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SUMMARY
This deliverable is the outcome of ERIFORE Task 5.2 Foresight - detection of emerging
concepts and response plans for future infrastructure needs. The aim of this task was to
produce future insights on the technology development and infrastructure requirements. The
time scale for this future study is 10 to 20 years. The outcome of the task is a technology
roadmap exploring emerging technology concepts and development needs. The analysis of
biorefinery concepts concentrates on three technology platforms: sugar platform, fibre platform
and lignin platform. The roadmapping process started with scoping phase, in which the
platforms were defined and depicted. In the next phase, the platforms were evaluated, first, in
an open workshop (in Leuna Germany in September 2016), and after identification of critical
development needs based on literature study, in an expert survey. Finally, the roadmap was
created based on the information gathered during the process.
The results of the expert survey showed that the market potential for sugar and lignin-based
products were evaluated higher in general than for fibre-based packaging and textile materials.
One explanation for this may be that for the fibre products, food packaging and textiles, there
are already established alternatives on the market and new materials need to compete against
those. A general finding about the evaluations on development needs was that fibre platform
development were seen important in shorter term and lignin platform in longer term, while the
development needs of sugar platform ranged from short to long term. Presumably, this finding
indicates the technology readiness levels of the different platforms.
The summary roadmap created in this task identifies three development steps of biorefinery
concepts and the main enabling R&D needs. The roadmap should be seen as a conceptual
model for the change, because regional and national circumstances affect strongly the real life
progress and outcomes. The biorefinery concept is seen to evolve from single line production
to multipurpose operation and finally towards industrial symbiosis of production ecosystems. In
the short term, it is important to strengthen the prerequisites for the multipurpose operation.
For example, the development of fractionation and purification technologies and waste and
side stream recovery are important from this perspective. Also, it is highly important to develop
novel value added products for the future market. In the medium term, it becomes important to
develop the economic feasibility of the multipurpose production units, for example by process
intensification and integration, and to develop readiness for collaboration between industries.
In the long term, integrated thermochemical processes with chemical production and symbiosis
between biomaterials and bioenergy are important development goals.
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1. Introduction
The aim of the ERIFORE project is to establish a globally competitive European research
infrastructure in the field of forest-based bioeconomy. The approach of ERIFORE is to
facilitate the development and commercialization of novel, industrially adaptable and
techno-economically viable solutions that can be derived from a Circular Forest
Bioeconomy through research infrastructure co-operation. These solutions are founded on
value chains ranging from sustainable biomass management, harvesting and efficient biomass
utilization producing the most value added products, enhanced recycling, and reuse of material
through the whole lifecycle.
This deliverable is the outcome of ERIFORE Task 5.2 Foresight - detection of emerging
concepts and response plans for future infra-structure needs. The aim of this task was to
produce future insights on the technology development and infrastructure requirements. The
time scope for this future study is 10 to 20 years. The outcome of the task is a technology
roadmap exploring emerging technology concepts and development needs.

Figure 1. Foresight process in ERIFORE Task 5.2.

Emerging concepts and ideas which are expected to be realized or up-scaled in the future may
require a significantly different knowledge base and facilities for research and pre-commercial
demonstrations. The foresight process started from the scoping of the study (see Figure 1). The
starting point of the work is forest-based bioeconomy, which defines the technological scope
(see Figure 2).

5
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Figure 2. Technological scope of the foresight process.

The analysis focuses on three technology platforms: sugar, fibre and lignin platforms. In the
scoping phase, these platforms were defined and depicted by the working group. In the next
phase of the foresight process, these platforms were evaluated in two stages. The initial
evaluation was carried out in a public workshop, in Leuna Germany in September 2016. Based
on the initial evaluation, the platforms were further defined and a literature survey was carried
out. Chapter 3 shows the findings of the literature survey. The second evaluation was carried
out as an expert survey. Chapter 4 presents the results of the evaluation survey. Finally, we
drafted this report and the roadmap based on the previous analyses. Chapter 5 is a concluding
chapter, which shows the resulting roadmap.
In a broad sense, the methodological framework applied for the ERIFORE foresight task is
roadmapping. Roadmapping is a flexible technique that is widely used to support strategic and
long term planning. It provides a structured means for exploring and communicating the
relationships between e.g. evolving and developing markets, products and technologies over
time. The scope of roadmaps is often broad, covering a number of complex conceptual and
human interactions. The use of roadmaps can be approached, for example, from both
company and multi-organisational perspectives. Company roadmaps may, for example, allow
technology developments to be integrated along with business planning. In a multiorganisational context their contribution may take place in the form of capturing, on the
environmental landscape, threats and opportunities for a specified group of stakeholders in a
technology or application area.1 To structure the roadmap, we discuss first (in Chapter 2) the
aspects that should be considered to be able to anticipate the future markets for forest-based
bioeconomy.

1

Phaal, R., Farrukh, C.J.P. & Probert, D.R. (2004) Technology roadmapping—A planning framework
for evolution and revolution. Technological Forecasting & Social Change, vol. 71, pp. 5 – 26.
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2. Future markets for forest-based bioeconomy - developing a framework
In order to anticipate the future market development for forest-based bioeconomy, we need to
answer the following questions:


What will be the future products?



How much these products will be needed in the future markets? What will be their
market demand, production rates and what kind of a price we can expect them to have?



When the products can enter the market? How long time it will take to develop
economically feasible production processes?

In this chapter, we develop a suggestive framework clarifying the above mentioned questions.
The purpose of the framework is to advise the literature survey so that it covers relevant
aspects from the perspective of future market development and commercialisation of products.
It is somewhat evident to start the thinking of future markets by listing the potential products
that the new biorefineries may produce. In general, the end products of biorefineries can be
divided into biomaterials, fuels & energy products and biochemicals2. The key defining factor is
that the products are produced from biological raw material in agriculture and forestry and by
microbial systems. In the case of ERIFORE, we are concentrating on forest-based raw material
and we are approaching the biorefinery development on the basis of three biorefinery
platforms: sugar platform, fibre platform and lignin platform. Table 1 lists the potential product
categories for the different platforms that are included in our analysis. The fibre platform
concentrates merely on biomaterials: food, and food service packaging, and textiles. Sugar
and lignin platforms include products of all three main categories: biomaterials, fuels and
biochemical.
In addition to the product categories, it is important to consider the degree of bio-substitution.
As the biorefinery product are often intermediates or materials for different end products, their
market entry may be dependent on how well they can be integrated into existing value chains.
Therefore such biochemical, for example, may be preferred by companies that can integrate
fast to existing value chains and are therefore expected to move faster to markets3. For the
fibre platform, the question about bio-substitution is relevant from another perspective. As
fibre-based packaging, for example, already exist in the market, the target for future product
development may be a 100% bio-based packaging that doesn’t include any fossil-based
barriers or other components.
A common approach in many analyses of future bioeconomy markets is to focus only on woodbased end products (as was done above, too). This may, however, be a too limited view on the
future markets. If we think future markets in a wider perspective, it is necessary to introduce a
new idea of services and production lines as mass customized products for the future
production of wood-based products. Customers for such products would be plant engineering
2

Birgit Kamm, Patrick R. Gruber, Michael Kamm (eds.) (2006) Biorefineries – Industrial Processes and Products
WILEY-VCH Verlag GmbH & Co.
3
Rajagopal, R. (2014) Sustainable Value Creation in the Fine and Speciality Chemicals Industry
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companies who want to transform their business idea from plant construction provider to a
supplier of modular and flexible system solutions. Their company profile would shift from
hardware engineering to a system/concept provider. This type of operation is based on flexible
non-permanent production sites in urban areas, which can be seen as an enabler concept for
future production of bio-/wood-based production on demand.
Table 1. Product categories included in the ERIFORE analysis.
BIOMATERIALS
FUELS & ENERGY PRODUCTS
Sugar platform
• Specialty sugars
• Biofuels
• Polymers
• Fuel additives

Fibre platform Packaging

Fibre platform Textiles

Lignin platform

FUELS AND ADDITIVES
• Energy generation
• Bio BTX
• Bio oil

FOOD SERVICE PACKAGING
• Cups and lids for cold and
hot drinks
• Moulded paper plates
• Fast food and pizza
packaging
• Food wrapping papers
FOOD PACKAGING
• Ovenable, press-formed
trays
• Bio-based multilayer
pouches
• Liquid packaging
• (B2B) corrugated boxes and
cartons
• Bag-in-box solutions
TEXTILES: APPAREL
• Clothes
• Sports wear
• Professional work-wear
CONSUMER HOME TEXTILES
• Furniture upholstery
• Curtains, bed linen etc.
• Wall panels for improved
acoustics
TECHNICAL TEXTILES
• Filters
• Geotextiles
• Belts, ropes
• Textiles for medical care
BIOPOLYMERS &
BIOPLASTICS
• Thermoset polymers
• Thermoplastic polymers
• Lignin grafted polymers
• Lignin polymer blends
LIGNIN-BASED COMPOSITES
• Structural composites,
Panels, Fibre reinforced
plastics, Paints, Textiles

8

•
•
•
•
•

BIOCHEMICALS
Solvents
Surfactants
Flavours
Fragrances
Pharmaceutics

PLATFORM CHEMICALS
• Phenolics , Aromatics,
Aromatic
carboxyferulic acids,
Aromatic aldehydes
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As Table 1 shows, there are many product categories that are possible outputs from the
evaluated biorefinery platforms. This creates a challenge for future market estimations, and it
may not be possible to compare the different platforms based on market volume or price
estimations. However, the same level of characterisations may be possible. For example, it is
possible to make a distinction between bulk/low value products and specialty/high value
products. In relation to price formation there is also an interesting concept: Green Premium
price4. Green Premium price refers to the additional price a customer is willing to pay of the
product or intermediate due to the additional emotional or strategic performance that the biobased alternative is expected to create. It is important that the bio-based product has the same
technical performance. Previous analyses show that the highest Green premium price levels
can be found in the beginning or middle of the value chain, but consumers are not willing to
pay any extra price4. This indicates that the Green Premium is manly based on strategic value
expectations, and it makes the Green Premium price a very insecure factor for business
development. The commitment to pay extra price should last for several years, so that a
material or intermediate provider could count on that.
The timescale for the market entry is not a straight forward question. Because it is a question
about completely new products and production technologies which question the prevailing
(fossil oil-based) market, we need to consider the change in a wider perspective. As a matter
of fact, when we talk about a transition to bio-based economy, we are talking about
technological transition in a systemic setting. For such transitions, a multi-level perspective
(MLP) is developed to integrate the approaches of evolutionary economics and sociological
technology studies5. According to the MLP theory, the transitions of socio-technological
systems can be analysed by differentiating between three levels: niche, regime and landscape
levels, which are embedded into each other’s.
Niche-level refers to protected spaces where radical innovations and novel technologies are
developed, and where they can evolve without competition with existing technologies. Over
time these novel technologies may – or may not – enter to the regime level, which is the status
quo of the socio-technical system, and this may cause a tension in the incumbent system and
eventually cause a transition. In addition to technology, there are six dimensions in the
sociotechnical regime, which are user practices and application domains (markets), symbolic
meaning of technology, infrastructure, industry structure, policy and techno-scientific
knowledge. These seven dimensions of sociotechnical regime are linked and co-evolve, and
have internal dynamics. The prevailing development dynamics on regime level is based on
incremental improvements. The top-most level of the MLP is Landscape-level, where changes
take place slowly, e.g. cultural changes, demographic trends or broad political changes.
All three levels are interlinked, and transitions can occur only if the developments at all these
levels align. This means that the regime may encounter tensions, either internally or pressures
from landscape level, which create a momentum for novel technologies to enter from the
niches to the regime level. This can be characterized as a technological breakthrough, which
causes technological substitution and the regime need to do adjustments in its structures and
operations. An alternative route is wider transformation where regime becomes unstable due to
4

Carus, M., Eder A., Beckmann J. (2014) GreenPremium Prices alont the Value Chain of Bio-based Products,
nova paper #3 on bio-based economy 2014-05, nova-Institut GmbH
5
Geels F. W. (2002) Technological transitions as evolutionary reconfiguration process: a multi-level perspectiva
an a case-study. Research Policy 31, p. 1257-1274.
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simultaneous changes on multiple regime dimensions and therefore opens for experimentation
with several technological options. This creates a period of ‘heating up’, when different
technologies are contesting each other, and eventually followed by a period of ‘cooling down’,
when the technological options are narrowed down again, and the regime settles to a new
dynamically stable configuration.6
The multi-level perspective has been criticised7 on being utilised only as “a heuristic device
that can be used to organise sets of data about long term, complex and comparative
technological trajectories”, and the use of the device in the empirical analyses of past episodes
of transformations has not necessarily been systematic, but selective and uncritically relying on
secondary data sources. Additional critique concerns the technological determinism and linear
thinking of the transition analyses, which undervalues the role of agency and politics. As our
goal is not to analyse past technological transitions, but anticipate the future, we use the multilevel perspective as a structural model to organise our analysis. We adopt the idea of multiple
levels, but introduce a concept of readiness to emphasise the forthcoming transition. In other
words, we do not aim to analyse various factors on landscape, regime and niche levels that
have created some past transitions, whereas our goal is to evaluate the readiness of regimes
to make the transition towards bio-based economy. Instead of niche-level, regime and
landscape, we use the concepts technology readiness, strategic readiness, and societal
readiness. Some aspects of these readiness levels are discussed below.
Technology readiness is a familiar and commonly used concept in the field of technology
development and technology related decision-making, especially in the form of the Technology
Readiness Level (TRL) scale8. TRL is a nine-point scale, which has its origin in space research
and it was developed in the 1970-80s. Later, the TRL scale has been adapted to different fields
of technology, and nowadays it is used for example in different EU funding instruments. Figure
3 shows the TRL scale developed by the European Association of Research and Technology
Organisations (EARTO). EARTO’s report indicates few limitations of the use of TRLs. Firstly,
the scale is based on a linear thinking of technology development and neglects the setback
mechanisms of research and innovation processes. Secondly, the TRLs are based on a single
technology approach. This is a challenge, because innovations usually combine multiple
technologies, which may be on different readiness levels. Especially in the context of
ERIFORE, we are considering future biorefinery concepts that are complex combinations of
different technologies and manufacturing component. Thirdly, there are other nontechnological aspects that affect the commercialisation of technologies, but are not covered by
the linear TRL scale. An example is the readiness of an organisation to implement the
innovation. These weaknesses of the TRL approach call for more systemic approach, which
leads us to the second level of our readiness structure: strategic readiness.

6

Geels, F. W. (2005) Processes and patterns in transition ans system innovations: Refining the co-evolutionary
multi-level perspective.
7
Genus, A., Coles, A-M. (2008) Rethinking the multi-level perspective of technological transitions. Research
Policy 37, p.1436–1445.
8
EARTO (2014) The TRL Scale as a Research & Innovation Policy Tool, EARTO Recommendations, 30 April
2014, Available at:
http://www.earto.eu/fileadmin/content/03_Publications/The_TRL_Scale_as_a_R_I_Policy_Tool__EARTO_Recommendations_-_Final.pdf [ref. 5 January 2017]
10
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Figure 3. Innovation chain and Technology Readiness levels (TRL1-9), modified from

9

As mentioned above, the TRL scale cannot capture the readiness of an organisation, or an
industry in more general, to implement certain technologies. This is the aspect that we intend
to cover by the concept of strategic readiness. It is comparable to the regime-level in the multilevel perspective, but here we limit the evaluation to two industries, the forest industry and the
chemical industry, and discuss the aspects that may affect the companies’ readiness to
develop and adopt biorefinery technologies.

Table 2. The strengths and challenges of the forest sector in the transition towards the biorefining
business.
STRENGTHS


Good knowledge on raw material acquisition
and logistics



The need for change identified due to
saturated markets
Biofuels will fit well with current core business
and organisational culture.



CHALLENGES

9



Focus on traditional, bulk products.



Conservative culture does not support change.



Low-volume, high-value bioproducts do not fit
with current operational culture.



Lack of managerial and leadership skills,
especially future-orientation, vision and
strategic knowledge.

