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Executive Summary 

The Forward-Looking Analysis portion of the AERTOs Bio-Based Economy project seeks to develop 

contextual, exploratory analysis that helps the participating research institutes better evaluate their 

bioeconomy strategies. The analysis takes a 15-20 year perspective and focuses on the level of the 

bioeconomy, rather than on specific technologies or biorefinery concepts. 

The analysis contends that RTOs and their industrial partners should consider the uncertainties of the 

future bioeconomy at different levels – The World and Sustainability, Europe and the Bioeconomy, 

and the RTOs and Industry – and through the lenses of three alternative logics.  

The logic of environmental sustainability pushes the bioeconomy and its component technologies in 

the direction of large scale, efficiently incentivized substitution of fossil-based emissions through bio-

based alternatives, benefiting biofuel production and creating opportunities for RTOs to take a 

leadership role in their work to make industrial bioeconomy more sustainable.  

The logic of competitive innovation pushes countries and companies to search for defensible 

advantages in the bioeconomy. The scale of fossil substitution is smaller but the margins for 

successful companies are higher, and advanced bio-based materials and chemicals are a dynamic 

sector for investment. The RTOs have a smaller role and work increasingly on product performance 

issues. 

The logic of resource utilization sees countries and companies working to maximize the value of 

existing assets, particularly natural biomass endowments. The bioeconomy is driven primarily 

through national strategies and the Forest Biorefinery creates national champions in the Nordics. 

RTOs have a stable workflow and focus on increasing the efficiency of biorefinery systems. 

Uncertainties related to the quantitative boundaries of the future bioeconomy can be assessed 

through a review of scenario literature on biomass availability, biofuels and bio-based chemicals 

production. There is a wide range of estimates available, but central estimates suggest that potential 

supply of sustainable biomass to industry could exceed demand by 70% in the long-term. Pressures 

created by changes at the margin of markets and through regional variations may nonetheless make 

realizing this potential difficult. Pathways applying the logic of environmental sustainability, to the 

extent that it generates common standards, will likely reduce supply-side risks. 

Because the transition to a bio-based economy will occur stepwise, accusations of ‘greenwashing’ 

may plague early bio-based products and strategies if they are not fully-fossil free or certified 

sustainable. Nonetheless these first attempts may also generate positive awareness and will need to 

continue in interplay with the development of standards and certifications. Pathways applying the 

logic of competitive innovation are likely to be those that create incentives for greenwashing and 

reputational risks to the bioeconomy. 

Uncertainties about feedstocks and technology costs have made feedstock flexibility a topic of 

interest in biorefinery development. Here, too, multiple concepts exist, from modular concepts that 

are truly feedstock agnostic to robust concepts designed to handle heterogeneity within a narrower 

feedstock basis. Once again the logical pathway applied will be likely to influence the approach to 

feedstock flexibility.  
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Forward-Looking Analysis: Purpose and Approach 

The Forward-Looking Analysis portion of the AERTOs Bio-Based Economy project seeks to develop 

contextual, exploratory analysis that helps the participating research institutes better evaluate their 

bioeconomy strategies.  

The general approach has been to build up a way for thinking about the future and to consult with 

stakeholders, through workshops, interviews, and surveys, to identify potential issues of particular 

importance and discuss how they might play out.  

The analysis takes a 15-20 year perspective, near enough to be relevant to the research and 

development being done today, but far enough away to allow for a new bioeconomy regime or 

regimes to have emerged. 

The Forward-Looking Analysis started with the development of a framework for thinking about the 

future of the bioeconomy, based on a review of other foresight work and interviews with AERTOs 

representatives. From this framework a set of ‘pathway narratives’ were developed, describing in 

general terms alternative futures for different dimensions of the bioeconomy. 

These pathways were applied to a workshop focused on identifying ‘Factors and Actors’ of 

importance in the different scenarios. An overview of the outcomes from that discussion is included 

here. Three issues were selected for more detailed analysis: the quantitative parameters of the 

future bioeconomy; the role of feedstock flexibility in future bio-refining; and the risk that the bio-

economy might be used or perceived as a ‘greenwashing’ strategy. In each of these analyses, the 

issues are treated generally but also reflected against the scenario pathways. 

The first output of the analysis was the scenario framework, and associated ’pathway narratives’ 

below. In 2016, the project will also summarize possible ranges for key quantitative variables at the 

bioeconomy level, and dig deeper into four themes identified by project stakeholders. 

The following short texts are intended to explore the implications of the scenario framework. This 

framework looks at three different ’Dominant Logics’ over three levels, with their intersections 

creating nine ’scenario pathways.’ The narratives explore these across six ’framework conditions.’ 

These are speculative and are kept at a general level – the intention was not to produce in-depth, 

evidence-based scenarios for each pairing, but rather to give a sense of how this scenario framework 

could inform conditions for more specific scenarios. 

The Scenario Framework 

In the course of the project’s background interviews and review of foresight studies, industry 

strategies, and policy statements it became clear that there exist fundamentally different and 

partially competing ideas about the future bioeconomy, driven by different logics in different 

circumstances. Questions of whether, when, and how the bioeconomy will emerge depend on the 

question of which bioeconomy one is talking about.  

There appear to be three recurring ’logics’ driving the future development of the bioeconomy. These 

logics are not mutually exclusive in reality, but may be seen as ’dominant’ in alternative scenarios. 

Considering each logic in isolation creates the basis for internally-consistent and distinct scenarios 

with clear implications for value chain formation. 
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Apart from the distinctions between these logics, one can also distinguish between the relevant 

‘levels’ on which the future bioeconomy will play out. For the purpose of the AERTOs Bio-Based 

Economy project, three levels are of particular importance: 

• The World and Sustainability: The global 

sustainability agenda is multi-faceted and 

has been framed and acted upon differently 

over time and across regions. The priorities 

that come to dominate will impact the 

priorities of Europe and its 

industries/institutes working in bioeconomy 

innovation. 

• Europe and the Bioeconomy: Europe’s 

promotion of the bioeconomy has likewise 

been driven by a range of stakeholders and 

their agendas. The character of the overall 

European effort will impact the priorities of 

the industry’s and institutes’ work on 

bioeconomy innovation. 

• Industry and Innovation: Industry can work 

with innovation specialists (RTOs, start-ups, universities) in a variety of ways, depending on 

the priorities set at the levels above and the organizations’ own strategic priorities. 
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The Scenario Pathways 

By combining these ‘logics’ and ‘levels’, we can create ‘scenario pathways’ wherein we can describe 

distinct futures for the different elements of the bioeconomy. Figure 1 below provides a summary of 

how six essential dimensions might play out across these pathways. 
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The World and Sustainability  

Scenario Pathway 1: Our Common Future 

 

In this pathway, the dominant logic is that of Environmental Sustainability, meaning that sustainable 

handling of natural resources, protection of ecosystems, and reduction of undesirable human impact 

on the biosphere are the main priorities of global approaches to sustainable development.  

The working green paradigm is one of Earth Systems Solutions, which means that environmental 

problems and the attendant solutions are put in a global systemic context. Environmental activists 

describe threats to the health of the planet and seek large-scale, long-term solutions based on global 

collective action. 

In the absence of true global governance, the global politics of sustainability must therefore seek 

Incremental Collaboration, negotiating through existing vehicles such as the UNFCCC, WTO and 

other trade agreements. Complete top-down solutions remain elusive and these negotiations are 

more successful at generating international convergence and a cooperation between national 

approaches to sustainability. 

