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Executive Summary

Industrial Biotechnology (IB) is a key enabling technology (KET). It facilitates new prod-
ucts and processes and poses disruptive qualities to markets, due to numerous techno-
logical and economic advantages. Among them are superior quality, novel functions,
higher resource-efficient and climate-friendly production processes, substitution of harm-
ful by benign substances, and using renewable, non-fossil raw materials. Hence, IB has
high innovation potential to contribute highly to quality of life via new or more sustainable
products and services, to foster the rejuvenation of industry, to the transition to a bioe-
conomy and a circular economy, and to tackle environmental and climate challenges.

The project HNRKRIESHE RARIRSSING Opportunities and Gaps of Indus-
trial Biotechnology for an Efficient Use of Funding Resources, funded under the Horizon
2020-LEIT Work Programme of the European Commission, had the objective to support
and accelerate the deployment of Industrial Biotechnology (IB) in the EU by identifying
high-value opportunities for IB and to propose actions how to address them successfully.

In order to maintain a strong and leading position of the EU in Industrial Biotechnology
and to realize its socio-economic potential, a broad portfolio of IB technologies, products,
processes and applications should be supported by a comprehensive and coherent pol-
icy framework and a set of well-balanced, targeted policy actions. R&D&I policy and cor-
responding actions are an integral part of this framework. In PROGRESS a broad set of
recommendations and related actions has been identified. The priority fields of action i
based on the whole project analysis as well as key discussions inthe Final Conference
i can be summarized as follows:

1 Secure strong science and technology base by continuing R&D&I support for
a broad set of IB innovations on all TRL stages. Here, integration with other tech-
nologies is of key importance (e.g. "green chemistry”, digital technologies and
bioinformatics). Moreover, demand- and market driven R&D&I, also for applica-
tion in not yet addressed industrial sectors and applications, should be fostered.

1 Fosterthe economic viability and impact of IB. Specific focus of actions have
to address present bottlenecks in scale-up of processes, relevant workforce skills
shortages (e.g. experts for scale up, market intelligence, etc.) as well as imple-
menting comprehensive and coherent demand-side policies (e.g. public procure-
ment of products with a superior environmental profile, standards and labels,
mandates or bans of certain chemical/fossil-based products).

I Address public perception and consumers by supporting dialogues, target-
group specific communication of benefits and adapting the regulatory framework
in various value chains: Regulations have to be considered as instruments for



establishing trust and credibility in IB by balancing incentives for R&D&I and in-
dustry with - potentially differing - interests of the public and consumers.
Increase impact on sustainability by ensuring sustainable feedstock supply,
preferably from non-food biomass, integration of IB into circular economy con-
cepts and setting IB standards for sustainability assessment and certification
schemes.

Support stronger network and development across EU countries by inte-
grating actors from EU countries with presently low activities into existing IB net-
works and value chains. This would include supporting their competency and vis-
ibility as well as providing incentives for collaboration between countries at differ-
ent IB maturity stages.



1 Introduction

The CSAfi P R O GR E $Modties for Addressing Opportunities and Gaps of Industrial
Biotechnology for an Efficient Use of Funding Resources, a 15-month project (20161
2017) has the objective to support and accelerate the deployment of Industrial Biotech-
nology (IB) inthe EU by identifying high-value opportunities for IB and to propose actions
on how to address them successfully.

Therefore, a range of activities were carried out, with series of workshops, quantitative
and qualitative analyses on different aggregation levels (i.e. specific value chains, and
also IB in general), a Final Conference and other dissemination activities (e.g. various
presentations at OECD events). This reportl aims to present key results from the whole
CSA and covers the following issues:

1 Impact and Potential of IB in Europe (section 2)

1 Analysis of developments and drivers for IB, in particular assessment of current
status of IB and future scenarios for six selected value chains (section 3)

1 Role and potential of EU Member States in IB (section 4)

1 Recommendations (section 5)

These issues were in the focus of the Final Conference of the CSA on the 27th Septem-
ber 2017 in Brussels (see ANNEX Ill). Where appropriate, the feedback from the Final
Conference has been included in this report as well.

