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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.

Scoping

p

Evaluation

Roadmap
drafting

Approval &
Dissemination

¢ Brainstorming
= What is relevant?

¢ Information
gathering

- Literature study

- Trend workshop

(Bordeaux, June 2016)

* Initial analysis

- Background info for
evaluation (initial
technology concepts)

Evaluation
workshop (Leuna
September 2016)

Further analysis of
the technology
concepts

Expert evaluation
(survey December
2016)

Analysis of the
survey results

Draft version of
the Roadmap

Draft version of
the Deliverable

Internal approval
(MC)

Final version of
the Deliverable

Dissemination &
use of the results
in next phases of
the project

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).
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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 multi-
organisational 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.! 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.

! Phaal, R., Farrukh, C.J.P. & Probert, D.R. (2004) Technology roadmappingd A planning framework
for evolution and revolution. Technological Forecasting & Social Change, vol. 71, pp. 57 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:

1 What will be the future products?

1 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?

1 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 biochemicals®. 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 markets®. 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 a100% bio-b ased packaging that <asedsnot
barriers or other components.

A common approach in many analyses of future bioeconomy markets is to focus only on wood-
based 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 1 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

BIOCHEMICALS

Sugar platform

A Specialty sugars
A Polymers

ABiofuels
AFuel additives

Solvents
Surfactants
Flavours
Fragrances
Pharmaceutics

To T I Do Do

Fibre platform -
Packaging

FOOD SERVICE PACKAGING

A Cups and lids for cold and
hot drinks

A Moulded paper plates

A Fast food and pizza
packaging

A Food wrapping papers

FOOD PACKAGING

A Ovenable, press-formed

trays

Bio-based multilayer

pouches

Liguid packaging

(B2B) corrugated boxes and

cartons

Bag-in-box solutions

I S

Fibre platform -
Textiles

TEXTILES: APPAREL

A Clothes

A Sports wear

A Professional work-wear

CONSUMER HOME TEXTILES

A Furniture upholstery

A Curtains, bed linen etc.

A Wall panels for improved
acoustics

TECHNICAL TEXTILES

A Filters

A Geotextiles

A Belts, ropes

A Textiles for medical care

Lignin platform

FUELS AND ADDITIVES
AEnergy generation
ABio BTX
ABio oil

BIOPOLYMERS &
BIOPLASTICS
A Thermoset polymers
A Thermoplastic polymers
A Lignin grafted polymers
A Lignin polymer blends
LIGNIN-BASED COMPOSITES
A Structural composites,
Panels, Fibre reinforced
plastics, Paints, Textiles

PLATFORM CHEMICALS
A 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
price®. 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 bio-
based 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 price*. 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 studies”. 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 intoe ach ot her 6s

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 i or may noti enter to the regime level, which is the status
guo 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

* 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

® 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
withsever al technol ogical options. This creates
technologies are contesting each other, and eventually foll owed by
when the technological options are narrowed down again, and the regime settles to a new
dynamically stable configuration.®

The multi-level perspective has been criticised’on being utilised only a
that can be used to organise sets of data about long term, complex and comparative
technol ogi cal theuagoktthetdavice inethe empiri@lradalyses 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 multi-
level 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) scale®. 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
Organi sations (EARTO). EARTOO6s report iFisstyj cat
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 non-
technological 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.

® Geels, F. W. (2005) Processes and patterns in transition ans system innovations: Refining the co-evolutionary
multi-level perspective.
" Genus, A., Coles, A-M. (2008) Rethinking the multi-level perspective of technological transitions. Research
Policy 37, p.14361 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 | Policy Tool -

EARTO_ Recommendations - Final.pdf [ref. 5 January 2017]

10


http://www.earto.eu/fileadmin/content/03_Publications/The_TRL_Scale_as_a_R_I_Policy_Tool_-_EARTO_Recommendations_-_Final.pdf
http://www.earto.eu/fileadmin/content/03_Publications/The_TRL_Scale_as_a_R_I_Policy_Tool_-_EARTO_Recommendations_-_Final.pdf

