkällä aikavälillä

Strategic pathways of the forest
industry companies: competition, focus,
and growth in middle range timescale

[64] Book

Metsäteollisuus itsenäisessä Suomessa
1918-1968: Suomen

Puunjalostusteollisuuden Keskusliitto
1918-1968

Forest industry in independent Finland
between 1918-1968: The Central

Association of Finnish Woodworking
Industries between 1918-1968

[65] Book

Institutional Path Dependence in
Competitive Dynamics: The Case of [66] Journal Article

Finland’s Forest Industry becomes
a global player [67] Journal Article

Globalisation and the Finnish forest
sector: on the internationalisation of

forest-industrial operations
[68] Journal Article

Suomen metsäklusteri tienhaarassa Finnish forest cluster in crossroads [69] Book section

Innovaatiojohtaminen ja sen
vaikutuksia metsäteollisuudessa

Innovation management and its
impacts in the forest industry [70] Journal Article

Forest biorefineries—A business
opportunity for the Finnish forest

cluster
[71] Journal Article

Tervasta Thermowoodiin- puun
vuosisadat

From tar to thermowood—woods
centuries [75] Web page

Tervanpoltto Tar-burning [76] Newspaper article

Competitive Behaviour and Business
Innovation in the Forest Industry:

Family Firms, Listed Companies and
Cooperatives Compared

[77] Journal Article

Uusi luonnonvaratalous: onko
biomassa avain kestävään kasvuun?

New natural resource economy: is
biomass a key to sustainable growth? [78] Book

Suomen teollisuustuotannon kasvun
vuodet

Growth years of the industrial
production in Finland [79] Web page

Suomen metsäklusteri tienhaarassa Finnish forest cluster in crossroads [69] Book

Suomen metsäteollisuuden historia
1600-luvulta nykypäivään

ainutlaatuisena kirjasarjana

History of the Finnish forest industry
since 17th century until nowadays

available as book series
[80] Web page

UPM-Kymmene: metsän jättiläisen
synty

Birth of the forest product industry
leader [81] Book

Paperin tuotanto ja kulutus mailman
markkinoilla

Paper production and consumption in
the world market [82] Web page

Aasian merkitys kasvaa
metsäteollisuuden ulkomaankaupassa

Significance of Asia increases in the
forest industry sales [83] Web page

Suomen metsiä myydään halpana
selluna kiinalaisille:

&quot;Suomalainen metsäteollisuus saa
syyttää tästä itseään

Finnish forest are sold as cheap pulp to
Chinese: Finnish forest industry can

blame itself
[84] Newspaper Article

Katsaus Suomen
sellutehdasinvestointeihin

Overview of the pulp factory
investments in Finland [85] Web page
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Appendix B

Table A2. Material used for analysis in Figure 3.

Sector Title Translation Content Author Type of
Document

Wood product Metsän jättiläisen synty Birth of the forest
product industry leader

Around the 1900s, there were
carpenter, matchstick and spool

factories, and product
diversification, e.g., ply factories
produced also spoons, forks, ice

hockey sticks and boats

[82] Book

Kaikkea muuta puusta Everything else from
wood

Wood-plastic composites are used
e.g., in furniture, guitar and

speaker production
[91] Book

Wood panel

Kiina jätti kaikki muut
jälkeensä - ennen vuotta
1970 Suomi tuotti neljä

kertaa enemmän vaneria
kuin Kiina

China left behind all the
others; before 1970,

Finland produced four
times more ply than

China

First plywood mill was built in
1893 [92] Newspaper

Article

Liimapuukäsikirja Glulam handbook Glulam production started in 1945
due to war reparations [93] Book

Vanhoja ja vähän
uudempiakin

rakennusmateriaaleja

Old and new
construction materials

LDF production started in the
1950s [94] Web page

LVL LVL Laminated veneer lumber
production started in the 1970s [95] Presentation

CLT- tehdas avattiin
Kuhmossa

CLT factory launched in
Kuhmo

Cross-laminated timber
production started in 2014 [96] Newspaper

Article

Construction Puurakennusten
suunnittelu

Design of wooden
building

Prefab production in the
construction industry started in

the 1920s
[97] Book

Energy Pelletti palaa, mutta
vaatimattomasti

Wood pellets burns
modestly

Wood pellet production started in
the 1990s [98] Web page

Lajissaan mailman
ensimmäinen- UPM:n
Lappeenrannan 175

miljoonan euron
biojalostamo aloitti

kaupallisen tuotannon

First in the field in the
world: UPM biorefinery

that cost 175 million
euros started commercial

production in
Lappeenranta

Forest-based biofuel production
started in 2014 [99] Newspaper

Article

Chemical Tervantuotannosta
innovaatiobiotalouteen

Tar production to
innovation bioeconomy

Industrial tar production didn’t
become significant part of

chemical industry
[56] Book

Mäntyöljy on
biopohjaisten tuotteiden

aarreaitta

Tall oil is a treasury of
bioproducts

Tall oil refinement started in the
1910s [100] Web page

Metsän jättiläisen synty The birth of the forest
product industry leader

Spirit factory launched during the
WW2 [81] Book

Oulun mäntyöljy- ja
tärpättijalosteet

Oulu’s tall oil and
turpentine products

In 1943, substitute production
from turpentine started. In 1950
tall oil and turpentine distillery

launched in Nuottasaari.

[101] Report

Suomessa muhii
jättipotti—tehdas eristi
puusta aineen, josta voi

valmistaa
ympäristöystävällisiä

maaleja ja liimoja

Jackpot brews in Finland:
The factory separated
substance that can be

utilized in
environmentally friendly
paint and glue products

Lignin production started in 2015 [102] Newspaper
Article
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Table A2. Cont.

Sector Title Translation Content Author Type of
Document

Pulp Liukosellun lupaus Promise of dissolving
pulp

Rayon production started in the
end of the 1930s. [103] Book section

Nanosellu on
tuleivaisuuden

supermateriaali—niin
lujaa, että sitä on testattu
luotiliivien materiaaliksi

Nanocellulose is a super
material of the future:

it’s so strong that it has
tested in bulletproof vest

Nanocellulose production has
been in small-scale [104] Newspaper

Article

Paper Jokapäiväinen
paperimme Our daily paper

Wood-based papermaking for
a newspaper, wallpaper and

wrapping paper started around
the 1850s

[105] Web page

Aaltopahvin valmistus ja
jalostus

Corrugated cardboard
production and

processing

Corrugated cardboard production
started in the 1910s [106] Book

Nestepakkauskartonki Liquid packaging board
Liquid packaging board

production started in the early
1950s

[107] Report

Paino- ja
kirjoituspaperien kehitys

1970-90-luvuilla

Development of graphic
and writing paper

between the 1970s and
the 1990s

Transformation of graphic and
writing paper production towards
high-grade products started in the

1960s

[59] Report

Juantehdas: olutpahvista
graafisen kartongin

laatujohtajaksi

Juantehdas: from beer
board to leader in

graphic carton

Carton machine renovated
thoroughly in the 1960s [108] Report

Packaging Pakkausten historiaa History of packaging
products

Trend in disposable packaging in
the 1960s [109] Web page

Machine Tervantuotannosta
innovaatiotalouteen

From tar production to
innovation economy

First paper machines produced in
Vyborg in between 1904-1910. [56] Book
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a b s t r a c t

It is uncertain how the traditional forest sector can respond to the changing political environment,
evolving markets, and global environmental problems. This study focuses on the development of forest-
based bioeconomy (BE) in Finland from the perspective of three forest-based value networks (wooden
multistory construction, fiber-based packaging, and biorefining) and thus breaks the tendency of siloed
discussions. The study of expert opinions applies a collaborative interdisciplinary research method that
combines group discussions and follow-up survey data. The results indicate that transformational
regulation, proper incentives, and ways of increasing interaction at the business-consumer interface are
required to support the creation of new practices and the destruction of old practices in the industry
renewal.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The seventeen global sustainable development goals (SDGs) (UN
2015a) and the goals set by the Paris climate agreement (UN 2015b)
are internationally recognized objectives that require a global shift
towards carbon-free and sustainable practices. Cutting the carbon
dioxide emissions originating from fossil fuel use is especially ur-
gent and requires a systemic change towards more sustainable
consumption and production.

The concept of the bioeconomy (BE) encompasses the produc-
tion of renewable biological resources and the conversion of such
resources into value-added products, such as food, bio-based

products, and bioenergy, to facilitate sustainable production that
replaces the use of fossil fuels andmaterials (European Commission
2012). To accelerate the development of a national-level BE, the
European Union (EU) BE strategy was updated in 2018 (European
Commission 2018). During the updating process, more emphasis
was placed on enhancing BE sustainability by also integrating
principles of the circular economy (CE) into the strategy (i.e., in
industrial systems, turning goods at the end of their service lives
into materials for other products) (Stahel 2016). Moreover, BE has
been positioned as a renewable segment of CE, where
sustainability-related synergies may be gained beyond the substi-
tution of fossil fuel-based products by renewables (Hetem€aki et al.,
2017).

The BE has been seen to be “circular by nature” due to the
renewability of materials it is based on, although this view remains
heavily contested, e.g., due to the time span needed for the renewal
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of bioresources (Carrez and Van Leeuwen 2015; Sheridan 2016). In
the forest sector context, the cascading use of forest-based biomass
becomes attainable but may be impractical without an under-
standing of how cascading resonates with various policy objectives
and sustainability aspects (Mair and Stern 2017; Jarre et al., 2020).
In addition, abreast with aims for resource-efficiency, development
of circular bioeconomy in the forest sector connects also to new
value creation through innovations (D’Amato et al., 2017).

In the empirical BE-literature, the developments are most often
narrated from the perspectives of natural sciences and engineering,
thus giving less attention to the economic and policy challenges
involved in the process towards BE (Kleinschmit et al., 2014;
Leipold and Petit-boix 2018; Toppinen et al., 2020). Forest industry
renewal, land-use strategies, and innovation policies are particu-
larly significant for BE development in Finland (Sitra 2016; Bosman
and Rotmans 2016; Temmes and Peck 2020). However, the different
motivations and future visions tend to be addressed separately in
siloed discussions, while the new, horizontal and cross-sectional
economic structures behind the BE transition are still in the mak-
ing (Bosman and Rotmans 2016). In this study, we contribute to the
BE literature by empirically analyzing factors shaping the devel-
opment of forest-based BE in Finland, including not only the pol-
icies involved but also the cultural change in the behavior of
consumers and business actors.

The overall purpose of this study is to assess the perceptions of
experts on the development of the forest-based BE in Finland. The
specific aims of the study are to elaborate how experts perceive the
roles of i) institutions and practices, ii) innovations, and iii) influ-
ence of actors in the development of forest-based BE. The starting
point of the analysis are three major value networks that are
deemed to have the most potential for industry renewal, i.e.,
wooden multistory construction, fiber-based packaging, and bio-
refineries (Müller et al., 2014; Bauer et al., 2017; Toppinen et al.,
2019; Pelli and L€ahtinen 2020). Based on the insights on the
three value networks, general information on the development of
the forest-based BE is also provided. The material of the study is
gathered through a two-stage collaborative approach with experts,
who have knowledge especially on the three value networks, but
also on the forest-based BE in general. In the first phase, detailed
information on three value networks are collected inworkshops. In
the second phase, general data on the development on forest-based
BE are gathered with an online survey.

2. Conceptual background: the development of forest-based
BE in Finland

Societal change is required to establish viable forest-based BE
(Grin et al., 2010). This process has been often approached through
sustainability transition studies paying particular attention to the
tensions of the institutional context (Gottinger et al., 2020). For
example, consumption scholars (Keller et al., 2016) and transition
researchers (Loorbach et al., 2017) illustrate that systematic tran-
sitional and co-evolutionary changes are required in everyday life
practices and cultural meanings to ‘reconfigure’ consumption and
production for sustainability. Despite the continuous developments
in studies on sustainability transitions, a holistic understanding of
system change in a complex reality remains to emerge (Sanz-
Hern�andez et al., 2019). First, a coherent approach to the role of
individual agency is lacking (Koistinen et al., 2018). Second, espe-
cially in the context of sustainable production and consumption,
the link from the socio-technical systems to broader institutional
structures remains under-theorized (Kemp and van Lente 2013;
Geels and Schot 2007).

The role of institutions has been emphasized in the systemic
change of the Finnish forest sector, which is composed of mature

industries that have become integral and central in society and the
national economy (Kortelainen 2002; Halonen et al., 2015). In the
long term, the development of forest industries has affected and
will continue to affect social equality and regional economies
(Bengtsson et al., 2019; Tykkyl€ainen and Lehtonen 2008; Halonen
et al., 2015). In addition to businesses, the state has taken an
active role in forest industry development, e.g., through national
forest improvement acts (Siiskonen 2007, 2013).

To account for, on the one hand, the role of institutions and, on
the other hand, the role of various actors and innovations, we build
on Rohracher’s (2001) framework on stability versus renewal in a
particular industrial sector. Following Rohracher (2001), this study
underscores the interconnections between institutions and the
practices, innovations, and actors shaping the renewal of the forest
sector, as illustrated in Fig.1. Accordingly, technologies, institutions,
practices and the related actors are in a systemic interaction with
each other, and each of them may either limit or enhance the po-
tential for the renewal of a sector.1 The rest of this chapter is
dedicated to the discussion of the conceptual elements of Fig. 1
from the perspective of the three studied value networks
(wooden multistory construction, fiber-based packaging and
biorefineries).

Institutions are the governed norms for organizing the functions
in a society along with the social structures shaping, embodying
and formulating such norms (North 1991; Ahuja and Yayavaram
2011). The forest sector’s institutions are, e.g., public policies
affecting the enforcement of sustainability initiatives, such as
climate change policies and certification schemes (Vogelpohl and
Aggestam 2012), and organizations influencing the development
and diffusion of innovations (Kubeczko et al., 2006). Practices refer
to informal means enabling actors’ agency in institutional pro-
cesses (Alexander 2005; Spaargaren 2011; Jussila and L€ahtinen
2019). In addition, the tacit knowledge and worldviews of forest
sector actors affect practices, e.g., decision-making processes in
various institutional contexts (Arts et al., 2014).

Formal institutions tend to create lock-ins and hinder changes
that otherwise might positively affect industry dynamics through
innovation diffusion (Geels et al., 2015). According to Luhas et al.
(2019), the Finnish forest sector has kept its focus on conven-
tional products with incremental changes in the existing product
portfolios, and their study identifies lock-in mechanisms, such as
technical interrelatedness, economies of scale, and the quasi-
irreversibility of investments. Relying primarily on economies of
scale-based value creation and incremental innovations to increase
the efficiency of industrial processes are among the key features
that have been commonly used to describe themajority of the firms
that operate in the mature and path-dependent forest industry in
general (see P€at€ari et al., 2011; Laestadius 2000). Regulatory push is
needed for any systemic level change to happen, as highlighted in
the context of circular bioeconomy development by Temmes and
Peck (2020).

Regarding the three value networks addressed empirically in
this study, the literature onwoodenmultistory construction (WMC)
suggests that institutional lock-ins need to be overcome forWMC to
gain a more solid market position (Lazarevic et al., 2020), along
with changes in the value chain logics (Pelli and L€ahtinen 2020). In
Finland, changes in building regulations have supported themarket
diffusion of WMC (Vihem€aki et al., 2019), and alternative wood-
based building technologies substituting, e.g., the use of concrete,
are permitted to compete on a more even playing field (Lazarevic

1 The model, originally developed for assessing the management of the con-
struction sector’s transition, has been applied, e.g., to assess the future of multistory
wooden construction in the context of the BE (Toppinen et al., 2019).
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et al., 2020). In comparison, a similar regulatory push has not been
observed in the case of fiber-based packaging and biorefineries.
Instead, packaging innovation is driven by consumer needs, with
increasing demand for convenience (e.g., take-out food products)
being its key driver (Hurmekoski et al., 2018). Fiber-basedmaterials
dominate the packaging markets and have high recovery rates, but
current technologies have weaknesses in their barrier characteris-
tics and durability, e.g., in food packaging (Korhonen et al., 2020).
The third value network of biorefineries has been argued to face
“the valley of death” in the industrial-scale commercialization and
deployment of the required technologies (Bauer et al., 2017;
Hedeler et al., 2020).

Innovation is a multistage process whereby actors advance,
compete, and differentiate themselves successfully in their domain
(e.g., a market or a territory) to transform ideas into new or
improved products, services (e.g., delivery or administrative), and
processes (Baregheh et al., 2009). The common characteristic of
innovations is that they are successfully implemented in practice
(Gault 2018). Before an innovation can become mainstream, it
needs to overcome certain barriers. Common barriers include
breaking into the market through an established economic struc-
ture, challenging the dominant technology and infrastructure
adapted to it, overcoming the lack of knowledge or investment in
research and development, and accommodating established user
practices or creating new ones. From the perspective of an indi-
vidual company, decisions made in the past may either hinder or
enhance the capabilities needed for the renewal of businesses (e.g.,
Teece 2018). In construction industries, e.g., company-level path
dependencies affect the possibility to adopt new industrial WMC
technologies (Stehn et al., 2020). Furthermore, in addition to having
the ability to adapt to changes in the business environment, com-
panies with strategic capabilities in renewal may have the possi-
bility to influence the development of the business environment to
their own advantage (Agarwal and Helfat 2009).

Forest biomass may be increasingly used for diversified pur-
poses, such as the production of textiles, bioplastics, chemicals,
packaging, and engineered wood products (Hurmekoski et al.,
2018). In a BE, it is important to substitute non-renewable re-
sources with renewable resources but in CE also to attain a
decreased need for virgin material by utilizing materials more
intensively, e.g., by utilizing the by-products or waste of forest-
based industries for new uses. However, the large established
wood rawmaterial users can have a great influence on the speed of
development and the shape of the future BE in Finland: they control
the majority of wood-based by-products, but currently may lack an

urgent need to reshape their businesses. In the spirit of proactive
incremental renewal, pulp and paper manufacturers have invested
in finding new markets where their core competencies can be
utilized, such as nanocellulose, and further started piloting joint
ventures to expand their knowhow and preparedness to new, more
diversified markets.

Kivimaa and Kern (2016) introduced a framework for analyzing
a policy mix accelerating so-called “creative destruction”, whereby
outdated products and practices are replaced with new ones to
enhance sustainability (Bergek et al., 2008; Kivimaa and Virkam€aki
2014; Kivimaa and Kern 2016). This is, however, a relative charac-
terization: “destructive” instruments may turn out to be the most
creative ones from the perspective of innovation, and supporting
instruments may actually distort the markets (Porter and van der
Linde, 1995). The potential innovation and innovation system pol-
icy impacts for supporting creativity and niche development are
summarized in Table 1.

Consistent with Fig. 1, along with institutions and innovations,
change in the behaviors, practices, actions and expectations of ac-
tors, such as citizens, consumers and businesses, are required to the
development of forest-based BE to take place (Davies et al., 2016;
Bauer 2018). Renewal of the Finnish forest sector requires intensive
cooperation between diverse actors, which results in new com-
panies gaining access to markets, while traditional actors have to
simultaneously reorient and adjust. Korhonen et al. (2018) observe
how the networks in the Finnish forest sector tend to be dominated
by incumbents, namely, large established firms, policy coalitions,
and research institutions. However, new networks seem to be
emerging beyond the traditional industrial boundaries, e.g., be-
tween the chemical and forest industries (Korhonen et al., 2018).
However, more efforts designed to guide the interaction of actors
may facilitate the emergence of a forest-based BE. Recent studies
also conclude that the frequent interaction of experts with high-
level technical competency, funders, and policymakers is benefi-
cial for enhancing forest sector renewal (Korhonen et al., 2018;
Vihem€aki et al., 2019).