The TRL Scale as a Research & Innovation Policy Tool, EARTO Recommendations, 30 April 2014, Annex 1.
Available at: http://www.earto.eu/fileadmin/content/03_Publications/The_TRL_Scale_as_a_R_I_Policy_Tool__EARTO_Recommendations_-_Final.pdf [ref. 5 January 2017]
11
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Näyhä and Pesonen studied Scandinavian and North American (mainly Finnish and U.S.)
forest companies’ potential for strategic change towards the biorefining business10. Table 2
presents the main findings of the study. According to the study, forest industry companies have
identified the need for change towards biorefining business, but the conservative culture of the
industry may slow the development. The forest industry has good competences and
knowledge on raw material acquisition and logistics, which is an asset in the change. On the
other hand, its concentration on bulk products is a challenge for biorefining business and
requires either a change of focus, adoption of new managerial and leadership skills or close
collaboration with other industries.
Traditional preconditions for the chemical industry have been capital intensive and long term
investments. The production is based on a reliable and sustainable supply of preferably
homogenous raw materials and solid and well known production processes. The products
range from low to competitive prices. The chemical industry is used to operate in a stable or to
certain extend predictable environment of regulations. It has also been possible to operate with
predictable market volumes. These aspects draw a picture of a rather rigid industry sector
where disruptive innovation will have a hard time to break through. Rajagobal11 lists the
barriers for commercialization of bio-based chemicals. The list covers issues from challenging
renewable feedstock availability to low technology readiness and funding uncertainties, but
covers also issues such as difficulties to form strategic alliances and process biomass with
varying quality and tackling the regulatory frameworks. The list gives an insight to aspects that
affect chemicals industry’s readiness to make the transition towards bio-based production.
The third readiness level, societal readiness, refers to the landscape elements of the change. It
covers the wider societal context, which is dependent on the geographical and political context
of the transition.
Table 3 shows an example of societal readiness. It is based on comparative analysis of
transition governance towards bioeconomy in Finland and the Netherlands12. Both countries
have ambitious strategies on bioeconomy transition, but different cultural, political traditions,
raw material resources and industrial structures have created different governance
mechanisms for the transition. The main conclusion about this analysis is that the transition
towards bio-based society needs to be analysed always in a certain societal context.

10

Näyhä A., Pesonen H-L. (2014) Strategic change in the forest industry towards the biorefining business.
Technological Forecasting & Social Change 81, p. 259-271.
11
Rajagopal, R. (2014) Sustainable Value Creation in the Fine and Speciality Chemicals Industry
12
Bosman, R., Rotmans, J. (2016) Transition governance towards a bioeconomy: A comparison of Finland and
The Netherlands. Sustainability, 8, 20 p.
12
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Table 3. Comparison of Dutch Bio-based Economy and Finnish Bioeconomy transitions.

Dutch Bio-based Economy

Finnish Bioeconomy

Fossil to bio-based

Bulk to specialty

Drivers

Chemistry sector / government

Bioeconomy and innovation in genes

Urgency

Rather high

Average

Pre-development

Just before take-off

Regime

Economic topsectors

Powerful silo structure

Niches

Systematic experimentation

Many unconnected pilots

Vision

Co-created vision for 2050

Government-led vision for 2025

Transition governance

Traditional top-down

Regional

National

Conceptual, network-based

Practical, sector-based

Radical innovation

Incremental innovation

Facilitator

Director

Transition

Phase

Governance
Scale
Approach
Focus
Government role

This chapter introduced the perspectives that are useful in the analysis of future markets
towards forest-based bioeconomy. Table 4. shows the summary of the evaluation framework.
In the next chapter, we review the three technology platforms. The review is based on previous
research literature, and as a guideline for the analysis we use the evaluation perspectives
listed in Table 4.

Table 4. Perspectives for the literature survey on future market development.
MAIN QUESTIONS
WHAT?

PERSPECTIVES
a) Main product categories: Biomaterials, Fuels, Biochemicals
b) The degree of biosubstitution, value chain integration

HOW MUCH?

c) Market volume expectations
d) Price formation (e.g. bulk/low value, specialty/high value; Green
Premium price)

WHEN?

Readiness levels:
e) technology readiness,
f)

strategic readiness,

g) societal readiness

13
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3. Biorefinery platforms for forest-based bioeconomy
The following sub-sections discuss the three technology platforms: sugar, fibre and lignin
platforms. The literature review covers technological development needs and issues relevant
to the commercialization of products.

3.1 Sugar-based platforms
Sugars have been used extensively as a versatile feedstock for fermentation-based processes.
Traditional examples include brewing (conversion of sugars to ethanol) and yoghurt making
(conversion of lactose into lactic acid). With the accelerating pace of development in the
Industrial Biotechnology – where biocatalysis and fermentation are applied in an industrial
setting – many robust microorganisms have been created that generate speciality
(nutraceuticals, pharmaceuticals, flavours and fragrances) and platform (biofuels, organic acids
and alcohols, monomers, detergents, olefins, …) products from sugars. The majority of this
feedstock is currently starch, sucrose, glucose or lactose and is in competition with food and
feed (so called first generation substrates).
Lignocellulosic biomass, which is the most abundant and bio-renewable biomass on earth, is
rich in polymeric sugars like cellulose and hemicellulose, but those are very difficult to access
and need to be hydrolysed into monomeric sugars. These second generation (2G) sugars can
thus be derived from a wide variety of woody material, wastes and other residues, and are not
in competition with food and feed production.
Lignocellulose has evolved to resist degradation, so physical and chemical pre-treatment is
necessary, but comes with a high cost and energy demand. The obtained sugars and lignin
often have a lower purity and contain many inhibitory components that make the production of
value-added chemicals at high selectivity and yield a difficult challenge. Extensive research
has been conducted all over the world to address this fractionation challenge, and are giving
rise to biorefinery concepts that are developed to refine biomass in analogy to petrochemistry
for producing renewable oil and green monomers. However, pilot and demonstration plants
remain scarce.
Many of these industrial biorefineries can be expanded or are complementary with (existing)
fermentation sites or chemical industry. The very pure and refined sugars (glucose, xylose in
particular) can be used for chemical conversion into building blocks like hydroxymethyfurfural
(HMF), furandicarboxylic acid (FDCA), or xylitol. In addition, lower purity sugars or mixtures of
C5/C6 sugars can be used as feedstock for microorganisms, transforming them into alcohols,
acids, olefins, PHAs, monomers, etc. as depicted in Figure 4.

14
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Figure 4. Pathways via the sugar platform .

Many of the routes onwards from sugar are then expected to use micro-organisms (often
genetically modified) to generate finished products or useful intermediates. Therefore, there
are a large number of possible combinations of feedstock, pre-treatment options, sugars and
conversion technologies that can be followed as viable pathways – in order to produce an even
longer list of final biofuels or biochemicals and biopolymers. Even following a single pathway
from one feedstock to one final product (via sugars), different technologies at different stages
of commercialisation are required. The associated co-product streams also mean that
integrated biorefinery concepts (multiple input and output synergies) could play an important
role in the sugar platform. As such, many value chains can be developed using sugars as a
versatile feedstock.
3.1.1 State-of-the-art
The general situation of the sugar platform has been well depicted in a recent report14, which
was used as starting point for the following section. Figure 5a shows the technological
readiness of selected biochemicals and biofuels based on sugar. However, the majority of
these processes run on 1G glucose. Due to political pressure, some value chains based on
lignocellulosic biomass have advanced, but only very few of them are using woody raw
material. The products, which have been obtained based on wood, are shown in Figure 5b.
The following becomes clear:
1. Wood is scarcely used as raw material for a sugar platform and efforts discontinue at
low TRL. Main reasons include the unavailability of forest-based commodities, the lack
of political incentives, low funding for verification of the technology at pilot level and the
public perception.

13

E4tech, Re-CORD, Wageningen UR (2015). From the Sugar Platform to biofuels and biochemicals: Final report
for the European Commission, contract No. ENER/C2/423-2012/Sl2.673791.
14
Ibid.
15
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2. In the cases, where products have reached TRL 8-9 the starting points were:
a. Sidestreams of existing pulp mills rather than obtaining these biochemicals
(xylitol, furfural) as main product. The development was solely driven by industry
(Lenzing, DuPont) and the production was integrated in an existing concept and
infrastructure.
b. Products, which can preferably or even solely be obtained by using wood as raw
material (specialty sugars, such as high-purity mannose and xylose,
oligosaccharides) being a unique business area for wood.
c. Processes, which are well advanced for lignocelluloses in general (ethanol
production) and where wood may be used in case of regional advantages
compared to other lignocellulosic feedstock.

Figure 5. Commercialization status of a) 25 selected sugar platform products
sugar platform products.

15

and of b) wood-based

Though there are some interesting projects and initiatives ongoing in the field of a wood-based
platform, with examples shown in

15

(slightly modified according to E4tech, Re-CORD, Wageningen UR, ‘From the Sugar Platform to biofuels and
biochemicals: Final report for the European Commission, contract No. ENER/C2/423-2012/Sl2.673791’, 2015.)
16

Horizon 2020 ref. 654371

D5.2 List of significant emerging concepts
and evaluation of infrastructure capabilities
to meet forthcoming plans

Issue 1.0
28/02/2017

Table 5, it is very clear that there are only few compared to the ones based on 1st generation
sugars.

17
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Table 5 List of exemplary initiatives and projects in the field of the wood-based sugar platform.
Project/Initiative/Company
Raw material
Key process
Scale/TRL of
key process
Acetone
Bio-Solketal (German
Glucose from
fermentation
pilot
national funding)
Organosolv
(bacteria)
fractionation of
beech wood
BIOFOREVER (Horizon2020 Glucose from
pilot
funded)
poplar, spruce and
https://bioforever.org
waste wood
1,4BIO-QED (EU FP7)
Glucose from
fermentation
pilot/demo
butanediol
http://bio-qed.eu/
Organosolv
(bacteria)
fractionation of
beech wood
Butanol
BIOFOREVER (Horizon2020 Glucose from
pilot
funded)
poplar, spruce and
https://bioforever.org
waste wood
iso-butanol
GEVO
Woody biomass
Fermentation
Lab, plans for
hydrolysate
(yeast)
demo
iso-butene
Global Bioenergies
Woody biomass
Fermentation
lab
hydrolysate
(bacteria)
FDCA
BIOFOREVER (Horizon2020 Glucose from
pilot
funded)
poplar, spruce and
https://bioforever.org
waste wood
Pro
Furfural
KomBiChem (German
Hemicelluloses
hydrothermal
pilot
national funding)
from Organosolv
treatment (further
fractionation of
to furfuryl
beech wood
alcohol, THF)
Pro
5-HMF
KomBiChem (German
Hemicelluloses
hydrothermal
pilot
national funding)
from Organosolv
treatment (further
fractionation of
to FDCA by
beech wood
fermentation)
Itaconic
BIO-QED (EU FP7)
Glucose from
fermentation
pilot/demo
acid
http://bio-qed.eu/
Organosolv
(fungi)
fractionation of
beech wood
Itaconix
wood
fermentation
Lactic acid
Biomasseaufschluss 2
Glucose/xylose
fermentation
lab
(German national funding)
from Organosolv
(bacteria/yeast)
fractionation of
beech wood
Pro
Malic acid
KomBiChem (German
Hemicelluloses
fermentation
pilot
national funding)
from Organosolv
fractionation of
beech wood
Specialty
Green Sugar GmbH
Wood waste
Acid hydrolysis
commercial
sugars
http://www.green-sugar.eu/
Xylonic acid KomBiChemPro (German
Hemicelluloses
fermentation
pilot
national funding)
from Organosolv
fractionation of
beech wood

18

Horizon 2020 ref. 654371

D5.2 List of significant emerging concepts
and evaluation of infrastructure capabilities
to meet forthcoming plans

Issue 1.0
28/02/2017

3.1.2 Future developments
In order to establish a wood-based sugar platform there are several competing platforms as
well as value chains that need to be considered. These will be presented in the following
discussing the respective major advantages and disadvantages.
Petrochemical platform
Fossil materials are per se the competing platform regarding platforms based on renewables
due to the well-established processes, value chains and logistics. This is further stressed by
the currently low oil price. Despite the evident drawbacks, such as the finite resources and the
high carbon footprint, new technologies such as advanced exhaust air purification and fracking
will again allow a shift towards coal and gas, respectively. If pursued, this will delay the
implementation of more low-carbon energy sources. Regarding oil as resource, the
dependency on Russian supply may be a political driver for pushing alternative technologies.
This may concern the renewable platform but also the mentioned ones based on coal and gas.
1st generation sugar platform
Based on the conversion of sucrose and starch to glucose, this platform is already well
developed for the production of different bio-based chemicals16. Clear advantages compared to
a forest-based sugar platform are the lower raw material and process costs as well as the
advanced infrastructure. This will be further stressed due to declining sugar prices and the
additional sugar on the European market caused by the EU sugar market reform17. However, a
major disadvantage of the 1st generation platform is its concurrence with value chains of the
food production. Though it is unlikely for this platform to switch to woody biomass, they could
help paving the way for 2nd generation products by establishing value chains based on readily
available cheap 1st G glucose.
2nd generation sugar platform
As this platform is based on lignocellulosic raw material, it also includes woody biomass.
However, there is a strong competition within this platform regarding the utilization of either
herbaceous biomass, such as straws or of woody biomass. At the moment, it is dominated by
the processing of wheat straw, corn stover and bagasse, as for instance for the production of
ethanol by BetaRenewables or by DuPont. Also, virgin round wood is generally more
expensive (80-100 €/ton) compared to agricultural side streams (30-70 €/ton) 18. From this
perspective, underexploited forest biomass (residues from forestry exploitation or forest-based
industry) should be addressed as it is cheaper (60-80 €/ton) and has a greater general
availability. A main drawback to be taken into account is the lower quality and contamination of
this type of biomass compared to debarked round wood. In addition, agricultural residues
require drying and densification steps; suffer from seasonal availability and particular logistic
issues as a function of supply and regional agricultural orientation. Finally, an interesting wood16

E4tech, Re-CORD, Wageningen UR (2015). From the Sugar Platform to biofuels and biochemicals: Final report
for the European Commission, contract No. ENER/C2/423-2012/Sl2.673791.
17
BMEL (2016). EU-Marktregelungen - Die EU-Zuckermarktregelungen.
18
Simon Kühner (2013). Feedstock costs, BioBoost: Biomass based energy intermediates boosting biofuel
production, Project co-funded by the European Comission within FP7 Grant No. 282873.
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based feedstock for the sugar platform is waste paper, where fibres are too short for reusing
them in paper applications.
3rd generation sugar platform
This platform is based on using algae as starting point. Besides the possibility to directly
produce biofuels and biochemical from alga, they can additionally function as sugar platform
due to the ability of some species, e.g. the freshwater alga Chlorella, to act as a highly
productive source of starch19. One major benefit of alga is that they can use a diverse array of
carbon sources, such as emissions from power and chemical plants resulting in a substantial
reduction of their total emissions. They do not compete with agricultural land. Due to its tiny
shape they are able to convert sunlight more efficiently if they are mixed well inside a
photobioreactor.
Beside the progresses that have been made recently regarding indoor production and high
value products the major drawback is the low technological readiness level for large scale
outdoor production for products with a relatively low market price like carbohydrates or lipids
for biofuel production. Key challenges to make this technology economical viable are:
Reduction of costs per kilo biomass, increase of productivity as well as the duration of
productivity due to contamination issues. Tailored algal biomass production and a cascaded
extraction of various products within an algal biorefinery concept could overcome these hurdles
efficiently.
Syngas platform
Syngas can be used as both a carbon and energy source for microbial fermentations, which
convert it into fuel and chemicals. Main products include ethanol, butanol, acetic acid, butyric
acid, and methane. Through metabolic engineering of typically acetogenic bacteria, direct
formation of isobutene, isoprene, isobutanol, PHA’s etc. have been produced as well. Despite
the major limitation of gas-liquid mass transfer, major advantages over chemical conversion of
syngas are the operation at lower temperature and pressure, higher reaction specificity,
tolerance to higher sulphur concentrations and flexibility of the CO/H2 ratio. Another option is
the direct chemical conversion of syngas into other C1 molecules such as methanol or formate,
which can be used as a denser feedstock for microbial fermentations.
Despite the potential of the technology and the availability of many single point sources (steel
mills, cement factories, industrial flue gases), most gas fermentation technologies will not
reach a pilot/demo stage before 2020. The main demo project is STEELANOL (operational in
2018), which will transform steel mill gas into ethanol (50 kiloton per annum) through gas
fermentation20.
Cellulose/pulp value chain
The competition with the direct use of cellulose fibres as paper or chemical pulp is extremely
present for the use of glucose. Whereas the currently low price of glucose may be convenient
for producers of products further along the value chain, it is problematic for parties involved in
19