1 This report is complementary to the Brochure, which has been prepared before the Final Con-
ference. The Brochure contains short summarizations of the various topics of the
PROGRESS CSA and is more relying on the quantitative analysis from the European Man-
ufacturing Suney and the system dynamic modelling approach. As these analyses are nec-
essarily limited in coverage of value chains and geographical cowerage (only EU) they are
not included in this report.



N

2 Impact and Potential of Industrial Biotechnology in
Europe

Industrial biotechnology (IB) employs organisms or parts thereof such as tissues, cells,
cell extracts or isolated enzymes in order to develop/produce a wide range of products
or provide services. As Figure 1 shows, IB is applied in many different applications and
sectors.

Figure 1: Selection of current applications for Industrial Biotechnology

ood / Feed

Biotechnological production processes offer numerous technological and economic ad-
vantages compared to classical chemical synthesis, for example products of superior
quality or with novel functions, higher resource-efficient production processes and sub-
stitute environmentally harmful substances. Moreover, biotechnological production pro-
cessestypically use renewable, non-fossil raw materials. In addition, IB enables the elab-
oration of products that are biodegradable or amenable to be reused or recycled. There-
fore, IB products can contribute to repeated use and hence to circular economic con-
cepts. Hence, IB is a key source of innovation in the concept of the bioeconomy, the
gradual replacement of fossil resources by biological resources in order to contribute to
societal goals such as mitigating climate change, lowering resource use, increasing food
security, generating economic growth and securing jobs.

Source: Fraunhofer ISI



The low oll price leads to missing cost competitiveness of bio-based mass products, in
particular for drop-ins2. Hence, there is stronger industry focus on products with high
value added and novel functionalities. Moreover, the goal of pure substitution has lost in
importance, while the contribution of the bioeconomy to sustainability has become critical
and is the key for legitimacy of support. Technological challenges such as the use of
non-food feedstocks (e.g. lignocellulose, side-streams in industrial production or waste)
have become more urgent. Under these conditions the role of IB becomes even more
prominent due to its characteristics as a key enabling technology (KET), with a strong
potential to facilitate new products and processes and to disrupt existing markets. IB can
generate new growth, spur innovation, increase productivity, tackle environmental and
climate challenges, and give rise to new applications, which contribute to opening up
entirely new markets, or at least to shift product quality in existing markets to higher
levels (EC 2009). This potential is not only connected to the concept of the bioeconomy,
as IB also enables innovations that do not rely on biomass (e.g. use of CO: for industrial
purposes).

To realize the described potential, the EU has to aim for a strong position against global
competition. Currently, Europe has a rather strong technology base in IB and holds
around 23 % of triadic patents and ranks third behind North America and Asia (see Figure
2). Europe could at least maintain its share in recent times, while the US has been con-
stantly loosing share towards East Asia.

2 Drop-ins are bio-based products have the exact same chemical structure as the fossil-based
equivalent)



Figure 2: Share in IB patents for world regions (in %)
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It has to be remarked that this results for IB as a whole differs significantly between
specific segments, e.g. in the selected value chains in section 3 the EU share is consid-
erably higher than the overall one.

Information on commercialization of IB is still scattered, but there are strong indications
that it has a significant impact on the European economy. According to the KETs Obser-
vatory, IB-enabled employment in Europe has been growing significantly in the last ten
years and exceeded 200.000 jobs in 2013 (van de Velde et al. 2015). This time trend
analysis reflects nicely the steadily rising importance of IB for commercial production &
services; and shows the potential for significant increase in the future, as confirmed by
EuropaBio (2016).



Figure 3: IB employment in the EU-28
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3 Innovation and Commercialization in IB: State of
play and drivers for future development

3.1 Value Chain Analysis: Selection, Goals and Concept

The field of Industrial Biotechnology is highly heterogeneous, e.g. with respect to the
stage of maturity in innovation and commercialisation, the type of products or processes
and their respective uses and applications, the amount and type of biomass feedstock
needed and the level of competition with existing (fossil-based) products and processes.
Against this background, a value chain perspective was chosenin the PROGRESS pro-
ject. This perspective allows the differentiated, but integrated analysis of market needs,
innovation potentials and the identification of (missing) European competencies and con-
crete bottlenecks affecting innovation and commercialisation. Six value chains with a
high potential for innovation and for significant economic impact were selected which
represent the heterogeneity of IB.