Policies thus aim to create Shared Incentives, both between nations and across sectors of the 

economy. The emphasis is on economic instruments, especially those that put prices on 

environmental externalities.  

In response to the search for large-scale, global solutions, the most important technological 

paradigm is one of Affordability and Transferability. Technologies that can reduce environmental 

impact and replace fossil fuels in the greatest volumes, at the least cost, and in the most contexts 

globally are in demand and are the focus of research, development and innovation efforts.  

Markets for these technologies deliver Price Convergence, driving the value of greenhouse gas 

reductions, saved water and other ’sustainability goods’ together by working at scale across borders 

and across sectors. 

Value chain formation creates Global Efficiencies, with large companies stitching together value-add 

and deploying according to advantageous conditions across from multiple countries and sectors to 

minimize the costs and reach of sustainability-products and services. 

Scenario Pathway 2: The Clean Tech Race 
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In this pathway, the dominant logic is that of Competitive Innovation, as countries and global 

companies approach sustainable development as a challenge which will produce winners and losers, 

with innovative capacity the determining factor.  

The working green paradigm is one of Clean Tech and Leapfrog, as novel technological and social 

innovations are seen as the key to addressing environmental problems while creating win-win 

situations for business and the economy. Action on the environment is viewed as modernizing and 

countries see themselves in a ’race’ to develop green solutions. 

In this competitive environment, the global politics of sustainability are focused less on common 

benefits and more on securing Exemptions and Advantages for countries and their preferred 

strategies. Links and synergies between the strategies are pursued only when they are seen to 

generate economic or political benefits. 

The resulting policies create a Tangled Web, both of trade and regulations. Market-making tools 

such as subsidies and preferred purchase programmes are common, and some tariffs are used 

defensively.  

The emphasis on competitive advantage means that the technological paradigm of sustainable 

development is Targeted and Proprietary. Companies and research institutions seek to develop 

highly differentiated innovations, and to protect both the intellectual property and market 

positioning.  

Markets for these technologies, products and services deliver Green Premia, either via the 

aforementioned policy instruments, first-mover advantages, or marketing and branding. 

Value chain formation attempts to create and preserve High-Margin Niches. Brand and technology 

owners use bargaining power to capture as much of the aforementioned premium as possible. 

Supply chains tend to be hard to replicate and overall dissemination of a given solution tends to be 

less broad. 

Scenario Pathway 3: Green Resource Nationalism 

 

In this pathway, the dominant logic is that of Resource Utilization, and global approaches to 

sustainability are built around maximizing efficiency and asset utilization, both in terms of natural 

resources and capital assets.  

The working green paradigm is the Circular Economy, and the minimization, re-use, and valorisation 

of waste are seen as the keys to reducing environmental footprint. Radical resource efficiency 

building on existing industries and technologies is seen as both green and strategic. 

The global politics of sustainability see countries trying to achieve ’Sustainable Nation Status,’ with 

ambitious domestic strategies competing with one another for political and industrial prestige. 
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International relations on sustainability are less collaborative and more akin to a ’Top-Runner’ 

arrangement. 

Domestic policies focus on Supply-side Security, with rules, trade, and subsidies promoting 

sustainable domestic feedstocks. Industrial policy, including targeted R&D initiatives, seeks to 

maximize the value of existing industrial assets and facilitate industrial symbiosis rather than looking 

to create new markets. 

The technological paradigm most associated with this logic is that of Closed-Loop Systems. Zero-

waste approaches come to dominate in process and manufacturing sectors and the system 

perspectives expand over time to incorporate consumers, both through advanced end-of-life 

recycling and upcycling and through new business models focused on function and service rather 

than product ownership.  

For both industry and consumers, these markets are valued for their cost-certainty. Waste 

valorisation reduces exposure to volatile feedstock and raw material prices, and an increase in 

leasing and subscription-based consumption gives consumers mores table expenditure over time. 

Under these conditions Value chain formation produces Islands of Efficiency. Integrated companies, 

clusters, and even sectors of the economy pioneer specialized, deeply efficient approaches to 

production and consumption, but these solutions see limited dissemination globally and fail to 

systematically address economic and environmental externalities beyond their system boundaries. 

Europe and the Bioeconomy 

Scenario Pathway 4: Green Agenda 

 

In this pathway, the dominant logic is that of Environmental Sustainability, meaning that Europe 

views the bioeconomy as part of the transition to a more environmentally sustainable economy, due 

to its potential to contribute to reduced fossil fuel consumption, greenhouse gas emissions, and 

waste.  

The working green paradigm is one of Think Globally, Act Locally, which means that the European 

bioeconomy is expected to help solve global environmental problems, both by reducing Europe’s 

own global environmental footprint and through the maintenance of high standards for what 

constitutes sustainable bio-based business. 

The politics of the European bioeconomy are focused on Keeping Promises, i.e., delivering on 

Europe’s high-level environmental targets. Tensions between environmental and economic 

objectives are not resolved, but commitments made to targets are seen as politically credible and the 

bioeconomy is positioned as a tool for meeting ambitious CO2 reduction, renewable energy, and 

waste reduction targets by 2050. 

Policies aim to Incentivize a Fossil Phase-out. With much of the energy sector on track to phase out 

fossil fuel use by 2050, the emphasis for the bioeconomy after 2030 is on replacing fossil feedstocks 
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in process industries and manufactured goods. Product standards (for both CO2 and renewable 

content) and carbon taxes are the primary policy tools. 

The dominant technological paradigm for the European bioeconomy is Substitution at Scale. 

Technologies that allow for bio-based solutions to enter the economy through large-scale 

infrastructure akin to that of the ’fossil economy’ are dominant. For fuels and chemicals this means 

that strategies that involve blending through existing infrastructure are prioritized initially until new 

infrastructure is economically justified by very high marginal CO2 prices after 2035.  

Markets treat this large-scale substitution strategy as Bankable and respond with large-scale finance. 

The perceived robustness of policy frameworks and infrastructure used by the bioeconomy by 2030 

makes the sector attractive to both industrial balance sheet investors and project financiers. 

Value chain formation occurs initially through Clusters to overcome uncertainty about economic and 

environmental value creation. Over time, the increasing bankability of bio-based alternatives leads to 

larger investors and industrials scaling up in both vertically integrated and disaggregated approaches. 

Scenario Pathway 5: Bio Boutique 

 

In this pathway, the dominant logic is that of Competitive Innovation, and Europe sees the 

bioeconomy as an arena to develop competitive advantages vis a vis other countries and regions, 

based on advanced technological capabilities.  

The working green paradigm is once again Clean Tech, with the European bioeconomy positioned as 

a cutting-edge industrial movement creating products with both green benefits and advanced 

functionality. Green consumerism is an established and large market segment that includes bio-

based alternatives and Europe sees itself as a pioneer of bio-based processes and products. 

The politics of the European bioeconomy are most interested in Export Promotion. Political favour is 

given to concepts that may have advantages in global markets. The bioeconomy is expected to be 

fast-moving and dynamic and political support follows technological trends. 

In terms of policies, this strategy encourages European countries to create Domestic Lead Markets, 

usually through public procurement and tax advantages. These programmes require resolution with 

trade and competitiveness rules, leading to uncertainty that undermines their breadth and scope. 