ERIFORE

Horizon 2020 ref. 654371 D5.2 List of significant emerging concepts Issue 1.0
and evaluation of infrastructure capabilities 28/02/2017
to meet forthcoming plans

INNOVATION CHAIN & TECHNOLOGY READINESS LEVELS

PROTOTYPING
INVENTION V;Sglc\l'i’rgN AND
INCUBATION

INITIAL
MARKET
PROCUCTION AND > MARKET > EXPANSION

proof of concept

Technology
validated in
a |laboratory

DEMONSTRATION INTRODUCTION
o = A Y AN A LY A Y Vi L il N \ A Ay P A
1 ] [ n 1 1 1 1 1 1 1 1
! TR |} TRz || TR3 |} TRLA | | TRIS | TRL6 i | TRI8 | | TRL9 |
1 1] 1] 1y 1 1 1 1 1 1 1 1
\./._-'\-_/._-’ A —y \.7.--' _./.-_ —r—— | ——— \_./.--’
; Technolo Technolo / .
Basic Technology ' %y Iy System Production and
incipl t validated in demonstrated Yy
phneipies  ronoep relevant in relevant completed and product fully
observed formulated A - ualified operational and
. environment environment q "
Experimental competitive

System prototype
demonstrated in
an operational
environment
(low-scale pilot
production)

Figure 3. Innovation chain and Technology Readiness levels (TRL1-9), modified from®

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 multi-

level perspective, but here we limit the evaluation to two industries, the forest industry and the

chemical industry, and discuss the aspects that may affectthec o mpani e s 6

develop and adopt biorefinery technologies.

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

business.

readi

STRENGTHS

CHALLENGES

1 Good knowledge on raw material acquisition
and logistics

1 The need for change identified due to
saturated markets

9 Biofuels will fit well with current core business
and organisational culture.

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 | Policy Tool -

EARTO Recommendations - Final.pdf [ref. 5 January 2017]
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Nayha and Pesonen studied Scandinavian and North American (mainly Finnish and U.S.)
forest companiesd potential for strafmgeicc cha
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. Rajagobal®! 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 industryods r e ad-lbasedgraducton. mak e

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 Netherlands'?. 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 Néayha A., Pesonen H-L. (2014) Strategic change in the forest industry towards the biorefining business.
Technological Forecasting & Social Change 81, p. 259-271.
1 Rajagopal, R. (2014) Sustainable Value Creation in the Fine and Speciality Chemicals Industry

Bosman, R., Rotmans, J. (2016) Transition governance towards a bioeconomy: A comparison of Finland and
The Netherlands. Sustainability, 8, 20 p.
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Table 3. Comparison of Dutch Bio-based Economy and Finnish Bioeconomy transitions.

Dutch Bio-based Economy

Finnish Bioeconomy

Transition Fossil to bio-based Bulk to specialty
Drivers Chemistry sector / government Bioeconomy and innovation in genes
Urgency Rather high Average
Phase 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
Governance Transition governance Traditional top-down
Scale Regional National
Approach Conceptual, network-based Practical, sector-based
Focus Radical innovation Incremental innovation

Government role

Facilitator

Director

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

PERSPECTIVES

WHAT? 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 i where biocatalysis and fermentation are applied in an industrial

setting I many robust microorganisms have been created that generate speciality

(nutraceuticals, pharmaceuticals, flavours and fragrances) and platform (biofuels, organic acids
and alcohols, monomers, detergents, olefins,
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.
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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 i 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 report**, 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.

'3 E4tech, Re-CORD, Wageningen UR (2015). From the Sugar Platform to biofuels and biochemicals: Final report
I?r the European Commission, contract No. ENER/C2/423-2012/S12.673791.
Ibid.
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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.