The selected value chains are:
Lignocellulosic ethanol

Bio-based plastics

Production of biopharmaceuticals

1
1
1 Enzymes (with specific reference to laundry and dishwasher applications)
1
1 Biotechnologically produced flavours and fragrances

1

Microbiomes for food and healthy nutrition

For each value chain, the current status was characterized and several scenarios of
possible future developments of the respective value chain until 2025-2030 were elabo-
rated as part of dedicated workshops. On that basis value chain specific recommenda-
tions were drawn. Please note that the recommendations only capture those that cannot
be generalized for broader fields of IB, for which the recommendations are presented in
section 5. The value chain specific recommendations in this section mostly refer to spe-
cific R&D&I needs or regulations.

The analyses are structured in a similar manner for all value chains and contain the
following sections:

1  Description of the value chain (including actor groups, applications)
i Technology and Innovation Potential
1 Economic analysis, containing

0 patent analysis

0 market trends



0 actors and activities along the value chain
1 Framework conditions
1 Scenarios
1 Conclusion and value chain specific recommendations

3.2 Lignocellulosic ethanol
3.2.1 Description of the value chain

Bioethanol, and prospectively biobutanol, are biofuels based on biotechnological pro-
cesses to convert biomass. Until now, first generation bioethanol dominates, which is
derived from sugar or starch typically provided by food or feed feedstocks (e.g. sugar
beet, sugar cane, wheat, corn, grains, etc.). However, the demand for greater sustaina-
bility calls for new technological approaches and diversified biomass sources for the pro-
duction of biofuels. This particularly applies to biofuels produced from lignocellulosic or
cellulosic biomass, originating from non-food feedstock. Lignocellulosic biomass is an
abundantly available raw material, which includes agricultural residues (e. g. corn stover,
bagasse, straws, husks), forestry residues (e. g. leaves, sawdust, cutter shavings), ded-
icated energy crops (e. g. switch grass, alfalfa, various weeds), waste paper and other
organic residual materials.

Figure 4 illustrates various steps in the value chain of the lignocellulosic ethanol. It con-
sists of feedstock providers, ethanol producers, after which it is subdivided into commer-
cial blenders and distributors of bioethanol who distribute it to the end consumer on the
one hand, and processors of intermediates and building blocks, which are derived from
by-products, on the other. A critical component of the lignocellulosic ethanol value chain
are R&D&l activities of academia and private sector companies developing and providing
technological solutions for the pre-treatment of biomass and the subsequent conversion
processes, thus removing barriers for the adoption of the lignocellulosic ethanol technol-
ogy. Individual aspects of the value chain will be discussedin more detail in the following
sections.
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Figure 4: Value chain of lignocellulosic ethanol

Brand

Processors
owners

Feedstock provider
= Farmers

= Agri-Food companies

= Forest product industry

lignocellulosic biomass
g by-products End

> agiculure | L_________¥Podues ] Ellpels - Disibuier Consumers
> forestry
> Industrial/municip. waste

Ethanol producer intermediates/ building
blocks (for polymers)

DSP-
formulation

Ethanol-
OH

Pretreatment
- Substrate

Fermentation

Consumer
products

biofuel (blended)

= (selection feedstock)

R&D

= pretreatment
production org. optimization
= production process

= valorisation of by-products

3.2.2 Technology and innovation potential

There are various technological hurdles along the entire value chain for the production
of lignocellulosic ethanol. One of the major technological challenges represents the pro-
duction process of the second generation ethanol. Generally, there are two ways to pro-
duce biofuels from lignocellulosic biomass: biochemical and thermo-chemical. However,
the production costs of lignocellulosic ethanol based on the thermo-chemical pathway
are currently not competitive with first generation ethanol. Since this is a largely fully
developed technology, existing for a couple of decades, there is little room for cost re-
ductions through technological improvements and learning processes (Eggert et al.
2011). The bio-chemical pathway is therefore much promising in terms of technological
and cost reduction opportunities. Although this technology has meanwhile been proved
to be effective, it is still not fully developed. Hence, there are still considerable efficiency
improvement opportunities through technological learning and innovation activities.