However sufficient exceptions are carved out to support a number of pioneering companies.  

Capturing investor interest in the European bioeconomy and competing on global markets requires a 

technological paradigm based on Patentable IPR. Companies patent process technologies and 

product designs aggressively, and benefit from increased harmonization in patenting in the EU, itself 

driven in part by the ’Clean Tech Race’ at the global level.  

Markets in the European bioeconomy develop in ways that favour First Movers. Bio-based 

innovations attract more venture capital than in other scenarios and investors see major advantages 

to reaching early adopters, participating in procurement programmes, and creating strong brands for 
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bio-based alternatives. Early movers in process technologies look to export patented solutions based 

on enzymes, catalysts, and genetic modification as well as a number of advanced materials 

applications and turnkey industrial systems. 

Value chain formation occurs at Arm’s Length, with the companies with the greatest technical and 

IPR base wielding the greatest negotiating power and capturing the highest margins. 

Scenario Pathway 6: Bio Leverage 

 

In this pathway, the dominant logic is that of Resource Utilization, and the countries of Europe take 

different approaches to the bioeconomy, each looking to leverage their own natural resource and 

industrial bases. 

The working green paradigm is the Circular Economy, and the bioeconomy in Europe is at first 

considered by many as an ’inherent’ part of this paradigm, since biogenic resources are part of 

nature’s closed loops. Over time however more pressure is put on the bioeconomy to increase its 

own ’circularity’, through industrial symbiosis and improved durability and recyclability of its 

products. 

In Europe the politics of the bioeconomy are based on Strategic Assets, and those countries most 

active in the bioeconomy pursue something akin to industrial policy in the sector. Political priorities 

include promoting the sustainable exploitation of natural resources (sometimes against green 

opposition) and protecting jobs in strategic industries (sometimes against disruptive forces). 

Domestic policies in the European bioeconomy thus Incentivize the Supply-Side of the bioeconomy. 

While more direct strategies at the national level risk conflict with competition rules, Member States 

are able to make use of European environmental strategies to promote both particular feedstocks 

(forest and agro-waste, especially) and subsidize the integration of key industries into the 

bioeconomy through support for demonstration, scale-up, and efficiency improvements. 

As at the global level, the dominant technological paradigm of the European bioeconomy is that of 

Closed-Loop Systems. The primary variant of this paradigm is industrial symbiosis, and the 

bioeconomy becomes the pre-eminent practitioner of this model of integration between industries. 

Recycling of end-of-life products, especially those based on wood fibres, is a smaller but steadily 

growing element of the circular bioeconomy. 

The political and technological dynamics limit the availability of capital, and as such the focus of 

financial markets and industrial competition is Return on Assets. Innovation and the growth of new 

markets become less important than efficiency and market share. 

In this pathway, value chain formation produces Integrated Champions of the bioeconomy, with 

feedstock, processing, and brand ownership often controlled by large, integrated incumbents. In 

Nordic and Southern European countries the agro, forest and pulp and paper sectors forward-
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integrate into chemicals, while the Central European chemical companies backward-integrate into 

raw materials. 

RTOs and the Industry 

Scenario Pathway 7: Green Enablers 

 

In this pathway, the dominant logic is that of Environmental Sustainability, meaning that RTOs’ 

mission is to support industry’s efforts to transition to more environmentally friendly technologies, 

products and systems. 

The green paradigm of the RTOs is based on Life Cycle Analysis. While politics and values drive the 

environmental movement at higher levels, RTOs seek to provide a sound scientific basis upon which 

industry can make technology development and investment choices. 

RTOs do have a political role, as they are expected to act as Leaders with respect to environmental 

technology, rather than responding to industry demand. Only in some cases is this expectation 

accompanied by additional public funding to provide flexibility for the RTOs, but in all cases, RTOs are 

backed by political credibility and work closer with governments on environmental technology issues.  

The most important policies for RTOs are Green Innovation Agendas. Though ‘market pull’ 

instruments are generally technology-neutral, ‘technology push’ agendas are developed in many 

countries looking to develop robust R&D portfolios. RTOs are perceived as particularly 

knowledgeable in the bioeconomy and have an important role in shaping the Bioeconomy Innovation 

Agendas. 

In line with the goal of large-scale fossil substitution, the RTOs employ the technological paradigm of 

Footprint Reduction. To the RTOs this paradigm means that novel environmentally-friendly 

technology systems must compete with technologies to reduce the impact of existing large-scale 

technology systems. Technology potential is explicitly evaluated with respect to political goals for 

CO2 reduction and resource efficiency. 

Markets in innovation services see Advantages for Public Entities and both RTOs and universities are 

attractive to industry based in part on their linkages to government environmental policies and 

implementing agencies. The ability to sustain work over longer time frames is another key advantage 

for these entities. 

Value chains in the industry create a Flow of Research Opportunities for RTOs, as innovation 

agendas filter through to different actors in the value chain, and new actors successively identify 

opportunities for footprint reduction. 
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Scenario Pathway 8: Bio Workshop 

 

In this pathway, the dominant logic is that of Competitive Innovation, and RTOs seek to support 

industry clients in their efforts to secure competitive advantage in the emerging bioeconomy.  

For RTOs the green paradigm has shifted towards Green Consumption, as the driving force for 

adoption of bio-based processes and products is early adoption by green consumers and public 

procurement. 

The political expectation is that RTOs can function as effective, competitive Consultants to industry, 

and to a lesser extent to governments. RTOs are expected to be responsive to the marketplace and 

help advance the innovations that appear most promising to their clients and deliver growth to 

Member State economies. 

In terms of policies, this pathway sees Commercial Agendas dominating the innovation space. Policy 

is focused on opening markets, both domestic and abroad, and RTO activities are pushed down the 

innovation chain while primary and pre-commercial research is undertaken at universities.  

As RTOs and industries search for the bioeconomy’s higher margin opportunities, the emerging 

technological paradigm is focused on High-Performance products. Properties and functionality are 

considered more defensible advantages than cost, and chemicals and specialty materials from bio-

based feedstocks are prioritized when they can be sold as functionally and environmentally superior. 

Markets in bio-based research and innovation services create advantages for SMEs and start-ups. 

Focused firms with protected, specialized expertise are the feeder system for industrial plays in the 

bioeconomy, with the broader scope of knowledge at the RTOs proving less important. 

Value chain formation creates Little Space for RTOs – the institutes are not needed as a facilitator 

and the commercial drivers of value chains do not per se generate incremental innovation needs as 

new players get involved. RTOs struggle to expand their client base. 

Scenario Pathway 9: Efficiency Engines 

 

In this pathway, the dominant logic is that of Resource Utilization, and RTOs work with industries to 

maximize the valorisation of raw materials and waste and the efficiency of existing capital assets. 

At the level of concrete action, the dominant green paradigm is Reduce, Re-use, Recycle, and in the 

bio-economy RTOs find themselves working ‘outwards from the middle.’ Starting with the focus on 

the valorisation of industrial side-streams, the RTOs over time increase research into both the 

recyclability of bio-based products and the reduction of resource requirements through new circular 

business models. 
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The political expectation for RTOs is that they serve as the Workhorses of the bioeconomy, tackling 

challenges related to process design, energy and water efficiency, and systems integration that prove 

difficult for individual companies, since they require long research, development and demonstration 

cycles and successive incremental improvements. 