There is also increasing scholarly interest in consumer-citizen
involvement in scaling up innovation in markets and integrating
the BE into everyday practices. Davies et al. (2016) stresses that the
success of the BE depends on the actions and choices of all citizens
even though BE or CE policies focus mostly on the industry and
supply side. In general, it has been suggested that cultural, social
and economic changes require consumer participation, and thus,
consumers must be regarded as politically active citizens in the
entire value chain instead of only as decision-makers (Holzer 2006;

Fig. 1. Interconnections between institutions and the practices, innovations, and actors shaping the renewal of the forest sector (modified from Rohracher 2001).
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Autio et al., 2009; Bossy 2014). As Spaargaren (2011) argues, as
actors consumer-citizens should be able to participate in, co-shape,
and democratically control the processes of environmental change,
such as developing sustainable consumption patterns and using
innovations in their daily lives.

Thus, the cultural change in consumption refers not so much to
changing consumption choices but rather to consumers’ changing
actor roles and relations to firms, such as their participation in
innovation processes (Heiskanen et al., 2005). However, consumer
practices are deeply rooted in the social norms of daily life, such as
what we perceive as good housing. Cultural and behavioral changes
in consumption practices and technological innovations are code-
pendent (McMeekin and Southerton 2012). Thus, businesses
should evolve alongside consumers’ social practices, and various
actors should recognize the influential roles of others.

3. Methods

Considering the views of BE experts, the study investigates the
roles of institutions and practices, innovation, and influential actors
in the renewal of the forest sector from the perspectives of policy
instruments, consumption and businesses. We examine three value
networks in the Finnish forest sector (i.e., wooden multistory
construction, fiber-based packaging, and biorefining) from the
above perspectives. The study was performed by a multidisci-
plinary research group that gathered questions originating from
the interests of different research fields, varying from the guiding
role of policy instruments to the transition paths of the forest sector
and the cultural changes in consumption. Thus, the aim was to
analyze questions on regulation, policy instruments, technologies,
and socioeconomic factors in the renewal of the forest sector. In our
interdisciplinary and collaborative research approach, we studied
the perceptions of these aspects among experts.2 This approach is
novel when applied to studying expert group opinions related to
the development of BE (Sanz-Hern�andez et al., 2019).

To capture the views of experts, we used a two-stage explor-
atory research approach to collect data (Devaney and Henchion
2018). The data were collected between September 2017 and
September 2018. In the first stage, we organized three workshops,
during which predefined questions were discussed regarding the
current state and future development of the forest-based BE in
Finland (for details, see Appendix A). Each workshop focused on a
different value network, and the discussions during the workshops

were shaped by the experts who were invited to attend. The first
workshop was organized in September 2017; its theme was
wooden multistory construction. The second workshop concerned
fiber-based packaging andwas organized in October 2017. The third
workshop focused on biorefineries and new products and was
organized in December 2017 (see Table 2 for more detailed infor-
mation on participants). The background institution of each
participant is listed as a broad category.

In the second stage, we examined the perceptions related to
forest-based BE in more detail by asking workshop experts to
complete an online questionnaire composed of questions and
statements based on the results of the first-stage qualitative
workshop data analysis (see Appendix B). Thus, while the starting
point of data gathering in theworkshopswas specifically connected
to the three case value networks, in the survey the variables in
questions and statements were operationalized to address both
issues connected to the case value networks and general views on
the forest-based BE including the aspects of circularity.

Four broad topics guided the group discussions in all three
workshops. These core topics included policy and regulatory
design, sustainable development, consumer needs and behavior,
and future business prospects of the forest-based BE (see Appendix
A). Each of the workshops addressed the potential for BE devel-
opment through one case value network, i.e., wooden multistory
construction, fiber-based packaging, and biorefining. We assume
that the workshop invitation attracted future-oriented discussants,
and the results cannot therefore be generalized to the entire forest
sector. The invited experts were required to have solid expertise
and experience within the forest sector in the research, corporate
or political sectors. In total, we contacted over one hundred experts,
who fulfilled the selection criteria; 40 participants joined the
workshop discussions, and two of them participated in two
workshops.

Each workshop was initiated by brief presentations from the
industry, policy, and consumer views that guided the topics and the
questions discussed in small groups. Each thematic group had 1-3
project researchers as participants. Their main tasks were to make
notes and to facilitate the discussion to address the pre-assigned
questions (Appendix A). However, especially in the second work-
shop, the groups were so small that the project researchers
sometimes needed to take up a role to encourage the discussion in
the group. The limitations and specifics of the workshop method
are similar to those of focus group studies: a workshop entails so-
cial interaction, and the discussion and results greatly depend on
the participants themselves. Accordingly, the second stage of data
gathering, namely, the survey, also serves the purpose of
strengthening the voices of the expert participants, excluding the
project researchers.

In the first stage, we documented the expert views presented

Table 1
Potential influence of innovation policy instruments (Source: Kivimaa and Kern 2016).

Examples of policy instrumentsa

Creation of new solutions
Knowledge creation, development and diffusion R&D funding schemes, educational policies
Establishing market niches/market formation Tax exemptions, market-based policy instruments
Entrepreneurial experimentation Policies stimulating entrepreneurship and diversification of existing firms
Resource mobilization Financial: R&D funding

Human: educational policies
Influence on the direction of search Goals being set and framing of strategies

Destruction of undesired old solutions
Control policies Policies, such as taxes, import restrictions
Reduced support for the dominant regime’s technologies Withdrawing support for selected technologies
Changes in social networks, replacement of key actors Balancing involvement of incumbents, e.g., in policy advisory councils with niche actors

a The complete list is available in the original source.

2 As Laws et al. (2004) have noted, there is no common definition of an expert.
However, one criterion is that an individual has expertise and is able to report on it.
Furthermore, according to Laws et al. (2004), expertise must involve experiential
and context-bound knowledge that differentiates it both from sophistication and
from being a specialist.
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during the workshops using notes, photographs and posters. To
identify the central themes of the workshop data, we used quali-
tative content analysis (e.g., Haapanen and Tapio 2016). At this
stage of analysis, the occurring views were organized under two
main themes e “BE sustainability and policy instruments” and
“shift to a BE and challenges in consumption, production and
business”. During the analysis, we focused on the differences and
overlapping aspects of BE that influence each value chain. The re-
sults are reported as a narrative to illustrate the experts’ reasoning.

In the second stage, the results of the workshops were com-
plemented with a survey, which was structured according to the
twomain themes of workshop results (i.e., circular BE sustainability
and policy instruments” and “shift to a circular BE and challenges in
consumption, production and business, see Appendix B). In addi-
tion to general questions and statements related to the BE, the
survey question setting was supplemented with views on circu-
larity (e.g., usage of side-products and waste, and re-usability) in
reference to the BE. The survey data gathering was implemented
with an online questionnaire completed by the workshop partici-
pants, excluding the project researchers. The analyzed workshop
data were elaborated into survey questions and statements,
including seven open-ended questions. The survey’s anonymity
also provided the participants with the possibility of commenting
on the questions more directly and independently than during the
workshops, where they represented their own organizations in
front of many of their stakeholders.

To test the preliminary questionnaire topics and structure, we
sent the survey for a test round in June 2018 to a few experts who
had participated in the workshops. After the test round, the ques-
tionnaire was modified, and questions were further clarified or
omitted from the questionnaire if they were perceived to be
incomprehensible based on feedback from the test round.

In September 2018, the final questionnaire was sent to 38 re-
spondents, as two workshop participants joined two workshops,
and two communicated in advance that they were unable to
participate in the survey stage and therefore did not receive the
questionnaire. The latter was completed by 18 high-level experts,
representing 47% of the targeted sample. As illustrated in Table 3,
the experts represented research, industry, public administration,
and other entities, including lobbyists, NGOs and consumers. The
experts’ length of experience in the field varied from 1 year to over
40 years and averaged approximately 20 years. On average, they
had been in their current positions for a little over four years. One
participant represented the public administration (participant #1),
six represented industry (#2, #5, #7, #12, #15, #17), four repre-
sented research (#3, #4, #8, #13), and three others represented
citizens and consumers, including forest owners (#9, #14, #18). We
faced difficulties in identifying the relevant consumer/end-user
organizations, and many individuals refrained from responding to
the survey, as they felt that their knowledge was inadequate. Four
respondents did not report their field or any background infor-
mation (#6, #10, #11, #16).

Overall, the representatives of industry and research dominated
the sample. However, the respondents were experienced, and we
can assume that they possessed deep knowledge of the topic.

Furthermore, the different business segments were unidentifiable
in the survey, as many participants indicated their field only as
“industry”. Therefore, even though some participants reported
their specific business segments, all industrial actors are classified
under the broader group of “industry” when the survey results are
reported, although sector-specific characteristics are more specif-
ically accounted for when theworkshop results are analyzed. As the
number of respondents (n ¼ 18) does not allow us to use statistical
analysis, we present our survey data in terms of frequencies by
illustrating the aspects the experts stressed regarding policy in-
struments, innovations and influential actors in the field of the
forest sector.

4. Results

4.1. Institutions and practices in renewal: regulatory priorities and
new policy instruments for the forest-based BE

Our analysis concerning the role of institutions in the forest-
based BE development provides support for setting clear law-
abiding regulatory reference levels, e.g., lowering carbon dioxide
emissions, along with making efforts to achieve other environ-
mental targets. In the survey phase, to identify the regulatory pri-
orities, we first asked respondents to rank the importance of the
predetermined motivations for developing the bioeconomy and
assuring its sustainability. Reducing fossil fuel dependency, miti-
gating climate change, and maintaining competitiveness ranked as
the most important motivations, and securing biodiversity was
perceived as least important (Fig. 2, question 1 in Appendix B).
Maintaining employment was not given high importance, although
it was often suggested as a main motivation for the bioeconomy
during the workshop discussions.

During the workshops (see Appendix A) and in the online
questionnaire (question 9 in Appendix B), respondents were asked
to clarify, in addition to the regulatory priorities for designing new
policy instruments for promoting a forest-based BE, the barriers
caused by legislation or policy instruments for BE implementation.
According to the results of the workshops and the survey, the ex-
perts observed clear regulatory barriers. In wooden multistory
construction, unjust or old-fashioned regulations concerning fire
safety, the number of floors, and weather and technical re-
quirements were perceived to increase the costs and negatively
impact the competitiveness of wooden construction compared to
that using other materials. Furthermore, among the institutional
barriers, a lack of education regarding wooden construction was
brought up inworkshop discussions. In the survey results, the more
stringent construction code in Finland compared to the codes in
Central Europe was mentioned as a barrier. Unclear regulations
were identified as barriers in workshop discussions, while the
survey highlighted the differing interpretations of construction
permit officials, which led to divergent practices between various
municipalities in Finland. Regarding fiber-based packaging, fewer
barriers were noted during the workshops and in responses to the
questionnaire. According to the survey results, the packaging in-
dustry is already globally regulated, and the global development of

Table 2
Background information on the workshops and participants.

Workshop topic Number of participants (þresearchers of the
organizing project)

Backgrounds of participants

1. Wooden multistory
construction

21 (þ8) 6 - companies, 4 - public administration, 2 - lobbying association, 1 - NGO, 1 - financing, 1 -
consumer, 6 - research expert

2. Fiber-based packaging 8 (þ7) 3 - companies, 1 - lobbying association, 4 - research expert
3. Biorefineries 13 (þ10) 4 - companies, 2 - lobbying association, 7 - research expert
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plastic restrictions has impacted the Finnish fiber-based packaging
industry. However, during the workshops, experts mentioned that
environmental permit processes were slow and ministries in
Finland had problems crossing administrative siloes. This was
particularly emphasized in the biorefining context, where waste
legislation prohibits the transportation of potentially reusable
waste fractions, for example.

To find ways of overcoming these barriers, we asked the survey
respondents to answer an open-ended question: “What types of
new policy instruments are needed to promote a forest-based BE?” in
terms of a) bringing new products into the markets, b) increasing
the quantity of high value-added products, c) achieving a more
efficient exploitation of side streams, d) increasing intersectoral
cooperation, and e) increasing BE-related know-how (Table 5,
question 10 in Appendix B).

The respondents’ views were rather straightforward regarding
the policy instruments required to promote the BE across the five
categories, ranging from building up social capital through
knowledge creation and diffusion to mobilizing resources for
innovation. The views also did not notably differ across the the-
matic workshops (Table 4, see also Appendix A). The government
and the public sector were perceived to be authoritative in creating
preconditions for newmarkets for bio-based products and services.
During discussions in the workshops and according to the survey
results, the experts were rather unanimous in their views that

public procurement might enhance the market diffusion of new
products.

The carbon tax was mentioned as a mean to promote the
diffusion of new products into markets, to increase the quantity of
higher value-added products and to advance the efficient exploi-
tation of side streams. Furthermore, there was support for the idea
that if accounting for the environmentally negative externalities
were possible, the relevant sectors would be incentivized to
cooperate more efficiently due to reduced operating costs. In terms
of adding value, the consumer role was also noted, as based on the
responses, consumer perceptions are important, and consumers’
“values and conceptions” should turn towards BE products being
“normal” and not just something for forerunners. The survey and
workshop results are summarized in more detail for specific cases
in Tables 4 and 5 by using the division of policy instruments into
creative- and destructive-side instruments, following the classifi-
cation by Kivimaa and Kern (2016).

In both Tables 4 and 5, tax policy is suggested as a means for
changing the practices of existing fossil-based production. A carbon
tax (or, equivalently, emissions trading) is perceived as a prereq-
uisite for the development of forest-based BE. Views on supporting
instruments vary greatly, but three sets of suggestions emerged.
Public procurement is perhaps the most favored alternative. This is
quite understandable, as such procurement provides money to
companies and can be directed into renewing the market. The

Table 3
Field and experience of survey respondents (n ¼ 18; NA ¼ not reported).

Respondent # Field Experience in the field (years) Experience in the current position (years)

1 Public administration 30 10
2 Industry 30 3
3 Research 30þ 1.5
4 Research 20 NA
5 Industry 25þ 2
6 NA NA NA
7 Industry 1 1
8 Research 12 2
9 Other 10 5
10 NA NA NA
11 NA NA NA
12 Industry 1.5 0.5
13 Research 12 2
14 Other NA NA
15 Industry 40 10
16 NA 20 NA
17 Industry 18 NA
18 Other 18 10

Fig. 2. Perceived order of importance of motivations for developing the BE and assuring its sustainability in Finland (1 ¼ most important, 6 ¼ least important, n ¼ 18).
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Table 4
Results from workshops: suggested actions and instruments for promoting a BE in the forest sector.

Workshops

Wooden multistorey construction Fiber-based packaging Biorefineries and new products

Destruction of undesired technologies Destruction of undesired technologies Destruction of undesired technologies
Developing standards for air quality;
Making sprinklers and weather proofing compulsory for all new

buildings;
Municipal strategies and planning to promote wood construction

Expanding the EU Emission Trading
System;
Taxes on or regulation of plastic
materials;
Traceability requirements for all
materials

Integrated carbon policy

Creative instruments directly promoting novel solutions Creative instruments directly
promoting novel solutions

Creative instruments directly promoting novel solutions

Public procurement;
Subsidy for the costs of technical approvals;
Financial support for skill updating training on wooden

construction;
Lower real estate tax, adjusted by carbon dioxide emissions from

wooden multistory construction;
Financial support for digitalization;
Information on group building

Public procurement;
R&D financing;
Joint research;
Instruments supporting more efficient
recycling

A smoother procedure of environmental permit approval;
Temporary permits to enable development work;
Investment support;
Financial support for start-up firms;
More flexible waste regulations to enable testing and
piloting;
Public investments in infrastructure;
Harmonization of regulations;
Development of regulations to adjust more rapidly to
changes in production;
Instruments to encourage development of more value-
added products from bioethanol;
Instruments to support carbon capture technologies;
Negative carbon tax;
R&D to increase the co-operation of forest and chemical
industries

Either creative or destructive
Incentives promoting carbon sinks

Table 5
Results from the survey: suggested actions and instruments for promoting a BE in the forest sector.

Survey

Bringing novel products into the
markets

Increasing the quantity of high value-
added products

Achieving a
more efficient
exploitation of
side streams

Increasing intersectoral
cooperation

Increasing bioeconomy-related know-how

Destruction of undesired
technologies

Destruction of undesired
technologies

Destruction of
undesired
technologies

Destruction of undesired
technologies

Pricing mechanism for negative
externalities;

Carbon dioxide emission tax;
Identification of regulations

complicating the replacement of
fossil-based products and
adapting regulations to the
bioeconomy

Carbon dioxide emission tax;
Identification of regulations
complicating the replacement of
fossil-based products and adapting
regulations to the bioeconomy

Carbon dioxide
emission tax;
Removing the
barriers

Accounting for negative
externalities

Creative instruments directly
promoting novel solutions

Creative instruments directly
promoting novel solutions

Creative
instruments
directly
promoting
novel solutions

Creative instruments
directly promoting novel
solutions

Creative instruments directly promoting
novel solutions

Public procurement;
Financial support for small firms at

the local level;
R&D financing;
Innovation and risk financing;
Financial support for

commercialization of
innovations;

Promoting cooperation between
companies;

Identification of preconditions for
new products’ success and
removing the barriers;

Rationality of prices and availability
of products

Financial support of R&D and
innovation;
Support for licensing involved in
commercialization of innovations;
Support for environmentally friendly
products (early phases);
Identifying operational preconditions
for multiproduct biorefineries and
removing the barriers;
Easing the change of consumers’
values and conceptions towards BE
products being normal and not just
something for forerunners

R&D;
Relaxing
regulations;
Flow of
information and
cooperation
between
sectors;
Minimization of
political
steering;
Investments

Research programs;
Financial support for the
emergence of business-
based cooperation;
Universities’ support of
cooperation (e.g.,.
innovation workshops, and
hackathons on bioeconomy)

Education (e.g., orderliness in education,
developing and direction of education,
educational programs and apprenticeship
training, interdisciplinary education);
Investments in education and research;
Focus on conceptual design and well-
understood scaling-up
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second set of suggestions comprises direct subsidies, i.e., cost-
reducing changes in regulation, and the third set relates to
research and development and other ways of promoting techno-
logical innovations. This diversity of ideas contrasts with the una-
nimity of expert perceptions of carbon pricing.

Similar results regarding the support for taxation as a needed
policy instrument to support the change were also obtained based
on another question in the survey (Fig. 3, question 4 in Appendix B).
We asked the survey participants to provide their perceptions with
respect to more specific claims regarding new instruments that
could transform industries towards a carbon-neutral pathway. We
received support for the claim that “the government should impose
taxes to guide firms and businesses towards climate change mitigation
more strongly than is currently being done” (Fig. 3). Consistent with
the previous statements, a clear majority of the respondents also
agreed that “various materials should be taxed based on their carbon
dioxide emissions, assuming that there are comparable methods
available for reliably estimating emissions” (Fig. 3). Furthermore, in
addition to climate change mitigation targets, the importance of
wood sustainability was supported by the results of our survey
data. Half of the respondents agreed with the claim that “the origin
of bio-based products should be traceable even if the origin of other
materials is not” (Fig. 3), while approximately 20% disagreed.