TRL 1-3 4 5 6 7 8 9 1-3 4 5 6 7 8 9
Research Pilot Demonstration Commercial Research Pilot Demonstration Commercial
3-HPA \ | LCethanol Ethanol
Acrylic acid Succinic acid Lactic acid Lactic acid
I | Succinic acid
BDO via succinic acid BDO direct Acetic acid _
[ I [ BDO direct
Lc butanu! n-butanol : ABE Butanol

Iso-butene Iso-butanal Acetone

Specialty sugars

Isoprene Farnesene | PDO

) 5-HMF
p-xylene ‘ Sorbitol
[ FDCA Xylitol
FDCA Xylitol
. ‘ I i Furfural
 S-HMF ‘ Levulinic acid Furfural [
Adipic acid ‘ Itaconic acid Others
Ethylene
PHAs Ethylene glycol
[ Key biological chemical - Intracellular
Algal lipids
a) b)

Figure 5. Commercialization status of a) 25 selected sugar platform products15 and of b) wood-based
sugar platform products.

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

1o (slightly modified according to E4tech, Re-CORD, Wageni ngen UR, O6From the Su
biochemicals: Final report for the European Commission, contract No. ENER/C2/423-2 012/ S1 2. 6 73791
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Table 5, it is very clear that there are only few compared to the ones based on 1 generation
sugars.
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Table 5 List of exemplary initiatives and projects in the field of the wood-based sugar platform.

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
1,4- BIO-QED (EU FP7) Glucose from fermentation pilot/demo
butanediol http://bio-ged.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
Furfural KomBiChem"™ (German Hemicelluloses hydrothermal pilot
national funding) from Organosolv treatment (further
fractionation of to furfuryl
beech wood alcohol, THF)
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-ged.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
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 KomBiChem"" (German Hemicelluloses fermentation pilot

national funding)

from Organosolv
fractionation of
beech wood
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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.

1% 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 chemicals'®. 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 reform*’. However, a
major disadvantage of the 1% 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 2" generation products by establishing value chains based on readily
available cheap 1% G glucose.

2"% 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 (80-100G/ t on) compared to agr70c ud/ftGoommyhis si de
perspective, underexploited forest biomass (residues from forestry exploitation or forest-based
industry) should be addressed as itis cheaper (60-8 0 G/ t on) and has a gr
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 wood-

1% 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/S12.673791.

" BMEL (2016). EU-Marktregelungen - Die EU-Zuckermarktregelungen.

'® Simon Kiihner (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.

3" 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 starch'®. 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,
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
fermentation®.

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

19Br§nyikov§, ., Mar g8l kovsg, B., Doucha, J., Br 8§nyi k,
Microalgaed novel highly efficient starch producers. Biotechnol. Bioeng. 108, 7661 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 pulp-
based 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, €é) and certain bulk chemicals (an
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:
1 Will create energy and chemicals independence of the EU.
1 Will aid in the reindustrialization of Europe by installing large biorefineries
1 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, cost-
competitive sugar streams.
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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 | Market estimations
1,4-Butanediol (BDO) | 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. **

n-Butanol Significant growth is also foreseen for the bio-butanol market due to the
general increasing need for bio-based chemicals®.
Acetone 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 price?.

5-HMF 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.
2,5-Furandicarboxylic | The market for FDCA is foreseen to grow due to its great potential as a
acid (FDCA) 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 2020*.

Itaconic acid 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 paints®.

’Grand View Res®Barnramgedlimé, Mat k&t Size To Reacht$6. 95 E
Summary, (2016), https://www.grandviewresearch.com/press-release/global-1-4-butanediol-market.

?Grand View Res@®atamoll Mar k&Bi &i ze To Reach $17.78 Bil
Summary, (2015), https://www.grandviewresearch.com/press-release/global-bio-butanol-market
#®Grand View Research, Inc., 6Acetone Market Anal
Competitive Strategies And Forecasts, 2014 To 20
http://www.grandviewresearch.com/industry-analysis/acetone-market

“Grand View Research, Inc, 6Global FDCA (Furandicarbox
Polyamides, Polycarbonates, Plasticizers, Polyester Polyols) Expected to Reach USD 498.2 Milli on by 2020
Public Report Summary, (2015), https://www.grandviewresearch.com/press-release/global-fdca-market.