To achieve this, innovation policies create a Partnership Context for work on the bioeconomy, with 

RTOs and industry jointly influencing national bioeconomy agendas. RTOs are virtually embedded in 

the bioeconomy work that large industry undertakes. 

The dominant technological paradigm for RTOs is Process and Systems Optimization. With political 

focus on extracting value from assets, RTOs can afford to take address incremental improvements in 

energy and resource efficiency and process intensity.  

The markets for innovation services in this pathway are less competitive, and create Advantages for 

Insiders including, in this case, RTOs. The exception is in software development, where industry 

works with small private firms more regularly than RTOs. 

In this pathway, value chain formation is centred around large, incumbent companies, and as such 

RTOs face a Stable Context for their ongoing work in the bioeconomy. 

Actors and Factors 

The Forward-Looking Analysis convened a workshop to identify important factors, actors, and 

dynamics in the future bioeconomy. The following list categorizes the actors, factors and dynamics 

discussed. Figure 2 reflects some of the issues seen as most important by the participants across the 

scenario pathways. 

Normative Issues 

The scenarios are not normative but we will include an assessment of potential 'Dreams coming true' 

and 'Lurking nightmares' in each 

• Dreams coming true: Environmental externalities are priced across the global economy 

• Lurking nightmare: Bioeconomy becomes a greenwashing strategy for countries and 

companies 

Uncertainties 

Characteristics raised by workshop participants without even weak consensus (weak consensus 

means either multiple supporting views or one or more strong view with no strong objections) 

• The relationship between bio and fossil. Some views implied that fossil would need to be 

phased out completely; others that there would and should be complementary roles. 

• Optimal scale. While traditionally economies of scale should be a dominant strategy, the 

non-traditional nature of the bioeconomy may open up for other arrangements. 

Expectations 

Characteristics raised by workshop participants where at least weak consensus was achieved (weak 

consensus means either multiple supporting views or one or more strong view with no strong 

objections) 
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• European politics will look basically the same in 15 years: 'jobs and growth' first; muddle 

through on the environment, reactive to technology (this issue is left blank on the other two 

levels) 

• Feedstock flexibility. Participants indicated repeatedly that this would be 

necessary/important for most bioeconomy strategies. 

• Recyclability/circular bioeconomy will be important 

• Collaboration will be essential for value chain formation 

Actor-Actor pairs and dynamics 

Parings of actors (any category) discussed by workshop participants. Describe both actors and the 

nature of the dynamic between them. Under 'manifestation' indicate specific actors of relevance to 

that scenario and any changes to dynamics between them. 

• Innovators position themselves for purchase by incumbents 

• Alliances for Bio-Energy 

• Open innovation arrangements -- large companies opening their facilities for research by 

SMEs 

Actor-Factor pairs and dynamics 

Parings of actors and factors (any category) considered important by workshop participants. Describe 

both factors and actors and the nature of the dynamic between them. Under 'manifestation' indicate 

specific actors/factors of relevance to that scenario and any changes to dynamics between them. 

• Chemical companies and GMO policy: Functional chemicals will be affected by GM tech 

through the development of enzymes that allow for cheaper processing or new functions. 

 

Figure 2: Select factors and actors reflected against the scenario pathways 
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Assessing the Boundaries: Quantitative Parameters of a Bio-Based Economy 

The scenario pathways above have not been used as the basis for a quantitative modelling exercise. 

The primary objective of the framework used was to describe combinations of plausible alternative 

future conditions, rather than to make projections associated with certain conditions. This choice 

was made in reflection of the fundamental uncertainty of what might constitute a future bio-based 

economy; insight into which bioeconomy might develop is arguably more important than how big it 

might be. 

Nonetheless the quantitative parameters of a future bioeconomy are important, and they help justify 

research, innovation and scale-up via investment, by providing an idea of the potential of the 

bioeconomy over different time horizons and the materiality of any restrictions on that potential.  

Of particular importance are the relationships between three variables: the amount of biomass 

available for industrial use, the potential penetration of liquid biofuels into the transport market, and 

the potential size of the bio-based chemicals sector.  Figure 3 presents a very simplified illustration of 

how these factors interact with each other via the feedstock price.  

 

Figure 3: Simplified illustration of interactions between available biomass, biofuel production and 

bio-based chemical production. Dark arrows illustrate a positive correlation, light arrows a negative 

correlation. The size of the arrows indicates the relative size of the effect. 

Roughly speaking, demand can be expected to have a larger impact on production than feedstock 

price. This is because at least some part of demand is likely to be driven by policy or other ‘green 

premier,’ which are likely to be less impacted by market forces, whereas feedstock prices are set by 

markets and effect production at the margin. Because biofuel production is expected to be much 

larger than bio-based chemicals production in virtually all scenarios, the impact of biofuel production 

on feedstock prices will be the larger. The overall availability of biomass for industrial uses 

(determined by land availability, rules, infrastructure, market maturity, competing uses, technology 

etc.) will of course have a major impact on feedstock prices. While feedstock prices will have an 

impact on how much biomass is brought into production at the margin, this effect is relatively 

smaller than its inverse. 

Availability of biomass – or more specifically, “sustainable” biomass – for industrial use is the primary 

existential question hanging over the idea of the bioeconomy. Can biomass be made available for 

industrial processing in sufficient quantities to guarantee investor security without undermining 
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sustainability objectives? The answer to this question rests partially on how stakeholders define their 

sustainability objectives, and thus the public and political debate has been as much about whether 

this biomass ‘should’ be made available, given different values, risk tolerances, and political 

preferences as whether it ‘can’ be made available technically and economically. Here we will focus 

on the assessment of potential, primarily, while acknowledging that questions of social acceptability 

and politics may in fact have a greater impact on the future of the bioeconomy. 

Much of the concern about biomass availability has been sparked by the growth of food crop-based 

biofuels for transportation, and questions about their environmental merits and impact on food 

markets. In many scenarios, the adoption of bio-based transport fuels (both crop-based and second 

generation) will be an important engine of the scale-up of bioeconomy. Expectations about this 

scale-up have evolved, due to questions about supply (i.e. the availability of sustainable feedstocks 

and production processes) and demand (i.e. market share vs. electric and hydrogen vehicles). One 

important question is whether biofuel demand will strain available feedstock supply, but a less 

explored issue is whether biofuel production will help or hinder the development of other bio-based 

chemicals. While technologically the sectors may be symbiotic, the policy drivers of biofuel growth 

have to date discouraged interest in bio-based chemical production by driving up feedstock costs, as 

noted in the AERTOs Bio-Based Economy’s Innovation Systems Analysis. 

If there is a risk of competition between biofuels and bio-based chemical production, it is important 

to have an idea of how significant the latter might be. The long-term future of bio-based chemicals is 

perhaps even more uncertain than other aspects of the bioeconomy, because relatively little has 

been done to strategically support its development to date. Nonetheless some estimates of the size 

of the sector are reviewed below. 

Industrially available biomass 

The first challenge in assessing the amount of industrially available biomass is to assess the total 

amount of biomass that can be used by humans, known as the Human Appropriation of Net Primary 

Production (HANPP). This involves an assessment of the potential biomass production of arable, 

marginal, and forest-covered land, adjusted for human technological to increase productivity1 

(irrigation, fertilizer, genetic modification, etc.).  