4.2. Innovations in renewal: overcoming the barriers from piloting
to scaling up the market

Using an open-ended question, we were able to identify the
types of barriers to commercializing new products the respondents
recognized (question 8 in Appendix B). Seven respondents
contributed answers to this question. Finance or a lack of risk
financing was an issue pointed out in the responses regarding the
research and development phases of innovations. Supporting the
pilot product to overcome barriers to market entry (i.e., scaling up
production from pilot quantities to larger and profitable quantities)
was also brought up. Experts also suggested that bio-based prod-
ucts could not compete on price, as the current pricing mechanism
does not include negative environmental externalities, making the
alternatives (to bio-based products) too cheap.

Regarding the impact of various actors on innovation, the need
for businesses to improve consumers’ understanding and enhance
consumers’ involvement in the product development and product
use phases was frequently mentioned. This is consistent with the

follow-up survey results (Fig. 5, question 11 in Appendix B), which
further suggested that companies do not necessarily understand
consumers’ needs well enough because the information on con-
sumer needs transfers slowly. However, instead of introducing new
methods for consumer involvement, the workshop discussions
tended to focus on why the practice had not become established in
the forest sector. For example, in the wood construction businesses,
consumers are distant from large manufacturing companies, and
several intermediary actors hinder direct consumer interaction.

Furthermore, the fiber-based packaging industry considered
global players (e.g., Amazon) to have succeeded in obtaining con-
sumer involvement in their innovation processes, but low con-
sumption volume is an issue faced in Finland: the companies
considered themselves too small to challenge the sustainability of
the products of large companies. Commercializing radical in-
novations was also mentioned to be difficult because of prejudice
among consumers towards new products and because the system
enabling value creation (e.g., production, interfaces with other
products or services, legislation) needs to adapt to the changes.
Similarly, “the bottlenecks and contradictions of legislation”were also
noted. However, the respondents did not clarify whether these
were related to certain special cases or to a larger systemic
dysfunction concerning bio-based production.

Responses to the open-ended questions in the questionnaire
reflect the “typical” concerns related to novelty, pioneering, and
radical innovations, namely, the difficulties in developing a product
to the point where the prerequisite to survive is met and then
succeeding in market entry and overcoming the initially slow
diffusion. In terms of development and production, these risks
(costs) related to first-mover disadvantages are comparatively high
in large-scale research-intensive industries, where production also
requires investments in production sites. Similarly, the risks (costs)
are much smaller if existing facilities, knowledge, marketing
channels, etc., can be utilized to promote or support the new
product.

4.3. Influential actors in renewal: towards consumer-driven
approaches

In the survey, we asked the experts to rate the most important
actors for advancing sustainability (Fig. 4, question 2 in Appendix
B). The majority of experts who responded to the questionnaire
perceived government agents to have the most importance in

Fig. 3. Distribution of experts’ views (shown as percentages) about statements concerning the implementation of new policy instruments (n ¼ 18).
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initiating renewal. In comparison, raw material purchasers were
commonly rated as rather unimportant compared to the other al-
ternatives, while the experts’ opinions on the roles of investors and
consumers clearly diverged.

According to the results, consumers were rated equally as the
most important and the least important actor group for advancing
sustainability. In general, the analysis of the role of consumers and
their importance in guiding the implementation pathway of the BE
has been commonly excluded from studies of BE development. The
initial observations in the workshops already gave reasons to
expect incongruence among the responses related to the consumer
role due to the divergent rhetoric related to various types of con-
sumers of forest-based bioproducts. Discussions on wooden
multistory construction mainly followed the construction sector’s
approach, which entails only little consumer interaction. Fiber-
based packaging was found to have established processes of
product testing, but consumer involvement in innovation was
considered insufficient. Finally, biorefineries were considered to
have little or no experience in consumer interaction, but they did
have high interest in consumer-driven innovations because they
are focused on the possibilities of new product development.

In the survey, we assessed (on a five-point Likert scale) the ex-
perts’ views concerning the importance of various drivers that are
likely to shape the demand for forest-based products in the future.
The majority of respondents agreed with the argument that “the
way the society thinks of forests and wood use is the most important
factor in determining the future of the Finnish bioeconomy business”

(in Fig. 5 “Societal acceptance on using forests and wood”, question
11 in Appendix B). The survey results presented the belief that
changes in citizen views greatly impacted market demand: in the
workshop discussions, participants argued that the lack of infor-
mation and misconceptions regarding, e.g., wooden multistory
construction, misled both businesses and policymakers. Such ar-
guments lead to an interesting interaction between consumer-
citizens and businesses and policymakers. Consumer attitudes
were perceived to be directly linked tomarket demand, but the lack
of information and misconceptions among citizens were perceived
to be problems for businesses and policymakers. Furthermore,
there were few concerns regarding changes in the acceptability of
wood use in industrially manufactured products despite the po-
tential deviation of citizen views from the views of groups with
commercial interests, as consumer-citizens need to live with the
consequences of their decisions and the resulting influence on
natural resource utilization.

In the questionnaire, we also asked the experts to rate their
opinions regarding a list of statements concerning issues related to
business and consumer demand. The claim considering the busi-
ness potential of environmental attitudes, “consumers are willing to
pay extra for environmentally friendly products,” was neither sup-
ported nor opposed (in Fig. 5 “Consumers willing to pay for envi-
ronmentally friendly products”). Moreover, the respondents
supported the idea that “a product’s carbon footprint should be
visible to the consumer” (in Fig. 5 “Visibility of carbon footprint for
consumers”). This shows that the change in consumption towards

Fig. 4. The most important actors for advancing sustainability (1 ¼ most important, 5 ¼ least important, n ¼ 18).

Fig. 5. Perceptions of consumer engagement in the BE development (n ¼ 18). Averages are shown on a five-point Likert scale (from 1 ¼ fully agree to 5 ¼ fully disagree).
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more climate-friendly products is considered a relevant consumer
interest. From the business development viewpoint, an interesting
questionwas how the respondents perceived the issue of acquiring
information regarding the consumers (in Fig. 5 “Information
transfer to businesses on consumer needs slow”).

In the survey, we also evaluated how the role of total con-
sumption and the decreasing unit of consumption compare to each
other and to other demand-driven changes in the markets. We
asked the respondents to evaluate the importance of issues, shown
in Fig. 6 (question 12 in Appendix B), from the viewpoint of the
change in forest-based product demand. On average, “increasing
Internet sales” was the most significant phenomenon, followed by
“geographic diversification in demand”. In the workshop discussions,
the significance of Internet shopping was brought up in particular
in the second (packaging-focused) workshop: for the circular
business model to function, e-commerce packaging needs to serve
various purposes, such as easy product returns or “frustration-free”
opening (the Amazon concept).

When considering the influence of consumers, both “increasing
total consumption” and meeting “consumers’ increasing environ-
mental requirements”wereweighted similarly in significance. These
views are thus contradictory from the perspective of implementing
a sustainable BE if increasing total consumption implies increased
material use. According to the mean of the responses, based on
Fig. 6, none of the given options were clearly perceived to lack
importance. However, the “decreasing unit size of demand” was
considered the least important. Moreover, influential actors may
also refer to international demand and cooperation. The experts in
the wooden building industry workshop discussed, e.g., the
strengthening Nordic cooperation in business and how to inter-
nationally export concepts or holistic service solutions (e.g.,
wooden schools or care institutions). Similarly, the participants in
the biorefinery workshop discussed the need to increase interna-
tional cooperation, especially at the European level.

5. Discussion

This study contributes to the discussion of the economic and
policy challenges of the forest-based BE development (Kleinschmit
et al., 2014; Leipold and Petit-boix 2018; Toppinen et al., 2020). By
analyzing expert perceptions of three different high value-added
value networks, namely, wooden multistory construction, fiber-
based packaging, and biorefineries, our empirical study aimed to
break the tendency of siloed discussions (Bosman and Rotmans

2016). In Finland, the forest-based BE actors are mainly in
research, government and industry, with large industrial com-
panies being the most central organizations, while other players
are more peripheral (Korhonen et al., 2018).

More specifically, we analyzed how BE experts perceived the
roles of i) institutions and practices, ii) innovation, and iii) influ-
ential actors in the development of a forest-based BE. Analyzing the
expert data that were gathered with a two-stage collaborative
approach including workshops and a follow-up online survey, we
identified several regulatory barriers and the actions and in-
struments needed for accelerating the renewal of the forest sector.
Conceptually, we found the modified framework of Rohracher
(2001) to be applicable (see Fig. 1) to shed light on the inter-
twined roles of institutions and practices, innovation and influen-
tial actors in forest sectorial renewal at a period of time when the
various objectives related to BE are not yet clearly defined.

First, considering institutions and practices, the study highlights
the significant role of government regulation in the renewal of the
forest sector. Table 1, modified according to Kivimaa and Kern
(2016), classified the existing instruments, while we asked ex-
perts about the types of policy instruments needed to promote a
forest-based BE. Furthermore, we identified policy instruments
that are potentially barriers to forest-based BE. In general, support
for small firms at the local level, promotion of cooperation between
companies, and smoother environmental permitting processes,
such as the issuance of temporary permits, to enable more efficient
exploitation of side streams are mentioned as alternatives for
overcoming the obstacles of the forest sector renewal; this is sup-
ported by the findings of Hurmekoski et al. (2015), Korhonen et al.
(2018), Luhas et al. (2019), and Vihem€aki et al. (2019). Regarding the
instruments needed for regulatory renewal, one of the clearest
results of this study was that a carbon tax was perceived as a
prerequisite for the development of forest-based BE. In contrast,
views on supporting instruments were more diverse. Proposals of
specific instruments to advance the BE in the forest sector ranged
from public procurement to direct subsidies and cost reduction
through relaxing regulations and innovation-related instruments.
In terms of a specific policy instrument, accelerating the change by
using public procurement was perhaps the most favored
alternative.

Second, the results of our analysis indicated that the connec-
tions innovations have to institutions and practices, and influential
actors define their potential to encourage BE development. As
McMeekin and Southerton (2012) have suggested, technological

Fig. 6. Factors driving the demand for forest-based products according to the respondents (n ¼ 13). Averages are shown on a five-point Likert scale (from 1 ¼ very significant to
5 ¼ not at all significant).
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innovations as such do not determine the pace of the change;
however, cultural and behavioral changes in consumption practices
and innovations are codependent. Our study indicates that to speed
up forest industry renewal, forest sector experts would like to see
the risks and cost of product development reduced by govern-
mental support or by active investors and the introduction of
consumer-inclusive innovation processes. However, the experts
had little insight into how to introduce the needed co-evolutionary
cultural change that would aim at diffusing new sustainable prac-
tices into everyday life (Spaargaren 2011; Keller et al., 2016;
Loorbach et al., 2017). As Van Lancker et al. (2016) have suggested,
there is a need to develop forest industrial innovation processes in
the BE context towards more intense cooperation, trans-
disciplinarity, and inclusion of a network of diverse stakeholders.
Such a culture seems so far to be in its infancy in the forest sector,
also in Finland (Korhonen et al., 2018). Furthermore, as Guerrero
and Hansen (2021) have recently pointed out, the cross-sector
collaboration of the forest industry with neighboring fields of
business, such as textiles, energy or construction, can result in
enhanced learning, intellectual property creation and cultural
changes in addition to direct new business outcomes.

Third, our results show that whether the experts considered
consumer-citizens or investors to be influential actors varied greatly
between the three analyzed value networks. This may also reflect
the different views of how the consumers’ role is perceived in the
economic system. The changes in consumer preferences for
renewable forest-based products may be signals of changes taking
place in society, and similarly, changing consumer preferences may
result in changes in society, yet recent studies have indicated that
emphasizing individual responsibility may curb the inclination to
impose governmental regulation (Werfel 2017; Hagmann et al.,
2019). For example, in a recent study by Kylkilahti et al. (2020), it
was found that a better understanding, especially of future gener-
ations’ housing expectations, enhances the possibilities of com-
panies in the field of wooden multistory construction to develop
new business models, which can provide new value for consumers
through the uptake of service innovations. Nevertheless, the
existing literature in the context of forest biorefineries has also
recognized the need for a regulatory push as the initiator of the
change (cf. Temmes and Peck 2020).

5.1. Limitations and reflections

Our study has limitations because it is based on perceptions
drawn from the industry and research communities in a single
country and at a particular time. As Finland has been one of the
forerunners in implementing BE and CE policies (TEM 2014; Sitra
2016; J€arvinen et al., 2019), the context is highly relevant for
assessing the development of forest-based BE. However, further
analysis of CE aspects of the forest-based BE are needed as, e.g., in
Finland the Bioeconomy Strategy is being updated and in the future
the aim is to promote CE as part of the BE (Ministry of the
Environment 2014). For example, according to the survey results,
views on side-streams, waste management and reusability of
products made of wood-based materials strongly connect BE to CE
thinking. The collaborative research method consisting of multiple
phases posed challenges. First, although the workshop materials
were comprehensive, during that phase, each group documented
the discussions at varying levels of detail, e.g., in terms of how well
various points were agreed upon among different group members.
The notes from the workshops were collected as field note data,
where each opinion was formed in collaboration with group
members, and it is possible that marginal yet relevant voices on the
development of forest-based BE were missed. Second, while the
workshop participants were highly engaged and had high levels of

expertise, the survey sample was rather limited in numeric terms.
This study focuses on understanding the critical aspects of the

forest-based BE development, while the meaning and relevance of
the bioeconomy itself in achieving the overarching global sustain-
ability goals are left for future studies. However, our results provide
novel insights concerning the potential enablers of and hindrances
to the development of a forest-based BE from a relevant empirical
context and indicate future research needs. In the renewal of the
forest sector, it is also crucial that changes comply with cultural
meanings and societal, consumer, and landowner values (H€ayrinen
et al., 2017; Stern et al., 2018; N€ayh€a 2019; Ladu et al., 2020).
However, this study was unable to follow up on those perceptions,
although the authors acknowledge their importance for the
renewal of the forest sector.

5.2. Conclusions and directions for future research

In summary, based on this study, the renewal of forest sector
businesses requires systemic changes in institutions and practices
(e.g., regulations and the interpretation of regulations), partici-
pants’ roles (e.g., the role of consumers in market development),
and innovations (e.g., progressing from pilot trials to large-scale
production). Furthermore, the results indicate the importance of
seeking possibilities to also involve new actors (e.g., consumer-
citizens) in the renewal processes. Since government regulation is
regarded as an important driver of the forest-based BE, we
encourage future studies to examine how government regulation
could more efficiently enhance sustainability goals and support the
recognition of consumer-citizens as influential actors.

Alignment with climate change mitigation and innovation pol-
icies may improve the integration of the upstream part of the
forestry-wood value chain in sustainability aspects of BE develop-
ment, as private forest owners ultimately make decisions regarding
forest management practices but are commonly excluded from BE
discussions (H€ayrinen et al., 2017; Hodge et al., 2017). Moreover, as
the entire Finnish economy and the forest sector are export-driven,
sustainability transition studies should identify the impacts, links,
and trade-offs of international trade in parallel with the local
drivers of the BE transition (see also Bauer and Fuentschilling 2019).
In the future, the analysis could also be complemented by a future-
oriented study exploring expert views on how specific sustain-
ability goals may be achieved. For example, it would be timely to
assess whether the significance of biodiversity aspects has
increased with the recent IPBES (2018) and IPCC (2019) reports and
how this would change the perceptions regarding the development
of forest-based BE. Until recently, the most important environ-
mental reasoning behind the development of BE has arguably been
climate change mitigation. However, the biodiversity impacts of
forest-based BE should be taken into account as the next step.
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Appendix A

Appendix A presents the English translations of pre-assigned
questions discussed in the workshops.

“Challenges and future perspectives in wooden multistory
construction” - workshop in September 2017.

1. Barriers to wooden multistory construction
a. Has your home organization faced barriers to enhancing the

conditions for wooden multistory construction?
2. Regulations and wooden multistory construction

a. In your view, how could legislation best support wooden
construction?

b. Has your home organization faced regulatory barriers to
enhancing the conditions for wooden multistory
construction?

3. Current policy instruments
a. In your view, how well do the current policies support the

development of wooden construction?
b. How would you develop these policies to better enable the

development of wooden construction?
4. Sustainable development and wooden multistory construction

a. What is the role of sustainable development in advancing
wooden multistory construction?

b. How can wooden construction contribute towards sustain-
able development (ecological, economic, social and cultural)?

5. Consumers and wooden multistory construction
a. What are the most important target groups for wooden

multistory construction?
b. What innovations would best serve consumer needs? (For

example, could solar panels be integrated into wooden
multistory construction?)

c. How can interaction with consumers be increased?
d. How could consumer engagement in product design and

development advance wooden multistorey construction?
6. Future prospects for wooden multistory construction

a. What could be the drivers of advancement of wooden
multistory construction in the future?

b. What could be the barriers?
c. How can exports of wooden multistory construction be

promoted?

“Future perspectives in fiber-based packaging business” -
workshop in October 2017.

1. Policy instruments for promoting the use of fiber-based
packaging
a. In your view, how could regulatory measures best promote

the use of fiber-based packaging?
b. Has your home organization faced regulatory barriers to

advancing the use of fiber-based packaging?
c. How would you develop the current policy measures to

support wider use of fiber-based packaging?
2. What is the role of sustainable development in advancing the

use of fiber-based packaging?
a. Who is responsible for the creation of package waste?
b. How (or in what circumstances) does fiber-based packaging

promote sustainable development?
c. In fiber-based packaging, what is the most important aspect

that promotes sustainable development?
3. Consumers and the demand for fiber-based packaging

a. What are the most important target groups for fiber-based
packaging?

b. In your view, what packaging innovations would best serve
consumer needs?

c. How can consumer interaction in the markets and during
innovation processes be facilitated?

d. How could consumer engagement in product design and
development enhance the demand for fiber-based
packaging?

4. Future prospects of fiber-based packaging
a. What could be the drivers of enabling wider use of fiber-

based packaging in the future?
b. What could be the barriers?
c. What is the role of packaging in the future?

“Future perspectives in bioeconomy: Biorefineries and new
products”-workshop in December 2017.

1. Regulations and policy measures
a. In your view, howwell do the current regulations and policies

support the establishment and operations of biorefineries?
b. What are the central barriers to operations of biorefineries

posed by legal regulations and policies?
i. For example, what is the importance of the REACH
regulation?

ii. How does the regulation/taxation treat the business eco-
systems built around biorefineries?

c. How would you develop the current regulations and policies
to support the operations of biorefineries?
i. How can intersectoral cooperation and learning be
promoted?

ii. How can new actors be attracted, and how can develop-
ment of new products, in particular, radical innovations,
be encouraged?

iii. How can innovations other than those related to pulp and
bioenergy be facilitated?

2. Value network’s development around biorefineries
a. How can fair and committed networks including actors of

different sizes be advanced?
i. E.g., value distribution within an industrial ecosystem of a
biorefinery

b. What kinds of opportunities can circular economy offer for
the value chain?

c. What kinds of actors are missing from the biorefining value
chain?
i. E.g., in cases of lignin upgrading, sludge utilization or fine
chemicals

d. How can commercialization of new products advance?
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3. What is the role of sustainable development in the biorefining
business?
a. What should be taken into account when assessing the

ecological sustainability of biorefinery production?
i. Climate change?
ii. Renewable energy; the RED II directive and sustainability

criteria (source, production, raw materials)?
iii. Europe’s bioeconomy strategy?
iv. Replacement of oil-derived products with bio-based

ones?
b. How can realization of other sustainability dimensions be

assured?
i. What is the role of social and local sustainability?
ii. Economic sustainability? What defines the target level of

economic sustainability?
c. How should investments in a forest-based bioeconomy take

the future generations into account?
d. How can a forest-based bioeconomy respond to the UN

Sustainable Development Goals that emphasize poverty
(Goal 1) and hunger eradication (Goal 2), and clean water
(Goal 6)?