Brányiková, I., Maršálková, B., Doucha, J., Brányik, T., Bišová, K., Zachleder, V., and Vítová, M. (2011).
Microalgae—novel highly efficient starch producers. Biotechnol. Bioeng. 108, 766–776.
20
http://www.steelanol.eu/en
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the pre-treatment and fractionation of biomass. For those it is hence the better alternative to
turn to cellulose-based products, such as dissolving pulp, nanocellulose or microcrystalline
cellulose to profit from higher market values. Disadvantages are the amount of stakeholders
already involved in the market for dissolving pulp and technological hurdles for nano- and
microcrystalline cellulose.
However, with regard to a cascaded use the production of cellulose/pulp is not necessarily a
competing value chain, but can be the starting point for the sugar platform at the end of its life
cycle, as non-recyclable paper/textiles could be used as feedstock. In addition, it is to be
underlined that for the hemicellulose fraction/C5 sugars there is no such competition as for
glucose and cellulose, but the recovery of pure fractions is more difficult. Thus, research
should focus on the valorisation of this stream as results would be valuable for several
platforms and allows the utilization of sugars without competing with the well-established pulpbased value chains.
3.1.3 Future markets and perspectives for the commercialization of sugar platform
Production of high-value products (such as nutraceuticals, pharmaceuticals, flavours,
fragrances, …) and certain bulk chemicals (amino acids, organic acids, alcohols, …) from
sugars (both via chemical or biochemical conversion routes) is well established and has
proven to be more cost-competitive than non-bio-based synthesis. As sugars are a preferred
feedstock for bioprocessing and are omnipresent (in many forms), many fermentative and
chemical catalysis processes will keep expanding and will enter a commercialization phase.
The shift from a fossil-based economy to a bio-based sugar economy:
 Will create energy and chemicals independence of the EU.
 Will aid in the reindustrialization of Europe by installing large biorefineries
 Will mitigate climate change.
The main challenge will be to shift from 1G to 2G sugars for the production of both novel and
drop-in bulk chemicals to avoid competition with food-feed, and to significantly increase this 2G
sugar production. The only feasible feedstock that will allow large-scale implementation of the
bio-based economy is forest biomass, as it is a good carbon sink, can be sustainably
harvested, and is a stable, energy-dense material that can be easily transported. The success
of the sugar-based platforms will be determined by the oil price, the production cost of 2G
sugars, the scale of the biorefineries, the production cost of the bulk chemicals, and the
availability and transportation costs of (forest) lignocellulosic biomass.
The main competition will come from the petrochemical sector, as it will be difficult to rapidly
develop many drop-in chemicals that are cost-competitive on large scale. Therefore, it will be
important to focus first on the production of compounds that can be used as a fuel, but also as
a platform chemical such as ethanol. In addition, the sugar industry, desperately in the need for
new business areas with regard to the upcoming sugar market reform, may also become more
active in building own on-site plants for sugar conversion into biochemicals. The paper and
pulp industry will play a key role in the transition towards a bio-based economy, as their
technologies (specialized on forest biomass) will be used for the generation of clean, costcompetitive sugar streams.

21

Horizon 2020 ref. 654371

D5.2 List of significant emerging concepts
and evaluation of infrastructure capabilities
to meet forthcoming plans

Issue 1.0
28/02/2017

Syngas fermentation technologies will become a powerful complementary technology that can
transform syngas from difficult, diverse waste streams (via incineration, gasification,) into bulk
chemicals from single point sources. These developments will go hand in hand with Power to
Fuel technologies that convert carbon dioxide (from power or industrial plants) into synthetic
fuels or syngas. In this way, carbon dioxide is reduced with hydrogen that is generated from
excess energies from renewable resources.
Table 6. Market estimations for selected chemicals.

Chemical
1,4-Butanediol (BDO)

n-Butanol
Acetone

5-HMF

2,5-Furandicarboxylic
acid (FDCA)

Itaconic acid

Market estimations
The global 1,4-butanediol market demand is generally expected to grow at a
CAGR of 4.8% from 2014 to 2020 to reach USD 6.95 billion by 2020 due to
linked rising spandex and tetrahydrofuran demands for sports apparels.
Furthermore, the bio-based share is expected to grow to overcome volatile
raw material prices. 21
Significant growth is also foreseen for the bio-butanol market due to the
general increasing need for bio-based chemicals22.
In general, the market is expected to grow due to its linked market of methyl
methacrylate with its rising demand for the use of in LCDs for consumer
electronics market. Commercialization of the bio-based acetone is estimated
to propel growth opportunity for the market over the forecast period helping to
gain independency of the oil price23.
Demand is expected to grow as it acts as precursor for e.g. FCDA. However,
advancements in production processes are necessary to improve yield and
reduce production costs. Thus, extensive R&D are ongoing e.g. by
AVABIOCHEM.
The market for FDCA is foreseen to grow due to its great potential as a
replacement to petroleum-based chemicals such as adipic acid, terephthalic
acid and bisphenol A. The estimated market potential for FDCA is expected to
reach USD 498.2 million by 2020 with a market volume that is expected to
reach 498.15 kilo tons, growing at an exponential CAGR of 367.0% from 2014
to 202024.
The market for itaconic acid is foreseen to grow due to more stringent
environment regulations aiming at reducing VOC (volatile organic compounds)
emissions, which can be achieved by using bio-based itaconic in the
manufacturing of specialty polymers and paints25.

21

Grand View Research, Inc, ‘1,4-Butanediol Market Size To Reach $6.95 Billion By 2020’, Public Report
Summary, (2016), https://www.grandviewresearch.com/press-release/global-1-4-butanediol-market.
22
Grand View Research, Inc, ‘Bio-Butanol Market Size To Reach $17.78 Billion By 2022’, Public Report
Summary, (2015), https://www.grandviewresearch.com/press-release/global-bio-butanol-market
23
Grand View Research, Inc., ‘Acetone Market Analysis, Market Size, Application Analysis, Regional Outlook,
Competitive Strategies And Forecasts, 2014 To 2020’, Public Report Summary, Public Report Summary, (2014),
http://www.grandviewresearch.com/industry-analysis/acetone-market
24
Grand View Research, Inc, ‘Global FDCA (Furandicarboxylic Acid) Market Potential By Application (PET,
Polyamides, Polycarbonates, Plasticizers, Polyester Polyols) Expected to Reach USD 498.2 Million by 2020’,
Public Report Summary, (2015), https://www.grandviewresearch.com/press-release/global-fdca-market.
25
Grand View Research, Inc., ‘Global Bio-Based Itaconic Acid Market - World Bio-Based Itaconic Acid Market
Size, Trends, Analysis And Segment Forecasts To 2022’, Public Report Summary, (2015),
http://www.grandviewresearch.com/industry-analysis/bio-based-itaconic-acid-market.
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As discussed above, the variety of possible products derived from C5/C6 sugars is huge. Table
6 shows some market perspectives for products, which were selected according to their
technological readiness on a wood-based sugar platform (cf. Figure 5b)
In the light of the reindustrialization of Europe, large-scale biorefineries will be installed that are
primarily based on the conversion of forest-based biomass into sugar hydrolysates and lignin.
Depending on the purity of the various components, these can be used for further biochemical
conversion via fermentation or biocatalysis, chemical conversion, or for the generation of heat
and power. With regard to wood-based sugars, an increasing market for C5 or C5 derived
products and specialty sugars (such as high purity xylose, mannose etc.) is expected from the
internal expert panel. If additionally several initiatives are becoming active within the general
sugar platform especially in commercial scale, this will have a significant impact on the glucose
market resulting in increasing sugar prices. This could lead to a lower barrier for forest-based
glucose to enter the market. Table 7 shows a summary of the aspect relevant to the future
market for sugar-based products and the commercialisation of the sugar platform.
Table 7. Summary of market perspective for sugar platform.

WHAT?
Products

Variety of C5/C6 derived chemicals by biotechnological or chemical
conversion

Bio-substitution

Generally, a direct replacement of fossil-based chemicals is aimed at.
Prominent examples are ethanol in fuels, polylactic acid as plastic and
FDCA to substitute terephthalic acid and bisphenol A.
HOW MUCH?

Volume

The market of some major bio-based building blocks was reported to be
2.2 million tonnes in 2014 and to grow dynamically to reach 4.1 million
tonnes in 202026

Price

Prices are variable for this wide product range. Generally, the price of the
fossil-based product is also a benchmark for the bio-based alternative,
although the technology is not as advanced, yet. Only for some sugarbased products, a completion despite higher costs is possible due to
additional performance or health issues (e.g. as described for itaconic
acid). With regard to a forest-based sugar platform, higher raw material
costs compared to 1st G feedstock and straws, but also higher stocking
densities have to be taken into account.

26

Florence Aeschelmann and Michael Carus, ‘Bio-Based Building Blocks and Polymers in the World’, Short
version (nova-Institute, November 2015), www.bio-based.eu/markets.
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WHEN?
Technology
readiness

The technological readiness for conversion of pure sugar streams as
available from 1G feedstock is already high (cf. Figure 5a). For some
products, e.g. furfural/HMF some advancement in production processes
is necessary to further improve yield and to reduce production costs. With
regard to a forest-based sugar platform technological advancements
regarding purification of process streams are necessary, especially for
chemical conversion technologies.

Strategic
readiness

Strategic readiness for a forest-based sugar platform is high in countries
where wood is established as common raw material (e.g. Finland).
Elsewhere in the EU, political pressure may help to increase the strategic
readiness in the future. In addition, areas with established value chains
based on 1st Generation sugars may increase the strategic readiness for
2nd Generation feedstock.
Furthermore, the foreseen decreasing availability of sugarcane as a raw
material on account of increasing demand from biofuels and predominant
consumption in food & beverage industry may enhance the strategic
readiness for forest-based biorefinery27.

Societal readiness

The societal readiness for bio-based products is generally expected to
stay high and will further shift the trends towards sustainable products.
Furthermore, health issues, such as VOC emissions in paints, which
might be overcome when using a new bio-based product (itaconic acid),
address an area which is extremely sensitive for the customers and may
therefore further increase the societal readiness.
On the other hand, the utilization of wood has a bad image from a public
perspective, at least in countries where this is not historically a main
industrial sector. Here, the fear of losing recreation areas should be
properly addressed to enhance the societal readiness.

Based on the literature survey, the main technological hurdles to overcome for implementation
of a sugar platform are:
1. Installing large-scale, cost-effective lignocellulosic biomass fractionation
technologies that will generate 2G commodities (cellulose, hemicellulose, glucose,
xylose, lignin …) from woody biomass derived commodities. The current
fractionation methods are too immature or costly to allow economic production of 2G
sugars, and result in the formation of many bioproducts that negatively affect the
fermentation and downstream processes.
2. Upgrading purity of 2G sugars to allow chemical catalysis. This is necessary to
avoid inefficient catalysis or poisoning of the catalyst.
3. Creation of robust, industrial microorganisms which are able to co-utilize C5 and
C6 sugars, and have a higher tolerance to inhibitory substrates and products. As a
result, product titers will increase, making associated downstream processing unit
operations less expensive and energy-intensive.
27

Ibid.
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4. Increase purity of platform chemicals so that further conversions are facilitated
and industrial implementation is accelerated. In particular, the purity of monomers
should be increased to allow state-of-the-art polymer production, or to develop new
100% bio-based polymers.
5. Process integration and process intensification will be of major importance to
establish efficient, economically viable biorefineries. Industrial biotechnology,
traditional chemical sectors, paper and pulp industry, and 1G biofuel plants should
be integrated and complementary to allow implementation of a sugar platform for
chemicals. Other areas of process integration/intensification include the reduction of
water, re-use of process water, valorisation of waste streams and re-use of excess
heat.
The main non-technological barriers to allow implementation of a sugar platform are:
1. Securing forest-based feedstock supply to avoid seasonal variations and the
associated logistics.
2. Forest derived commodities (wood chips, pellets, pulp etc.) should be transformed
into new 2G commodities to unlock the potential of a sugar platform.
3. The increasing development of industrial strains and enzymes – and resulting
bioprocesses – creates the need for more validation on a pilot-scale to generate
data and to catalyse industrialization and commercialization of these technologies.
4. Pilot facilities should be further supported, and made more accessible to SMEs,
institutes, and universities. This should also include bilateral cooperation.
5. Large investments needed for installing biorefineries and sugar-based conversion
plants that will accelerate the reindustrialization of Europe.
6. Public perception and communication play key roles when deploying a bio-based
economy. There is poor perception of industrial biotechnology, bio-based products,
and especially of harvesting wood for heat, power, and chemical generation.
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3.2 Fibre-based platforms
Bio-based fibres can be divided into natural fibres and manufactured or man-made fibres.
Natural fibres are recognizable as parts of the original plant, which has been processed in
order to separate and clean the fibres from each other and other plant materials. Manufactured
fibres are of plant origin but have been processed into smaller units which are extruded or
regenerated into fibre. Cotton fibre, flax fibre and wood fibre are examples of natural cellulose
fibres, whereas viscose fibre is an example of a manufactured cellulose fibre.
Wood-based pulp fibres.  Wood fibres are derived from mechanical, semichemical and
chemical pulping processes, and are used (together with recovered paper) mainly for paper
and paperboard production (Figure 6). The current production of virgin pulps is c. 190 million
tons, of which c. 15 million tons are based on non-wood raw materials, especially in China. In
Europe, there are also some small non-wood pulp and paper mills using raw materials such as
flax, hemp and straw. The current and anticipated future production and consumption figures
and trends are analysed in detail, for example, in recent reports by Pöyry28,29. In addition,
Pätäri et al.30 have recently analysed global sustainability megaforces and their potential
impacts on the future of the European pulp and paper industry.

28

Figure 6. Global consumption of papermaking fibres from 1995 to 2025 .

Wood-based textile fibres.  A textile is a flexible material made of primarily polymeric
(natural or synthetic) fibres; the fibres can either be arranged 1) directly into a nonwoven, or 2)

28

Pöyry, World Fibre Outlook, 2012.
Pöyry, World Paper Markets up to 2030, 2014.
30
S. Pätäri, A. Tuppura, A. Toppinen and J. Korhonen, Global sustainability megaforces in shaping the future of
the European pulp and paper industry towards a bioeconomy. For. Policy Econ. 66, 2016, 38–46.
29
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into a yarn the is used to form a fabric by for example weaving.31 The distinction between
textile materials and paper may be somewhat fuzzy, but some general differences in their
properties have been compiled in Table 8.
Table 8. Comparison of paper and textile materials

Paper
Short fibre
Simple structure
Smooth surface
Dense
Inextensible
Able to hold sharp folds
Stiff, little drape
Relatively non-porous
Low wet strength
Low tear strength
High production rate
Less expensive

32

Textiles
Long fibre
Complex structure
Textured surface
Bulky
Some extensibility
Non-creasing
Flexible, drapes easily
Porous
Wet strength essential
High tear strength
Low production rate
More expensive

Non-wovens are a class of textile materials, formed by bonding more or less randomly
oriented fibres by different techniques. Today, non-wovens are used in applications within
hygiene, medicine and household; but also technically challenging products like air filter media,
functional wound care and battery separators. The consumption of non-wovens was about 9
million tonnes in 2015. Non-wovens are mainly made from fossil-based polymers but there are
also manufacturers using bio-based materials like viscose, hemp and PLA in their products.
Fabrics are made from fibres spun into yarns which are interlaced by different techniques;
predominately weaving or knitting. Historically, natural fibres like flax, hemp, cotton and jute
have been used. In the late 19th century, the viscose process for generation of man-made
cellulosic fibres was invented and in the mid-20th century the production of oil-based fibres like
nylon and polyester started.
3.2.1 State-of-the-art
In the production of chemical pulp from wood, the dominating role of the alkaline kraft pulping
process is obvious, with the global figure of c. 135 million tons (produced in >400 kraft pulp
mills). New capacity is currently being planned in many continents and countries, for example
in Finland and Mozambique. The main pulping by-products from kraft pulp mills include tall oil
(c. 1.4 million tons, for resin acids, fatty acids and phytosterols), turpentine (c. 0.2 million tons)
and kraft lignin (c. 0.12 million tons isolated today). Very few other by-products are recovered
in small amounts.
The role of the traditional acidic sulphite pulping has decreased during the past decades, and
currently there are c. 35-40 such pulp mills in operation, producing 6 million tons of pulp in
total. It is noteworthy that no new sulphite pulp mills have been constructed since the start-up
31

Roadmap 2015-2025 – Textile materials from cellulose. RISE Research Institiutes of Sweden, 2015.
http://www.ri.se/sites/default/files/files/docs/roadmap_textile_materials_from_cellulose.pdf
32
Adanur, Sabit. Wellington Sears handbook of industrial textiles. CRC Press, 1995.
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of the Tantanoola mill in Australia in 1992; the mill was closed and demolished some years
ago. In Europe, there is sulphite pulp production in Austria, Czech Republic, France, Italy,
Norway, Russia, and Sweden. Although the total sulphite pulp production is forecasted to
decrease in near future, many of the pulp mills are currently in good technical and financial
shape. To some extent, this is also due to good list of marketable by-products, especially
lignosulphonates. The other current industrial-scale by-products include ethanol, torula yeast
for feed, ribonucleic acids for flavour enhancers, acetic acid, furfural, xylose for xylitol, and
vanillin.
A distinct recent trend in both kraft and sulphite pulping is increasing demand and production
of dissolving pulp33,34. The current figure (c. 6-7 million tons) is mainly based on prehydrolysis
kraft pulping and sulphite pulping of wood, although cotton linters are also used as raw
materials (especially in China). Pöyry28 has estimated that the dissolving pulp demand exceeds
9 million tons by 2025. Numerous new lines or capacity increases are currently under planning.
There is also interest in the post-treatment of paper grade kraft pulps to dissolving pulps.
The total yearly global consumption of textile materials is about 100 million tons of which 10%
is nonwoven and 90% is fabric. The demand for textiles is expected to increase significantly
over the coming years, with increasing living standards. Polyester presently accounts for about
half of the total fibre market and cotton for a little more than 30%. Man-made cellulose fibres
accounted for some 5% - the same order of magnitude as nylon and acrylic fibres. Silk, wool
and other fibres accounted for 2-3% of the total market35. Cotton production is believed to have
reached its peak production, and polyester will increase its market share, but also man-made
cellulose fibres are forecasted to grow.
The main application areas for textile are apparel (clothing), consumer home textiles and
technical textiles. For apparel and home textile, the appearance of the material is an essential
property, whereas technical textiles are mainly valued based on their functional properties.
Table 9, Figure 7 and Figure 8 summarise the current main applications for paper/paperboard,
dissolving pulp and technical textiles. A selection of them will be discussed in Sections
3.2.23.2.3, together with identified research and development needs.