®Grand View Resear cBased ltaconic Acid Mafkete Warld BioBBiased Itaconic Acid Market

Size, Trends, Analysis And SegmentFor ecasts To 20226, Public Report Sumn
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 20207

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 sugar-
based 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.

®Fl orence Aeschel mann aBnads eMi cBhuai el IdiChagr uBsl,0 cokBsi oand Pol y me
version (nova-Institute, November 2015), www.bio-based.eu/markets.
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WHEN?

Technology The technological readiness for conversion of pure sugar streams as
readiness 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 Strategic readiness for a forest-based sugar platform is high in countries
readiness 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 1% Generation sugars may increase the strategic readiness for
2" 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 biorefinery®’.

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, | i g n ifrom w®qdy biomass derived commaodities. 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.

?" |bid.
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The main

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.

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.

non-technological barriers to allow implementation of a sugar platform are:

. Securing forest-based feedstock supply to avoid seasonal variations and the

associated logistics.

Forest derived commaodities (wood chips, pellets, pulp etc.) should be transformed
into new 2G commodities to unlock the potential of a sugar platform.

The increasing development of industrial strains and enzymes i and resulting
bioprocesses i creates the need for more validation on a pilot-scale to generate
data and to catalyse industrialization and commercialization of these technologies.
Pilot facilities should be further supported, and made more accessible to SMESs,
institutes, and universities. This should also include bilateral cooperation.

Large investments needed for installing biorefineries and sugar-based conversion
plants that will accelerate the reindustrialization of Europe.

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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3.2Fibre-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 Poyry®®?°. In addition,
Patari et al.*° have recently analysed global sustainability megaforces and their potential
impacts on the future of the European pulp and paper industry.
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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 Poyry, World Fibre Outlook, 2012.

29 Poyry, World Paper Markets up to 2030, 2014.

% 3. patari, 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, 38i 46.
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into a yarn the is used to form a fabric by for example weaving.*! 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 Textiles

Short fibre Long fibre

Simple structure Complex structure
Smooth surface Textured surface
Dense Bulky

Inextensible Some extensibility
Able to hold sharp folds Non-creasing

Stiff, little drape Flexible, drapes easily
Relatively non-porous Porous

Low wet strength Wet strength essential
Low tear strength High tear strength
High production rate Low production rate
Less expensive 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 19™ century, the viscose process for generation of man-made
cellulosic fibres was invented and in the mid-20™ 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

8 Roadmap 2015-2025 1 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
¥ 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 pulp®****. 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). Péyry*® 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 market®. 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
3.2.2- 3.2.3, together with identified research and development needs.

% 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, 5553- 5564

%Y. Liu, L. Shi, D. Cheng and Z. He, Dissolving pulp market and technologies: Chinese prospective - a mini-
review. BioResources 11, 2016, 7902- 7916.

®5The Fiber Year 201306, cited in RISE Roadmap
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Table 9. Major product areas of paper and paperboard?.

GRAPHIC PAPERS

Newsprint

Standard and special newsprint grades, such as
lightweight newsprint, rotonews, tinted news,
improved news and recycled newsprint.

Uncoated mechanical paper
SC paper and other uncoated mechanical papers,

such as MF magazine papers, directory papers
and bulky book paper

Coated mechanical paper

LWC, MWC/HWC, slightly coated mechanical and
coated mechanical specialties, wood-containing
Bitokoshi grades.

Uncoated woodfree paper

Standard uncoated woodfree (offset printing paper,
copy paper, business forms, educational paper,
white envelope paper, etc.), lightweight uncoated
woodfree papers, uncoated woodfree specialties,
uncoated woodfree board and carbonless copy
base

Coated woodfree paper

One-side and two-side coated woodfree papers;
standard coated woodfree, thin coated woodfrees,
cast-coated woodfree, coated woodfree board,
coated woodfree specialties and carbonless copy
paper.