4. Consumers and new bio-products
a. What are the most important consumer target groups for

biorefinery products?
b. What innovations would best serve consumer needs? How

can interaction with consumers be increased?
c. How could consumer engagement in product design and

development advance the acceptance of and demand for bio-
derived chemicals and other biorefining products?

d. Do new players in biorefining enhance the consumer
interface?

e. What is the role of consumer safety? Are bio-based chemicals
safer than oil-derived ones?

5. Future prospects of biorefining
a. What are the most promising future products of forest-based

biorefineries?
i. For example, what would be the role of zero-fiber, textiles,
or chemicals?

b. What could hinder the development of new biorefinery
products, and what could slow down the demand in the
future?

c. How can intersectoral cooperation and learning be promoted
in the future?

d. How can it be assured that future innovations are produced in
Finland?
i. Are we going to be the forerunners of bioeconomy solu-
tions in the future?

ii. How can competitive advantage be secured for industries
that utilize biorefinery side-streams?

iii. Creation of a science-technology cluster?

Appendix B

Appendix B presents the English translations of questions used
in the questionnaire.

This survey focuses on aspects that influence the development
of a forest-based bioeconomy. This questionnaire is built on themes
and questions that came up in the workshops’ group discussions
last autumn. The aim is to analyze the influence of regulation,
policy instruments, technologies and socioeconomic factors on the
forest-based bioeconomy from your point of view.

The questionnaire has two sections. The first is about sustain-
ability and policy instruments of a circular bioeconomy. The second
focuses on the challenges of the transformation towards a more

sustainable circular bioeconomy from the viewpoints of
consuming, producing and future business.

The questions are divided into seven pages. You can skip ques-
tions that you consider to be too far from your field of know-how. It
takes approximately 15e25 min to answer the questions. Thank
you for answering!

Instructions for answering questions: For every statement or
question of the type “put in prioritized order”, the scale is such that
“1” means “most important”, “most significant”, “fully agree”, “has
the biggest potential”, etc. Using the given scale, please choose the
value that best depicts your opinion.

Section 1: Sustainable development of a circular bioeconomy and
the significance of policy instruments

Question 1: “Developing a bioeconomy and securing its sus-
tainability in Finland is especially important in order …” (put the
statements in order so that 1 ¼ most important, 6 ¼ least
important).

Statements:

… to mitigate climate change
… to secure biodiversity
… to reduce the use of fossil raw materials
… to replace plastics
… to maintain employment
… to maintain the national competitiveness

Question 2: “The sustainability of a bioeconomy can be most
advanced by …” (put the actors in order so that 1 ¼ the most
important, and 5 ¼ the least important).

Options:
The management and owners of the company
Consumers
Legislation
Raw materials’ purchasers
Investors

Question 3: In your opinion, howwill the bioeconomy influence
the employment growth geographically and in companies of
various size? Choose one of the given options.

A: “Bioeconomy will increase employment …”

Statements concerning influence on companies of various size:
More in small companies
More in large companies
No difference
Bioeconomy will not increase employment
B: “Bioeconomy will increase employment …”

Statements concerning geographic influence:
More in rural areas
More in urban areas
No difference
Bioeconomy will not increase employment

Question 4: “What is your opinion about the following state-
ments? Indicate your opinion on the scale from 1 ¼ fully agree to
5 ¼ fully disagree.”

Statements:
The government should impose taxes to guide firms and busi-
nesses toward climate change mitigation more strongly than is
currently being done.
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The origin of bio-based products should be traceable even if the
origin of other materials is not.
From the point of view of the industry, the bioeconomy strategy
does not pay enough attention to the sufficiency of raw mate-
rials at the national level.
Various materials should be taxed based on their carbon dioxide
emissions, assuming that there are comparable methods avail-
able for reliably estimating emissions.
The production of bio-based products should focus only on
those that have transcendent functional attributes that accredit
to the raw material.

Question 5: “How should Finland compensate for the use of
forests? Please allocate percentages among the options so that the
sum is 100.” Statement: “If forest use in Finland exceeds the EU
forest use’s reference level, Finland should compensate for this by
…”

Options:
… reducing agricultural emissions
… increasing carbon sinks in the forest by using policy
instruments
… purchasing international carbon credits (if these are available
in the market)
… restoring low-productivity drained peat lands
… other means (please specify).

Question 6: “In your opinion, is the use of forests climate-
neutral?”

Options: Yes/No.
“Please justify here why the use of forests is or is not climate-

neutral.” (an open-ended question).
Regulation and policy instruments: Currently, there are several

policy instruments for the forest bioeconomy in Finland. In the
workshop discussion, the following regulations and policy in-
struments were specially mentioned: environmental permits,
waste regulation, taxation, investment support, incentives for R&D,
information steering, public procurement and municipality plan-
ning. The following statements are related to these.

Question 7: “What do you think of the following statements?
Please use the scale from 1 ¼ fully agree to 5 ¼ fully disagree to
indicate your opinion.”

Statements:
The choices that are climate change-friendly in terms of life
cycle should be emphasized in public procurement regardless of
material.
Substituting materials can be launched quickly in our industry if
the use of plastics becomes taxable.
Society should create incentives for wood to be used as a raw
material in production of consumer durables.
The current way of determining the waste components pro-
hibits the emergence of new, side stream-based business.
Smoother environmental permit processes would significantly
improve our competitiveness in international markets.
An R&D subsidy should be directed towards developing tech-
nology for carbon capture in biomass combustion plants.

Question 8: “In your opinion, what kinds of barriers exist to
commercializing new products?” (an open-ended question).

Question 9: “What kinds of barriers related to legislation and
policy instruments have you recognized in terms of wooden
multistory construction, fiber-based packaging or biorefineries?”
(an open-ended question).

Question 10: “In your opinion, what types of new policy

instruments are needed to promote a forest-based bioeconomy?
Please give 1e3 suggestions.” (an open-ended question).

Suggestions may be related to the following aspects:
Bringing new products into the markets
Increasing the quantity of high value-added products
Achieving a more efficient exploitation of side streams
Increasing intersectoral cooperation
Increasing bioeconomy-related know-how
Something else (please specify)

Section 2: Consumption, production and future business-related
challenges of transformation to a circular bioeconomy

Question 11: “What do you think of the following statements?
Please indicate your opinion using the scale from 1 (fully agree) to 5
(fully disagree).”

Statements:
The way society thinks of forests and wood use is the most
important factor in determining the future of Finnish bio-
economy business.
Consumers are willing to pay extra for environmentally friendly
products.
The information regarding consumer needs is transferred slowly
to the companies in our industry.
A product’s carbon footprint should be visible to the consumer.
The business risks related to an insufficient understanding of the
attributes of new bio-based materials are currently too
significant.
In innovation activity, too little attention is paid to reusability of
new products and materials.
The product-related stories are utilized well in marketing in our
industry.

Question 12: “How important are the following issues from the
viewpoint of the change in forest-based product demand? Please
evaluate importance using the scale from 1 (very significant) to 5
(not at all significant).”

Phenomena:
Increasing total consumption
Decreasing unit size of demand
Consumers’ increasing requirements for quality
Consumers’ increasing environmental requirements
Digitalization
Geographic diversification in demand
Increasing Internet sales
Customization of products for consumers
Consumers’ way of life changing to being more mobile
Something else (please specify)

For the development of the future circular bioeconomy, the
development of new value networks and the geographical division
of activities are, among others, important factors.

Question 13: “What do you think of the following statement?
(Statement: The value networks of biorefineries will expand in the
futurewhen utilization of side streams intensifies.” (an open-ended
question).

Question 14a: “Please sort the following possible barriers in
order so that 1 ¼ most significant barrier and 6 ¼ least significant
barrier.” Statement: “In our industry, the biggest barrier to such
business collaboration that aims to solve some sustainability
problem is …”
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Options:
Geographical distance between actors
Lack of trust
Lack of strategic partners
Lack of know-how
Lack of will
Something else (please specify)

Question 14b: “Please describe why, in your opinion, the above-
chosen factor is the biggest barrier to business collaboration?” (an
open-ended question).

Question 15: “Please define what is meant by a sustainable cir-
cular bioeconomy?” (an open-ended question).

Question 16: “Please answer some questions about your
background.”

Questions:
In what industry do you primarily act?
What is the most important consumer group in your industry?
Please describe the company you are working in. In what part of
the value chain does it primarily operate?
Do you represent an interest group (yes/no)?
How many years have you been working in this industry?
How many years have you been working in your current
position?
Do you have feedback to give us concerning the workshops or
this questionnaire?
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A B S T R A C T   

Business opportunities of circular bioeconomy have been proposed to lessen the socio-economic challenges of 
rural areas and to conserve diminishing natural resources. Recently, the financial and environmental sustain-
ability of circular bioeconomy has gained considerable research interest. This study examines three promising 
operational models for circular bioeconomy development in southern Finland: willow cultivation on marginal 
lands, wood-based biochar production and wood chip heated greenhouse production. The feasibility of these 
models is assessed by analysing their financial and environmental sustainability using a multi-methodological 
approach. Financial sustainability is analysed using net present value and internal rate of return indicators via 
cash flow analysis. Environmental sustainability is examined using carbon footprint indicator in a life cycle 
assessment and a closed loop analysis. The results reveal correlations between both types of indicators, sug-
gesting that a circular bioeconomy may lead to win–win situations. Potential closed loops are identified, and a 
circular bioeconomy model is suggested for improving security of supply and the flexibility of raw materials. 
Imbalanced revenue allocations between primary and secondary production are recognised as a potential threat 
to financial feasibility. Understanding financial and environmental sustainability of divergent operational models 
supports decision making and the legitimacy of change.   

1. Introduction 

Bio-based operational models hold the potential to facilitate multiple 
sustainability processes simultaneously by deriving renewable energy, 
sequestering carbon (i.e., the process of capturing and storing atmo-
spheric carbon dioxide (CO2)) and remediating soil resources [1]. The 
raw materials in play include various biomass feedstocks, such as short 
rotation coppices and agricultural residues. Notably, the adaptability of 
these models in terms of functionality [1] and side-stream utilisation [2] 
presents the potential realisation of a harmonious combination of bio-
economy (BE) and circular economy (CE) constructs (i.e., the circular 
bioeconomy (CBE)) [3,4], which may present improved sustainability 
options to society [5,6]. Notably, the CBE concept falls in line with 
Agenda 2030 that classifies sustainable development goals (SDG), Paris 
Climate Agreement [7] and sustainable rural development [8]. 

Despite the actions of the companies have indicated the change 

towards CBE [9], the environmental sustainability [10,11] and financial 
sustainability [12, 13] of CBE have been questioned by scholars. In 
addition, policymakers in the European Commission have challenged 
the environmental sustainability of CBE in the draft of sustainable 
finance taxonomy [14]. Thus, the traditional research and operational 
setting have separated BE and CE fields and contributed financial and 
environmental sustainability and circular practices separately. 

To integrate circular practices with financial and environmental in-
dicators, the CBE models are investigated applying a multi- 
methodological approach using net present value (NPV) and internal 
rate of return (IRR) indicators through a cash flow analysis [15–17], 
carbon footprint (CF) indicator through a life-cycle assessment [18,19] 
and closed loops analysis [20,21]. Three operational models (OMs) in 
southern Finland of CBE were identified and analysed: willow cultiva-
tion on marginal lands (OM1), wood-based biochar production (OM2) 
and wood chip heated greenhouse production (OM3). InSection 2, the 
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operative framework is presented, followed by the description of ma-
terials and methods. In Section 4 and 5 the results are described and 
discussed. Lastly, the article is concluded in Section 6. 

2. Operational framework 

The operational framework is based on the concepts of BE and CE, 
where BE embodies the production and conversion of renewable bio-
logical resources [22], and CE addresses waste streams into value-added 
products [6]. Notably, the two concepts together present a suitable 
construct to meet the target of sustainable and resource efficient world 
[6]. 

Based on interviews with rural entrepreneurs performed during the 
project “Climatewise rural entrepreneurship in Häme region, Finland”, 
three potentially valuable CBE models were identified. These opera-
tional models were found to have potential to close loops within the 
presented BE and CE concepts and, thus, support sustainable rural 
development and further CBE development. 

Willow is a short-rotation coppice that can be cultivated for CBE 
purposes in boreal regions [23]. Thus far, the literature has indicated 
relatively low financial profitability for these purposes [16,24]. How-
ever, OM1, willow cultivation, with OM2, biochar production, appear 
potential models for carbon sequestration [1,18]. 

OM2 refers to biochar production from the pyrolysis of biomass. 
Hammond et al. [25] and Salo [26] concluded that biochar produced 
from wood-based biomasses result in highest carbon abatement poten-
tial and net savings in CO2 emissions. Hence, they support climate 
change mitigation when applied, for example, as a soil amendment [18, 
27]. The financial feasibility of this process is promising [28,29]. 

OM3 involves a wood chip heated greenhouse for tomato production. 
Biomass-based greenhouse energy systems potentially decrease CF bet-
ter than conventional heating methods [19], but previous studies have 
indicated high capital costs for biomass boilers, decreasing the model’s 
financial viability [12,13]. 

3. Materials and methods 

This section describes the materials and methods used in this 
research, including the research design, a description of the financial 
and environmental sustainability evaluation methods for the identified 
CBE operational models and the initial data used for analysis. 

3.1. Research design 

The research design describes the CBE operational framework based 
on the three OMs (Fig. 1). Data were collected from relevant publica-
tions and interviews of local suppliers and entrepreneurs in the relevant 
fields. Altogether, six energy service suppliers, two rural entrepreneurs 
and one biochar producer were interviewed via email, phone or in- 
person conversations. The collected data were interpreted qualita-
tively and compared to findings in the literature. The financial and 
environmental analysis were operationalised through cash flow anal-
ysis, NPV and IRR indicators, life cycle assessment (LCA) method with 
CF indicator and closed loop analysis. Finally, the results were synthe-
tised and validated in discussion. 

3.2. Multi-methodological approach 

A multi-methodological approach was applied to integrate environ-
mental and financial elements for analysis [30,31], as the constituent 
approaches are suitable for analysing various sustainability challenges 
simultaneously [15,30,31]. The environmental and financial analysis 
activities are detailed below. 

3.2.1. Financial analysis 
Financial sustainability was evaluated using cash flow analyses with 

two financial profitability indicators, NPV and IRR. These are common 
analytical methods for evaluating the profitability of CBE models 
[15–17,29]. Cash flow analysis describes the expected future values of 
operational revenues and expenditures. Here, the method is applied to 
assess the financial profitability of OM1–3. NPV is ascertained using Eq. 
(1): 

NPV =
Rt

(1 + i)t (1)  

where Rt is net cash flow, t is the period of the cash flow and i is the 
discount rate. To control for changes in interest rates, 0, 5, 11 and 20% 
discount rates were applied [15]. IRR enables the comparison of finan-
cial feasibility in terms of future revenues and expenditures [16]. IRR is 
a discount rate that supplies an NPV of zero. The required average IRR 
for investments is 16% for publicly listed Finnish companies [32]. 

The financial calculations consider variable costs, fixed costs, in-
vestments and incomes covering 30 operational years (OM1), 25 years 
(OM2) and 20 years (OM3). Price data were collected from the literature 
and interviews with local suppliers in 2021. Owing to relatively low 
consumer price inflation over the past decade, inflation adjustments 
were excluded, and fixed prices were applied (see supplementary 
material). 

3.2.2. Environmental analysis 
LCA methodology allows for the quantification of environmental 

sustainability throughout the value chain. The International Organiza-
tion for Standardisation (ISO) standards 14040, 14044 and 14067 were 
specifically applied. GaBi v.9.2.1.68 and related databases were used for 
modelling. The functional unit is 1 ton of product for the three OMs. The 
goal of LCA is to estimate the CF of the products calculated using Leiden 
University’s Centre of Environmental Science’s (CML) methods covering 
2001–2016. CF calculations were enhanced by the identification of 
potential closed materials and energy flows in a closed loop analysis to 
improve OM circularity [20,33]. Closed loops were analysed based on 
interviews and literature related to OM input and output flows. 

Fig. 1. Research design of the study.  
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3.3. Data 

This section describes the initial quantitative data used with OM1–3. 
Secondary data from public sources and interviews were evaluated using 
GaBi and sensitivity analyses, as described in the supplementary 
material. 

3.3.1. OM1: Willow cultivation on marginal lands 
The system boundaries of OM1 are outlined in Fig. 2. The financial 

and environmental analyses were constructed from most of the same 
processes. 

The primary input data were compiled using GaBi modelling as-
sumptions. As diesel consumption figures were not available in the da-
tabases, a diesel emission factor of 2.676 kgCO2 l− 1 was used in our 
analysis [34]. The carbon sequestration of roots has a low effect on the 
soil balance of marginal lands and is therefore excluded from the system 
boundary [35]. The system in question is a 400-ha area of marginal land 
cultivated to produce raw materials for willow chips [36,37]. The price 
of willow chips (26% moist), including transportation to the site, is 90 € 
t− 1 [38,39]. The remaining operational details are described in the 
supplementary material. The scenarios related to subsidies and carbon 
offset sales used in the sensitivity analysis are shown in Table 1. 

The baseline (scenario 1) of willow cultivation on marginal lands 
includes subsidies and carbon-offset sales. Scenario 2 presents the case 
in which carbon sequestered willow chips are sold as carbon offsets at 
100 €tCO2eq− 1, including a 5333 € a− 1 access cost to the carbon offset 
market [40]. Related interviews and calculations were performed by the 
author. Scenario 3 describes willow cultivation of agricultural lands 
(instead of marginal lands), which is entitled to a subsidy of 347 € ha− 1 

a− 1 [41, 42]. Scenario 3 excludes possible input differences based on 
cultivated vs. marginal agricultural lands. 

3.3.2. OM2: Wood-based biochar production 
The OM2 system boundaries are defined in Fig. 3. The financial and 

environmental analyses were constructed from most of the same 
processes. 

System emissions were allocated among three products: biochar 
(64%), pyrolysis oil (26%) and district heating (10%) using their energy 
content as it is the only common physical property among the products. 
Emissions from pyrolysis were assumed to be zero, as the pyrolysed 
feedstock is a biomass [18]. 

Based on the interview data, OM2 income sources included biochar, 
district heat and carbon offsets. Two-thirds of the total heat was sold for 
local district heating at 6.94 euros per Gigajoule (€ GJ− 1). The biochar 
price was estimated to be 1000 € t− 1 for a 25-year business period. The 
pyrolysis unit sequestrates 3 metric tons of carbon dioxide equivalent 
per metric ton of biochar (tCO2 eq tbiochar 

− 1), which is sold as carbon 
offsets. 

The scenarios related to district heat and carbon offset sales are 
presented in Table 2. According to the interviews, district heat and 
carbon offset sales are important factors for improving the financial 

Fig. 2. System boundaries of the financial and environmental analyses of willow cultivation on marginal lands (OM1).  

Table 1 
OM1 scenarios.  