33

C. Chen, C. Duan, J. Li, Y. Liu, X. Ma, L. Zheng, J. Stavik and Y. Ni, Cellulose (dissolving pulp) manufacturing
processes and properties: a mini-review. BioResources 11, 2016, 55535564
34
Y. Liu, L. Shi, D. Cheng and Z. He, Dissolving pulp market and technologies: Chinese prospective  a minireview. BioResources 11, 2016, 79027916.
35
”The Fiber Year 2013”, cited in RISE Roadmap.
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Table 9. Major product areas of paper and paperboard .

34

Figure 7. Share of different products from dissolving pulp globally (left) and in China (right) .
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3.2.2 Future developments
As far as different pulping processes are concerned, there has recently been increasing
interest in the conversion of the kraft pulp mills to more advanced pulp mill biorefineries. One
of the studied approaches is hot water extraction or prehydrolysis of hemicelluloses prior to the
main pulping stage. This type of approach has previously been used at many traditional
dissolving pulp prehydrolysis kraft mills (using water for the prehydrolysis) to produce xylose,
furfural, ethanol, and fodder yeast. However, the modern prehydrolysis kraft pulp mills rely on
the use of water vapour for the pre-hydrolysis stage which significantly hampers the recovery
of the sugar fraction. As an example of new installations, Cascades Inc. is now starting
hemicellulose extraction at the Norampac-Cabano pulp mill in Canada. It is likely that other
similar or related systems will be realised in near future.
For various reasons, there has long time been a lot of interest in replacing kraft pulping
processes by more selective, sulphur-free operations. For decades, numerous organosolv
processes have been developed and tested on different scales, including a mill-scale operation
of Organocell process in Germany in 1992. This moment, the most potential processes to be
realised in mill scale include formic acid based systems by CIMV in France and Chempolis in
Finland, and ethanol-based processes by Fraunhofer CBP in Germany and American Process
in the US. Of these, however, the Chempolis processes are currently designed only for non36

http://www.tikp.co.uk/knowledge/market-sectors
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wood raw materials. The CIMV process is now approaching the demonstration phase. As an
example of other promising organosolv processes under development, the valerolactonebased process by Aalto University can be mentioned37.
Muurinen38 has provided an excellent review of organosolv process literature published before
2000. Organosolv-type systems, under optimised conditions, have also been identified as
promising pre-treatment methods for different lignocellulosic materials, as reviewed by Zhang
et al.39.
More recent approaches for the fractionation and processing of wood include the use of ionic
liquids40,41 and deep eutectic solvents42. They are all at an early stage of development and thus
reliable forecasting is very challenging. However, it is justified to expect that their potential will
first be demonstrated in more specific fractionation or modification processes before any
pulping-type operations will be realised. For example, Stepan et al.43 have shown how certain
ionic liquids can selectively remove hemicelluloses from kraft pulps. Deep eutectic solvents are
currently developed and tested for pulping in a multi-partner EU project Provides (20152018)
where VTT also participates.
The use of the above-discussed solvents is by no means the only suggested solution to limited
selectivity and other challenges offered by kraft pulping. As Rudie and Hart44 nicely
summarise, various catalytic systems might also be used to improve selected kraft pulping
operations, especially cooking and bleaching. So far, it has been challenging to get industry
interested in mill-scale trials to test their benefits in practice. As a whole, however, forest
industry is clearly motivated to invest in emerging technologies for low-emission pulp
production, as a recent survey and forecast by CEPI45 wishes to illustrate (Figure 9).

37

H.Q. Lê, Y. Ma, M. Borrega and H. Sixta, Wood biorefinery based on γ-valerolactone- water fractionation.
Green Chem. 18, 2016, 5466–5476.
38
E. Muurinen, Organosolv pulping. A review and distillation study related to peroxyacid pulping. Ph.D. Thesis,
University of Oulu, 2000.
39
Z. Zhang, M.D. Harrison, D.W. Rackemann, W.O.S. Doherty and I.M. O’Hara, Organosolv pretreatment of plant
biomass for enhanced enzymatic saccharification. Green Chem. 18, 2016, 360–381.
40
S.I. Abu-Eishash, Utilization of ionic liquids in wood and wood-related applications — a review. Chapter 16 in:
Ionic liquids - current state of the art (Ed. S. Handy), INTECH, 2015, p. 419460.
41
R. Bogel-Lukasik (Ed.), Ionic liquids in the biorefinery concept: challenges and perspectives. RSC Green
Chemistry, 2016, 297 p.
42
K. De Oliveira Vigier, G. Chatel and F. Jérôme, Contribution of deep eutectic solvents for biomass processing:
opportunities, challenges, and limitations. ChemCatChem 7, 2015, 1250–1260.
43
A.M. Stepan, A. Monshizadeh, M. Hummel, A. Roselli abd H. Sixta, Cellulose fractionation with IONCELL-P.
Carbohydr. Polym. 150, 2016, 99–106.
44
A.W. Rudie and P.W. Hart, Catalysis − a potential alternative to kraft pulping. Tappi J. 13:10, 2014, 1320.
45
CEPI, The forest fibre industry in 2050. Roadmap towards a low-carbon and resource-efficient bioeconomy,
2016.
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Figure 9. Cumulative investments for the forest fibres and paper industry decarbonisation pathways by
45
2050 (in billion €) .

As far as fibre-based products are concerned (cf. Table 9 and Figure 7), there is now a distinct
tendency to develop new types of cellulosic materials and products, for a wide variety of
application areas. Examples of such tendencies include the development of cellulosic
nanomaterials and plastics-free, all-cellulose food and food service packaging. Another
important tendency is the constantly increasing production of cellulosic textiles, as already
discussed. Due to the importance of the selected above products, their future development and
market perspectives are briefly discussed in this Section and Section 3.2.3, respectively.
In addition to the selected cellulose applications, more and more attention is also being paid to
the development of various new functional cellulose-based materials, for a variety of different
new and emerging value-added applications46,47.
Food and food service packaging
Different figures have recently been published for the values of the global packaging market.
For example, EYGM Limited48 has given the figure of USD 400 billion for 2012 and
ALL4PACK49 has estimated the value of USD 839 billion for 2015. Despite these differences,
both of these sources have clearly indicated that globally the most important packaging
material is paper and board (cf. Table 9), amounting to 3134% (in value).

46

O.J. Rojas (Ed.), Cellulose chemistry and properties: fibers, nanocelluloses and advanced materials. Adv.
Polym. Sci. 271, Springer, 2016, 333 p.
47
H. Qi, Novel functional materials based on cellulose. Springer, 2017, 87 p.
48
EYGM Limited, Unwrapping the packaging industry, 2013.
49
ALL4PACK, Packaging: market and challenges in 2016, 2016.
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There is currently high social and industrial interest in more and more sustainable packaging 50.
This creates increasing opportunities for bio-based (including fibre-based), recyclable and
biodegradable packaging materials. In many areas, significant progress towards even fully
fibre-based packaging has been reached during the past years or decades, depending on the
end-use segments. Among the most demanding segments for the fully fibre-based (or biobased in general) packaging materials are food and beverages, and to some extent, also food
service segments. As a whole, food (and beverage) packaging segment amounts up to 70% of
the global packaging value.
One of the most typical approaches for the improved sustainability in food packaging is the
development of bio-based barrier and coating materials to replace the currently applied plastics
and other synthetic materials51. Several bio-based polymers (such as PE and PET) have
already entered the market in low volumes; sometimes used together with the petroleumbased counterparts. A lot of research is being conducted on the potential of cellulose-based
(including cellulose nanomaterials) and other polysaccharide-based barrier materials.
However, as Cazón et al. summarise in their recent review52 of the topic, “the barrier and
mechanical properties reported for polysaccharides-based films are away from properties that
have the most commonly synthetic plastics used as packaging in the food industry. However,
they have been improved by combining polysaccharides with other biopolymers”. Thus, it may
still take several years before wider applications of cellulose-based barriers and coatings in
food packaging are commercialised.
A similar but more demanding sustainability issue is linked to the current use of polyfluoroalkyl
substances for grease resistant food packaging, pizza boxes, popcorn bags, food wraps, and
other related uses53,54,55. There of concerns over the impact of such chemicals on humans and
the environment, and therefore the industry is interested in other fluorinated or non-fluorinated
alternative chemicals. However, it is challenging to develop non-fluorinated alternatives that
would offer similar technical performance because of the unique properties of the carbonfluorine bond. Although it would be highly beneficial to develop fully cellulose-based materials
as alternative substances for food packaging, there is currently very little information on any
major advances in that area.
Other sustainability-related apparent future developments in food service packaging include
replacement of polystyrene foam and plastic cups by paper cups, for cold and hot drinks.
There remains, however, strong need for sustainable (cellulose-based) and heat sealable
liquid barrier materials that could be applied for the paper cups. An interesting future product is

50

K. Verghese, H. Lewis and L. Fitzpatrick (Eds.), Packaging for Sustainability, Springer, 2015, 384 p
Smithers Pira 2013. The future of bioplastics for packaging to 2023, 2013, 132 p
52
P. Cazón, G. Velazquez, J.A. Ramírez and M. Vázquez, Polysaccharide-based films and coatings for food
packaging: A review. Food Hydrocoll. 2017, in press, 13 p.
53
X. Trier, K. Granby and J.H. Christensen, Polyfluorinated surfactants (PFS) in paper and board coatings for
food packaging. Environ. Sci. Pollut. Res. 18, 2011, 1108–1120.
54
Z. Wang, I.T. Cousins, M. Scheringer and K. Hungerbuehler, Hazard assessment of fluorinated alternatives to
long-chain perfluoroalkyl acids (PFAAs) and their precursors: Status quo, ongoing challenges and possible
solutions. Environ. Int. 75, 2015, 172–179.
55
A. K. Rosenmai, C. Taxvig, T. Svingen, X. Trier, B. M. A. van Vugt-Lussenburg, M. Pedersen, L. Lesne, B.
Jegou and and A. M. Vinggaard, Fluorinated alkyl substances and technical mixtures used in food paperpackaging exhibit endocrinerelated activity in vitro. Andrology, 4, 2016, 662–672.
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fibre-based bottles. This moment, for example, Carlsberg is developing fibre bottles for beer,
together with ecoXpac and BillerudKorsnäs.
For many food and food service packaging materials, an emerging foam forming technology
will provide various benefits compared to traditional water-based forming. In the foam forming
process a significant amount of air – in the form of tiny bubbles – is mixed to a water-fibre
suspension. This improves the properties of paper and paperboard as well as the raw material
and energy efficiency. The technology can also be used in the production of porous,
lightweight and even products such as non-wovens and insulation materials. The technology
has recently attracted a lot of industrial interest and is now at an active pilot-scale development
stage at VTT56,57.
Nanocelluloses
The current status of the nanocellulose research and commercialisation has been thoroughly
reviewed and analysed in several recent review papers58,59 and therefore no deeper overview
on current and anticipated trends in nanocellulose production is now attempted. There are also
numerous recent review papers focused on nanocellulose applications and future outlooks in
specific areas, including electronics60,61, papermaking62, polymer composites63, packaging
films64, food packaging65, biomedical applications66, spun continuous fibres67, and catalysis68,
just to mention a few only. Comprehensive market data is also available in different
commercial reports69.
56

K. Salminen, T. Lappalainen, H.T. Kiiskinen and M. Sinkkonen, Foam forming - effects of different variables on
fiber foam characteristics. Paper Conference and Trade Show, PaperCon 2015, 1922 April 2015, Atlanta, United
States, Proceedings. TAPPI Press. Vol. 2, 2015 , 14251435.
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http://www.vttresearch.com/services/bioeconomy/light-weight-bio-based-structures/novel-web-productionconcepts/foam-forming-platform.
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R.J. Moon, G.T. Schueneman and J.Simonsen, Overview of cellulose nanomaterials, their capabilities and
applications. JOM 68, 2016, 23832394.
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O. Nechyporchuk, M.N. Belgacem and J. Bras, Production of cellulose nanofibrils: A review of recent advances.
Ind. Crops Prod. 93, 2016, 225.
60
F. Hoeng, A. Denneulina and J. Bras, Use of nanocellulose in printed electronics: a review. Nanoscale 8, 2016,
13131–13154.
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R. Sabo, A. Yermakov, C.T. Law and R. Elhajjar, Nanocellulose-enabled electronics, energy harvesting
devices, smart materials and sensors: A review. J. Renew. Mater. 4, 2016, 297312.
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S. Boufi, I. González, M. Delgado-Aguilar, Q. Tarrès, M.À. Pèlach and P. Mutjé, Nanofibrillated cellulose as an
additive in papermaking process: A review. Carbohydr. Polym. 154, 2016, 151–166.
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H.-M. Ng, L.T. Sin, S.-T. Bee, T.-T. Tee and A.R. Rahmat, A review of nanocellulose polymer composites
characteristics and challenges. Polym.-Plast. Technol. Eng., in press (2017).
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N.M. Stark, Opportunities for cellulose nanomaterials in packaging films: a review and future trends. J. Renew.
Mater. 4, 2016, 313326.
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H.M.C. Azeredo, M.F. Rosa and L.H.C. Mattoso, Nanocellulose in bio-based food packaging applications. Ind.
Crops Prod. 97, 2017, 664–671.
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C. Guise and R. Fangueiro, Biomedical applications of nanocellulose. In: R. Fangueiro and S. Rana (eds.),
Natural Fibres: Advances in Science and Technology Towards Industrial Applications, RILEM Bookseries 12,
155169.
67
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327-339
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69
Future Markets, The Global Market for Nanocellulose, 2016.
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Altogether, it is evident that the list of the potential application areas of the cellulosic
nanomaterials is getting more and more extensive, and at the same time there is increasing
interest in high value added uses, for example in cosmetics, electronics, and biomedical
applications (instead of bulk uses, such as cement additives or papermaking). There is also a
widely recognised need, in the research community and industry, to establish standardised
nanocellulose characterisation methods for a wide use. This moment, the marketed
nanocellulose products are more or less unique and thus the potential customers may hesitate
about their adoption, if no competing alternatives are yet available.
For the nano-products, including nanocelluloses, sustainability and safety issues are essential.
Therefore, increasing attention still needs to be paid to the health, safety and biological
impacts of nanocellulose materials. In a recent study, Endes et al. concluded70 that “it is
apparent from the research conducted regarding the potential hazard posed by various forms
of nanocellulose, especially towards human and environmental health, that the current
understanding of its structure–activity relationship is equivocal and incoherent”. For cellulose
nanocrystals (CNC), the production processes require an acid hydrolysis step that may
produce high volumes of effluents causing environmental challenge. For large-scale production
improvements for the process are therefore required.
Textiles
Due to the population growth and increased prosperity megatrends, an increased demand for
textiles is forecasted. The demand for sustainable cellulose fibres is predicted to largely
exceed the available supply in the future. With cotton production capacity likely to have
reached a plateau, regenerated cellulose fibres are regarded to potentially play a leading role
for textile applications. Investigations in the field of raw material supply are necessary:



Producing/isolating suitable quality, economically viable raw material (wood and wood
residues, recycled textiles and wood feed to fractionation);
Pre-treatment/fractionation of the raw material and isolation of net suitable quality
cellulose and other components.