TISSUE PAPER

Household and sanitary papers used for toilet
paper, facial paper, kitchen towels, serviettes and
napkins.

PACKAGING PAPER AND PAPERBOARD

Sack paper

Kraft and imitation kraft papers used for paper
sack manufacturing, including bleached and
unbleached grades

Containerboard

Kraftliner, recycled linerboards (testliner),
fluting/corrugating medium (NSSC fluting and
recycled corrugating medium) used for corrugated
board packaging. Linerboards can be unbleached,
white surface or bleached liners.

Cartonboard

Solid bleached sulphate (SBS), bristols, folding
boxboard (FBB), white-lined chipboard (WLC),
coated unbleached kraftboard (CUK), liquid
packaging board (LPB), cup stock etc. food service
boards, recycled solid board and grey chipboard.

Other paper and paperboard

All other paper and paperboard grades, such as
kraft/bag papers, MG and MF kraft paper,
wrapping tissue, special industrial and packaging
papers (release papers, laminating and metalized
base papers, overlays, etc), technical special
papers, cigarette paper, electrical paper, core
board, construction paper and board and other
miscellaneous paper and board.
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Figure 7. Share of different products from dissolving pulp globally (left) and in China (right)34.
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Figure 8. Technical textile applications®
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 non-

% http://www.tikp.co.uk/knowledge/market-sectors

30



ERIFORE

Horizon 2020 ref. 654371 D5.2 List of significant emerging concepts Issue 1.0
and evaluation of infrastructure capabilities 28/02/2017
to meet forthcoming plans

wood raw materials. The CIMV process is how approaching the demonstration phase. As an
example of other promising organosolv processes under development, the valerolactone-
based process by Aalto University can be mentioned*’.

Muurinen® has provided an excellent review of organosolv process literature published before
2000. Organosolv-type systems, under optimised conditions, have also been identified as
promei)g,ing pre-treatment methods for different lignocellulosic materials, as reviewed by Zhang
et al.”.

More recent approaches for the fractionation and processing of wood include the use of ionic
liquids*>** and deep eutectic solvents*. 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.** 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 (2015- 2018)
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 Hart** 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 CEPI* wishes to illustrate (Figure 9).

% H.Q. L&, Y. Ma, M. Borregaand H. Sixta, Wood bi or ef i n-walesolachoaesveatér fractionation.
Green Chem. 18, 2016, 54661 5476.

% E. Muurinen, Organosolv pulping. A review and distillation study related to peroxyacid pulping. Ph.D. Thesis,
University of Oulu, 2000.

¥z Zhang, M.D. Harrison, D.W. Rackemann, W.O.S . Doherty anQ@rgahosoM pretr@ainttat of plant
biomass for enhanced enzymatic saccharification. Green Chem. 18, 2016, 3607 381.

' 3.1. Abu-Eishash, Utilization of ionic liquids in wood and wood-related applications 8 a review. Chapter 16 in:
lonic liquids - current state of the art (Ed. S. Handy), INTECH, 2015, p. 419- 460.

"R, Bogel-Lukasik (Ed.), lonic liquids in the biorefinery concept: challenges and perspectives. RSC Green
Chemistry, 2016, 297 p.

*2 K. De Oliveira Vigier, G. Chatel and F. Jérdme, Contribution of deep eutectic solvents for biomass processing:
ospportunities, challenges, and limitations. ChemCatChem 7, 2015, 1250i 1260.

S AM. Stepan, A. Monshizadeh, M. Hummel, A. Roselli abd H. Sixta, Cellulose fractionation with IONCELL-P.
Carbohydr. Polym. 150, 2016, 99i 106.

* AW. Rudie and P.W. Hart, Ca't a | ysis 1T a potent i allappil. 13102044, 13v20. t o

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
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 applications*®*’.