Via the biochemical pathway, the lignocellulosic biomass is converted by means of hy-
drolysis and fermentation to ethanol. Prior to these main processes in the fermentation
pathway, the lignocellulosic biomass, which consists of three main components (cellu-
lose, hemicelluloses and lignin), must be pretreated.
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Pre-treatment is necessary to separate cellulose and hemicelluloses from lignin for their
subsequent conversion to sugars3. There are different pretreatment methods, which in-
clude physical, chemical and biological processes or combinations of these. The most
widely used pretreatment technology is steam explosion, which reduces the size of bio-
mass and initiates the breakdown of hemicelluloses and lignin. The process requires a
lot of energy and creates by-products, which subsequently hamper the downstream fer-
mentation. Some pre-treatment technologies are at an early development stage, like
ionic liquids or biological pre-treatment using fungi (IRENA 2016). Current pre-treatment
processes are still not cost-effective, since they incur high investment and operating
costs, and have some efficiency drawbacks in terms of achieved yields. Therefore, tech-
nologies to improve yields of cellulose and hemicelluloses while limiting adverse effects
of inhibitors to the enzymatic hydrolysis process need to be developed further.

Following the pre-treatment, cellulose and hemicelluloses may be hydrolyzed to simple
convertible sugars in a hydrolysis process. There are two major hydrolysis ways: chem-
ical, using acids; and enzymatic, using enzymes. Overall, enzymatic hydrolysis, which
converts lignocellulosic biomass to convertible sugars, offers lower energy use and
milder operating conditions than chemical processes, as well as a greater potential for
higher yields and lower costs. However, the process itself is not well understood yet, so
the potentials of higher yields and lower costs have not been fully realized so far. The
identification and/or development of new enzymes are essential for this stage of the con-
version pathway to achieve these goals. Enzymes, used in the hydrolysis process, rep-
resented until recently a substantial costfactor, making the conversion economically less
efficient. In the last few years, a considerable progress in optimizing pre-treatment tech-
niques has been made, resulting in lower enzyme use. The enzyme production could be
increased in scale, which would lead to further cost reduction. According to IRENA, fur-
ther technological and production improvements could enable up to 90% cost reduction
of enzymes (IRENA 2016).

In the next stage the sugars - hexose (6-carbon sugars) and pentose (5-carbon sugars)
- produced by hydrolysis, are converted by using microorganisms (bacteria and yeast)
into ethanol and various by-products. A cost-effective fermentation depends largely on
the ability of microorganisms to ferment C5 and C6 sugars. A considerable progress has
been already achieved in engineering microorganisms, yet their sensitivity to inhibitors
and the production of unwanted by-products remain serious problems. After the fermen-
tation, ethanol is separated by distillation and dehydration. The residual lignin and other

3 Different lignocellulosic feedstocks have a different composition of lignin, cellulose and hem-
icelluloses, which influences the efficiency of pre-treatment and hydrolysis step. Straw and
grassy feedstock have a lower lignin content, which makes their pretreatment easier (IRENA
2016).
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components (e.g. unreacted cellulose and hemicelluloses, used enzymes and microor-
ganisms) are left over at the end of the distillation. The recycling, up-grading and devel-
opment of value-added co-products from residues (e. g. residual lignin, used enzymes)
pose another challenge, which targeted R&D&I and technological breakthroughs canre-
spond to. There is also a need for alternatives to the current separation technology, en-
abling lower energy and water consumption, which is currently a subject of ongoing re-
search.

Furthermore, a possible consolidation of processes within the biochemical pathway,
such as simultaneous saccharification and fermentation would offer another opportunity
to achieve significant processing costsavings and should therefore be another important
subject of targeted research.