The conversion of wood cellulose to man-made fibres is a well-established technology through
the viscose process. As this process involves a derivatization of cellulose with sodium
hydroxide and CS2 to the cellulose xanthogenate, it has disadvantages:




Environmental and health hazards due to the use of heavy metal salts, CS2, and other
harmful chemical substances.
The viscose route is technologically complex with long production cycles.
Waste water and exhaust air treatment is complex and costly, due to the tough
environmental requirements.

The Carbamate process (CCA) is an alternative to the viscos process, retaining the simplified
viscose spinning technology. In CCA process cellulose reacts with urea to form a stable
derivative. Cellulose carbamate is soluble in aqueous sodium hydroxide, extruded into a
70

C. Endes, S. Camarero-Espinosa, S. Mueller, E.J. Foster, A. Petri-Fink, B. Rothen-Rutishauser, C. Weder and
M.J.D. Clift, A critical review of the current knowledge regarding the biological impact of nanocellulose. J.
Nanobiotechnol. 14, 2016:78, 14 p.
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precipitation bath to form cellulose carbamate filaments, which can be hydrolysed to
regenerated cellulose fibres. Improved Synthesis of Cellulose Carbamates with minimum
Urea-Based on an Easy Scale-up Method has been developed. Further research is needed in
order to solve alkali consumption in regeneration and scale-up the process to the industrial
level.
The direct dissolution and shaping of cellulose is much simpler. N-methylmorpholine-N-oxide
(NMMO), ionic liquids, and aqueous alkali system are developed and show a great potential to
shape cellulose or to produce functional celluloses by chemical modification and are very
attractive from a safety, environmental, and economic points of view:




Lyocell fibres (Tencel, Alceru, Cocel), spun from NMMO solution have outstanding
properties (strength, modulus of elasticity, sorption behaviour, wearing properties, gloss,
and touch). The industrial recovery of NMMO (99.6–99.7%) and upgrading by an ionexchange process allows for industrial manufacturing. The extension of the NMMO to the
direct cellulose solvents of high thermal and chemical stability comprising lower solution
viscosity is very attractive from a safety, environmental, and economic point of view.
A novel experimental regenerated cellulose fibre process of the Lyocell type, denoted
Ioncell-F developed in Helsinki University and Aalto University is characterized by the use
of a powerful direct cellulose solvent, 1,5-diazabicyclo[4.3.0]non-5-enium acetate
([DBNH][OAc])71 a superbase-based ionic liquid. Compared with the commercial NMMObased Lyocell fibres process, airgap spinning can be conducted at higher cellulose
concentration in the dope, while temperature during dissolution and spinning can be
maintained at a lower level. Owing to the generally milder process conditions, the cellulose
is less degraded which contributes to both higher fibre yield and better strength properties.
The further developments leading to the mass production are challenging.
o One of the newest opportunities in this field is the usage of textile wastes as raw
material for the production of regenerated cellulosic fibres. The observed characteristics
of the textile materials made from regenerated cellulosic fibres are very good and show
similarities with cotton or silk in many cases. The development of technological and
technical value chain is a challenge to meet the principles of circular bioeconomy.

Production line Nanospider™ (ELAMARCO) includes nanofibres electrospinning equipment
operated as a one-stage process producing nanofibres webs from spinning solutions with
corresponding to the process viscosity and functional properties tailored to the application.
Regenerated cellulose gels normally have micro/nanoporous structure and large surface area,
which make them attractive candidate for nanoparticle synthesis/support medium. By
integrating nanoparticles or other functional materials, the cellulose-based webs can achieve
tailored properties such as electrical conductivity, magnetic properties, photosensitivity,
catalytic activity, sensing and healing ability, and other special properties. Optionally, low
density and large specific surface area of nanofibers, small pore size and high porosity,
excellent mechanical properties in proportion to the weight, possibility to incorporate different
additives are attractive features for use nano-nonwovens in a wide range of intermediate and
final products. As the global market for nanofibre products is projected to grow from $383.7
million in 2015 to nearly $2.0 billion in 2020, representing a compound annual growth rate of
71

H. Sixta, A. Michud, L. Hauru, S. Asaadi, Y. Ma, A.W.T. King, I. Kilpeläinen and M. Hummel, Ioncell-F: A Highstrength regenerated cellulose fibre. Nord. Pulp Paper Res. J. 30, 2015, 4357.
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38.6% between 2015 and 202072 development of cellulose-based functional and smart
materials is fascinating challenge.
Summary of commercialisation status
On the basis of the above discussions and cited literature, commercialisation status of selected
novel technologies is depicted in Figure 10, using chemical pulp, nanocelluloses, textiles and
food and food service packaging as the addressed key examples.

Figure 10. Commercialisation status (TRL levels) of selected novel wood fibre platform technologies.

Traditional pulping processes (especially kraft pulping) will retain their leading roles, probably
for several decades to come. The first successful emerging processes (organosolv) may enter
the production scales in the 2020s, but even longer development times may be required for
processes based on ionic liquids or deep eutectic solvents.
Sustainable fibre-based (or bio-based) packaging is already mature technology in many
segments, and in food and food service packaging several prototypes or demonstration-scale
productions are taking place. However, it will still take some time before sustainable packaging
has reached the state when different barrier and coating materials can be manufactured from
cellulosic raw materials. For some demanding applications, such as replacements for
fluorinated grease-resistant papers, new type of chemistry may also be developed. Otherwise,
interesting sustainable innovations, such as fibre-based bottles, can be expected to enter the
markets in increasing amounts. Among the new technologies, foam forming is likely to
72

BCC Research, Global Markets and Technologies for Nanofibers, 2016.
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substitute traditional water-based forming in the manufacture of some light fibre-based
packaging materials.
Several companies currently have nanocellulose production capacity on commercial or precommercial levels, i.e. 1002000 kg/d. The typical fully operational application areas include
cement, paper, textiles, hygiene products and packaging. Many other products are on TRL
levels 3-7, but the extensive R&D activities are expected to bring numerous new products to
markets during the next 510 years.
Viscose fibre production is a mature technology, whereas new alternatives (e.g. dissolution of
cellulose in ionic liquids) are in upscaling. Various functional and nano-scale customized fibres
are mostly on piloting or demonstration phases.
3.2.3 Future markets and perspectives for the commercialization of the fibre platforms
Although the consumption of paper and paperboard is forecasted to increase in significant
amounts in near future (by 80 million tons by 2030)29, it is obvious that increasing amounts of
cellulosic fibres will also be needed for other, less traditional or even totally new applications.
The market drivers may vary from case by case, but they are often related to the increased
industry and consumer demand for products made from renewable and sustainable resources
that are biodegradable, non-petroleum-based, carbon neutral, and have low environmental,
animal/human health and safety risks. Furthermore, there is a strong need by the forest
companies to focus on new products and their development, both for internal use and external
markets. In many cases, the cellulose-based products can be modified and tailored to offer
properties not achieved by the use of fossil-based plastics and other materials.
Food and food service packaging. The current global production figures for containerboards
and carton boards (cf. Table 9) are c. 145 and 48 million tons, respectively. According to the
forecast by Pöyry29, these are expected to reach the levels of 210 and 65 million tons by 2030.
Approximately 50% of the boards are used for food and beverage, although there may be
some regional differences. In any case, however, the forecasts indicate significant increase of
fibre-based packaging, especially in Asia which accounts for c. 70% of global incremental
production by 2030.
For food packaging, it has been estimated that frozen and chilled food segments will be
especially important in terms of volume and relative growth. The market will be driven by retail
and consumer life-style development. The food service and liquid packaging boards have
promising future prospects because of growing take away markets and development of aseptic
packaging, especially in the rising markets.
Nanocelluloses. Nanocelluloses have just recently entered the commercial markets73. Today
there is commercial or pre-commercial production in Japan (several producers), Canada, US,
Norway, Finland, UK, and Germany; at least 50% of the production takes place in Japan. Frost
and Sullivan74 have estimated that in 2015 the market value of nanocelluloses was roughly $73
million, mainly as research material to determine suitable high-volume, low-volume, and novel
J. Miller 2015. Nanocellulose state of the industry  December, 2015.
http://www.tappinano.org/media/1114/cellulose-nanomaterials-production-state-of-the-industry-dec-2015.pdf
74
Frost & Sullivan, Emerging applications of nanocellulose technology, 2016.
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applications. They expect the market to be around $268 million in 2020 with a CAGR of 29.7%.
Some of the leading companies are expecting to start commercial production by 2018 with
capacities 10 times higher than current.
Based on the quantity of the nanocellulose materials requirement, the current and expected
near-future markets are segmented as high volume and low volume applications. The typical
high volume areas include cement, paper, textiles, hygiene products and packaging that are
already fully operational applications.
Textiles. The global textiles market is in strong growth, driven by increased population and
increased living standards. The largest share of the growth is met by polyester fibre, but also
man-made cellulosic fibres (MMCFs) production is growing (c.f. Figure 11). The growth rate of
MMCFs, however, is lower than the total demand growth rate. Cotton production is stagnant
and not predicted to grow significantly in the future. Hence, there is already a growing market
for MMCFs (today dominated by viscose fibres) and a huge future potential, required that the
quality/price ratio can compete with the alternatives, in particular polyester. MMCFs may also
be able to benefit from being a more sustainable – “greener” – alternative.

Figure 11. Historic and forecasted global fibre demand (Million metric tons), based on PCI Fibres future
outlook (source: www.textileworld.com)

The textile industry is predominately located in Asia, and the Chinese market price for staple
fibre is an important benchmark. Figure 12 shows the price development of staple fibre in Asia.
The fibre price is mainly set by the cotton price which varies with demand and cotton harvest
yields. It is also under political influence. With increasing demand for viscose fibre, several
kraft mills have been converted to produce dissolving grade cellulose. Some also have the
ability to swing between kraft pulp production and dissolving pulp production, thereby linking
the dissolving pulp market to the kraft pulp market. Whereas the kraft and dissolving pulp
prices may vary considerably relative each other, it is believed that, over time, the dissolving
pulp price should be about 20% higher than the kraft pulp price, reflecting the higher
production costs for the dissolving pulp, which is a result of lower pulp yield, higher chemical
dosage and longer cooking times required for dissolving pulp as compared to kraft pulp
(industry information, personal communication).
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Figure 12. Staple fibre prices in Asia and annual average Swedish export price of dissolving pulp.
Cotlook A is a cotton price index published by Cotton Outlook. Data shown for Cotlook A are based on
75
Far East prices.
Source: PCI (2015), Statistics Sweden (2015b) and own calculations.

Functional textiles are textiles with integrated functions of controlling or adjusting according to
its application area. Functions, such as temperature control, humidity control, are built in upon
manufacturing. The basic and mostly used fibres in the functional textiles are viscose (rayon)
and polyester fibres. The functional textiles market is primarily driven by the increasing
demand from applications such as sportswear (cycling, ski sports, swimming). The
spontaneous technological developments in textile and apparel industry, and the increasing
customer expectations drive the global functional textile market. However, functional textiles
are quite expensive and directed to selective buyers. Thus, the cost structure might restrain the
momentum of the global functional textile market.76
The main findings of the discussion about future markets and commercialisation of products
from the fibre platform are collected in Table 10.

75

Joelsson, JM and Athanasiadis, D, 2015. Where is the money? - Value flows in the present Swedish forestbased sector, Report f3 2015:03, f3 – the Swedish knowledge centre for renewable transportation fuels.
http://www.f3centre.se/Overview_of_value_flows_in_the_present_forest-based_industry
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http://www.persistencemarketresearch.com/market-research/functional-textiles-market.asp
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Table 10. Summary of the market perspective for the fibre platform.
WHAT?
Products

Globally, the use of virgin wood fibres to the traditional production of paper and
paperboard is expected to remain on relatively stable level, although the paper
production will increase (due to intensified use of recovered paper). Instead, more
and more of chemical wood fibres will be used for more value added products,
especially for textiles and nanomaterials with a variety of uses. Other types of
advanced functional cellulose-based products are also increasing their market
shares; totally new products are also entering the markets.

Bio-substitution

In many areas, both consumers and industry favour renewable (often biodegradable)
bio-based products instead of the fossil-based alternatives. Thus, fully cellulosebased textiles, packaging, and many specialty products are getting more and more
widely used. For textile staple fibre, fossil-based polyester is one of the main
competing alternatives.
HOW MUCH?

Volume

The increase in paperboard (containerboard and carton board) is explained by the
increased demand for packaging applications. The consumption of the
containerboard and carton boards will increase by dozens of millions of tons by 2030.
Roughly 50% of the boards are used for food and beverage packaging.
This moment, nanocellulose production capacity clearly exceeds the demand.
However, there exists a huge potential market penetration for cellulose during the
coming decades, for example USDA has forecasted the volume up to 30 million tons
by the 2040s. Although that may look a highly optimistic forecast, it can be taken for
granted that many suitable properties of nanocelluloses will heavily increase its
markets in the near future, and beyond. This requires, however, that there will remain
no concern on any safety and health issues. Also, the prices need to be on
competitive levels.
The production of man-made cellulosic fibres is around 5 Mt/yr. and expected to
grow. The total textile fibre market is some 100 Mt/yr. and in strong growth.
Specialties, such as functional fibres and textiles, develop in niche markets.

Price

The nanocellulose prices today vary roughly from 30 to 1000 €/kg which cannot be
tolerated for large-scale bulk products. Some kind of “typical” current price range is
50100 €/kg. The textile fibre market is volatile. The viscose staple fibre price has
been in the range of 1.5-4 USD/kg over the past decade.
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WHEN?
Technology
readiness

Fibre technologies have relatively high TRLs (see Figure 10 for a summary).

Strategic
readiness

The forest industry seems to be motivated to invest in emerging technologies for lowemission pulp production. However, conservative culture may create a drag on more
profound change towards more diverse product portfolios.
There are also other questions that need to be tackled. For the development of any
novel food and food packaging solutions, different safety and regulatory aspects will
have important roles. Standards are important in nanocellulose to support
commercialization and market development, and their lack is one of the key barriers
at the moment. For the man-made cellulosic fibres (MMCFs) there is already a
growing market, but wood-based alternatives need to develop the quality/price ratio.

Societal
readiness

The use of forest-based materials instead of the fossil ones may increase public
acceptance in many segments, including food and food service packaging. On the
other hand, public acceptance of the use of nanomaterials in consumer products
(cosmetics, food) may remain a concern (health, safety, and environment). Cellulose
nanofibrils are currently exempted from REACH registration. Man-made cellulosic
fibres in general have high societal readiness, but they also suffer from some bad
reputation related to environmental impacts of the viscose process when
implemented with insufficient environmental protection measures.