Already at this level of analysis limitations related to environmental sustainability must be 

considered: human appropriation of biomass can affect potential productivity, directly through 

degradation of soils, overexploitation of water and forest resources, or indirectly through climate or 

ecosystem changes. Modelling such restrictions is complex and HANPP assessments may handle 

them differently.   

Once the modelling of biomass available to humans is modelled, competing uses must be considered 

and prioritized against emerging industrial uses such as the production of energy and bio-based 

resources. The most important assessment is of requirements for food and feed, which, in a scenario 

context, requires assumptions about regional economic development patterns, specific productivity 

of different food crops, and levels of meat consumption, among other variables. Sustainability 

                                                             
1
 It is worth noting that productivity increases in agriculture have impacted the amount of seed/grain 

produced, and that production of ligno-cellulosic matter cannot necessarily be expected to increase with plant 

productivity. However, more productive agriculture may free up land that can be used to produce ligno-

cellulosic material. 
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considerations, related to both environmental protection and socio-economic equity, are also 

important to the assessment of how much potential productivity can be allocated to different uses. 

Finally, given the uncertainties surrounding these variables, risk preferences can play a role in 

assessments of what is truly ‘available’: an assessment may limit production of biomass for industrial 

purposes to a level that poses no or low risk to food production or the environment. 

Thus it is unsurprising that an IPCC review found a very wide range of assessments of industrially 

available biomass, from 0 to 500 exajoules (EJ) per year. Figure 4 plots 27 assessments, centred 

variously on 2020, 2025, 2030, and 2050. 

 

Figure 4: Estimates of biomass available after food production and environmental protections 

(EJ/year  primary energy). Data points that share the same symbol and colour were part of the same 

assessment. 

The broad range of estimates, according to the review, is primarily driven by different limitations on 

environmental impacts assumed. Despite this disparity, the IPCC identifies a ‘central range’ of 

estimates, from 100-300EJ of long-term annual potential. An extrapolated mean value for 2035 – the 

focal year for the AERTOs Bio-Based Economy scenarios – is calculated to be 179,7 EJ. 

The 27 estimates above come from studies spanning 30 years. Figure 5 below plots the estimates 

against the year in which the assessment was undertaken. 
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Figure 5: Biomass available in 2050 after food production, environmental protections (EJ/year  

primary energy): Evolution of estimates over time. 

Over this period of time one might expect developments to have been changed the assumptions 

used in assessments of available biomass. The period saw the first significant increase in bioenergy 

production during the first decade of the 21st century, an expansion simultaneous with global 

increases in meat consumption and an increasing amount of financial investment in agricultural land. 

These developments drove a period of rising prices for land and agricultural commodities and 

widespread political concern and debate about competition for land and biomass. 

Nonetheless, as shown in Figure 5, median projections for available biomass in 2050 have increased 

slightly over time.  

Biofuels production 

Scenario-based estimates for biofuels production are generally driven by a few key factors. The most 

important, on the demand side, is policy. While it is possible that biofuels could replace fossil-based 

alternatives on the basis of costs, few scenarios project oil prices high enough (or biofuel production 

costs low enough) to drive widespread substitution before 2035. Thus assumptions about policy 

drivers (mandates, taxes, etc.) based on a combination of environmental and geopolitical concerns 

have been very important in scenario development.2 Most scenarios do not assume that 

breakthroughs in biofuel production technologies will lead to radically lower processing costs; rather 

breakthroughs in these scenarios tend to relate to the ability to process new feedstocks such as 

ligno-cellulosic material and algae. 

                                                             
2
 The emergence of North American production from ’tight’ oil reserves has made geopolitical/security of 

supply concerns somewhat less relevant in biofuel scenarios going forward.  
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Feedstock costs are another important variable, particularly in the 2030 time horizon, when a 

significant amount of new production is expected to be crop-based. At later time horizons the ability 

to produce fuels from ligno-cellulosic material reduces the importance of feedstock cost to the 

estimate. 

Estimates from 11 scenarios are presented in Figure 6 below. 

 

Figure 6: Scenarios for biofuel production (Mtoe final energy) 

The central range of estimates in the time frame of the AERTOs Bio-Based Economy scenarios (2035) 

is from 150-300Mtoe of final energy. An extrapolated mean value for 2035 would be at the upper 

end of this range, at around 275Mtoe.3 

While not every scenario specified the mix of 1st to 2nd Generation technologies, those that did 

placed the share of 2nd Generation fuels between 50-60% in 2030-2035. 

Bio-based chemicals production 

Scenarios for the future of bio-based chemicals are not as common, and quantitative projections are 

even more unique. In this review we consider six scenarios and one projection from a total of just 

three sources (the EU BREW project, Niewenhuizen and Lyon, and the World Economic Forum). 

Figure 7 below shows plots these seven estimates. 

                                                             
3
 The European Environment Agency’s scenario Prioritising Biofuels (2008) is the outlier scenario (brown lines) 

in Figure 6. This was a very ambitious scenario for Europe only, which we have extrapolated here globally based 

on population share. This would overstate the authors’ intentions in the case that they envisioned Europe is 

seen as taking a large lead in biofuels production relative to other countries. This was not clear from the 

scenario, and given the large share of production held by Brazil and the United States today seems unlikely. 
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Figure 7: Scenarios for bio-based chemical production (Mtoe final energy) 

As noted above, there has been comparatively little policy-based, demand-side support for bio-based 

chemical production articulated to date (see the AERTOs Bio-Based Economy project’s Innovation 

System Analysis for a discussion of some demand-side policy issues from a European perspective). 

The role of policy in creating future demand in the scenarios reviewed is somewhat limited, even in 

the more ambitious assessments. In Niewenhuizen and Lyon’s ‘Green Bloom’ scenario, fermentation-

based chemicals ‘piggy-back’ on a policy push for 2nd Generation biofuels. In the BREW project’s 

‘High’ scenario, a modest policy-based premium for bio-based chemicals is included in the 

assessment, starting at 5% of final product value and declining to 1% in 2050. These scenarios do 

make positive/optimistic assumptions regarding technology development, oil prices and feedstock 

price and availability, though only in BREW’s ‘High’ scenario, where 2nd generation technologies 

become economic as early 2020, do these generate major divergence in estimates. 

The range of (extrapolated) estimates for the time frame of the AERTOs scenarios (2035) is between 

5 and 66 Mtoe (final energy). The extrapolated mean estimate for 2035 is 29Mtoe. 

Feedstock supply vs. bio-based fuels and chemicals production 

As noted above, volumes of available biomass feedstock and produced fuels and chemicals affect 

each other dynamically via the feedstock price. Different models can handle these dynamics 

differently, but comparing the expected volumes to each other can nonetheless provide some 

insights. Figure 8 compares the extrapolated mean estimates for 2035 for feedstock availability, 

biofuels production and bio-based chemicals production. 
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Figure 8: Industrially available biomass vs. production of biofuels and bio-based chemicals. 

(Extrapolated mean estimates Mtoe final energy) 

The simple conclusion from this comparison is that the expected production of bio-based fuels and 

chemicals will only account for a small amount of the potential industrially available biomass (after 

food production and environmental restrictions). Even when looking at the lowest (non-zero) 

estimates of available biomass in the review, feedstock volumes are more than twice what is 

required for expected biofuels and bio-based chemical production. 