For the competitiveness of advanced biofuels the access to low cost and good-quality
feedstock is of great importance. Feedstocks used for the production of the lignocellulo-
sic ethanol in the European facilities are manifold, ranging from agricultural residues like
wheat straw and corn stover, through energy grasses, recycled wood, wood residues, to
wastes. The type of feedstocks used depends largely on the specific biomass endow-
ment of the region where the facility is located (e.g. straw in Central Europe and woody
biomass in Northern Europe). The mostimportant supply sources of the lignocellulosic
biomass are the agricultural sector providing straw, energy grasses, agricultural residues
and the residual biomass resources from the forestry (e.g. timber plantations, wood
chips, residual wood). Other locally available biomass resources, like landscape care
biomass (e. g. vegetation covered areas along the traffic routes), municipalities' wastes
(foliage, vegetation residues from public parks and gardens, organic residual materials)
and manufacturing industry wastes (wood wastes, wastes of the pulp and paper industry,
wastes from food processing or from the textile industry) can also contribute to a sus-
tainable supply of biomass. However, the valorization of wastes for the production of
biofuels as well as other bioindustry applications has until now taken place on a small
scale in Europe, due to unresolved problems related to the collection and pretreatment
of wastes.

Collecting, transport and storage of the feedstock represent one of the main challenges
for the production of lignocellulosic ethanol. At present, the existing biomass supply and
logistics systems in the EU Member States are not sufficient to supply large volumes of
high-quality biomass, so that much efforts have still to be done to develop a cost-effective
and sustainable feedstock provision infrastructure. As a consequence of the lack of a
well functioning logistical model, biomass supply remains a considerable costcontributor
(Valdivia et al. 2016), accounting for 40-70% of total production costs, depending on the
feedstock type.
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Another serious problem for a production of lignocellulosic ethanol poses the seasonal
nature of the availability of the biomass. Potential technology solutions include pre-treat-
ment of the biomass to increase its energy density and reduce susceptibility to degrada-
tion, like torrefaction or pelleting. Another possible solution could be the adoption of con-
version processes able to use a mix of different feedstocks throughout the year depend-
ing on availability (IRENA 2016).

The existing infrastructure barriers, which limit a reliable supply and provision of feed-
stock, are another considerable obstacle to a commercial production of advanced biofu-
els. Many of the commercial plants are experiencing technical difficulties related to re-
ceiving, handling and processing large quantities of feedstock (IRENA 2016). The devel-
opment of new collection, storage and transport systems, as well as specialized equip-
ment for production sites, would help overcome these difficulties.

3.2.3 R&D&I needs

As outlined above, technologies for the production of 2" generation/lignocellulosic bio-
ethanol are approaching maturity and have been developed for demonstration at com-
mercial scale. However, production volumes are still low, as besides policy issues, the
production at commercial scale is not economically feasible or profitable at the currently
low oil prices. There is also competition from US and Brazilian bioethanol. As a conse-
guence, R&D&I must primarily be focussed on improving cost-competitiveness of pro-
duction concepts, giving economic considerations and assessments a key role. A
techno-economic roadmap should be elaborated which covers the whole supply chain
from feedstock price, transport, storage, conversion to ethanol and by-products, down-
stream-processing and formulation, to product commercialisation. In this roadmap, the
costs and the cost-reduction potential of different options should be assessedand R&D&lI
performed on those approaches which will be required to achieve cost-competitiveness
at realistic market prices. It should also take the interdependence of various steps in the
process into account, which means that solutions chosen in early process steps may
create or avoid problems in later steps.

From the point of view of consulted experts, addressing the following R&D&I issues
should be prioritized:

1 achieving complete conversion of sugars in the fermentation stage

9 achieving higher ethanol production rates and concentrations in the fermentation
stage

1 costoptimisation of downstream processing (i.e. separation and concentration of eth-
anol)

1 converting by-products (e.g. lignin, xylose) to higher-value products
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Table 1 lists options and approaches for these issues. These options and approaches,
however, must be assessed and prioritized with respect to their expected contribution to
improving cost-competitiveness, as outlined above.
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Table 1:

R&D&I needs for lignocellulosic ethanol

Topic

State-of-Art

R&D&lI needs

2"d generation/ad-
vanced cellulosic
bioethanol: pre-
treatment

A number of pre-
treatment strategies
have been dewel-
oped to enhance the
reactivity of cellulose
and to increase the
yield of fermentable
sugars.