Based on the above literature survey, examples of the main technological hurdles to overcome
for implementation of more advanced wood fibre platforms include (for the selected application
areas):
1. Commercialisation of processes for the production of dissolving pulp from paper
grade chemical pulps. This would help forest industry to quickly respond to the
changing market demands.
2. Development of novel selective, energy-efficient pulping or fractionation technologies
for the high-yield production of cellulose fibres, preferably with simultaneous
recovery of lignin and polymeric hemicelluloses in their intact forms. This type of
processes would significantly advance the use of cellulose and other wood
constituents for numerous current and future applications, and would offer highly
desired alternatives for the dominating kraft process. Furthermore, this type of
processes would be more easily realised in smaller scale than the typical kraft
process.
3. Development of more cost-efficient nanocellulose processes to accelerate access to
wider application areas.
4. Development of cellulose-, nanocellulose- or hemicellulose-based barrier and
coating materials (for cold and hot water and/or grease) with optimal properties and
processability, to replace those based on plastics or non-lignocellulosic biopolymers
(e.g. PLA).
5. Development of thermoplastic cellulose materials and heat-sealing methods for them
for the manufacture of all-cellulosic food service products, especially paper cups.
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6. Development of fibre-based materials for cup lids, to replace synthetic materials
(such as styrene polymers).
7. Development of breathable grease-resistant cellulosic coating materials, to replace
the fluorinated polymers.
8. Development of optimal foam forming processes (TRL 6-7 at VTT) and stratification
for light-weight fibre-based packaging materials (with the new barrier materials).
9. Adaptation of cellulose pulp to get desired properties for textile fibres. This will
require trials to fine-tune and develop processes.
10. Improved product performance of nonwovens, which are produced in a modified
paper machine, to allow for large-scale, efficient production of non-wovens from
cellulose.
11. Spinning of nanocellulose, without needing to dissolve the cellulose, requires
upscaling and further development of processes.
12. New cellulose dissolving/regeneration methods, with improved product quality,
economic and environmental performance. Additional knowledge on fundamentals of
cellulose-solvent interaction may be needed as well as new characterization
methods and development of solvent systems with focus on economy and
recyclability.
13. Solution blowing to produce nonwovens directly from dissolved cellulose. Requires
upscaling of the process and development of solvent systems.
14. Improved solution spinning methods to produce high-quality fibres from dissolved
cellulose.
15. Integration of new fibres and other components into textile processes like spinning,
weaving etc. to produce textiles with designed properties.
Examples of the main non-technological barriers to allow implementation of more advanced
wood fibre platforms include:
1. Securing and optimising forest-based feedstock supply to confirm optimal use of
each raw material source for the best-performing processes and products.
2. Standardisation of nanocellulose materials to support commercialization and market
development.
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3.3 Lignin-based platforms
Lignin, which makes up about 20-35% of the mass of every tree, is the most abundant natural
aromatic resource. The total amount in the biosphere exceeds 300 billion tonnes and annually
increases by around 20 billion tonnes77. It is therefore considered as a strong candidate as a
green alternative to many petroleum-derived substances.
Nevertheless, lignin is still under exploited and the quantity of isolated lignin available on the
market today is very limited. Whereas cellulose and hemicellulose can be easily processed into
C5 and C6 sugars and further processed to produce biofuels or biochemical, lignin is a much
more complex polymer which has been considered for a long time as a low-quality and lowadded-value material.
The difficulty lays in the fact that there is not one unique such thing as ”lignin”, well-defined
with established characteristic properties and functionalities. The structure of lignin, and hence
its properties, is dependent on many parameters (origin, external conditions during growth, and
the pre-treatment technology used for its extraction from the wooden material).
However, behind this barrier, it is commonly accepted that lignin has unique properties
including its highly aromatic nature and lower oxygen content compared to polysaccharides,
making this bio-based product a highly interesting bio-polymer to be further converted. Thus,
the transition to a bio-based economy is expected to result in more processes that will produce
a wide variety of technical lignins.
In theory, these lignins can be used for multiple purposes which have been broken down in
three main groups of applications within the ERIFORE consortium:




Fuels and additives (Figure 13) which are mainly obtained by thermochemical routes.
Aiming to use lignin as a carbon source for energy, these technologies optimize the
transformation of lignin to high volume, low value products.
Fine-, specialty and bulk chemicals (Figure 14) which are obtained by
depolymerisation of the lignin to obtain aromatics with high oxygen contents. This is of
great interest for small volume production of high value products.
Biopolymer and composite (Figure 15) which are aiming at using the macromolecular
properties of the technical lignins directly to produce plastics or composites. Many
studies has been carried out to develop bioplastics using chemicals (such as derivatives
of vanillin and ferulic acid) obtained by depolymerisation of lignin.

77

Glasser WG, Kelley SS. Lignin. In: Mark HF, editor. Encyclopaedia of polymer science and engineering. New
York: Wiley; 1987. p. 795
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Figure 14. Routes to fine-, specialty and bulk chemicals from lignin.
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Figure 15. Routes to bioplastics and biocomposites from lignin

3.3.1 State-of-the-art
It is worth noting that while we have been able to produce chemicals and biofuels from the
cellulose and hemicellulose fraction for decades, most applications about lignin have not yet
left laboratory or pilot scale and researchers are still facing strong bottlenecks. One of the main
issues is the lack of knowledge about the detailed structure and physico-chemical properties of
the different kind of lignins. Given the complexity and the highly heterogeneous nature of the
macromolecule, this knowledge is difficult to determine and depend on many parameters
(origin, external conditions during growth, extraction process...). However, knowledge about
the structure and properties are of crucial importance for the evaluation of the potential
applications for each lignin. Without that knowledge it is difficult, if not impossible, to develop
economically viable valorisation strategies.
Most of the currently developed fractionation processes of lignocellulosic biomass foster the
recovering of high quality cellulose (for the paper or bio-ethanol industries) and hemicellulose,
and consider lignin as a by-product. The fractionation process strongly affects the quality of the
technical lignins available on the market. Because the process is not optimised to the
extraction of lignin, the quality of the obtained lignin may be poor and the molecular structure
may be significantly altered with respect to the native lignin. Inevitably, this makes the lignins
more chemically recalcitrant towards potential valorisation78. Even though, these authors have
not taken into account that many high-quality lignosulfonates are valorised today. Of the
existing processes, only acidic and alkaline pulping are commercially applied today. BergiusRheinau process, steam explosion, organosolv pulping and hydrolysis using a dilute acid are
examples of processes that are currently on a pilot scale. Many new fractionation methods
78

P. Bruijnincx, B. Weckhuysen, G-J. Gruter, A. Westenbroek, E. Engelen-Smeets, Lignin valorisation – The
importance of a full value chain approach, June 2016
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have been reported and are currently explored on the lab scale. Such methods might make
use of Ionic Liquids, liquid salts such as zinc chloride hydrate or Deep eutectic solvents to
selectively dissolve lignin or cellulose from lignocellulosic biomass. Another method might be
based on superheated steam79,80,81 and supercritical water82,83,84. These types of pre-treatment
are still in the laboratory or early pilot phase and the effect of these processes on the lignin
characteristics is still unknown (see Figure 16).

78

Figure 16. Commercialization status of different types of lignin, amended from .
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J.W. van Groenestijn, H.C. van Deventer, Biomass pretreatment by a continuous flow of superheated steam ,
SBFC, New Orleans, 30 April - 3 May 2012
80
J.W. van Groenestijn, Ontsluiten van lignocellulose met oververhitte stoom, Meeting Decentrale Bioraffinage,
Den Bosch, 18 September 2015
81
Patent US 20120282660 A1, Novel method for processing lignocellulose containing material, 8 November 2012
82
Y. Yu, X. Lou, H. Wu, Some recent advances in hydrolysis of biomass in hot-compressed water and its
comparisons with other hydrolysis methods, Energy & Fuels, 2008, 22, 46-60
83
S. Liu, Woody biomass: Niche position as a source of sustainable renewable chemicals and energy and kinetics
of hot-water extraction/hydrolysis, Biotechnological Advances, 2010, 28, 563-582
84
Patent application WO2012/151536, Z. Tao, Renmatix
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3.3.2 Future developments
A paper of the platform Agro-Paper Chemistry (APC) and Utrecht University from 2016
provides a recent discussion on the future development on lignin valorisation. It can be as well
completed by a report from Frost and Sullivan from 201278,85 According to these studies,
investments in the sugar platform, favouring biofuels, have been witnessed over the past few
years. This trend is supported by government mandates, especially in the USA and Europe,
and has created a competitive disadvantage for the biochemical industry compared to biofuels.
Even though sugar-rich feedstock has been preferred, the R&D efforts for forest-based
chemicals are very strong today. The side effect of this tendency is that more and more players
in the pulp & paper industry will start producing biofuels, which will at the same time increase
the total volume of lignin as a by-product. When technological costs decrease, it will become
ever more interesting to produce lignin-based products and sell them at a much higher price
than biofuel.
It is reasonable to believe that in the short term business opportunities will become
economically attractive for lignin applications for materials and macromolecules production, as
well as in the isolation of specific target molecules (e.g. similar to vanillin). In the longer term,
chemicals, including aromatics, will become more important. At this point, two strategies can
be elaborated: First, the production of drop-in chemicals suitable for the petrochemical industry
(such as BTX). These biochemicals require less capital investment in the procedure adaptation
and less risk in end-product performance modification. The second strategy is the production
of new highly oxygenated chemicals based on the lignin chemical composition, which would
require more capital investment but be less dependent on oil price and provide an access to
potential new markets. The major challenge, but also the most potential economic reward, lies
within high-value products, among which are aromatics and carbon fibre. The difficulty resides
in the diversity and the complexity of the lignin material itself, which need to be overcome by
technical development.
Research on lignocellulosic biomass valorisation should take into account the valorisation of
both cellulose/hemicellulose and lignin fractions. Cost-effective technologies for cellulose
isolation or conversion do not necessarily lead to lignin-streams for easy conversion to highvalue applications. It is thus imperative to match any efforts towards lignin valorisation with the
lignin which structure is best suited or most amenable towards chemical conversion to the
targeted products. Many technological suggestions are given in the paper of the platform AgroPaper Chemistry (APC) and Utrecht University from 201678.
For example, the structural complexity and general recalcitrance of lignin could be addressed
by the cascade approach to lignin valorisation, entailing a depolymerisation process that
consists of several stages. The first, highly selective step could be applied for targeted and
isolatable high-value chemicals out of the lignin. Even if the yields and efficiency are low for
this step, the high value of the products would still make such a process economically feasible.
The lignin left after extraction/isolation of these high-value compounds would be more
condensed than the starting material, and can be subjected to subsequent harsher cleavage
steps, which focus on cleaving more recalcitrant bonds. Any heavy residues left after such a
85

Berlin, M. Balakshin, Industrial Lignins, Analysis, Properties and Applications, chapter 18 in Bioenergy
Research: Advances and Applications, 2014, 315–336
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severe treatment could then for example be cracked for use as fuel, used for the applications
that the asphaltene fraction of crude oil is used for today or still burnt for the generation of heat
and power, making full use of the complete lignin input for various process streams. This
cascading approach is one of the technologies evaluated in chapter 4.
An additional emerging technology is supercritical depolymerisation, which aims to produce
monomer phenolic compounds. This technology is still in a research phase and remains very
expensive, but shows great potential:
 This technology is already used to extract essential oils, fatty acids, lipids, and bioactive
compounds from biological resources.
 CO2 as a solvent can be used with supercritical depolymerisation. It is a safe and
environmentally friendly solution.
 Conditions (temperature and pressure) are easier to obtain than for other processes.
In the future, other pre-treatment technologies might produce lignin in a quality that allows it to
be converted to higher value applications more easily. Moreover, the development of lignin
valorisation requires insight on the whole valorisation chain, connecting plant selection and
adaptation to the biomass fractionation and lignin isolation process to downstream upgrading
into materials or value-added chemicals or fuels, to ensure that the results are applicable to
realistic value chains. In an ideal situation, the lignin isolation process would be adapted to
generate the best possible lignin structure required for its application without compromising on
the overall quality of the cellulose and hemicellulose fractions, which are to be valorised in
other, integrated process within the biorefinery. In fact, biorefineries should strive for
maximizing the combined value-addition of the three main components, rather than optimize
the valorisation of one.
3.3.3 Future markets and perspectives for the commercialisation of lignin platform
It is obvious that the kind of process to be used for producing lignin will define the value of the
products that can be derived. Nevertheless, the processes are at very different stages of
development, resulting in different yields, specificity levels and capital expenditure
requirements. These differences bring to light one of the barriers that stand in the way of lignin
development: the lack of mature technology. At this moment, kraft and organosolv lignins are
of high interest for further transformations, whereas lignosulphonate will most likely be used for
lower-value chemicals. Kraft lignin covers a large range of applications, including high-value
ones, and is considered as mid-range in terms of price. It is also readily available in sufficient
quantity from pulp and paper producers to start feeding industrial demand.
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The current lignin applications have been developed in a pragmatic way utilising the available
mainly sulphur containing lignin. The forest industry produces potentially 55 million tons of
Kraft lignin yearly. Of this 98% is burnt to produce energy and recover the cooking chemicals
and only 2% of all lignin (kraft lignin + lignosulfonates) is commercially used for low-value
products, such as dispersing or binding agents44. As well, the lignin coming from 2nd generation
bioethanol production could represent an amount of 120 million tons in the USA in 2022 to
reach the goal of the Renewable Fuels Standard. As approximately only 40% of the (dry) lignin
produced is needed to fully meet the required heat/power for the production of ethanol (e.g.,
pre-treatment and processing), 60% lignin (72 million tons) could become available for higher
value end products87,88. Other commercial and potential uses of lignin areError! Bookmark not defined.:
 Dispersant or emulsifier in the construction industry.
 Foams or Plastics:
o Partial replacement for phenol in phenol-formaldehyde resins (soda lignin).
o Lignin-based rigid poly-urethane (excellent flame retardant).
o Epoxy resin comprises an epoxy resin and a curing agent, wherein the curing
agent is a lignin‐derived acid anhydride.
o S‐free lignin has been used for automotive brakes and epoxy resins for printed
circuit boards.
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Gosselink, Lignin As Renewable Aromatic Resource For The Chemical Industry, 2011
P. Bruijnincx, B. Weckhuysen, G-J. Gruter, A. Westenbroek, E. Engelen-Smeets, Lignin valorisation – The
importance of a full value chain approach, June 2016
88
United States Environmental Protection Agency, Final Renewable Fuel Standards for 2014, 2015 and 2016,
and the Biomass-Based Diesel Volume for 2017, http://www.epa.gov/renewable-fuel-standard-program/finalrenewable-fuel-standards-2014-2015-and-2016-and-biomass-based
87
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At this moment, the production of aromatics by depolymerisation processes is still in R&D and
until now only vanillin is being produced on a commercial scale as a lignin-derived aromatic
chemical by Borregaard in Sarpsborg, Norway. In the past (1930s-1990s), there has been
lignosulfonate-based vanillin production also in Canada, USA, Poland, USSR, Japan and
China.
In the ERIFORE project, we divided the future applications and markets of lignins into three
groups: 1) fuels and additives, 2) fine-, specialty and bulk chemicals, and 3) biopolymers and
composites. The first group (fuels and additives) is the use that could consume large quantities
of lignin already today, but at the same time, the least rewarding economically (see Table 12).
The second group (fine, specialty and bulk chemicals) includes the purified aromatic
molecules, as well as bulk uses of activated carbon and complexing agents. Today, the
technologies needed for the production of the aromatic compounds are still missing. Ongoing
investigations are focusing on catalytic depolymerisations and purification steps. The maybe
most rewarding application of lignin as raw-material is carbon fibre, which is also intensively
researched area. It is believed that the automotive industry will incorporate more carbon fibre
reinforced components in the future, if the price could be lowered by product developments.
Table 12. Potential lignin products.

Chemical
Fuels and additives:
Solid fuel, Asphalt
additive, Lignin oil, BTX

Fine, specialty and bulk
chemicals:
Benzene, Toluene,
Xylene, Phenol, Vanillin,
Cresylic acid, Activated
carbon, Complexing
agent
Biopolymers and
composites:
Phenol resin substitution
PU polyol substitution,
Polyolefin mixture,
Lignin-cellulose
composites, Carbon
fibre, Activated carbon
fibre

Market estimations
Dry lignin has a high energy content compared to normal biofuels: around
27MJ/kg compared to 19MJ/kg. For this use, a market price for solid fuel
could be 200-250 €/ton.89 Slightly higher value is expected for asphalt
additive and lignin oil. These lower value applications have a high volume
potential, though. For example, the asphalt use could be 22 Mton/year. The
highest price and volume potential has the BTX (mixture of benzene
toluene and xylene) that is an interesting drop-in chemical with reported
price of 1200 $/ton and with a volume around 1000 Mton/year.
Purified aromatic compounds have higher prices, for example the versatile
molecule phenol was around 2000 $/ton with a volume of 7.9 Mton/year in
201089. According to the same report, activated carbon from lignin could
have a value of 500-3000 €/ton with a volume of 1.1 Mton/year. The use as
complexing agent for releasing plant nutrients in soil was valued as 300
€/ton and with a volume of 22 Mton/year.
Using purified lignin macromolecules have potential in the field of
biopolymers and composites89. In the case of phenol substitution in
phenol-formaldehyde resins for strandboards and plywood, the value is
more than 1500 $/ton with an average yearly volume 0.1 Mton. Similarly
lignin could replace some polyol in PU-foam, that would give lignin a value
of 2000 $/ton and the market volume 0.28 Mton. At the research stage is
also the incorporation in thermoplastic polyolefin mixtures. Calculating with
a potential of 1% of the global market for polyethylene and polypropylene
gives 1.3 Mton/year with a value of 1500-2000 €/ton. A potential high value
application is the use in carbon-fibre. The market for this was 0.045
Mton/year in 2011 and is growing fast, expected to double until 2015 and
then double again until 2022. The value for a fibre quality for possible use
in cars was 15000-25000 $/ton.