Scenario name Subsidies  Carbon 
offset sales  

Scenario 1 (baseline): Willow 
cultivation on marginal 
land 

0 € ha− 1 

a− 1 
0 € 

tCO2eq− 1 

Scenario 2: Willow cultivation 
on marginal land with 
carbon offset sales 

0 € ha− 1 

a− 1 
100 € 

tCO2eq− 1 

Scenario 3: Willow cultivation 
on agricultural land with 
subsidies 

347 € ha− 1 

a− 1 
0 € 

tCO2eq− 1  
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feasibility of biochar production. Scenario 1 (baseline) describes the 
current situation of wood-based biochar production for district heat and 
carbon offset sales. Scenario 2 presents a hypothetical situation in which 
only district heat is sold at 6.94 € GJ− 1. Scenario 3 describes a hypo-
thetical situation in which neither district heat nor carbon offsets are 
sold. 

3.3.3. OM3: Wood chip heated greenhouse production 
An overview of the OM3 is provided in Fig. 4, followed by investment 

information, energy and material input data and scenario descriptions. 
The OM3 case included a 3000-m2 greenhouse located on a 5000-m2 

land area in southern Finland. Initial data on material inputs to the 
greenhouse and costs are presented in the supplementary material. The 
investment cost data were based on interviews with local suppliers, 
supplemented by data from earlier research [43]. Investment and 
maintenance costs included structures, electrification, storage and ma-
chinery [44–47]. Seven scenarios are presented in Table 3. Investment 
and operational costs of alternative heating scenarios were based on 
interviews and energy price data from Statistics Finland [48]. In gas 
boiler and industrial waste stream scenarios, CO2 enrichment for 
greenhouses is provided by a boiler or an industrial flue gas capture 
system with a purification process. The wood chip + oil scenario utilizes 
an oil boiler to produce 15% of the total heat demand. 

4. Results 

This section provides the results of financial and environmental an-
alyses, followed by the respective sensitivity analyses of OM1–3. The 
final subsection summarises the results. 

4.1. OM1: Willow cultivation on marginal lands 

4.1.1. Financial analysis 
The accumulated net cash flow of OM1 over the total operational 

period of 30 years began to grow when the first willow chips were sold 
after six years had passed. However, a positive cash flow was not 
generated during the total operational period of 30 years (Fig. 5). 

Cash flow analysis was completed using calculations of financial 
profitability indicators: NPV and IRR. The profitability remained rela-
tively low based on NPV, resulting in − 462 000 € at 0% − 704 000 € at 
5% − 712 000 € at 11% and − 611 000 € at 20% discounting rates. The 
negative cash flow did not allow for the calculation of IRR. Thus, it did 
not reach the average return rate of an industrial investment (16%). 
Based on the negative cash flow and NPVs, OM2 is not financially 
feasible. 

4.1.2. Environmental analysis 
The environmental analysis was based on an LCA analysis of the CF 

indicator and using a closed loop analysis. Fig. 6 demonstrates the CF of 
willow chips as 63.0 kg of carbon dioxide equivalents per ton of willow 
chips (kgCO2 eq t− 1) (26% moist.). 

Although N2O-emissions come with uncertainties, fertiliser nitrogen 
reacting to N2O cause most of OM1’s emissions. For further analyses, the 
closed loops are identified in Table 4. 

4.1.3. Sensitivity analysis 
Three scenarios were analysed next (Table 1). The change in willow 

chips yield was − 25, − 10, 10 and 25% in relation to IRR (%) and CF 
(kgCO2 eq t− 1) for the scenarios presented in Fig. 7. 

The increase of willow chip yield further increased IRR and 
decreased CF in scenarios 1, 2 and 3 (Fig. 7). Scenario 3 produced the 
highest IRR and is the only moderately financially feasible scenario. 

Fig. 3. System boundaries of financial and environmental analyses of wood-based biochar production (OM2).  

Table 2 
OM2 scenarios.  

Scenario name District 
heat sales  

Carbon 
offset sales  

Scenario 1 (baseline): Wood- 
based biochar production 
with district heat and 
carbon offset sales 

6.94 € 
GJ− 1 

100 € 
tCO2eq− 1 

Scenario 2: Wood-based 
biochar production without 
carbon offset sales 

6.94 € 
GJ− 1 

0 € 
tCO2eq− 1 

Scenario 3: Wood-based 
biochar production without 
district heat and carbon 
offset sales 

0 € 
GJ− 1 

0 € 
tCO2eq− 1  
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Additionally, in Scenario 2, carbon offset sales at 100 € tCO2eq− 1 were 
insufficient to render willow cultivation on marginal lands financially 
attractive. 

4.2. OM2: Wood-based biochar production 

4.2.1. Financial analysis 
The accumulated net cash flow of OM2 during the total operational 

period of 25 years began to grow when the biochar was sold in the first 
year (Fig. 8). Positive cash flow was generated only after the first four 
years. 

The profitability of OM2 remained relatively high, based on the NPV, 
resulting in 12.56 M € at 0%, 5.93 M € at 5%, 2.55 M € at 11% and 0.59 
M € at 20% discounting rates. The positive cash flow resulted in an IRR 
of 26.26%, which is well above the required average for industrial 

investment (16%). Thus, for NPV and IRR, OM2 is financially feasible. 

4.2.2. Environmental analysis 
The environmental analysis was based on an LCA analysis of the CF 

indicator and using a closed loop analysis. Fig. 9 shows the CF of wood- 
based biochar at − 3255.8 kgCO2 eq t− 1. Use of electricity and light fuel 
oil caused the most emissions in OM2. 

Table 5 displays the closed loop options for OM2. 

4.2.3. Sensitivity analysis 
The sensitivity analysis of the three scenarios was reflected against 

biochar yield adjustments of − 25, − 10, 10 and 25% (Fig. 10). The 
increased biochar yield increased IRR and decreased CF (Fig. 10). Sce-
nario 1 produced the highest IRR. The sensitivity analyses of Scenarios 
1, 2 and 3 indicated that the increase of biochar yield increased NPV and 
IRR and decreased CF. Scenarios 2 and 3 are financially feasible from the 
viewpoint of NPV and IRR, indicating sensitivity to the carbon offset 
rather than district heat sales (see Fig. 10). 

Fig. 4. System boundaries of the financial and environmental analyses of greenhouse tomato cultivation (OM3).  

Table 3 
OM3 scenarios with total investment costs (IC) and operational costs (OC).  

Scenario name Heating system CO2 source IC (€ 
m− 2) 

OC (€ 
m− 2 
a− 1) 

Scenario 1 
(baseline): 
Wood chip 

Biomass boiler External 252.4 51.8 

Scenario 2: Wood 
chip þ oil 

Biomass and oil 
boiler 

External 192.4 88.5 

Scenario 3: 
District heating 

Hot water 
circulation 

External 132.5 103.5 

Scenario 4: 
Natural gas 

Gas boiler Boiler 
exhaust gas 

138.2 111.4 

Scenario 5: Biogas Gas boiler Boiler 
exhaust gas 

138.2 117.0 

Scenario 6: Waste 
heat stream 
60 ◦C 

Hot water 
circulation 

Industrial 
exhaust gas 

134.1 87.1 

Scenario 7: Waste 
heat stream 
40 ◦C 

Hot water 
circulation and 
heat pump 

Industrial 
exhaust gas 

145.7 89.4  

Fig. 5. Accumulated net cash flow without discounting willow cultivation on 
marginal lands during the 30-year period. 

L. Jukka et al.                                                                                                                                                                                                                                   



Biomass and Bioenergy 163 (2022) 106524

6

4.3. OM3: Wood chip heated greenhouse production 

4.3.1. Financial analysis 
The accumulated net cash flow of the OM3 during the total pro-

duction time of 20 years generated a positive cumulative cash flow after 
the first seven years of operation (Fig. 11). 

Profitability remained good based on NPV, resulting in 1.52 M € at 
0%, 0.66 M € at 5%, 0.17 M € at 11% and 0.15 M € at 20% discounting 
rates. Thus, the IRR of 14.67% was slightly below the required average 
for an industrial investment (16%). Based on cash flow, NPV and IRR, 

OM3 is moderately financially feasible. 

4.3.2. Environmental analysis 
LCA was used to assess OM3’s CF in accordance with earlier research 

[19]. The CF is presented per 1 tonne of tomatoes. The largest emissions 
came from electricity consumption. The infrastructure phase, including 
material consumption and construction, was the second-largest CF 
impactor. Heating was the third-largest, and other phases of production 
had relatively minor impacts (Fig. 12). The closed loops are presented in 
Table 6. 

Fig. 6. CF of willow chip life cycle processes.  

Table 4 
Identified closed loops for OM1.  

Need for closed loops Identified material flow Potential benefits Operational 
models 

Reference 

Soil amendment Biochar Improved topsoil and yield 
Reduced soil greenhouse gas emissions 

OM2 to OM1 [49,50] 

Natural plant 
protection 

Pyrolysis oils Lowered use of synthetic chemicals OM2 to OM1 [51] 

Recycled fertilizers Greenhouse organic 
waste 

Reduced energy consumption and greenhouse gas emissions compared with mineral 
fertilizers 
Improved water retention and carbon sequestration in soils 

OM3 to OM1 [52–54]  

Fig. 7. Changes of willow chip yield with IRR and CF in scenarios 1, 2 and 3.  
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Table 6 lists the closed loop options for OM3. 

4.3.3. Sensitivity analysis 
OM3’s sensitivity analysis was carried out as a comparison of heating 

system selections. The scenarios were: a baseline scenario of a wood chip 
boiler, co-combustion wood chips and oil, district heating, a natural gas 
and biogas boiler, and industrial waste heat streams of 60 and 40 ◦C. The 
use of waste heat streams presented the most attractive environmental 
and financial performance, which was due to the low required opera-
tional and investment costs. The analyses resulted in IRRs between 1 and 
28% and CFs between 722 and 3523 kgCO2 eq t− 1 (Fig. 13). 

Lower IRR and higher CF resulted from utilizing the 40-◦C waste heat 
stream owing to the demand for heat pumps and electricity, which 
increased operational and investment costs and CF. The higher CF of 
wood chip + oil use was caused by the high emission factor of fuel oil, 
and the increased IRR was caused by investment costs lower than the 
baseline scenario. District heating presented a slightly higher IRR due to 
the relatively low investment costs. However, it also resulted in a sig-
nificant increase in CF. High gas prices led to the lower financial per-
formance of natural and biogas systems. The emission intensity of 
natural gas also notably increased CF. The use of flue gas from gas 
boilers and industrial waste heat slightly increased their financial per-
formance and reduced their CF. 

4.4. Synthesis of results 

The synthesis of the results indicates an inverse correlation between 
IRR and CF in OM1–3 across several scenarios (Table 7). Increasing 
closed loops in the OMs has the potential to lower CF and increase IRR. 
Additionally, the cross-sectoral analysis elucidated an imbalance in 
financial feasibility between primary and secondary BE production. That 
is, there is significantly lower financial feasibility in OM1 than in OM2. 

The sector-specific analysis of OM1 shows how subsidies for short 
rotation plants support the cultivation of willow in agricultural fields 
rather than in marginal lands. The sector-specific analysis of OM2 de-
scribes how biochar production is infeasible without carbon offset sales 
from wood-based biochar production. The sector-specific analysis of 
OM3 demonstrates the financial benefits of waste heat stream heated 
greenhouse tomato production (OM3). 

Seven closed loops from the end- and by-products of OM1–3 were 

Fig. 8. Accumulated net cash flow without discounting wood-based biochar 
production over 25 years. 

Fig. 9. CF of wood-based biochar life cycle.  

Table 5 
Identified closed loops for OM2.  

Needed for closed loops Identified material flow Potential benefits Operational models Reference 

Soil amendment Biochar Increased demand OM2 to OM1 & OM3 [50, Interviews by author] 
Heating Pyrolysis waste heat Increased demand OM2 to OM3 [18] 
Natural plant protection Pyrolysis oils Increased revenues OM2 to OM1 & OM3 [51, Interviews by author] 
Feedstock Greenhouse waste Less land needed for growing in comparison to other feedstocks OM3 to OM2 [50]  

Fig. 10. Changes in biochar yield based on IRR and CF (kgCO2 eq t− 1) in Scenarios 1, 2 and 3.  
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identified for inclusion in a CBE model (Fig. 14). Pyrolysis oils from 
biochar production are needed in this CBE model and can be utilized as 
herbicide and soil amendment substitutes in willow cultivation and 
greenhouses, respectively. Closed loops can also be established between 
willow cultivation and greenhouse production by applying willow chips 
as a heating fuel and composting garden waste for use in crop growing 
fields. Furthermore, biochar and greenhouse production can establish 
closed loops via waste heat and organic waste utilisation as alternative 

raw materials for pyrolysis. 

5. Discussion 

In this study, a multi methodological approach using NPV and IRR 
indicators through cash flow analysis, CF indicator through LCA and 
closed loops analysis enabled the assessment of the financial and envi-
ronmental sustainability of CBE. The results demonstrate that 

Fig. 11. Accumulated net cash flow of greenhouse tomato cultivation using wood chip heating over 20 years.  

Fig. 12. CFs of wood chip heated greenhouse life cycle.  

Table 6 
Identified closed loops for OM3.  

Needed for closed 
loops 

Identified material 
flow 

Potential benefits Operational 
models 

Reference 

Soil amendment Biochar Replacing perlite, improvements in nutrient accessibility, efficiency of N and P uptake, water 
use and bacterial composition 

OM2 to OM3 [55] 

Natural plant 
protection 

Pyrolysis oils Decreased use of synthetic chemicals OM2 to OM3 [51] 

Heating Industrial excess heat Decreased heat demand OM2 to OM3 [10,19, 
56] 

Recycled fertilizers Greenhouse organic 
waste 

Possibility of decreasing waste management costs OM3 to OM1 & 
OM2 

[57]  
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operational models with low CFs may be financially feasible while 
presenting improved financial results over conventional polluting 
practices. According to Uusitalo et al. [58], financial feasibility is un-
evenly distributed between different operators along biomass-based 
production chains, and there are challenges to profitability, especially 
for biomass producers. These conclusions are confirmed in this paper. 
However, the existence of closed loops indicates the potential to 
enhance various dimensions of sustainability, such as lower CF and 
improved financial feasibility. The recognised factors affecting the 
financial and environmental sustainability of the OMs included willow 
(OM1) and biochar (OM2) yields, subsidies (OM1), carbon offsets 
(OM1–2), waste heat utilisation (OM2–3) and technological 

developments to enhance production methods (OM3). 
The current subsidy schemes related to short-rotation wood pro-

duction (OM1) may conflict with those of food production [59]. Thus, 
we advocate the allocation of more sustainable and integral subsidies 
and the reduction of sustainability conflicts in the production of 
field-based wood products. Additionally, carbon offsets as they relate to 
climate change mitigation are questioned in the context of CBE because 
of the natural risks related to carbon sequestration and the trustwor-
thiness of carbon offset markets [60,61]. This indicates the need to 
allocate carbon offsets in a fair and reasonable way across value chains. 
Third, carbon offset sales from primary productions (e.g. willow chips) 
may not fulfil the requirements of the gold standard [62], although they 

Fig. 13. Change in heating method to IRR (%) and CF (kgCO2 eq t− 1).  

Table 7 
Summary of results.   

Financial analysis Environmental analysis 
Carbon footprint analysis Closed loop analysis 

Sensitivity analysis 

Operational model 1: 
Willow cultivation 
on marginal lands  

• OM1 is not financially feasible  
• The investment does not pay off 

in the operational period of 30 
years  

• CF of willow chips (26%), 
including transportation to 
utilisation, is 58.9 kgCO2 eq 
t− 1  

• Fertiliser’s nitrogen (N) 
reacting to nitrous oxide 
(N2O) has the highest impact 
on the CF  

• Utilisation of pyrolysis oils for biocide 
and plant protection  

• Utilisation of greenhouse waste and 
biochar as a soil amendment  

• Increase of willow chip yield 
enables the increase of IRR and 
the decrease of CF  

• Financial feasibility of 
cultivation depends on 
subsidies  

• Current subsidy scheme 
supports cultivation on 
agricultural lands  

• Carbon offsets sold at 100 € 
tCO2eq− 1 does not make 
cultivation on marginal lands 
financially attractive 

Operational model 2: 
Wood-based biochar 
production 

•OM2 is financially feasible 
•Payback of investment after four 
years 

•CF of wood-based biochar is 
− 3236.8 kgCO2 eq t− 1 when 
stored carbon is considered 
•Electricity used in production 
has a high impact on CF 

•Utilisation of greenhouse waste as a 
feedstock 
•Increased demand for biochar and 
waste heat 
•Increased revenues from pyrolysis oils 

•Increase of biochar yield enables 
the increase of IRR and the 
decrease of CF 
•Biochar production is feasible 
without carbon offset sales 
•Biochar production is not 
feasible without both carbon 
offset and district heat sales 

Operational model 3: 
Wood-chip-heated 
greenhouse 
production  

• OM3 is moderately financially 
feasible  

• Payback of investment after 
seven years  

• CF of greenhouse tomato 
production is 888 kgCO2 eq 
t− 1  

• Energy consumption in 
production has the highest 
impact on CF  

• Utilisation of excess heat, pyrolysis 
oils and biochar  

• Demand for greenhouse organic waste 
may decrease waste management 
costs  

• Use of waste heat streams (40 
and 60 ◦C) enables the increase 
of IRR and the decrease of CF  

• Biogas heating presents a 
relatively low CF but low IRR, 
even with CO2 utilization 

Cross-sectoral:  • There is an imbalance of 
financial feasibility between 
current primary (OM1) and 
secondary production (OM2)  

• Energy and fertilizer 
consumption have high 
impact on the CF of circular 
bioproducts  

• Increase of closed loops has the 
potential to enhance flexibility and 
sustainability; for example, lower CF 
and increased revenues  

• There is an inverse correlation 
between IRR and CF  
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may boost the financial feasibility of CBE. 
CBE has been linked to sustainable rural development as it also fa-

vours circular business models to reduce corporate dependencies on 
exhaustive materials in nature and increase the overall market value of 
recycled materials [6,63,64] Doing so leads to the increase of both 
financial and environmental performance, as supported by the results of 
this study. Therefore, the establishment and improvement of closed 
loops may accelerate the transition towards sustainable CBE models and 
improved rural development. The CBE model in Fig. 14 exemplifies how 
materials and energy can be utilised multiple times in closed loops be-
tween BE and CE contexts, provided an integrated model can be 
implemented. 

The results of this study increase the understanding of sustainability 
transitions [65] by contributing regime of socio-technical systems [66, 
67] and its co-evolving relationship with ecological systems [68–71]. 
These regime interactions are seen crucial in the transition towards 
sustainability [69,71–73]. In addition, our results contribute to recog-
nition of sustainable policy making and policy challenges in parallel 
transitions [74]. Our study has shown how increasing regime in-
teractions and sustainable policy making within and between the sys-
tems have potential to facilitate transition towards more sustainable 
CBE. 

The small sample sizes of OM1–3 enabled a focused analysis of a 
particular set of cases. However, a broader examination of CBE with 
larger sample sizes is needed to assess its global feasibility. Thus, we 
encourage other researchers to add to our contributions by examining 
social [15,75] and environmental degradation indicators. The focus of 
the OM1–2 sensitivity analyses were limited to subsidies, carbon offsets 
and district heat sales, which are biased more towards the financial 
sustainability factor. However, the analysis of OM3 captured both 
environmental and financial sustainability. Future operational models 
should focus on a blended and balanced CBE analysis. 

This study focused on three OMs in southern Finland using primary 
interviews and open secondary data for analyses to produce and validate 
results. The generalization of study depends on the geographical and 
sector specific contexts, and technical feasibility. Thus, future studies 
should integrate or reference our results after accounting for the 
contextual differences inherent in disparate studies. 