Food and food service packaging

Different figures have recently been published for the values of the global packaging market.
For example, EYGM Limited*® has given the figure of USD 400 billion for 2012 and
ALL4PACK?*® 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 31- 34% (in value).

% 0.J. Rojas (Ed.), Cellulose chemistry and properties: fibers, nanocelluloses and advanced materials. Adv.
Polym. Sci. 271, Springer, 2016, 333 p.

*"'H. Qi, Novel functional materials based on cellulose. Springer, 2017, 87 p.

*® 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®.
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 bio-
based 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 materials®. Several bio-based polymers (such as PE and PET) have

already entered the market in low volumes; sometimes used together with the petroleum-

based 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 Cazén et al. summarise in their recent review®? of the topic, At heeanth ar r i
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 otherbi opol ymer so. Tt
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 uses®****°. 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 carbon-
fluorine 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

Pk, Verghese, H. Lewis and L. Fitzpatrick (Eds.), Packaging for Sustainability, Springer, 2015, 384 p

*1 Smithers Pira 2013. The future of bioplastics for packaging to 2023, 2013, 132 p

2 p._Cazén, G. Velazquez, J.A. Ramirez and M. Vazquez, Polysaccharide-based films and coatings for food
Eackaging: A review. Food Hydrocoll. 2017, in press, 13 p.

% 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, 1108i 1120.

* 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, 1727 179.

° 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 paper-
packaging exhibit endocrinerelated activity in vitro. Andrology, 4, 2016, 6621 672.
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fibre-based bottles. This moment, for example, Carlsberg is developing fibre bottles for beer,
together with ecoXpac and BillerudKorsnas.

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 i in the form of tiny bubbles T 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 VTT>%*",

Nanocelluloses

The current status of the nanocellulose research and commercialisation has been thoroughly
reviewed and analysed in several recent review papers>®*° 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 electronics®®®*, papermaking®, polymer composites®, packaging
films®, food packaging®®, biomedical applications®, spun continuous fibres®’, and catalysis®®,
just to mention a few only. Comprehensive market data is also available in different
commercial reports®.

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, 19- 22 April 2015, Atlanta, United
States, Proceedings. TAPPI Press. Vol. 2, 2015, 1425- 1435.

57 http://www.vttresearch.com/services/bioeconomy/light-weight-bio-based-structures/novel-web-production-

concepts/foam-forming-platform.

8 R.J. Moon, G.T. Schueneman and J.Simonsen, Overview of cellulose nanomaterials, their capabilities and
agpplications. JOM 68, 2016, 2383- 2394.

*0. Nechyporchuk, M.N. Belgacem and J. Bras, Production of cellulose nanofibrils: A review of recent advances.
Ind. Crops Prod. 93, 2016, 2- 25.

OF, Hoeng, A. Denneulina and J. Bras, Use of nanocellulose in printed electronics: a review. Nanoscale 8, 2016,
131317 13154.

®1 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, 297- 312.

%2 3. Boufi, I. Gonzalez, M. Delgado-Aguilar, Q. Tarrés, M.A. Pélach and P. Mutjé, Nanofibrillated cellulose as an
additive in papermaking process: A review. Carbohydr. Polym. 154, 2016, 1517 166.

B 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).

% N.M. Stark, Opportunities for cellulose nanomaterials in packaging films: a review and future trends. J. Renew.
Mater. 4, 2016, 313- 326.

% H.M.C. Azeredo, M.F. Rosa and L.H.C. Mattoso, Nanocellulose in bio-based food packaging applications. Ind.
Crops Prod. 97, 2017, 6641 671.

% 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,
155- 169.

®7 C. Clemons, Nanocellulose in spun continuous fibers: a review and future outlook. J. Renew. Mater. 4, 2016,
327-339

% M. Kaushik and A. Moores, Review: nanocelluloses as versatile supports for metal nanoparticles and their
agpplications in catalysis. Green Chem. 18, 2016, 6221 637.

% Future Markets, The Global Market for Nanocellulose, 2016.
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