89

B. Backlund and M. Nordström (2014) New products from wood raw material- Status report 2014, Report from
SKOGFORSK no. 854, Sweden
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In the third group of lignin uses (biopolymers and composites) could be included the use of
aromatic monomers prepared from depolymerized lignin. However, this approach is still many
years (>20) from being economically viable. Another route is to use lignin as a macromolecule
in plastics, resins and composites directly or after some chemical modification. The second
route is expected to be closer to reach the market than the first one. One example of this is the
commercialization of soda lignin Protobind 1000 from India that can be used for substituting
phenol in wood resins. The use of lignin as a macromolecule is given as an example of a
market niche with intermediate volume and price level.
A potential application for lignin could be in Wood Plastic Composites (WPCs). Global data for
this product estimates a volume of 2.68 Mton and a prize level of 1000-4000 €/ton. If 25% of
lignin could be incorporated in WPC material, it would represent a volume of 0.67Mton, which
is more than ten times higher than the annual consumption of carbon fibre but still lower than
the market for phenol.
Table 13 shows a summary of the lignin platform from the perspective of future markets and
commercialization of products.
Table 13. Summary of the Lignin platform from the perspective of future markets and commercialisation
of products.
WHAT?
a) Products

Potential future product groups for lignin-based materials are:
 Fuels and additives, like BTX
 Fine-, specialty and bulk chemicals, like phenol, vanillin and carbon fibre
 Biopolymers and composite, like phenol substitute in resins and use in
Wood Plastic Composites (WPC)

b) Bio-substitution

Bio-substitution is the aim in all products. For the high volume products BTX and
phenol as drop in chemicals. For high value products: in carbon fibre
manufacturing as replacement for expensive PAN raw material and in vanillin is
the opportunity to increase the yield (now 1%) of existing lignin transformation to
compete with crude-oil-based production. In the biopolymer case, lignin can at
least partly substitute phenol in resin formulations and for use in thermoplastic
mixtures
HOW MUCH?

c) Volume

A high volume product could be exemplified by BTX 100 Mton and ranging with
an intermediate volume of 1.1 Mton of activated carbon to a low volume of 0.045
Mton for carbon fibre.
These quantities must be compared with the availability of lignin. The total
potential of kraft lignin today is around 55 Mton/year. The lignin purified for
industrial uses today is only around 0.1 Mton of kraft lignin and 1 Mton of
lignosulfonate. With an increased production of secondary bioethanol in the near
future would mean a potential of additionally 72 Mton/year of lignin.

d) Price

The price for lignin-based products is expected to range from 200 €/ton for fuel
up to 18 000 €ton for use as carbon fibre. Examples of low value products are
fuel, asphalt and lignin oil, and higher value products are vanillin and carbon
fibre.
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WHEN?
e) Technology
readiness

The technological readiness for most of the potential new applications for lignin
is mainly at TRL level of 4-5. This means that those products could be expected
to reach the market in 5-20 years, depending on the intensity of the research.
However, some types of products are already on the market, with a TRL 9, as
the production of vanillin and use of lignosulfonates for dispersing applications.

f)

Strategic
readiness

One strategy for industrialization of depolymerized aromatic compounds is as
drop in chemicals for present chemical industry. In the case of special aromatics
like vanillin it is the process optimization to increase yield of existing product.
Further, the bio-substitution and the replacement of fossil-based raw material are
desired, promoting new uses and applications of lignin.

g) Societal
readiness

There is a general positive view to replace crude-oil-based raw material with biobased from the forest. Even if consumers are not ready to pay more for final
products, the present chemical industry is starting to seek partnerships with biorefineries to secure access to future raw material from renewable vegetal origin.
This trend is now changing direction, from using agricultural carbohydrates to
plant residues not competing with the human food-chain. As lignin is not a
nutrient, its use for chemical industry does not cause any societal dilemma.

To conclude this section, the main technological development needs for lignin platform are
listed below:
1. Lack of knowledge about detailed structure and physico-chemical properties
2. Development of catalytic depolymerisation and purification of molecules
3. Integrated valorisation of all biomass components, reaching lignin quality valid for high
value applications
4. Developing cascade approach to depolymerise lignin at stages to get several products
In addition to the previous, there are the following non-technological barriers:
1. Capital investments on new processes depend on the oil-price
2. The availability of lignin, competitive uses and season variability
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4. Towards emerging biorefinery concepts: evaluation of the products and
development needs
4.1 Evaluation method
Based on the literature review, we identified potential end products and critical development
needs for each technology platform. To evaluate the importance and timescales of these
issues, we carried out an expert evaluation. The participants were recruited mainly from the
consortium organisations and via the Advisory board of ERIFORE project. The list of
participants is in Appendix 1. The questionnaire was designed using a PowerPoint file, which
we asked the participants to edit according to their views. In the file, we provided the
respondents with brief background information on the three technology platforms. This
information is shown in Appendix 2.
The respondents were asked to evaluate the market potential of the listed product categories
in terms of high or low potential, and the time scale for their market presence. The time scale
was divided into short and long term, and the limit between these two was set into 10 years.
The high and low market potentials were defined as follows:
•

High potential = There will be high demand for the product and/or its market entry is
likely to be easy

•

Low potential = There will be less demand for the product and/or it will meet serious
competition with other similar kind of products

The critical development needs were evaluated with a similar 2x2-matrix as the products.
Instead of market potential, the development needs were evaluated according to their
importance. The formulation of the evaluation question was the following: How important is it to
tackle the listed development needs in order to commercialize the platform technology? For
this evaluation, we used the same time scale as for products.
The respondents were asked to drag and drop each item into the section of the evaluation
matrix that they considered best describing its importance or potential. Therefore, the
evaluation data gave us discrete classifications of the items. The PowerPoint-based
questionnaire enabled a convenient and easy to use visual approach to the evaluation, as
respondents did not need to evaluate the two criteria separately. A disadvantage of this
approach was that the data required multiple manual operations before it was possible to
analyse it. Also, data coding required interpretation in some extend. Some respondents
seemed to have used the evaluation matrix as coordinate axes, rather than classification
scheme. Therefore, we had to decide in which class we code such issues that were placed on
the crossing lines between the different classes. A general rule in such cases was that any
items located on the line between short and long term was coded as long term issue. In the
vertical direction, describing the importance or potential, the decision was made in relation to
the other evaluations due to the subjectivity of importance rating. For example, if the majority of
evaluations were indicating high importance / market potential, and there were single items
located on the line between high and low importance, these issues were coded as having low
importance / potential to highlight the difference to others.
The data was analysed following the procedure below:
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1. Data integration in Excel, using the following codes:
A = High potential / importance – Short term
B = High potential / importance – Long term
C = Low potential / importance – Short term
D = Low potential / importance – Long term
2. Data processing by calculating horizontal and vertical positions for each item, as
follows:
Horizontal position = (CountB+CountD) – (CountA+CountC)
Vertical position = (CountA+CountB) – (CountC+CountD)
3. Presentation of results in the 2x2-matrices using the position results (above).

The next sub-section shows the results of the analysis. Before going into the results, there are
couple of issues about the interpretation of the results that should be noted. First, it needs to
be borne in mind that the plots are indications of how a group of experts have evaluated the
items. The position of a dot in the plot area indicates how unanimous the group of experts has
been (see Figure 17). If the dot is close to the centre, the opinions in the group are polarised. If
the dot is far from the centre, the expert group is more united on the evaluation. The second
issue is that the ranges of different plots are relative to the number of evaluations. The number
of evaluators is different for different platforms, and therefore different plots cannot be
compared to each other.

Figure 17. Guidelines for interpreting the evaluation results.
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4.2 Evaluation results
The potential products for each technology platform were shown in Table 1 in Chapter 2.
Figure 18 to Figure 21 show the results of the evaluation on products. As can be seen in the
figures, for the sugar platform and lignin platform the evaluations on products’ market
appearance rage from short to long term. For the fibre platform, experts believe that it is
possible to see new forest-based products in the market already in ten years. The only real
exception from this pattern is forest-based medical textiles; there is strong majority that
believes on longer than ten years’ time rage in this case. When the level of market potential
was evaluated, one can note that the emphasis of sugar-based products’ market potential is on
high rather than low side of the evaluation scheme. The same conclusion can be made on
lignin-based products, only fuel and fuel additives were seen less potential than the other
product groups from lignin platform. For the fibre-based products there is more variation on the
evaluations, and for some products there is a majority that believes in low market potential.
Liquid packaging and fast food packaging were evaluated to have high market potential most
frequently. In the case of textiles, clothing and sportswear were evaluated to have high market
potential more often than home decoration textiles or technical textiles.

Figure 18. The evaluation of Sugar platform products.
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Figure 19. The evaluation of Fibre platform products (packaging).

Figure 20. The evaluation of Fibre platform (textiles) products.

Figure 21. The evaluation of Lignin platform products.
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For each technology platform, several development needs were evaluated. The list of
development needs was formulated based on the literature study (Chapter 3).
shows the critical development needs for sugar platform included in the evaluation
and the evaluation result. Fractionation technologies are known to be the key step having a
large impact on all subsequent steps, such as hydrolysis or purification. The cost effectiveness
of fractionation technologies can be improved by developing processes which use synergies
for example for production energy or reuse of chemicals. The economy of scale is another
issue affecting the cost effectiveness: Are large-scale biorefineries the solution for sugar
platform, or is it more likely that regional medium-scale for specialty products will evolve? The
purity of sugars is a critical question from the perspective of the further use of the sugars. Will
there be even a need for high-purity fractions for the production of pure sugars or their
chemical conversion or is it maybe more important to focus on robust processes, that can deal
with unpurified sugar streams? A key question in biotechnological conversion is the
robustness, productivity and tolerance of the industrial microorganisms or enzymes in the
conditions of industrial scale production. Downstream technologies for sugar-based chemicals,
such as crystallization, are another potential development field affecting the feasibility of the
sugar platform.
Figure 22

Developing biorefinery concepts require more systemic thinking. For example, what role will a
possible cooperation between bioeconomy and petrochemical sectors play? Will it be more
likely that bioeconomy evolves separately or will it be essential to cooperate with the
petrochemical sectors, e.g. to explore drop-in chemicals or their alternatives. How important is
integration and intensification of processes in the possible integration needs to existing
infrastructures? And how seriously, should we take the zero waste approach: Should we
explore first processes for high-value products from first-class biomass and to gradually close
process loops or extend the raw material base towards biomass waste, or take closed loops as
the primary goal from the very beginning? The final issue that we asked the respondents
evaluate, deals with political engagement. Does the experts believe in industry-driven
investment or do they expect policy making to create pressure towards the transition to the
forest-based bioeconomy?
As can be seen in the Figure 22, majority of the respondents considered the proposed
development needs to have high importance. There was more agreement on the importance of
creation of robust, industrial microorganisms or enzymes; improvement of biomass
fractionation; political engagement; improvement of downstream processes; zero-waste
approach; integration and intensification of processes and building large-scale forest-based
biorefineries, while the development of technology for increased sugar purities and clustering
with petrochemical sector gained less support. In terms of time scale, all the development
needs were seen to be solvable in ten years’ time rather than later. The only exception is zerowaste approach, which the majority evaluated to be solvable in a longer time than ten years.
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Figure 22. The evaluation of Sugar platform development needs.

Altogether, food and beverage packaging segments amount to c. 70% of the global packaging
value, using huge amounts of both renewable and non-renewable raw materials. It is thus
obvious that there may be highly different development needs for different packaging
materials. At the moment, there are several sustainability-related trends that favour increased
use of fibre-based (or biobased in general) materials, including replacement of fossil-based
plastics, recycling issues, and resource efficiencies in general. In order to replace different
synthetic barrier and coating materials by cellulose- or hemicellulose-based products, a lot of
promising progress has already been achieved, although further efforts are required in many
fields. For example for food service packaging, heat-sealable cellulose-based barrier materials
would offer a highly desired solution. In some other areas, such as in development of cellulosebased alternatives for fluorinated grease resistant coatings, innovative novel chemistry may be
needed. In all development studies, various safety aspects and recyclability issues will also
need a lot of attention. New varieties of carton boards with improved properties are under
development and could effectively be produced by foam forming, instead of traditional waterbased forming. Strong interest in smart food packaging with different active and intelligent
features will apparently result in many new applications.
Figure 23 shows the results of evaluation of critical development needs for the production of
food and food service packaging. From the perspective of importance, there can be identified
two clusters of issues. For the development of light-weight materials, liquid barrier materials
and CNF/CNC-based materials, and the solving of safety and recycling issues there is
approximately equal support among the experts. The other cluster consists of non-fluorinated
grease resistant materials, hemicellulose-based barriers, casting and coating, and activeintelligent features. For these issues the evaluations split, i.e. there are almost equal number of
those who consider these issues to have high importance and those who think they are less
important. In terms of the time scale, active-intelligent features, recycling issues, and the
development of CNF/CNC-based materials and non-fluorinated grease resistant materials
were considered to take time more than ten years.
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Figure 23. The evaluation of Fibre platform development needs related to food packaging products.

Textiles are a very broad class of materials with a wide range of application areas. Naturally,
different applications put different demands on the properties of the material. For forest-based
textile materials there are challenges of more general nature, but there are also challenges
specific to individual areas of application. Several methods exist for dissolution and generation
of cellulose into textile fibres. They all have their pros and cons, and improvement as well as
development of new dissolution and regeneration systems is of high interest. Development of
new forming techniques has also been proposed to have great potential, such as solution
blowing to produce nonwovens directly from dissolved cellulose, solution spinning methods for
high-quality fibres or highly rational formation of nonwovens using paper production
technology. Also adaptation of cellulose pulp and tailoring textile properties through integration
of new fibres with other components into textile processes may be interesting development
pathways.
Figure 24 shows the results on forest-based textile development needs. For this topic, there
are two issues that stand out from the rest. The group of experts has relatively strong
agreement on the high importance and short term urgency of the adaptation of cellulose pulp
for desired properties and the development of new cellulose dissolving / regeneration methods.
All the other issues have diversified the group of experts in terms of importance and time scale,
as the evaluation dots are located near the dividing lines between evaluation categories.
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Figure 24. The evaluation of Fibre platform development needs in relation to textiles.

Lignin is a complex polymer and it does not have uniform structure, but many parameters,
such as origin, external conditions during growth or extraction technology, affect its properties.
All these factors are not completely known and it is important to improve the knowledge about
lignin as its properties are the basis for further chemical modification and final applications. For
example, it may result in completely different variations of lignin depending on, whether it has
been extracted first from the wood material or as by-product after optimized cellulose and/or
ethanol production. Therefore, the development of new extraction processes would potentially
produce new qualities of lignin fitting better to the application needs. Also, integrated
commercial fractionation technologies for simultaneous exploitation of cellulose, hemicellulose
and lignin fractions are missing today. The development of large scale lignin production is
important to guarantee the availability of defined qualities of lignin for new products. At the
same time, the feedstock needs to be secured for a constant supply of raw-material. As lignin
is very inhomogeneous macromolecule, it could be reasonable to apply a cascading approach
for the lignin valorisation and to upgrade the purity of the lignin, e.g. remove odorous sulphur
from kraft lignin. Depolymerisation processes need to be developed to reach economic yields
of phenolic molecules to be used as drop-in chemicals. Impurities could cause low
polymerisation degree for example in the production of monomers for polymer synthesis, and
therefore the upgrading of the purity of the platform molecules may become an important goal.
The improvement of lignin activation to increase reactivity is investigated to substitute phenol in
different resins and to improve the curing.
From the results of lignin platform development needs evaluation (see Figure 25) it is possible
to identify four clusters. High importance and relatively strong agreement on short time scale is
evaluated for the improvement of knowledge base on the detailed structures and the
physicochemical properties of the various technical lignins; the development of large scale and
cost effective lignocellulosic biomass fractionation technologies and the upgrade of the purity
of lignin. The other cluster of issues is those with relatively strong agreement on short time
scale but less agreement on the importance. In this group are the development of large scale
lignin production to secure lignin feedstock supply and the development of new extraction
processes. In the third and fourth clusters, there are also two items in both. The development
of depolymerisation processes and upgrading of the purity of the platform chemicals are
evaluated more often to have high importance and longer time scale. For improvement of lignin
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activation and the development of cascading approach for the lignin valorisation there are
mixed opinions on importance and time scale.

Figure 25. The evaluation of Lignin platform development needs.