There are several important caveats to consider. One is that there are other sources of incremental 

industrial demand for biomass that emerge in the scenarios reviewed, particularly demand from 

power and heat sectors. This growing demand will probably be only partially offset by the decline in 

traditional use of biomass for energy.  Four of the reviewed scenarios included estimates for power 

and heat generation. Figure 9 integrates these estimates into the comparison with the industrially 

available biomass, and shows the amount of expected ‘excess’ potential based on these averages of 

estimates, which ranges from 67-80%.  

In the scenarios reviewed electricity production based on biomass grows as fast or faster than 

biofuels. In addition, the lower conversion efficiency of (dedicated) electricity generation means that 

this use requires more biomass per unit of delivered energy, increasing its claim on feedstock relative 

to fuels and chemicals. 

Even if the projected ‘excess potential’ materializes, there may be reasons for concern related to 

food production and the environment. Biomass production will not expand homogenously across all 

regions, and new supply will not necessarily come on line smoothly in response to new demand. 

Impacts on food prices, at least for short periods, may arise even if long-term potential exists, and 

rapid expansion may promote unsustainable practices even if ‘sustainable’ biomass is an available 

option. 
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Figure 9: Industrially available biomass vs. Demand for industrial uses  

(Mean estimates, EJ primary energy) 

 

Assessing the boundaries in different scenario pathways 

Figure 10 provides a summary reflection on how the availability of biomass and the growth of 

biofuels and bio-based chemicals could differ across the scenario pathways developed in the AERTOs 

Bio-Based Economy project. 

 

Figure 10: Industrially Available Biomass, biofuels, and bio-based chemicals in the AERTOs BBE 

scenario pathways 
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At the global level, markets for industrially available biomass will be deepest in the ‘Our Common 

Future’ pathway as shared approaches to standards and certification develop. Biomass availability 

varies across countries in the other global pathways, though in some countries with large resources 

the Resource Nationalism 2.0 scenario will see heavy exploitation.  A pan-European approach to 

developing ligno-cellulosic feedstock markets emerges only in under the ‘Green Agenda’ in Europe, 

with biomass strategies remaining domestic affairs in the other two European pathways. Research 

and innovation into ‘functional feedstocks’ expressing different properties is a characteristic of the 

‘Bio Workshop’ pathway for RTOs and the industry. 

Biofuels reach their largest volumes and are most widely traded in the ‘Our Common Future’ 

scenario. Innovation in biofuels is centred around the sugar platform and ethanol in the ‘Green 

Enablers’ scenario, while thermochemical routes and a mix of different fuels become important in 

the ‘Efficiency Engines’ scenario. 

Volume growth of bio-based chemicals is also likely to be highest in the ‘Our Common Future’ 

scenario, though the profitability of the bio-based chemicals sector may be higher in the ‘Clean Tech 

Race’ scenario. Europe promotes the bio-based chemicals sector via market pull strategies in the ‘Bio 

Boutique’ scenario, while the Low-Countries and Germany are the main bio-based chemicals 

producers in ‘Bio-Leverage’. Low-cost production of bulk chemicals is a focus in the ‘Green Enablers’ 

scenario, while ‘Bio Workshop’ sees rapid progress in the processing of lignin and (Nano)cellulose to 

advanced materials. 

Towards an (Un)Sustainable bioeconomy – risks related to greenwashing 

Sustainability, and the contribution of the bioeconomy to sustainable development, is a definitive 

issue for the future of the sector. The scenario pathways above describe how different conceptions 

and implementations of sustainability will frame the actions of policymakers and companies. Yet in 

all of these pathways, it is presumed that the bioeconomy is viewed as a positive contributor to 

sustainable development within those frameworks. But what of the possibility that bioeconomy is 

viewed negatively, or as a contributor to an illegitimate ‘greenwashing’, by either companies or 

countries? 

The assumption of a sustainable bioeconomy 

In many strategy papers and definitions, bioeconomy is apparently assumed to be built on 

sustainability.  

“It [bio-economy] encompasses the production of renewable biological resources and the conversion 

of these resources and waste streams into value added products, such as food, feed, bio-based 

products and bioenergy.” (European Commission 2013) 

 
“A bio-based economy is not only a bundle of new technology and bio-related economy but also a 

new way of thinking of how to live in a sustainable way. It is a cross-cutting issue having an effect on 

the whole society.” (Luoma et al., 2011) 

 

“The bioeconomy can be thought of as a world where biotechnology contributes to a significant share 

of economic output. The emerging bioeconomy is likely to be global and guided by principles of 

sustainable development and environmental sustainability. A bioeconomy involves three elements: 

biotechnological knowledge, renewable biomass, and integration across applications.” (OECD 2009) 
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Some analyses have even inverted this expectation, that is, conceiving as sustainable development as 

based on a bioeconomy model (Lehtonen 2004).  

Yet sustainability in the bioeconomy, as in all sectors, requires careful choices and actions. Indeed 

the bioeconomy can be perceived as an area with particular risks for unsustainable behaviours: many 

stories in the history of human kind describe collapses of powerful civilizations due to unsustainable 

use of biomass resources.  

As discussed above in the review of assessments of biomass availability, there are many sustainability 

risks related to the way biomass is produced and used, its availability, competition (e.g. biomass for 

food vs. fuel), and potential negative externalities that occur as a result of new economic activities.  

Opinion related these potential risks compared to the potential benefits are polarised (IRGC 2008), 

and criticism from civil society and the general public can threaten the credibility and legitimacy of 

bioeconomy, undermine investment confidence, and slow technological and market development.     

Sustainable development is often perceived as an environmental issue, concerning the integration of 

environmental concerns into economic decision-making (Lehtonen, 2004). Other dimensions of 

sustainability should not be forgotten, however. Lately more attention has been put on social aspects 

of sustainability. To gain public and political acceptance, the bioeconomy should be grounded more 

heavily on the triple bottom line principle of sustainability, blending economic, social and 

environmental factors as in Figure 11.  

 

 

Figure 11: Dimensions of a sustainable bioeconomy. 

One of the key challenges is to arbitrate between the conflicting objectives of economic rationality, 

social justice, environmental and ecological equilibrium. For example a solution or a process based 
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on renewable biomass may be economically sustainable while being socially and environmentally 

unsustainable -- the case of 1st generation biofuels produced from palm oil meets this description.  

Bioeconomy as a greenwashing strategy? 

The accusation of greenwashing is usually made against companies marketing of products or 

businesses on the basis. Greenwashing involves making misleading claims about the environmental 

benefits of a product, service, technology or practice. A bioeconomy that delivers economic growth  

at the cost of environment and societies, or which alternatively makes claims of environmental and 

social benefits that are not perceived as credible, may face accusations of greenwashing.  

Whether such accusations – or the expectations of the accusers – are fair is another issue. 

Sustainability is a relative concept, and no economic activity is perfectly sustainable in perpetuity at 

any scale (Fahnestock and Mogren, 2009). Thus bio-based solutions may indeed be more sustainable 

than fossil alternatives while still being flawed in the longer term. A transformation from fossil-based 

economy to bio-based economy will be undertaken stepwise, and as part of that process a company 

or industry may, for example, gradually replace fossil-based materials with bio-based ones, relying on 

a mixture of feedstocks. The communication of this process may attract criticism, but it can also have 

beneficial effects. In the early days of bio-packaging, producers and brand-owners made claims about 

“green, biodegradable, [and /or bio-]packaging” even though the amount of fossil-based materials 

replaced was in the range of 10-15 % and biodegradability was only possible in industrial scale 

composting facilities. It can be argued that this communication had a positive impact on public 

awareness about bio-based plastics and may have contributed to changes in consumer preferences 

and attitudes. Yet such communications can have a lasting negative effect if consumers feel mislead 

and scepticism and mistrust is fostered.  