1 In addition to improving the cost-effectiveness of the pretreatment steps themselves, the quality
of the pretreatment also influences the yield and bioavailability of fermentable sugars and the
presence of inhibitory substances which impact the following fermentation and downstream pro-
cessing steps.

- Identification of cost-efficient combinations of different pre-treatment methods (e.g. alkaline
pre-treatment followed by steam pretreatment or organosolvent pre-treatment coupled with
steam explosion), to improve the biomass digestibility.

- achieve higher degrees of hydrolysis of lignocellulosic biopolymers components into sugars,
especially higher yields of hemicellulose separation, of cellulose from lignin, and of glucose
from cellulose

- achieve low concentrations substances which act as inhibitors in the fermentation step

9 Addressing the following issues may improve the knowledge base for optimisation of pretreat-
ment

- Development of tools to investigate the cell wall deconstruction and understand the recalci-
trance during the pre-treatment process, expansion of knowledge on cell wall structure and ul-
trastructure, and the physicochemical changes occurring within the cell wall at the molecular
level and the cellular/tissue scale during various pre-treatment technologies

- Breeding (with the help of marker-assisted breeding, genetic engineering and genome editing)
of genetically modified lignocellulosic plants with altered lignocellulosic structures, rendering
lignocellulose less recalcitrant to pre-treatment
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Topic

State-of-Art

R&D&I needs

2nd generation/ad-
vanced cellulosic
bioethanol: hydrol-
ysis

Enzyme mixtures
are applied for the
conwersion of pre-
treated lignocellu-
lose to produce fer-
mentable sugars.
Yields of fermenta-
ble sugars are not
yet high enough,
and the enzymes
are still too expen-
sive.

1 Yields of fermentable sugars need to be improved, the formation of inhibitory substances re-
duced, and costs for enzyme production and use reduced. Biotechnology and process engineer-
ing approaches are needed to dewvelop new highly active enzyme mixtures which can be pro-
duced at lower cost:

- ldentification and optimisation of enzymes that can break down different types of polysaccha-
rides to fermentable sugars, have superior activity and can be produced at lower costs. Lytic
Polysaccharide Monooxygenases (LPMOs) are examples of recent progress in enzymes which
act differently from known hydrolases (i.e. by oxidising on side of the glucosidic bond instead of
hydrolysing it).

- Optimisation of cost and performance by process engineering.

2nd generation/ad-
vanced cellulosic
bioethanol: micro-
bial fermentation

S. cerevisae, E. coli,
Zymomonas mobilis
and some Clostridia
spp are currently
most commonly
used for bioethanol
production. They
have specific
strengths and weak-
nesses with respect
to the ability to me-
tabolize pentoses
and their tolerance
towards high ethanol
concentrations and
inhibitory sub-
stances.

9 R&D&I is needed to bring pentose (primarily xylose) fermentation up to the same speed as glu-
cose fermentation for cases where xylose-rich feedstocks, such as agricultural residues or hard-
wood are to be used, and no alternative use for the pentoses can be found.

9 As ethanol is toxic, it is essential to improve the tolerance of the production organisms to etha-
nol, e.g. by systems metabolic engineering and release from end-product inhibition. This is par-
ticularly important in case other production organisms than S. cerevisiae with a lower ethanol tol-
erance are used.

9 Another option is the improvement of in situ bioethanol separation in order to keep the ethanol
concentration in the fermentation broth below inhibitory levels. R&D&I needs are:

- reduce the cost of pervaporation, reduce the costs of gas stripping equipment, improve energy
efficiency, control foam formation

1 Inhibiting compounds are most likely present in the hydrolysate medium, e.g. carboxylic acids
and various sugar degradation products. This can be addressed by the following options:

- awiding the formation of inhibitory substances by engineering the pretreatment steps

- removal of inhibitory substances by engineering cost-efficient separation steps prior to fermen-
tation

- Improving the tolerance of the production organism to these compounds.
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Topic

State-of-Art

R&D&I needs

Saccharomyces
cerevisiae is often
chosen for ethanol
production due to its
high ethanol produc-
tivity, high ethanol
tolerance and ability
of fermenting a wide
range of hexose
sugars.