4.3 Summary of evaluation results
Figure 26 and Figure 27 show summaries of the evaluation results. The dotted lines in the
boxes indicate less agreement on the importance (or low potential / importance) of the product
groups or development needs among the group of experts. As Figure 18 to Figure 21 showed,
the evaluations of market potential for sugar and lignin-based products seemed higher in
general than for fibre-based packaging and textile materials. One explanation for this may be
that for these products there are already established alternatives on the market and new
materials need to compete against those. This may be the case especially for forest-based
textiles, as their market potential was evaluated more often low than high. One open comment
from the evaluation questionnaire comments this aspect:
“Textile fibres from cellulose are ‘hot topic’ currently, especially in countries having
tradition for forest industry. New environmentally friendly technologies exist in lab scale
but scaling up to industry is still not done. European players will concentrate on
technology development.”
Some respondents commented also the competition that forest-based sugar platform might
meet on the market:
“In general, sugar platform products, based on lignocellulosic raw materials, will first be
introduced based on agricultural residues, like straw, bagasse and corn stover. Many
such products are already on the market. The wood-based sugar platform products will
thus come in a second wave, if ever.”
“I see the applications of wood as feedstock rather in ‘materials’ applications; less in food
and pharma,…Specialty sugars: same story. There are already specialty sugars on the
market based on beet or cane sugar. I think it will be hard to compete with these, also
from an economic point of view.”
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When we analysed the evaluation results, we noted that the list of textile products did not
contain any specific nonwoven products, even if some development needs related to
nonwovens were included in the questionnaire. This can be seen as a shortcoming in our
approach. Therefore, we added an additional box referring to hygienic produces in Figure 26
based on commentaries collected to the results later in the research process. Hygienic
products, e.g. freshen-up towels, might be suitable products for nonwovens. The market
potential of hygienic product can be expected to grow in mid-term due to increasing wealth’s
and life style changes globally.

SHORT TERM

LONG TERM
Surfacants

Sugar platform

Polymers

Pharmaceuticals

Solvents

Flavours / Fragrances

Specialty sugars
Biofuels / Fuel additives

Fast food, pizza pack

Liquid packaging

Disposable cups and plates,
wraping papers

(B2B) boxes and cartons,
Bag-in-box solutions
Ovenable trays

Multilayered pouches

Clothes, Sports wear

Hygienic products
(e.g. from nonwoven)

Textiles for medical care

Fibre platform

Textiles for home decoration

Technical textiles (including work wear)

Platform chemicals
Lignin-based composites

Lignin platform

Biopolymers & Bioplastics
(Lignin grafted polymers or
Lignin polymer blends)

Biopolymer & Bioplastics by
polymerization of aromatic
building blocks

Fuels and additives

Figure 26. Product roadmap based on the evaluation results. Bolded and solid line boxes refer to stronger
agreement among the experts, whereas dotted line boxes represent evaluations with less agreement.
Hygienic products were not included in the evaluation questionnaire, but added later based on
commentary on the results.

A general finding about the evaluations on development needs is that fibre platform
development is seen important in shorter term and lignin platform in longer term, while the
development needs of sugar platform range from short to long term. Presumably, this finding
indicates the TRL of the different platforms, as one of the open comments referring to lignin
platform shows:
“Here is twofold view. Material solutions utilising lignin polymer are already growing and
scale-up is in focus, while production of aromatics and other chemicals from lignin
requires still research. As a first step, liquid energy products from lignin may be the first to
be scaled-up.”
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Improvement of biomass fractionation
Development of robust strains

Technology for increased
sugar purities

Zero-waste approach

Integration and intensificaton of
processes
Building large scale forest-based
Political engagement
biorefineries
Cluster with petrochemical sector

Light-weight materials
Liquid barrier materials

CNF/CNC-based materials

Safety issues

Recycling issues

Hemicellulose-based barriers

Fibre platform

Casting and coating

Non-fluorinated grease
resistant materials

Active-intelligent features

Textiles with designed properties
through integred processes
Improved solution spinning
Spinning of nanocellulose to
methods
avoid dissolving
Improved product performance
Solution blowing to produce
for nonwovens
nonwovens

Adaotation of cellulose pulp for
desired properties
New cellulose dissolving /
regeneration methods

Improve scientific knowledge on
various technical lignins
Develop large scale lignin
production

Lignin platform

Develop large scale lignocellulosic
biomass fractionation
technologies
Improve the purity of lignin

Develop new extraction processes
towards new qualities of ligning

Develop depolymerisation
processes
Upgrade the purity of the
platform molecules

Develop cascading approach for
the lignin valorization

Improve lignin activation to
increase reactivity

Figure 27. Summary of the evaluation results on critical development needs for each platform. Bolded and
solid line boxes refer to stronger agreement among the experts, whereas dotted line boxes represent
evaluations with less agreement.

There are several, sometimes even contradictory, requirements that need to be taken into
consideration, when biorefinery concepts are developed. Open comments from the evaluation
data raised some interesting aspects. One topic is how to handle the different fractions in the
production process so that the process is economically feasible. Another issue is what part of
the product value chain should be covered. The following quotes addressed these issues:
“Just like in a fossil oil refinery, I see the largest potential for success in producing pure
chemicals out of versatile raw materials. When pure platform chemicals are available
chemists can rebuild the complete value chain.”
“Sugar and lignin platform both depend on cost, energy and resource efficient
fractionation. Current technologies require considerable amount of energy and water,
research towards process intensification (high dry matter) is paramount for production.”
“Please do not forget or underestimate the need for better water treatment systems.
Integrated separation systems during conversions can reduce the huge amount of
wastewater treatment as well. Besides the three main streams other extractants are
available and can be used or can be seen as contaminants. So, pay attention to this as
well.”
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Another challenge is to understand the economic logic of the new production. The following
quotes addressed the notion of large scale biorefineries that was used in the evaluation
questionnaire. They all seem to highlight that instead of large scale one should search for the
optimum scale of biorefineries.
“Why is the focus on large scale centralized biorefineries? To avoid those dinosaurs, how
about decentralized biorefineries where biomass is available?”
“Large scale biorefineries are not important, more important: specialized small
biorefineries for special biomass fractions, and their improvement.”
“The ‘Building large scale forest-based biorefineries’ issue might need some further
clarification: Scaling up is done to improve the cost structure of the production. However,
if the sugar conversion shall be carried out by applying mainly biotechnological
conversion the strategic intention of scaling up might fail. The reason for this is that the
cost degression factor of scaling up a biotech process chain is significantly different to the
cost degression factor of scaling a chemical process chain. This difference is caused by
the impact of the downstream processes in biotech process chains. Biotech conversions
have to be operated at (highly) diluted solutions. So the downstream utilities have to
process huge volumes of low concentrated solutions. Their scale up maximum is reached
earlier than in petrochemical processes and additional utilities (investments) are needed
at a lower scale of the conversion step.”
The challenge of contradicting goals has an effect on research and development activities, too.
To find optimal solutions, one needs a wide and systemic view and sometimes one cannot
avoid the need for prioritisation of goals. The following two quotes discuss the position of lignin
in the R&D and future production processes and open an interesting prioritisation dilemma for
technological development:
“The current understanding of technical lignin is based on the R&D carried out for
improving the pulping processes. But new utilisation routes of lignin require new types of
information. Critical quality parameters that could be highly relevant for new process
steps have to be identified and controlled to obtain economically successful value
chains.”
“A basic question might be how the lignin shall be obtained – as a by-product from wood
pulping or with a so called ‘lignin-first-approach’? If the value chain shall start with wood
pulping the pulping companies will have to make some decisions how far they want to go.
Not only in terms of the business model (chemical industry) but also in technological
terms. Application and integration of favourable high pressure technologies is not
popular. In the lignin first approach, the main goals are high yields of well-defined
aromatic compounds. The properties of fibres and sugars have second priority.
Knowledge on the properties and applicability of these [fibre] ‘by products’ is still missing.”

The evaluation results presented in this chapter are used in the next, concluding chapter to
generate the technology roadmap for the future biorefinery concepts. It is important to note,
that the evaluation result is qualitative, in spite of the quantitative data analysis approach. The
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qualitative nature of the evaluation manifests itself in the following aspects. First of all, the
number of respondents is relatively low, so there is no statistical representativeness in the
results. Secondly, the data collection method provided lots of room for interpretation both in
responding and coding of the data. Thirdly, there was no procedure for missing data points.
This means that there can be different number of evaluations for different issues, if a
respondent did not evaluate all the issues.
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5. Technology roadmap for the emerging concepts
In the previous chapters, we have discussed three separate technology concepts: sugar, fibre
and lignin platforms. This final chapter focusses on an integrative approach using technology
roadmap as a framework. Roadmaps can take many forms, but generally comprise multilayered time-based charts. The roadmap layers can be tailored to fit the particular context.
Generally, the roadmap layers align markets or environment (“know-why”/purpose) with
applications (“know-what”/delivery), and resources (“know-how”). These aspects are projected
on a temporal dimension (horizontal axis, “know-when”). The ERIFORE roadmap (see Figure
29) utilizes analyses carried out during the ERIFORE project. The landscape layer is based on
trend analysis carried out in WP2-4, especially Deliverable 3.3. The product and technology
layers are based on literature reviews (Chapter 3) and evaluation data collected during Task
5.2. (Chapter 4).

SHORT TERM

LONG TERM
Goal-oriented and integrated regulation
on bioeconomy,
transition management approach

Complex and evolving regulatory
framework on bioeconomy

Political

Public procurement supporting innovation and industrial renewal

EU legislation on cascading use of forest biomass

Green thinking

Socio-economic

Environmental &
Techological

Low oil price does not create incentive to
invest on alternative processes

Increasing oil price and instable market
make alternatives more attractive

Low level of risk finance restricts biorefinery
investments and process development

Finding an optimum scale for unit capital
costs and feedstock costs

Rising awareness of the severe consequences from littering of plastics
increases demand for bio-based biodegradable and recylable materials
Clustering and integration of technologies

Utilizaton of waste streams

Zero-waste goal

Figure 28. Landscape trends for the development of forest-based biorefineries.

Figure 28 shows a summary of the landscape trends that were found important drivers or
barriers for the development of secondary processing90. Many countries have defined national
bioeconomy strategies. Political motivation for promoting bioeconomy development varies
according to country’s resources, specialisation and economic conditions. There is no common
definition or interpretation on the concept of bioeconomy, and no common regulative
framework either. As transition to more sustainable production and consumption systems
would require comprehensive and systemic changes, policymaking should adopt more goaloriented transition management approach in a long run. One practical tool to promote the
90

ERIFORE Deliverable 3.3 Report on the main R&D needs, drivers and trends in secondary processing,
30.9.2016.
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transition would be to utilize public procurement for more innovative solutions. The EU
legislation on cascading use of wood raw-materials is one example of a bioeconomy related
topic that has been on the political agenda for several years, but remained still as an open
question. Therefore, there are different understandings on the concept, and it remains still
uncertain, how it will eventually affect forest-based bioeconomy development. However, it is
expected that the main drivers for the implementation of cascading use of wood will rather be
economic and commercial, supported by public opinion, than regulative.
A general tendency towards sustainability and green thinking can be seen as a driver also for
forest-based bioeconomy. Green thinking needs to be understood as a wider societal
movement affecting agriculture, industries and trading, not only as more aware consumer
preferences or lifestyle choices. Therefore, environmental protection, corporate social
responsibility or climate policies can be included in green thinking. The role of increased green
thinking is that it creates an appropriate atmosphere for bioeconomy development. It cannot be
taken as a very strong driver as such, because there is a phenomenon called “attitudebehaviour-inconsistency”, which means that attitude and opinions do not necessarily lead to
congruent behaviour.
From the economic point of view, there are two important factors that affect the development of
forest-based bioeconomy: oil price and the availability of investment funding. At the moment,
these both factors can be seen as barriers for the change, due to low oil price and low level of
risk investments on new technologies. In the long run, these factors should turn to drivers so
that increasing oil price and instability of the oil market would make alternatives to fossil-based
materials more attractive. Also, the development of biorefinery concepts should concentrate on
finding optimal scale for production to promote investments and reducing investment risks.
Littering of plastics has become one of the most severe environmental problems. Eventually,
littered plastic end up in the oceans and breaks down into microscopic pieces, which are
ingested by sea life and transferred in food chains from prey to predator carrying chemical
pollutants. Bio-based, biodegradable and recyclable materials might be a more sustainable
option for non-degradable plastics, and therefore increasing awareness of the littering problem
might be a driver for change. Environmental concerns and zero-waste approach are also
drivers for technological development. Especially, integration of technologies, closing material
loops and tendencies for developing waste streams technologies aim to decrease the
environmental effects of production.
The landscape trends discussed above are the context for the development of biorefinery
concepts. Figure 29 shows a summary roadmap of the ERIFORE task 5.2. In the landscape
level, we want to highlight the importance of target oriented and coherent transition policy
supporting circular bioeconomy. This kind of policy requires also global cooperation in
definition of sustainability goals. In recent developments, the increasing protectionism and
short-sightedness creates a serious threat for this requirement. In relation to consumption
patterns, it can be anticipated that demand for traditional fibre-based products, such as
hygiene and packaging products increases globally in the medium term, due to increasing
standards of living. In the long term, however, the environmental concerns and limits of growth
may restrict consumption, and changes towards more sustainable products and consumption
patterns become inevitable. The transition towards more sustainable ways of action calls for
changes in behaviour and business operations. In other words, green thinking needs to
transform into responsible actions on all levels of society. Another change that affects business
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operations is digitalisation, which causes interruptions of market logic for forest-based
industries in the long run.
The middle layer in our roadmap describes the industrial transition from today’s single line
operation model towards industrial symbiosis of production ecosystems in the future
bioeconomy. The first step on this path is to develop biorefineries towards multipurpose
operation mode. This refers to a model where a leading/central production unit, such as pulp
mill or sawmill, cooperates with downstream value chain actors who refine its side streams into
bioproducts. In the long run, these multipurpose production units develop into production
ecosystems, where different actors contribute to the operation of the system and benefit from
its success.

Figure 29. Integrated roadmap

To enable the depicted industrial renewal and biorefinery concept development, there are
various research and development needs that need to be solved. In the following, they are
projected along the time line from short to medium and long term.
Short term development needs:
 Fractionation technologies are the key for the operation of biorefineries so that
valuable components can be separated from the side streams. Another challenge is to
increase the purity of various components in the separation.
 Future biorefineries need demand for their products. Therefore, R&D activities need to
be directed towards the development of novel value added products.
 Waste and side stream recovery is an important development need from the
perspective of circular processes.
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Development of gasification and pyrolysis process economics and enhanced product
properties.

Medium term development needs:
 As the production model changes towards multipurpose model, process integration and
intensification becomes more important development need in order to guarantee the
economic feasibility of production. Intensification diminishes the production steps and
aims at most effective solutions.
 At this stage, it becomes also evident that forest and chemical industries need to find
common operational models for the new bio-based business.
 Novel converting technologies for wood-based materials (e.g. cellulose-based textile
fibres, biocomposites, thermoformable fibres or fibre foam webs) to be able to substitute
fossil-based materials even in niche markets.
 Development of industrially feasible and effective production processes for new
cellulose or lignin-based materials and chemicals, e.g. high solid content processes.
 For the biotechnological route to bioproducts, the development of robust strains capable
to utilise less pure sugars (e.g. C5/C6 mixtures) at the industrial scale is essential.
Long term development needs:
 Integrated thermochemical processes with chemical production, e.g. up-grading
pyrolysis products to meet requirements of refinery cracker feedstock.
 Symbiosis of biomaterials and bioenergy to find an appropriate balance and to cover all
arising needs when substituting fossil-based products.
 Carbon dioxide capture and use to support climate change mitigation and enable
feasible utilisation of CO2 as a raw material for chemicals and materials.
The summary roadmap (Figure 29) should be understood, as the road map metaphor
suggests, a general description of possible future development. The presented biorefinery
concept development stages are a kind of conceptual model of possible change. As was
discussed in chapter 2, local conditions and national agendas may result in a complete
different outcome in bioeconomy development in different regions. The roadmap identifies also
critical development needs, which are projected on a time line. This information gives us
knowledge about how the critical issues evolve over time and what technology related
challenges need to be solved and in what order. However, it is important to understand that the
roadmap does not give definite directions or answers about future, but it provides information
for decision making. As a road map, a network of roads printed on paper, does not tell where
the driver needs to drive, but gives information on how driver can reach the destination he or
she wants to reach, it is also necessary to separate foresight outcomes and decision making
from each other. The systematic analysis done during the foresight exercise serves strategy
making by providing extensive and thorough analysis, but strategic decisions need to be done
separately. In the context of ERIFORE, the outcomes of the foresight exercise carried out in
Task 5.2 will be used in the later phases of the project. The results will be combined with other
analyses of WP5 to develop an initial development plan in task 5.5. The initial development
plan, in turn, scopes the work in WP 6, which develops business and governance plans for the
future research and development infrastructure.
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