6. Conclusions 

The multi-methodological approach of this study revealed 

connections between the financial and environmental indicators 
through inverse correlations between IRR and CF in the CBE context. 
Additionally, the closed loops identified between the OMs in this study 
have, in many cases, potential to increase IRR and decrease CF, which 
further supported the expectation that integrated OMs will improve the 
competitiveness of CBE. Symbioses through closed loops (e.g. the use of 
pyrolysis oils as a biocide and the use of waste heat) are expected to 
enhance the flexibility of models and solve other sustainability chal-
lenges, such as issues in land use and freshwater management, and thus 
accelerate CBE’s transition towards sustainability. 

CBE practices and interactions among actors may support the 
financial feasibility of climate friendly rural development in the larger 
global transition towards sustainability. Although, socio-technical 
transition is necessary for successful CBE employment, its success de-
pends greatly on the ecological coevolution of natural resources, espe-
cially as they relate to the photosynthetic processes of the biomasses 
examined in this study. Understanding governmental policy practices 
will further illuminate the bureaucracies to be navigated while fore-
warning the potential sustainability conflicts. 

Similar results to those of this study are expected to be found in 
Nordic countries, which would improve the generalisability of these 
findings. Researchers and policymakers should consider possible sus-
tainability conflicts when designing future subsidy schemes. Lastly, 
future research should further investigate the implementation of closed 
loops and their impact on sustainability and carbon offsets in the context 
of CBE. 
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[27] S. Rajabi Hamedani, T. Kuppens, R. Malina, E. Bocci, A. Colantoni, M. Villarini, 
Lifecycle assessment and environmental valuation of biochar production: two case 
studies in Belgium, Energies 12 (11) (2019) 2166, https://doi.org/10.3390/ 
en12112166. 

[28] S.S. Harsono, P. Grundman, L.H. Lau, A. Hansen, M.A.M. Salleh, A. Meyer-Aurich, 
A. Idris, T.I.M. Ghazi, Energy balances, greenhouse gas emissions and economics of 
biochar production from palm oil empty fruit bunches, Resour. Conserv. Recycl. 77 
(2013) 108–115, https://doi.org/10.1016/j.resconrec.2013.04.005. 

[29] R.M. Campbell, N.M. Anderson, D.E. Daugaard, H.T. Naughton, Financial viability 
of biofuel and biochar production from forest biomass in the face of market price 
volatility and uncertainty, Appl. Energy 230 (2018) 330–343, https://doi.org/ 
10.1016/j.apenergy.2018.08.085. 

[30] K.H. Lee, Y. Wu, Integrating sustainability performance measurement into logistics 
and supply networks: a multi-methodological approach, The Br. Account. Rev. 46 
(4) (2014) 361–378, https://doi.org/10.1016/j.bar.2014.10.005. 

[31] M. Bottero, A multi-methodological approach for assessing sustainability of urban 
projects, Manag. Environ. Qual. 26 (1) (2015) 138–154, https://doi.org/10.1108/ 
MEQ-06-2014-0088. 

[32] E. Liljeblom, M. Vaihekoski, Investment evaluation methods and required rate of 
return in Finnish publicly listed companies, Finn. J. Bus. Econ. 53 (1) (2004) 9–24. 

[33] S.V. Mohan, M. Hemalatha, D. Chakraborty, S. Chatterjee, P. Ranadheer, R. Kona, 
Algal biorefinery models with self-sustainable closed loop approach: trends and 
prospective for blue-bioeconomy, Bioresour. Technol. 295 (2020), 122128, 
https://doi.org/10.1016/j.biortech.2019.122128. 

[34] IPCC, Guidelines for national greenhouse gas inventories [Online], Available: 
https://www.ipcc-nggip.iges.or.jp/public/2006gl/vol2.html, 2006. (Accessed 17 
December 2021). 

[35] I. Dimitriou, B. Mola-Yudego, P. Aronsson, J. Eriksson, Changes in organic carbon 
and trace elements in the soil of willow short-rotation coppice plantations, 
Bioenerg. Res. 5 (3) (2012) 563–572, https://doi.org/10.1007/s12155-012-9215- 
1. 

[36] WillowPartners, Willow breeding as a business [Online], Available: https://www. 
ilmastoviisas.fi/wp-content/uploads/2017/11/suutari_pajunkasvatus_21112017. 
pdf, 2017. (Accessed 26 May 2021). 

[37] Carbons, Willow breeding instructions, summer [Online], Available: https://carb 
ons.fi/wp-content/uploads/2020/11/Tuotekortti-Pajun-kasvatus-0720.pdf, 2020. 
(Accessed 27 May 2021). 

[38] Bioenergy advice, Energy values and conversation factors [Online], Available: htt 
ps://www.bioenergyadvice.com/facts/bio-fuel-units-of-measurement-energy-val 
ues-and-conversion-factors/, 2022. (Accessed 20 June 2021). Accessed. 

[39] Statistics Finland, Energy Prices, ISSN: 1799-7984. 2nd Qtr, Tilastokeskus, 
Helsinki, 2021 [Online]. Available: http://www.stat.fi/til/ehi/2021/02/eh 
i_2021_02_2021-09-09_kuv_005_fi.html 2021. (Accessed 19 August 2021). 

[40] E. Alakangas, M. Hurskainen, J. Laatikainen-Himanen, J. Korhonen, Fuel 
Properties Used in Finland, VTT Technical Research Centre of Finland, 2016. 

[41] Finnish Food Authority, Farmer Aid Application Guide, 2020 [Online]. Available: 
https://www.ruokavirasto. 
fi/globalassets/tietoa-meista/asiointi/oppaat-ja-lomakkeet/viljelijat/tuet-ja-rah 
oitus/oppaat-ja-esitteet/viljelijatukien-hakuopas-2020_saavutettava.pdf 2020. 
(Accessed 18 January 2022). 

[42] Finnish food authority, Terms of the Environmental Compensation Commitment, 
2021 [Online]. Available:2021, https://www.ruokavirasto.fi/viljelijat/oppaat/sito 
umus-ja-sopimusehdot/ymparistokorvauksen-sitoumusehdot/ymparistokorvauks 
en-sitoumusehdot-2021/. (Accessed 18 January 2022). 

[43] M.S. Ahamed, H. Guo, L. Taylor, K. Tanino, Heating demand and economic 
feasibility analysis for year-round vegetable production in Canadian prairies 
greenhouses, Inf. Process. Agric. 6 (1) (2019) 81–90, https://doi.org/10.1016/j. 
inpa.2018.08.005. 

[44] Available: Natural Resources Institute Finland, Statistical database: horticultural 
statistics [online] https://stat.luke.fi/puutarhatilastot, 2021. (Accessed 3 
December 2021). 

[45] F. Silvenius, K. Usva, J.-M. Katajajuuri, K.A. Jaakkonen, Climate impact calculation 
and water footprint of greenhouse products, MTT report; Natural Resources Centre 
(Luke): Helsinki, Finland 82 (2019) 1–25, 978-952-326-872-2. 

[46] Z.S. Chalabi, B.J. Bailey, A. Biro, D.P. Aikman, K. E Cockshull, Optimal control 
strategies for carbon dioxide enrichment in greenhouse tomato crops, part II: using 
the exhaust gases of natural gas fired boilers, Biosyst. Eng. 81 (3) (2002) 323–332. 

[47] G.M. Dias, N.W. Ayer, S. Khosla, R. Van Acker, S.B. Young, S. Whitney, 
P. Hendricks, Lifecycle perspectives on the sustainability of Ontario greenhouse 
tomato production: benchmarking and improvement opportunities, J. Clean. Prod. 
140 (2017) 831–839, https://doi.org/10.1016/j.jclepro.2016.06.039. 

[48] Statistics Finland, Energy Prices, ISSN: 1799-800X, Statistics Finland, Helsinki, 
2021 [Online]. Available: http://www.stat.fi/til/ehi/index_en.html. (Accessed 19 
August 2021). 

[49] F.V. Glisczynski, R. Pude, W. Amelung, A. Sandhage-Hofmann, Biochar-compost 
substrates in short-rotation coppice: effects on soil and trees in a three-year field 
experiment, J. Plant. Nutr. Soil Sci. 179 (4) (2016) 574–583, https://doi.org/ 
10.1002/jpln.201500545. 

[50] A. Tisserant, F. Cherubini, Potentials, limitations, co-benefits, and trade-offs of 
biochar applications to soils for climate change mitigation, Land 8 (12) (2019) 179, 
https://doi.org/10.3390/land8120179. 

[51] K. Tiilikkala, L. Fagernäs, J. Tiilikkala, History and use of wood pyrolysis liquids as 
biocide and plant protection product history and use of wood pyrolysis liquids as 

L. Jukka et al.                                                                                                                                                                                                                                   



Biomass and Bioenergy 163 (2022) 106524

12

biocide and plant protection product, Open Agric. J. 4 (2010) 111–118, https:// 
doi.org/10.2174/1874331501004010111. 

[52] J. Havukainen, V. Uusitalo, K. Koistinen, M. Liikanen, M. Horttanainen, Carbon 
footprint evaluation of biofertilizers, Int. J. Sustain. Dev. Plan. 13 (8) (2018) 
1050–1060, https://doi.org/10.2495/SDP-V13-N8-1050-1060. 

[53] EPA, United States Environmental Protection Agency Sustainable Management of 
Food, Reducing the impact of wasted food by feeding the soil and composting 
[Online], Available: https://www.epa. 
gov/sustainable-management-food/reducing-impact-wasted-food-feeding- 
soil-and-composting#benefits, 2021. (Accessed 7 December 2021). 
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Systematic approach for recognizing limiting factors for growth of biomethane use 
in transportation sector – a case study in Finland, Renew. Energ. 80 (2015) 
479–488, https://doi.org/10.1016/j.renene.2015.02.037. 

[59] J. von Braun, Bioeconomy–The global trend and its implications for sustainability 
and food security, Glob. Food Secur. 19 (2018) 81–83, https://doi.org/10.1016/j. 
gfs.2018.10.003. 

[60] C.S. Galik, R.B. Jackson, Risks to forest carbon offset projects in a changing 
climate, For. Ecol. Manag. 257 (11) (2009) 2209–2216, https://doi.org/10.1016/j. 
foreco.2009.03.017. 

[61] C. Canham, Rethinking forest carbon offsets [Online], Available: https://www.car 
yinstitute.org/news-insights/feature/rethinking-forest-carbon-offsets, 2021. 
(Accessed 6 December 2021). 

[62] Gold standards, Principles & requirements [online], Available: https://globalgoals. 
goldstandard.org/101-par-principles-requirements/, 2019. (Accessed 3 December 
2021). 

[63] M.S. Andersen, An introductory note on the environmental economics of the 
circular economy, Sust. Sci. 2 (1) (2007) 133–140, https://doi.org/10.1007/ 
s11625-006-0013-6. 

[64] M.R. Chertow, Industrial symbiosis: literature and taxonomy, Annu. Rev. Environ. 
Resour. 25 (1) (2000) 313–337. 

[65] J. Köhler, F.W. Geels, F. Kern, J. Markard, E. Onsongo, A. Wieczorek, F. Alkemade, 
F. Avelino, A. Bergek, F. Boons, L. Fünfschilling, D. Hess, G. Holtz, S. Hyysalo, 
K. Jenkins, P. Kivimaa, M. Martiskainen, A. McMeekin, M.S. Mühlemeier, 
B. Nykvist, B. Pel, R. Raven, H. Rohracher, B. Sandén, J. Schot, B. Sovacool, 
B. Turnheim, D. Welch, P. Wells, An agenda for sustainability transitions research: 
state of the art and future directions, Environ. Innov. Soc. Transit. 31 (2019) 1–32, 
https://doi.org/10.1016/j.eist.2019.01.004. 

[66] F.W. Geels, Technological transitions as evolutionary reconfiguration processes: a 
multi-level perspective and a case-study, Res. Policy 31 (8–9) (2002) 1257–1274, 
https://doi.org/10.1016/S0048-7333(02)00062-8. 

[67] F.W. Geels, Regime resistance against low-carbon transitions: introducing politics 
and power into the multi-level perspective, Theory Cult. Soc. 31 (5) (2014) 21–40, 
https://doi.org/10.1177/0263276414531627. 

[68] M. Lawhon, J.T. Murphy, Socio-technical regimes and sustainability transitions: 
insights from political ecology, Prog. Hum. Geogr. 36 (3) (2012) 354–378, https:// 
doi.org/10.1177/0309132511427960. 

[69] T.P. Hughes, S. Carpenter, J. Rockström, M. Scheffer, B. Walker, Multiscale regime 
shifts and planetary boundaries, Trends Ecol. Evol. 28 (7) (2013) 389–395, https:// 
doi.org/10.1016/j.tree.2013.05.019. 

[70] W. Steffen, K. Richardson, J. Rockström, S.E. Cornell, I. Fetzer, E.M. Bennett, 
Reinette Biggs, S.R. Carpenter, W. De Vries, C.A. De Wit, C. Folke, D. Gerten, 
J. Heinke, G.M. Mace, L.M. Persson, V. Ramanathan, B. Reyers, S. Sörlin, Planetary 
boundaries: guiding human development on a changing planet, Science 347 (6223) 
(2015), https://doi.org/10.1126/science.1259855. 

[71] A. Kuokkanen, Understanding Complex System Change for a Sustainable Food 
System, Lappeenranta University of Technology, Finland, 2016. Thesis. 
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A R T I C L E  I N F O   
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A B S T R A C T   

While climate change and biodiversity loss have exposed humanity to major systemic risks, policymakers in more 
than 40 countries have proposed the transition from a fossil-based to a bio-based economy as a solution to curb 
the risks. In the boreal region, forests have a prominent role in contributing to bioeconomy development; 
however, forest-based bioeconomy transition pathways towards sustainability and the required actions have not 
yet been identified. Participatory backcasting was employed in this study to ‘negotiate’ such pathways among 
Finnish stakeholders by 2060 in three forest-based value networks: forest biorefineries, fibre-based packaging 
and wooden multistorey construction. There are many alternative pathways, ranging from incremental to more 
radical, to a forest-based bioeconomy within a framework of ambitious climate and biodiversity targets. Path 
dependence can support incremental development on bioeconomy transition pathways, and this should be 
considered when planning transition towards sustainability. Orchestration of the more radical changes requires 
actions from legislators, raw material producers, consumers and researchers, because the possibilities for busi-
ness development vary between different companies and value networks. The envisioned actions between the 
pathways in and across the networks, such as forest diversification and diverse wood utilisation, can offer co- 
benefits in climate change mitigation and biodiversity protection.   

1. Introduction 

Globalization in the form of interactions that enable the continued 
flow of goods, services, capital, people and information has contributed 
not only to global economic development but also to environmental 
degradation and the fragility of the global system (Centeno et al., 2015). 
This system is also becoming increasingly vulnerable to pervasive risks 
that originate from changes in key functions of the planetary system 
(Steffen et al., 2018; Keys et al., 2019). The levels of risk in relation to 
two ongoing processes, global warming and biodiversity loss, have 
already transgressed the levels that some authors consider safe for hu-
manity (Rockström et al., 2009; Steffen et al., 2015). Despite their 

interdependence, policy targets to halt these problems are often 
formulated separately (Dinerstein et al., 2020). This points to the need to 
investigate actions to achieve such targets in parallel. 

The bioeconomy encompasses the production of renewable biolog-
ical resources and the conversion of these resources and waste streams 
into value-added products, such as food, bio-based products and bio-
energy, to facilitate sustainable production that replaces fossil fuels and 
materials (European Commission, 2012). Recently, the European 
Union's (EU) bioeconomy strategy was updated to accelerate national- 
level development and to bring the economy into balance with the 
living world (European Commission, 2018a). More emphasis was placed 
on enhancing the resilience of ecosystems and ensuring their 
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contribution to climate change mitigation and biodiversity protection 
(European Commission, 2018a); however, the responsibility of making 
priorities and mapping interactions between targets lies with national 
governments. More than 40 governments across the globe have 
responded by pursuing explicit national strategies to advance their 
bioeconomy sectors (Dietz et al., 2018). 

In northern Europe, like in Finland and Sweden, forests play a 
dominant role in contributing to bioeconomy development. Large 
mature and vertically integrated forest industry companies can be 
described as representatives of organisations, which have traditionally 
exploited strategies mainly based on economies of scale to enhance their 
competitiveness (Luhas et al., 2019). The focus of production has thus 
been on large investments in tangible assets and on bulk products tar-
geted for large industrial buyers rather than valuing new combinations 
of ideas and capabilities and niche, higher value-added products (Pätäri 
et al., 2011; Korhonen et al., 2018). Consequently, many forest industry 
companies have struggled to create and add value (Natural Resources 
Institute Finland, 2021). To respond to the challenges and changes, 
there is a need for forest industry companies to transform their strategic 
orientations. Often, this involves differentiation and a more focused, 
future-oriented and cross-sectional strategy in which the companies 
strive for competitive advantage, such as by exploiting economies of 
scope (e.g. Hetemäki, 2014). 

Recently, the transition towards sustainability has received 
increasing attention from forest industry companies, and typically, the 
concept of a biorefinery is viewed as a concrete building block of a 
bioeconomy transition (Näyhä, 2019; Temmes and Peck, 2020). From 
the perspective of Finland, three major value networks appear signifi-
cant, i.e. forest biorefineries, fibre-based packaging and wooden multi-
storey construction. From a broad societal point of view, these three 
networks are interesting because they all have prominent potential to 
enhance the development of a sustainable forest-based bioeconomy 
(Müller et al., 2014; Bauer, 2018; Temmes and Peck, 2020). From a 
business development perspective, they have new value creation po-
tential, such as through synergies in the simultaneous production of 
several products made of renewable materials (especially forest bio-
refineries) (Temmes and Peck, 2020) and substituting products made of 
non-renewable materials with renewable ones (especially fibre-based 
packaging and wooden multistorey construction) (Hurmekoski et al., 
2018; Pelli and Lähtinen, 2020). 

Simultaneously with the potential to contribute to the development 
of a forest-based bioeconomy and the supply of new products in the 
markets, the three value networks face different types of sustainability 
challenges, such as short product lifespans (especially forest bio-
refineries and packaging), immaturity of innovation systems and highly 
fragmented actor networks (especially multistorey wood construction) 
(Diop and Lavoie, 2017; Toppinen et al., 2019); however, through the 
uptake of new business models (Ulaga and Reinartz, 2011; Parida et al., 
2019), forest biorefineries, fibre-based packaging and multistorey wood 
construction have the potential to change businesses in the value net-
works of traditional manufacturing industries in line with bioeconomy 
development needs. For example, in practice, they may offer new value 
both for business customers and consumers with sustainable product- 
service solutions through the use of new types of renewable and recy-
cled materials, extensions in the product life-cycles and the accumula-
tion of sustainability-related capabilities among business actors and 
stakeholders (Diop and Lavoie, 2017; Ranta et al., 2020; Viholainen 
et al., 2021). Thus, both the opportunities for society and businesses and 
the sustainability challenges provide the motivation to investigate the 
network-specific pathways of these businesses as well as the actions that 
are required to engage them into broader forest-bioeconomy develop-
ment initiatives. 