One important development for the resolution of this tension may be the creation of standards for 

defining the term ‘bio-based’. In 2014 the European Committee for Standardisation (CEN) adopted a 

standard ‘vocabulary’ for bio-based products, which defines only 100% bio-based products as ‘bio-

based’, allowing for a “% bio-based content” nomenclature for products of mixed bio and fossil 

origin. CEN has continued to work on standards and methodologies for determining bio-based 

content and assessing other sustainability dimensions in bio-based products (European Commission, 

2011). The Innovation System Analysis of the AERTOs Bio-Based Economy project looks more deeply 

into issues surrounding sustainability criteria and certification. 

From greening of the economy to sustainable bioeconomy 

The first step to sustainable bioeconomy may well be gradual greening of the current unsustainable 

economic model. This could be carried out by developing new bio-based, value added products and 

processes, adaptation of voluntary sustainability criteria, initiatives (e.g. Sustainable Palm Oil 

Manifesto) and resource certifications (e.g. global forest certification schemes such as the PEFC™ 

(Programme for the Endorsement of Forest Certification) and the FSC® (Forest Stewardship Council). 

However according to NGOs’ some of the voluntary initiatives and certifications don’t address the 

ILUC (Indirect Land Use Change) and have weaknesses in taking the environmental and social criteria 

into account (Greenpeace, 2014) 

In longer run regulation will be essential in pushing the development of bio-based products towards 

sustainability. Common sustainability criteria for diverse aspects and dimensions of sustainable 
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bioeconomy are needed. Strict criteria for biomass sustainability could be the first step forward (e.g. 

Bosch et al. 2015, World Energy Council 2012).  

RTOs’ role in sustainable development 

The main role of Research Technology Organizations (RTOs) is driving change through technological 

innovations and within innovation ecosystems. The development of technologies designed for the 

conversion of sustainably sourced biomass, such as using wastes, residues, non-food cellulosic 

material, and ligno-cellulosic material is a good basis. In the course of technology development a 

wider understanding of impacts of new technologies should not be forgotten. While techno-

economic feasibility, LCA and cradle to cradle assessments of novel technologies might be 

prerequisite for short term adaptation, other dimensions such as socio-economic, socio-

environmental and eco-efficiency of technological solutions are also required for wider, longer-term 

acceptance.  

Greenwashing risks in the scenario pathways 

Figure 12 summarizes the relative risks for greenwashing at different levels of action and under 

different dominant logics. 

 

Figure 12: Greenwashing risks in the AERTOs BBE scenario pathways 
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Feedstock Flexibility 

One of the major factors shaping the future of the bioeconomy, as identified in the Factors and 

Actors scenario workshop (see p. 15), is feedstock flexibility. Here this term refers to the ability of a 

biorefinery to process different kinds of feedstocks, with a focus on primary feedstocks as opposed 

to intermediates. 

As the future of the bioeconomy appears to be characterized by uncertainty, those technological and 

economic configurations that promise “flexibility” have an inherent appeal to companies and 

institutes active in the bioeconomy today. However, the appeal of flexibility is in tension with 

industrial economies of scale, which are generally easier to achieve with fixed inputs, outputs, and 

process chains and parameters.  

Input on this was gathered from AERTOs Bio-Based Economy project participants and other experts 

in biorefining and bio-based resources via interviews and an informal survey. The analysis below, 

based on these inputs, presents a typology for considering biorefinery feedstock flexibility as well as 

an assessment of expert expectations related to potential  drivers, biorefinery concepts, feedstock 

combinations, and promising processing routes. While the assessment is far from definitive it does 

provide some insights into the feedstock flexibility factor. Space is also given below to some 

reflections on feedstock flexibility as it might play out in the different scenario pathways elaborated 

above. 

Drivers of feedstock flexibility 

Apart from a generic sense of uncertainty, 

what are the more specific drivers of interest 

(and research and investment) in feedstock 

flexibility for biorefineries?4 Below we propose 

five overlapping drivers.  

Expected availability of feedstock (security 

of supply) 

This driver relates to biorefineries’ ability to 

secure the necessary feedstock inputs at scale. 

There are several reasons that this ability 

could be questionable. One is that the overall 

future availability of feedstock is uncertain, as 

discussed above. Even if, globally, potential 

supply of biomass is more than sufficient, many factors from climate change to government policy, 

could prevent sufficiently large or robust feedstock markets from emerging to match the interest in 

bio-based fuels and chemicals in specific contexts. 

There is also potential for disruption of feedstock supplies, for example through weather, natural 

disaster, or accident. More fundamentally, for biorefineries using agricultural inputs, there is natural 

                                                             
4
 NB there are many potential drivers of other kinds of flexibility; essentially cost driver whose price could 

fluctuate, such as energy costs, compliance costs, etc, could justify a measure of flexibility in biorefineries. This 

analysis focuses on feedstock flexibility only. 
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seasonal variability to manage, with inefficient/expensive storage likely to require shifting between 

sources throughout the year. 

Price uncertainty of feedstock 

Price uncertainty is partially connected to availability/security of supply as described above. Prices 

for feedstocks may be affected by weather and seasonal availability issues. Price uncertainty may be 

related to variability in markets for competing uses of biomass (e.g. energy production) and/or for 

co-products (e.g. food). Shifts in these markets may create volatility in feedstock prices for 

biorefineries.  

Seasonal variability 

This driver is important for biorefineries using agricultural feedstocks, as noted above. Some 

feedstocks will be unavailable at certain times of year. 

Interest in product flexibility 

The economics of the biorefinery will likely require a multi-product design that valorises all the 

fractions of the feedstock. Changes in market prices and volumes for these different products may 

make it economic for a biorefinery to use a different feedstock that generates different fractions, 

possibly with different properties. In the future there may also be the possibility to generate more 

tailored products for different buyers by changing feedstocks and processes. 

Supply chain optimization 

Several experts consulted on this issue referred to supply chain design and optimization as an 

overarching driver. As companies design their supply chains they may take the availability, price and 

seasonal ‘risks’ into account, however they are also likely to design a supply chain which will allow 

them to take advantage of ‘opportunities’ when a certain feedstock falls in price or a certain refinery 

output increases in price. It was also noted that companies will want to find an appropriate balance 

between risk reduction and low administration in terms of the number of suppliers with whom they 

work. 

Assessment 

According to the survey-based assessment, all the issues presented above were important 

considerations driving interest in feedstock flexibility. Security of supply and pricing issues were 

assessed to be of equivalent importance. Comments indicated that supply issues could have a 

number of causes, from the environmental to geopolitical, while pricing issues were very acute as 

biorefineries, today, appear likely to be very sensitive to changes in feedstock prices. Product 

flexibility was deemed to be a less well-understood and likely longer-term factor. Only three 

respondents specifically ranked supply chain optimization, but the average score was high. 
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Figure 13: Responses to survey question 1 –  

“Please rate the current drivers of interest in feedstock flexibility (5= very important, 

1=unimportant).” 

Concepts of Feedstock Flexibility 

Just as the drivers of interest in flexibility can vary, the options for realizing it are also varied. While 

the specific configurations of a ‘feedstock-flexible biorefinery’ are too many to enumerate, we 

propose the following typology of feedstock flexibility ‘concepts.’ 