Recently, participatory processes have emerged as an important 
avenue to both canvass and address bioeconomy-related sustainability 
challenges (Kunttu et al., 2020; Näyhä, 2019). More specifically, 
participatory backcasting has been proposed as a useful approach for 

revealing stakeholders' priorities and preferences and for ‘negotiating’ a 
shared understanding between stakeholders regarding matters such as 
priorities (Quist and Vergragt, 2006; Näyhä, 2019). Participatory 
backcasting is a long-term, system-oriented approach including the dy-
namics of complex socio-technical change that is well-suited for long- 
term sustainability issues in comparison with the traditional fore-
casting approaches (Dreborg, 1996; Höjer and Mattsson, 2000; Quist 
and Vergragt, 2006; Vergragt and Quist, 2011). Backcasting can illus-
trate and describe how changes can accelerate transitions towards sus-
tainable societies (Neuvonen et al., 2014). Thus, it allows for 
investigating various sustainability challenges and solutions across the 
value networks of a forest-based bioeconomy. 

Using a participatory backcasting approach, the aim of this study was 
to understand how stakeholders in Finland articulate core priorities for 
envisioned transition pathways towards a forest-based bioeconomy by 2060 
when they must organise their preferred actions within policy targets on 
climate change mitigation and biodiversity protection. In particular, we 
build on the perspective drawn from two global drivers of change: 
climate change and biodiversity loss, which are prominent in the forest- 
based bioeconomy transition (Heinonen et al., 2017; Eyvindson et al., 
2018). Finally, we analyse common characteristics between the three 
different value chains (i.e. forest biorefineries, fibre-based packaging 
and wooden multistorey construction) in a forest-based bioeconomy in 
Finland for the next four decades. 

2. Operational framework 

The business strategies of Finnish forest-based bioeconomy com-
panies have been characterised as path-dependent (Näsi et al., 2001; 
Poesche and Lilja, 2016; Luhas et al., 2019). Path dependence is a 
distinctive concept in recent bioeconomy transition literature. Path 
dependence resulting from economies of scale, learning effects and 
network effects have cemented a so-called ‘techno-institutional lock-in 
situation’ in the conventional wood-based production systems, which 
has changed the product range in waves (Luhas et al., 2019). Changes in 
the product range were low from 1970 to 2000, when the robust do-
mestic cluster began to diffuse through mergers and acquisitions and to 
be replaced with international ownership of companies focusing on 
Western paper networks and incremental technological improvements 
(Luhas et al., 2019). The digitalization and path-dependent development 
pushed the leading corporations to a crisis in the turn of the millennium 
(Poesche and Lilja, 2016); however, the product range greatly diversi-
fied in the 2010s (Näyhä et al., 2014; Luhas et al., 2019). Recently, 
actors of the forest-based bioeconomy have focused more on the tran-
sition towards sustainability and smaller scale ‘niche’ businesses 
(Korhonen et al., 2018; Näyhä, 2019). 

According to Hurmekoski et al. (2019), an increase in the business 
diversity of the forest-based bioeconomy is identified as one of the most 
prominent trends by 2030. The discourse of a bioeconomy transition has 
already improved the recognition of cross-sectoral collaboration and 
novel bio-based products and has raised attention regarding the roles of 
generating new and sharing existing knowledge. It has also highlighted 
the need for a comprehensive agenda of governmental support to boost 
the transition (Bauer, 2018; Guerrero and Hansen, 2021); however, the 
currently dominant bioeconomy discourse has received criticism due to 
its insufficient differentiation of underlying sustainability requirements, 
integration of socio-ecological approaches and consideration given to 
alternative implementation pathways (Priefer et al., 2017). The bio-
economy transition pathways illustrate the complexity of the field with 
many heterogeneous pathways and value chains as well as uncertainties 
about sustainability (Purkus et al., 2018). For example, the pathways 
can follow an incremental change, reconfigure the current regime or aim 
for a more radical and deep structural renewal (Bauer, 2018; Korhonen 
et al., 2018). However, the pathways are dependent on the de-
velopments in the operating environment, where controversies over the 
possible pathways to achieve global targets, such as reducing 
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dependence on fossil fuels, mitigating climate change and increasing the 
use of bio-based resources, have emerged (Priefer et al., 2017; Hurme-
koski et al., 2019). 

The forest-based bioeconomy has a complex relationship with the 
climate system and biodiversity, which are key earth system processes 
(Rockström et al., 2009; Heinonen et al., 2017; Eyvindson et al., 2018). 
For example, the forest-based bioeconomy and related policy targets 
may contribute to climate change through changes in forest carbon 
sequestration and biomass carbon storages and by producing bio-
products that substitute fossil-based materials and energy (Hurmekoski 
et al., 2020). Moreover, Finnish forest-based bioeconomy companies 
have focused on mitigating climate change, whereas biodiversity loss 
has received less attention (Näyhä, 2019); however, concerning climate 
change mitigation and biodiversity protection based on the targets set at 
the international and EU levels, the Finnish government has set tight-
ening targets to reduce greenhouse gas (GHG) emissions and to prevent 
biodiversity loss (Finnish Government, 2019). 

The operative framework of the study investigates the bioeconomy 
transition pathways through the concepts of path dependence and 
related sustainability challenges. In the operative framework, a concept 
of path dependence and related sustainability challenges in the forest- 
based bioeconomy context provide the grounds for the investigation of 
bioeconomy transition pathways. The path-dependent bioeconomy 
transition follows a business-as-usual trajectory or an incremental 
development that either considers partly or excludes policy targets in a 
bioeconomy transition. The focus of this study was the sustainable 

bioeconomy transition pathways of three value networks: forest bio-
refineries, fibre-based packaging and wooden multistorey construction. 
Policy targets on climate change mitigation and biodiversity protection 
are used as a precondition for a sustainable bioeconomy transition. 

3. Participatory backcasting approach 

To study future transition pathways and to avoid path-dependent 
development, participatory backcasting (Quist and Vergragt, 2006; Ver-
gragt and Quist, 2011; Sandström et al., 2016, 2020; de Bruin et al., 
2017; Vukasinovic et al., 2019) was applied. The main characteristic of 
backcasting is a concern with how undesirable futures can be avoided 
and how desirable futures can be achieved followed by the question 
“what shall we do today to get there?” (Robinson, 1990; Holmberg and 
Robert, 2000). A backcasting approach is favoured when major change 
is needed, the problem affects society, the problem is linked to dominant 
trends, the problem is mostly related to externalities and there is suffi-
cient time to allow for a considerable scope for deliberate choice (Dre-
borg, 1996). It allows for the anticipation of conflicts, synergies and 
trade-offs in environmental policy targets in the early stage of plan-
ning and management processes (Budiharta et al., 2018; van der Voorn 
et al., 2020). Thus, it fits with our aim to study future visions and 
transition pathways of a forest-based bioeconomy within policy targets. 
The prominent policy targets in the context of a Finnish forest-based 
bioeconomy have been identified as climate change and biodiversity 
loss, and these targets were used as preconditions in the backcasting 

Fig. 1. Research design of the study.  
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workshop session. 
The research design is visually presented in Fig. 1. We organised a 

joint participatory workshop in January 2020 for the stakeholders, who 
were invited from four stakeholder groups: companies, researchers, non- 
governmental organisations (NGO) and lobbying associations. We 
preferred to recruit participants with various backgrounds, expertise 
and value orientations (Carlsson-Kanyama et al., 2008), and the in-
vitations were sent to 150 people. The participants were asked to reg-
ister via e-form in which the participants were asked to state their 
primary and secondary preferred value networks of the three given 
options (i.e. forest biorefineries, fibre-based packaging and multistorey 
wood construction). 

In the workshop, two parallel working groups discussed each of the 
value networks, and thus each group had only one policy target as a 
precondition: one focusing on climate change mitigation and the other 
on biodiversity protection. As a result of the organisation of the work, 
there were altogether six working groups with a chair and secretary 
affiliated with the project. In all, there were 28 participants, of whom 
about two-thirds were researchers from various fields (for detailed 
background information, see Table 1). The participants were assigned to 
the six working groups based on their own stated preference of a rele-
vant value network and a policy target chosen by the researchers. Some 
participants were assigned to their secondary preferred groups. More-
over, some participants were reassigned to the groups to balance the 
number of participants of each group; however, this did not have an 
impact on workshopping. 

The participatory backcasting approach can be generalised into a 
methodological framework including five steps (Quist and Vergragt, 
2006). Accordingly, to facilitate the first step of building a strategic 
problem orientation, a pre-assignment was sent to the registered par-
ticipants by e-mail two days prior to the event. The pre-assignment 
consisted of four questions related to water quality impacts, material 
substitution, net GHG emissions in the land use sector and wood com-
bustion to describe some topical environmental impacts and challenges 
related to a forest-based bioeconomy in Finland. In addition, at the 
beginning of the workshop, two short introductory keynotes were given. 
The first introductory keynote described the pathway from the past to 
the present within the forest-based bioeconomy. The second focused on 
climate change mitigation and biodiversity protection as policy targets 
of remaining within planetary boundaries. 

Accordingly, to facilitate the identified problem, the preconditions 
for the backcasting workshop were set separately concerning climate 
change mitigation and biodiversity protection based on the targets set at 

the international, EU and national levels (see Table 2 for the detailed 
targets). Related to climate change mitigation, the EU has set progres-
sively tightening targets with respect to reducing GHG emissions, and 
the international negotiations under the framework of the Convention 
on Biological Diversity (2018) have set targets related to biodiversity 
protection. 

The preconditions were set separately concerning international, EU 
and national level targets in 2020, 2030, 2035 and 2050. The time ho-
rizon begins from an envisioned situation in 2060 due to several reasons: 
First, we wanted to go beyond the existing policy targets for 2050. 
Second, we wanted to build visions without a dependence on the in-
vestment cycle and technological pathways (average operating life of a 
forest industry machine is usually more than 30 years) (Rinkinen, 2020). 
In addition, we assumed that the implementation of required actions to 
achieve such a vision takes 10 years. Thus, the time horizon gradually 
decreases ten years at a time to the near future of the workshop 
(2060–2050–2040-2030-2020). To feed the group discussion of the 
second and third step, four thematic dimensions—policy/legislation, na-
tional economy, markets/consumers and production—were drawn from the 
literature (Newell, 2010; Kivimaa and Kern, 2016). To facilitate these 
two main steps of the workshop, we provided each working group with a 
canvas with the sketch of the pathway and policy targets. All six can-
vases were combined, and they are illustrated in Fig. 2. 

The second step was to construct sustainable future visions, and the 
third step was the actual backcasting. In the third step, stakeholders of 
the forest sector generated the directions as well as actions necessary to 
achieve the desired state (Sandström et al., 2020). Each group focused 
on one of three value networks (forest biorefineries, fibre-based pack-
aging or wooden multistorey construction) and had one of two policy 
targets (climate change mitigation or biodiversity protection) as an 
environmental precondition. Each group had 105 min to develop a 
vision and the required actions to achieve such a vision in collaboration 
with the chairs leading the group work and the secretaries of the groups 
making notes on the discussions. The group discussions of the second 
and third steps were initiated by discussing the preconditions and how 
they affect the visions and required actions of transition pathways. In 
general terms, the group discussions were consensus-driven; however, 
from the viewpoint of policy targets on climate change mitigation and 
biodiversity protection, some of the participants focused on irrelevant 
topics, such as healthy living and traditional building. The time used 
differed between the groups. For example, some groups spent more time 

Table 1 
Background information of the groups.  

Group Number of 
participants 

Backgrounds of the participants 

1. Forest biorefineries, 
biodiversity protection 

4 1 company and 3 researchers (forest 
economics) 

2. Forest biorefineries, 
climate change 
mitigation 

5 1 company, 1 NGO, 2 researchers 
(forest economics) and 1 researcher 
(co-creation) 

3. Fibre-based packaging, 
biodiversity protection 

5 1 lobbying association, 1 researcher 
(sustainability), 1 researcher 
(strategy and management), 1 
researcher (technology) and 1 
researcher (environmental 
economics) 

4. Fibre-based packaging, 
climate change 
mitigation 

5 1 company, 2 lobbying associations 
and 2 researchers (sustainability) 

5. Multistorey 
construction, 
biodiversity protection 

5 1 lobbying association, 3 researchers 
(sustainability) and 1 researcher 
(environmental management) 

6. Multistorey 
construction, climate 
change mitigation 

4 1 NGO, 1 researcher (business 
economics), 1 researcher (forestry) 
and 1 researcher (sustainability)  

Table 2 
The environmental preconditions: climate change mitigation and biodiversity 
protection targets.  

Target 
year 

Climate change mitigation Biodiversity protection 

2020 Finland should cut GHG emissions by 
20%, increase the share of renewable 
energy to 20% and improve energy 
efficiency by 20%.a 

Halt the loss of biodiversity.e 

2030 Finland should reach at least a 40% 
reduction in GHG emissions from 1990 
levels, a 32% share for renewable 
energy and a 32.5% improvement in 
energy efficiency.b  

2035 Finland's Government Programme in 
2019 has set its own target to be carbon 
neutral.c  

2050 It has been suggested to reach a net 
carbon sink of − 32 Mt. CO2e in the land 
use, land use-change and forest 
(LULUCF) sector in Finland.d 

Biodiversity is conserved and 
ecosystem services ensured.e  

a European Commission (2009). 
b European Commission (2018b). 
c Finnish Government 2019 (2019). 
d Ollikainen et al. (2019). 
e Convention on Biological Diversity (2018). 
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generating visions than thinking about the required actions. Thus, the 
emphasis between the visions and the required actions in the timeline 
varied between the groups. 

The fourth step, the elaboration and analysis and the defining of the 
follow-up and action agenda, was initiated in the joint closing discussion 
of the workshop and the workshop data collection. All memos were 
combined and organised into a thematic table. The research materials 
collected in the workshop included filled canvases with the visions and 
pathways of each group (6 posters), the notes of each work group (19 
pages), photographs of the posters (6) and video materials on the final 
presentations and closing discussions of visions and pathways (35 min). 
To analyse the workshop data, a thematic analysis was conducted to 
recognise common characteristics between the pathways (see also 
Sandström et al., 2020). We followed the canvas structure, but soon, this 
stage of analysis revealed that the thematic section national economy 
generated a marginal amount of data. Thus, the themes of the analysis 
were policy/legislation, markets/consumers and production. 

The fifth step, embedding the results and generating follow-up and 
implementation, was initiated in the analysis of the research data. An 
overview of the identified visions was drawn as the analysis that pro-
ceeded, detailed in Results chapter, Fig. 3. We conducted a narrative 
analysis, and we constructed the required actions, imagined events and 
changes discussed in the workshops as reverse chronological stories as 

steps of the pathways (Polkinghorne, 1995; Boje, 2001). Finally, the 
transition pathways were compared. We identified common character-
istics between the visions and required actions in and across the path-
ways, which are shown Results chapter, Table 6. 

4. Results 

The following section describes the results of the workshop data, 
which are summarised in Fig. 3. Along with the preconditions, defined 
as policy targets related to climate change mitigation biodiversity pro-
tection, the visions in 2060 and the transition pathways of the three 
different value networks, forest biorefineries, fibre-based packaging and 
wooden multistorey construction, are presented. First, sub-section (4.1) 
describes the identified visions in 2060. Second, sub-section (4.2) de-
scribes the transition pathways through required actions. The final sub- 
section (4.3) discusses the common characteristics. 

4.1. The identified visions 

With the precondition related to biodiversity protection targets 
reached by 2050, in 2060, diversified biorefining in ‘diorefineries’ adapt 
to changes in the markets and raw materials faster in comparison to 
today's long-term investments with market risks. Such forest 

Fig. 2. The canvas for the backcasting workshop.  
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biorefineries are smaller, modular and possibly movable. High-value 
chemicals extracted from hemicellulose are the main products of for-
est biorefineries, but they are also by-products of eco-tourism. The prices 
of the products include environmental and biodiversity externalities 
caused by value chains (Fig. 3). 

With the precondition related to climate change mitigation targets 
reached by 2050, in 2060, the tightening targets related to carbon sink 
will affect the availability of raw materials, possibly having an impor-
tant role in how forest biorefineries are developed. Biorefining responds 
to demands by fulfilling the basic needs of housing, transportation and 
nutrition. The sustainability of materials from a climate perspective and 
carbon capture and related utilisation are mundane. Wood is used in the 
bioproducts, where its properties are supernal in comparison with other 
materials, such as toilet paper, textiles and nanocellulose. Both high 
value-added and carbon storages are achieved in the ideal situation. The 
size of the forest biorefineries varies. In 2060, the forests are still pri-
vately owned. Overall, the importance of the forest-based bioeconomy 
may decrease in the national economy as the environmental boundaries 
set limits to the growth of the sector. 

With the precondition related to biodiversity protection targets 
reached by 2050, in 2060, the packaging regime is greatly changed: 
disposable packaging is terminated, and adverse impacts of plastic 
packages, e.g. impact on the water ecosystem, cause long-term uncer-
tainty of the sustainable production of plastic packaging. Smart and 
traceable fibre-based packages with high-value added dominate the 
global packaging markets. Lighter and thinner packages have decreased 
material demand per unit. The production of fibre-based packaging is 
slightly increased in Finland due to increased global packaging demand. 

With the precondition related to climate change mitigation targets 
reached by 2050, in 2060, the packaging regime is greatly changed: 
fibre-based packages do not exist, and plastic packages are dominant. 
Forest-based fibres are used in more valuable solutions, such as in the 
clothing industry. The circular plastic economy utilises durable, light 
and versatile plastics from existing materials, i.e. virgin raw oil is not 
used in the primary production of packages; however, virgin material is 
needed in some parts of the value chain, such as in the envisioned IT 
technology, such as drones, which require virgin materials. Circular 
plastic packaging is beneficial in comparison to disposable fibre 

packaging due to several considerations: a lot of plastic already exists 
(1), it is suitable for circular thinking (2) and the termination of raw oil 
use (3), existing plastic is used anyway (4) and disposable packaging is 
not in line with the principles of a circular economy (5). 

With the precondition related to biodiversity protection targets 
reached by 2050, in 2060, wooden multistorey buildings are made of 
sustainable hybrid materials. Sustainable performance-based thinking 
facilitates eliminating black-and-white thinking and competitive posi-
tions between different materials. Biodiversity protection is a key value 
employed in the wooden multistorey construction businesses next to 
economy-led thinking. Biodiversity is improved in urban environments 
in addition to the protection of old-growth forests. 

With the precondition related to climate change mitigation targets 
reached by 2050, in 2060, a mix of traditional and industrial construc-
tion combines old practices with modern technology. The carbon stor-
age of multistorey buildings is longer than one life-cycle of a tree. 

4.2. The identified transition pathways 

The following section describes the transition pathways through the 
required actions and follows a chronological structure. First, the 
pathway is described decade by decade in accordance with the back-
casting approach, meaning the story begins by introducing the steps in 
2050–2040 and is followed by steps in 2040–2030 and is closed with the 
first steps in the near future in 2030–2020. More specific details of the 
identified transition pathways are presented in the Supplementary 
Material. 

To achieve the visions of forest biorefineries in 2060 (Diverse bio-
refining in ‘diorefineries’ and Carbon-optimised, high-value bio-
refining), the envisioned transition pathways are summarised in Table 3. 
The envisioned transition pathways pose requirements for policy/legis-
lation, markets/consumers and production. With the precondition related 
to biodiversity protection, required actions are needed to diversify the 
value network of forest biorefineries. With the precondition related to 
climate change mitigation, required actions are needed to facilitate 
flexible and high-value biorefining. 

To achieve the visions of fibre-based packaging in 2060 (Smart and 
high-value packaging and Circular plastic packaging), the envisioned 

Fig. 3. The identified visions in the forest-based bioeconomy in Finland in 2060.  
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transition pathways are summarised in Table 4. The envisioned transi-
tion pathways pose requirements for policy/legislation, markets/con-
sumers and production. With the precondition related to biodiversity 
protection, required actions are needed to facilitate high-value pack-
aging. With the precondition related to climate change mitigation, 
required actions are needed to enhance circular plastic packaging. 

To achieve visions of wooden multistorey construction in 2060 
(Carbon-optimised hybrid construction and Modern traditional con-
struction), the envisioned transition pathways are summarised in 
Table 5. The envisioned transition pathways pose requirements for 
policy/legislation, markets/consumers and production. With the precondi-
tion related to biodiversity protection, required actions are needed to 
facilitate optimised material use and housing services of wooden mul-
tistorey construction. With the precondition related to climate change 
mitigation, required actions are needed to facilitate low carbon solutions 
of wooden multistorey construction. 

Overall, the visioned transition pathways of the forest-based bio-
economy can follow three alternative pathways: an incremental 
pathway (Group 3), transformative pathway (Groups 1, 2, 5 & 6) or 
more radical pathway (Group 4). The incremental pathway (Group 3) 
follows slightly increased production and a primarily incumbent bio-
product portfolio; however, the changes in the existing systems, such as 
improvements in production and policy practices, allow for the required 
actions to achieve the policy targets. In the transformative pathways 
(Groups 1,2,5 & 6), the bioproducts have changed remarkably: raw 

material selection and bioproduct portfolios have diversified. In the 
more radical pathway (Group 4), the industry sector has been driven to a 
turnaround, and the incumbent production is replaced by alternative 
solutions. 

4.3. Common characteristics 

Based on the above analysis, common characteristics between the 
envisioned transition pathways in Finland for 2020–2060 were identi-
fied from the group discussions (Table 6). First, common characteristics 
were analysed between the two alternative policy targets (climate 
change mitigation and biodiversity protection) in each sector: forest 
biorefineries, fibre-based packaging and wooden multistorey construc-
tion. We analysed common characteristics between the visions and the 
required actions. The biodiversity protection targets reached by 2050 
was set as an environmental precondition for groups 1, 3 and 5. For 
groups 2, 4 and 6, the precondition was that by 2050, Finland has 
committed to reach a net carbon sink of − 32 Mt. CO2e in the land use, 
land use-change and forest (LULUCF) sector. Second, common charac-
teristics between the visions and the required actions were examined 
across the sectors. 

In Table 6, the first heading, sector, describes the analysed value 
networks (forest biorefineries, fibre-based packaging, wooden multi-
storey construction and cross-sectoral). The heading cross-sectoral de-
scribes the comparison across the value networks, such as forest 
biorefineries and biodiversity protection (Group 1) and wooden multi-
storey construction and biodiversity protection (Group 5). The second 
paragraph, groupsx), describes the compared groups, which are 
explained following the table. The third heading, common characteristics, 

Table 3 
The envisioned transition pathways of forest biorefineries between 2020 and 
2050.  

Group 1 Diverse biorefining in 
‘diorefineries’ 

2 Carbon-optimised, high- 
value biorefining 

Precondition Biodiversity protection Climate change mitigation 
Required actions 

in the 2040s   
Policy/ 
legislation   

• Possibly legislative barriers 
to limit forest estate sales for 
foreigners 

Markets/ 
consumers   
Production  • Diversification of raw 

material selection  
• Increase in deciduous and 

mixed forest  

• Diverse use of wood  
• Flexible product portfolio 

Required actions 
in the 2030s   
Policy/ 
legislation  

• Docile and adjustable  
• Consolidation with 

biodiversity  
• New forest law & 

convention on biological 
diversity  

• Attractive operational 
environment 

Markets/ 
consumers  

• Supply control  
• Biodiversity in public 

debate  

• Business to consumers 
marketing 

Production  • Larger forest estates  
• Utilisation of decaying 

wood  
• Improvements in 

compensation system  
Required actions 

in the 2020s   
Policy/ 
legislation  

• Biodiversity is part of 
policy  

• Support to biodiversity- 
friendly solutions  

• R&D funding and skills 
development 

Markets/ 
consumers  

• Avoidance of polarisation 
development  

• Information steering  
Production  • Extended producer 

responsibility  
• Proactive forest-fire 

management  

• Circular economy  

Table 4 
The envisioned transition pathways of fibre-based packaging between 2020 and 
2050.  

Group 3 Smart and high-value 
packaging 

4 Circular plastic 
packaging 

Precondition Biodiversity protection Climate change mitigation 
Required actions 

in the 2040s   
Policy/ 
legislation  

• New nature reserves  

Markets/ 
consumers   

• Zero waste  
• Could consumers own 

packages?  
• Changes in consumer 

behaviour & culture 
Production  • Increase in deciduous forest  

• Nature management  
• Hardwood-based 

technologies  
• Improvements in fibre 

recycling  

• Packages are designed 
to be recyclable  

• Standardization  
• IT 

Required actions 
in the 2030s   
Policy/ 
legislation   

• Legislation for 
standardization 

Markets/ 
consumers   

• Easy and accurate 
recycling 

Production  • Geographic information of 
biodiversity in forest 
management  

• Global and unified 
standardization  

• Investments to plastic 
recycling 

Required actions 
in the 2020s   
Policy/ 
legislation  

• Biodiversity incentives for 
forest owners  

• Plastic standardization 
summit 

Markets/ 
consumers  

• Environmental awareness  

Production  • Investments  
• Realization of new 

technologies   
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describes the analysed content. 
The raw material selection of future forest biorefineries is diversified 

due to an increase in the mixed and deciduous forests and diverse and 
specialised forestry practices in the envisioned transition pathways 
(Groups 1 and 2). Forest biorefineries are diverse in terms of physical 
size and resilience. In addition to large-scale units, smaller, modular and 
possibly movable units are common. Improved flexibility and adapt-
ability due to the diverse use of wood allows for the adaptation to 
changes in the markets and raw materials, including an increased 
amount of decaying wood in markets due to weather extremes. High- 
value bioproducts, such as chemicals, textiles and nanocellulose, are 
the main products of forest biorefineries' value network; however, a 
detailed and specific demand that supports high value being added is 
needed. 

The termination of disposable packages is viewed as desirable in the 
future of envisioned fibre-based packaging pathways. Unified stan-
dardization systems in forest management, such as a combination of the 
Forest Stewardship Council (FSC) and the Programme for the Endorse-
ment of Forest Certification (PEFC), as well as in the recycling of plastic 
packages are important. Investments are needed for both fibre-based 
packaging machines and plastic recycling. Consumer roles vary be-
tween the envisioned pathways, but the most notable contrast was 
identified for fibre-based packaging. On the one hand, the consumer role 
is marginal with the precondition of biodiversity protection (Group 3), 
where improvement in environmental awareness is only a consumer- 
related action. On the other hand, consumer role is essential with the 
precondition of climate change mitigation (Group 4), where changes in 
consumer behaviour and culture and following a ‘zero waste lifestyle’ 
are important. 

Future wooden multistorey construction conforms to lifestyle 
changes and diversifies housing markets in the envisioned pathways 
(Groups 5 and 6). The empowerment of the housing services of wooden 
multistorey construction facilitates migration and moves the business 
environment towards the service sector by preferring housing co-
operatives (in which the property is owned by a cooperation or corpo-
ration and is sold as shares for residents). The production of high- 
quality, low-cost, low carbon apartments and new housing services, 
such as leasing, diversifies markets. Furthermore, housing services take 
ecosystem services into account, such as through biodiversity compen-
sation and personal nature reserves. 

Forest diversification received great attention in the envisioned 
transition pathways (Groups 1, 2, 3 and 6). An increase in mixed and 
deciduous forest as well as diverse and specialised forest management 
can be supported by a new forest law and increases in the sizes of forest 
estates. Furthermore, the growth characteristics of deciduous trees in 
warmer climates and pest resistance can substitute for increasing dam-
ages of the boreal coniferous forest. Forest diversification allows for 
diversification in raw material selection for the forest industry. Thus, 
forest diversification facilitates more diverse wood utilisation, allowing 
new business opportunities to emerge (Groups 1,2 and 3). Changes in 
the value-chain and diverse wood utilisation, such as using hardwood- 
based technologies, can create more flexible product portfolios. 

Biodiversity protection benefits from the assessment of products' 
biodiversity and ecosystem services' impacts on the envisioned bio-
economy transition pathways (Groups 1 and 5). Products' biodiversity 
impacts should be part of policy and decision making to achieve a 
transparent value-chain in the forest-based bioeconomy. The prices of 
the forest-based products include environmental and biodiversity ex-
ternalities caused by value-chains, such as through compensation and 
personal nature reserves. 

High-value products, such as chemicals, textiles, nanocellulose and 
packaging, are considered important in the envisioned pathways 
(Groups 1, 2 and 3). Interestingly, high-value products are not part of the 
visions or the required actions of the wooden multistorey construction 
pathways (Groups 5 and 6). 

Changes in the aid scheme are needed in the envisioned bioeconomy 

Table 5 
The envisioned transition pathways of wooden multistorey construction be-
tween 2020 and 2050.  

Group 5 Carbon-optimised hybrid 
construction 

6 Modern traditional 
construction 

Precondition Biodiversity protection Climate change mitigation 
Required actions 

in the 2040s   
Policy/ 
legislation   

• Flexible and descriptive 
policy  

• Automation of decision- 
making  

• Explicit information 
label of used materials 

Markets/ 
consumers  

• Ecosystem services as a part of 
housing service  

• Leasing in housing  
• Low-cost low carbon 

apartments 
Production  • Transparent value chain  

• Optimised material use  
• Diversification of 

forestry and value- 
chains  

• Simple materials  
• Easy demolition 

Required actions 
in the 2030s   
Policy/ 
legislation   

• Increased responsibility 
of legislators 

Markets/ 
consumers  

• Flexibility  
• Communality  
• Housing cooperatives  

Production  • Small apartments  
• Servitization of housing  

Required actions 
in the 2020s   
Policy/ 
legislation  

• Knowledge in environmental 
impacts of sustainable 
business models  

• Zoning and city planning  

• Aid scheme to minimise 
risks and support pilots  

• Changes in building 
codes 

Markets/ 
consumers  

• Public discussion regarding 
biodiversity  

• Living in one apartment  
• Tackling of traditional 

concerns  

• Lock-out path- 
dependencies 

Production  • High-quality buildings  
• High buildings  

• Changes in conservative 
mindsets  

Table 6 
Summary of common characteristics between the envisioned transition path-
ways in the forest-based bioeconomy in Finland for 2020–2060.  

Sector Groupsa Common characteristics 

Forest biorefineries 1,2 Forest diversification 
1,2 Diverse wood utilisation 
1,2 Various size of forest biorefineries 
1,2 Flexibility and adaptability 
1,2 High-value products 

Fibre-based packaging 3,4 Investments 
3,4 Termination of disposable packaging 
3,4 Unified standardization system 

Wooden multistorey 
construction 

5,6 Diversification in housing 

Cross-sectoral 1,2,3,6 Forest diversification 
1,2,3 Diverse wood utilisation 
1,5 Assessment of biodiversity impacts of 

products 
1,5 Ecological compensation 
1,2,3 High-value products 
1,6 Aid scheme 
2,3 Incentives  

a Group 1 = forest biorefineries & biodiversity protection; group 2 = forest 
biorefineries & climate change mitigation; group 3 = fibre-based packaging & 
biodiversity protection; group 4 = fibre-based packaging & climate change 
mitigation; group 5 = wooden multistorey construction & biodiversity protec-
tion; group 6 = wooden multistorey construction & climate change mitigation. 
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transition pathways (Groups 1 and 6). New aid schemes and political 
support not only minimise risks of new businesses but also facilitate a 
faster implementation of new technologies and practices. 

Incentives are considered important in both the upstream and 
downstream value-chains in the envisioned bioeconomy transition 
pathways (Groups 2 and 3). There is a need for incentives for forest 
owners to improve biodiversity as well as investments. 

5. Discussion 

The main contribution of this study is employing the participatory 
backcasting approach to studying pathways for systemic change in a 
forest-based bioeconomy. The study focus was two policy targets from 
the viewpoint of three forest-based value networks, and the backcasting 
workshop technique was applied to create visions beyond the near- 
future defined by existing political commitments and business in-
vestments. Our results offer insights into bioeconomy transition studies 
and related sustainability development by contributing to required ac-
tions within the environmental policy targets on climate change miti-
gation and biodiversity protection. Furthermore, our study contributes 
to the bioeconomy discourse by investigating the sustainability re-
quirements of forest-based bioeconomy and the implementation of 
transformative pathways. On the one hand, the analysis of the envi-
sioned transition pathways showed common characteristics, but on the 
other hand, the pathways were positioned differently in their degree of 
path dependence. 

A high degree of path dependence of the envisioned incremental 
pathway (Group 3) resonates with dominating narratives of a bio-
economy transition (Bauer, 2018), the ‘more of everything’ pathway of 
the Finnish and Swedish forest policy strategies (Kröger and Raitio, 
2017; Beland Lindahl et al., 2017) and the business-as-usual pathway of 
bioeconomy networks (Korhonen et al., 2018). However, the key aspects 
and drivers of the actors (Korhonen et al., 2018) and the envisioned 
more radical pathway (Group 4) with a low degree of path dependence 
support the possibility of a more radical change. This change is led by 
technology and legislation, where the consumer role is essential. In-
sights from scientific research and knowledge of raw material producers 
to diversify the network structure and open opportunities for ‘niche 
businesses’ are required (Priefer et al., 2017; Korhonen et al., 2018). 
Hence, the more radical pathway of a forest-based bioeconomy is driven 
by legislators, research, raw material producers and consumers as 
essential players rather than incumbent industries; however, company- 
level, cross-sectoral collaboration and clustering can enhance the 
development of new businesses and thus support product diversification 
(Luhas et al., 2019; Guerrero and Hansen, 2021). Thus far, bioeconomy 
related narratives indicate that the transition pathways to different 
bioeconomies are still open (Bauer, 2018). 

The envisioned required actions of policy/legislation, markets/con-
sumers and production in forest biorefineries, fibre-based packaging and 
wooden multistorey construction can have co-benefits in the policy 
targets regarding climate change mitigation and biodiversity protection. 
The majority of co-beneficial actions contributes to policy/legislation and 
production, such as land use strategies (Cowie et al., 2007), deforestation 
and degradation (Phelps et al., 2012) and conservation (Iwamura et al., 
2013; Dinerstein et al., 2020); however, the robustness of co-benefits 
varies, such as among conservation priorities (Iwamura et al., 2013). 
Thus far, co-beneficial actions contributing to markets/consumers, such 
as ecological compensation and personal nature reserves, have received 
marginal attention in the context of a forest-based bioeconomy transi-
tion, and further analysis of the connection of actions is needed. 

To grasp the systemic and complex interdependencies in the forest 
sector and to analyse alternative pathways, the backcasting method, 
which is an increasingly used research method, has been employed. Our 
study has allowed for envisioning and analysing future pathways that 
consider policy targets. Although we encourage future researchers to 
develop similar methodological approaches, our study revealed four 

major development areas to be considered in future studies. Dealing 
with complex issues in a limited timeframe of group discussions is 
challenging in practice. Our first suggestion for further methodological 
development deals with efficient time management. A clear structure for 
scheduling could help to dedicate sufficient time to discuss all the 
decade-specific steps in similar depth. The second key issue relates to the 
participants and group dynamics. In a small working group, the most 
radical or braking voices may be stronger than the consensus-driven 
ones, and the results may not reflect differences caused by the guiding 
environmental policy targets but rather compromises and strong indi-
vidual views. Furthermore, we encourage providing instructions related 
to group discussions for the chair and the secretary to fulfil sufficient 
discussions and to prevent irrelevant topics. Thus, ideally, the groups 
should have 4–6 discussants. To involve participants with various 
backgrounds, expertise and value orientations (Carlsson-Kanyama et al., 
2008) and thus to increase the diversity of participants, we encourage 
the use of remote access to ease the accessibility to participate. 

Partly due to the aforementioned limitations, our third suggestion is 
to continue the assessment and to further develop the pathways after the 
initial workshop. This type of backcasting workshop initiates the process 
well, but it could be fruitful to add views of other stakeholder groups. 
For example, consumer and citizen roles were marginal in the envi-
sioned transition pathways; however, consumer roles would be greater if 
non-expert users, such as citizens, are involved in the processes (Rob-
inson, 2003). Moreover, this study considered only two environmental 
policy targets. In the development process of the visions, one could 
assess the visions from the viewpoint of the other environmental policy 
targets. Thus, further studies are encouraged to continue the assessment 
of the feasibility and possibilities of co-created stakeholder visions. 

6. Conclusions 

The participatory backcasting approach enables discovering bio-
economy transition pathways within environmental policy targets on 
climate change mitigation and biodiversity protection. Common char-
acteristics can be identified from among the required actions of the value 
networks to achieve such targets. Furthermore, path dependence can 
support incremental development on bioeconomy transition pathways, 
and this should be considered when planning transition towards 
sustainability. 

In the future, the forest-based bioeconomy value networks will be 
diversified. In connection with forests and forestry, entities composed of 
technologies and services will gain more attention. Adding value 
through sustainability will become more important, and a greater de-
gree of value will be embedded in services connected either directly to 
natural ecosystems (e.g. eco-tourism in the forests) or processes of 
manufacturing industries (e.g. technological solutions to enhance the 
usability, longevity and recyclability of products). New businesses 
following sustainability logics may integrate into the traditional value 
networks and transform their views on businesses to support the fulfil-
ment of the policy targets on climate change mitigation, biodiversity 
protection and securing the availability of forest-based biomass. How-
ever, the possibilities for business development (e.g. the potential to 
seek new solutions through changes in the use of materials and tech-
nologies, or co-operation with businesses, consumers or other stake-
holders) vary between different companies because of the complex and 
characterised nature of value networks and their path dependencies. 

Some similarities can be identified, especially with other Nordic 
countries, even though certain specific characteristics of the addressed 
value networks may limit the larger generalisation of this study. Future 
forest policy as well as researchers and companies should consider the 
interdependence of actions related to climate change mitigation and 
biodiversity protection in a forest-based bioeconomy. Future research 
could investigate the required actions to create value in transition 
pathways, co-beneficial actions (in the market and consumer sector in 
particular) and forest diversification to promote more diverse wood 
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utilisation and high value forest-based businesses. 
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Fernando, S., Birch, T., Burkart, K., Asner, G.P., Olson, D., 2020. A “global safety net” 
to reverse biodiversity loss and stabilize Earth’s climate. Sci. Adv. 6, eabb2824 
https://doi.org/10.1126/sciadv.abb2824. 
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Finnish Government 2019, 2019. Pääministeri Sanna Marinin Hallituksen Ohjelma 
10.12.2019. Osallistuva ja Osaava Suomi – Sosiaalisesti, Taloudellisesti ja 
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Höjer, M., Mattsson, L.-G., 2000. Determinism and backcasting in future studies. Futures 
32, 613–634. https://doi.org/10.1016/s0016-3287(00)00012-4. 

Holmberg, J., Robert, K.-H., 2000. Backcasting - a framework for strategic planning. Int. 
J. Sustain. Dev. World Ecol. 7, 291–308. https://doi.org/10.1080/ 
13504500009470049. 

Hurmekoski, E., Jonsson, R., Korhonen, J., Jänis, J., Mäkinen, M., Leskinen, P., 
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kehityspolut: kilpailu, keskittyminen ja kasvu pitkällä aikavälillä. Helsinki, Tekes.  
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