Hybrid 1st/2nd generation biorefining 

In this concept a 1st generation biorefinery, based on sugars and starches, would add the capability of 

processing lingo-cellulosic material. Such a concept may allow crop-based refineries to utilize all 

plant material, or a refinery based on food industry waste to valorise more waste streams. Such 

designs might include upfront handling and processing systems to separate 1st and 2nd generation 

feedstocks, separate pre-treatments, and some shared fermentation/downstream processing. 

Multi-process/Modular ligno-cellulosic biorefining 

In this concept a bio-refinery could combine multiple, separate handling systems to allow the 

refinery to direct feedstocks to different process chains (as in 1st/2nd gen hybrid above), or could be 

configured to allow for recombining operations into different process chains depending on the 

feedstock used. 

Robust fixed process lingo-cellulosic biorefining 

In this concept a biorefinery has a fixed process chain, but employs processes that are robust enough 

to handle some range of feedstocks. This is close to ‘business as usual’ in the refinery design; 

depending on market conditions the designs existing today can reasonably be considered feedstock 

flexible. However innovation that makes processes more robust might make the use of different 

feedstocks economic in more situations. 

Adjustable process lingo-cellulosic biorefining 

In this concept process conditions (enzymes, heat, pressure, time) can be altered in order to switch 

between feedstocks. 
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Assessment 

Experts surveyed voiced a very wide range of opinions about which of these concepts were most 

likely to play a role in the future of biorefining. In comments, questions were raised about the 

feasibility of each. Some respondents were sceptical to the long-term relevance of 1st generation 

biorefining. Modular processes were attractive to many, but others questioned whether this would 

result in unused capacity and poor economics. In terms of adjusting process parameters, one 

respondent pointed out that this will be needed regardless, since even single feedstock streams are 

heterogeneous, while another respondent questioned the economic feasibility of plants that can 

allow for significant changes in process parameters on demand. 

 

Figure 14: Responses to survey question 2: Please rank the flexibility ’concepts’ in terms of how likely 

they are to play a major role in future biorefining. (5= very likely, 1=unlikely) 

Potential Feedstock combinations 

Flexibility may allow for different combinations of feedstocks; some broader than others. Some 

potential combinations involved both 1st/2nd generation feedstocks and some will be combinations of 

lingo-cellulosic materials; some will mix origins (agro/waste/forestry) and some will be combinations 

of feedstocks from a given origin. We propose the following typology of feedstock combinations. 

Agro 1st/2nd Generation 

Related to the first ‘concept’ above, agricultural biorefineries may be configured to handle 

sugar/starch crops as well as the associated ligno-cellulosic crop waste. 

Waste 1st/2nd Generation 

This combination is likely to be specific to 1st generation refineries working with food and beverage 

industry waste. It may be possible to make use of non-edible solid waste streams from their 

suppliers.  
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Figure 15: Typology of feedstock combinations in flexible biorefineries. 

Full-flexibility lingo-cellulosic 

The broadest flexibility would likely result in the ability to process essentially any ligno-cellulosic 

material. 

Waste 2nd Gen 

Flexible waste-based biorefineries may be able to handle different solid waste streams from industry 

and/or municipalities. 

Mixed Agro 2nd Gen 

Flexible biorefineries may aim to handle different kinds of ligno-cellulosic materials from agricultural 

sources, such as crop waste and straw.  

Mixed Wood 

Flexible ‘forest biorefineries’ may aim to process different kinds of (hard or soft) wood. 

Assessment 

The expert assessment of the likely relevance of these combinations indicated that 2nd generation 

biorefineries based on waste and agricultural feedstocks would be most likely to develop flexibility. 

This assessment is in line with the analysis of drivers, as agricultural feedstocks are going to be more 

prone to supply risks and price volatility. The inherent heterogeneity of waste streams may drive a 

need for flexibility in future waste biorefineries. 
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Figure 16: Responses to survey question 3: Rank the feedstock combinations in terms of how likely 

they are to be of interest to future biorefineries (5= very likely, 1=unlikely) 

Feedstock Flexibility in the scenario pathways 

The typology of alternatives and assessment of likelihoods above was undertaken in an intentionally 

‘future neutral’ format, so that respondents could consider the alternatives under uncertainty. 

Below, we consider the alternatives in the contexts of the scenario pathways developed in this 

report.  

Feedstock flexibility is not likely to be an important issue at the level of The World and 

Sustainability, where interactions between nations and trends in global markets are the primary 

factors. Flexibility is more inherently tied to regional and company/industry-specific strategies. 

At the level of Europe and the Bioeconomy, policy, market, and trends in supply chain formation can 

be relevant to the emergence of flexible biorefineries.  

In the “Green Agenda” pathway, policies related to feedstocks will be focused on sustainability 

criteria and the creation of broad and deep markets to allow for high-volume production. Financial 

markets look for low-risk ‘bankable’ approaches, and value chains generate multi-industry clusters.  

Feedstock flexibility can decrease financial risks related to prices. The number of actors involved in 

both clusters and in deep, geographically broad feedstock markets will give firms chances to optimize 

their supply chains through the use of multiple suppliers. Combinations of all ligno-cellulosic 

feedstocks will be possible, and both modular designs and adjustable process concepts should 

emerge.  

In the “Bio Boutique” pathway, strategies are more narrowly targeted and policies try to create 

markets for promising technologies. First movers have an advantage, meaning risk-taking is a key to 

success, and arrangements in the value chain are contractual and arm’s length.  
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Figure 17: Feedstock flexibility in the AERTOs BBE scenario pathways 

 

This ‘niching’ at the policy and strategy level does little to promote feedstock flexibility as a solution. 

Likewise the value chain configurations should make flexibility more difficult as players lock-in to 

preferred arrangements. 

In the “Bio-Leverage” pathway, feedstock owners (forest and agribusinesses) are in many cases the 

core of the bio-economy, and policies and value chains are constructed to maximize the return on 

the assets.  

As feedstock is the ‘optimizing variable’ of the bioeconomy there is little incentive for policy and 

industrial strategy to emphasize flexibility. 

At the level of RTOs and the Industry, innovation for feedstock flexibility is likely to be somewhat 

relevant in all scenarios, as companies and researchers may have their own interest in this option 

even in the absence of supportive policy and industrial strategy. But the drivers and concepts of most 

relevance will likely vary by scenario. 

As “Green Enablers” RTOs are likely to help companies develop modular solutions, either adding 2nd 

generation capacity to 1st generation plants or enabling the capability to handle a broad range of 

certified feedstocks. Combinations of pre-treatment modules in sugar platform biorefineries are a 

major area for innovation. 
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As the “Bio Workshop” RTOs will seek to work with companies looking to developed chemicals and 

materials with specific functionalities and technical advantages. Adjustable process concepts, 

particularly relating to enzymes and catalysts, will be used to convert different feedstocks to 

different products. The range of feedstocks may be narrower, for example mixed agricultural or 

mixed wood. 

As “Efficiency Engines”, RTOs and companies may still explore feedstock flexibility as a way to deal 

with mixed streams (mixed wood or mixed waste, for example) from within a single supply source. In 

this scenario robust processes that can handle heterogeneity may be of the most interest. 

Thermochemical processing (pyrolysis, gasification) is likely to be especially relevant in this scenario. 
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