9 In order to address the above mentioned issues, data-driven and synthetic biology as well as
systems metabolic engineering approaches could be followed for different host organisms by in-
troducing pathways for broadening the substrate spectrum (e.g. metabolise xylose), increasing
tolerance towards higher temperatures, ethanol and other inhibitors, and for maximizing meta-
bolic flux so that sufficient production rates and complete conversion of substrates can be
achieved.

Lignin as co-prod-
uct

Lignin as a major
by-product is cur-
rently mainly used
as fuel, providing
process heat and/or
electricity. Cost-
competitiveness of
the owverall process
could be improved if
higher-value appli-
cations for lignin and
other by-products
could be deweloped
to commercial ma-
turity.

1 Improvements in the lignin extraction procedure: lower costs, (higher) lignin quality, depending of
its targeted use

1 R&D&lI into various lignin uses, both higher-wolume lower-value applications, as well as high-
value, low-wlume applications; e.g. aromatic building blocks for polymers, composites, coatings,
adhesives
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3.2.4 Economic Analysis
3.24.1 Patent Analysis

The sustainable production and uptake of biofuels largely depend on the technological
breakthroughs, enabled by significant public and private investments in R&D. The US,
Canada and many European countries as well as emerging economies such as China,
Brazil and India are increasingly involved in the researchand development of sustainable
biofuels.

Patents are often used as an indicator for comparing and monitoring trends in innovative
output of a specific technology across countries. When examining transnational patent
applications#4 for cellulosic ethanol, one can observe a steep surge of world patent appli-
cations between 2005 and 2008 (see Figure 2). It was mainly the result of considerable
increase in public targeted support for research and development of sustainable biofuels.
The global patent applications for cellulosic ethanol grew between 2005 and 2008 with
an average annual rate of 84% with the US, EU and China contributing most to this
growth. Patenting activities in China rose significantly since 2002, following major patent
reforms as well as changes in regulations regarding intellectual property, created under
government funding (Albers et al. 2016). Overall, the number of world patent applications
in cellulosic ethanol increased nearly eightfold between 2000 and 2010. The total num-
ber of patent filings over the last available 5 years (2009-2014) in the EU equals to 60%
of the level of the US in the corresponding period. Following the financial crisis, the drop
of oil prices and shifting policy support, the growth rate of patent applications is slowing
down since 2008 with a sharp decline after 2010.

During the time of rapid increase of patenting activities between 2004 and 2008, an av-
erage growth of the US cellulosic ethanol related patent filings amounted to 59% per
year, while the EU achieved average annual growth rates of 47%. After this unprece-
dented growth, the number of the patent filings was falling between 2008 and 2014 at an
annual rate of 21% for the US and 12% for the EU. China also experienced a steep
decline in patenting activities within this time span of -19 % yearly, after achieving aver-
age growth rates of 32% between 2004 and 2008.

4Rel evant patents were identified by using keywords
with select patent groups using data from the WIPO Statistics Database. Moreower, the IPC code
C12P007-10 was used without keyword search.
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Figure 5: Transnational patent applications for cellulosic ethanol
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Within the EU, countries with the highest levels in terms of cellulosic patent filings are
Netherlands, France, Denmark, Sweden, Great Britain, Germany and Finland (Figure 6).
Overall, most EU countries with registered patenting activities in this field of technology
showed a significant growth in patent applications. According to the data available,
France achieved the most marked rise since 2000-2004, when it filed only one single
patent for cellulosic ethanol to the WIPO, compared to 2010-2014, having filed 59 pa-
tents in total. High increases are also observed for Netherlands and Denmark (by factor
4,3), Germany (by factor 4,6), Finland (by factor 7,5), Great Britain (by factor 2,5),
whereas the patenting output of ltaly and Spain was in 2010-2014 approx. two times
bigger than in 2000-2004. The level of patenting activities in cellulosic ethanol of another
group of EU countries including Belgium, Portugal, Slovakia, Hungary, Austria, Poland
and Lithuania remains very low, with less than 5 patents each during 2010-2014. A large
group of EU countries comprisingmany Eastern European countries and Greece exhibits
no patenting activities at all in this field of technology.
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Figure 6: Transnational patent applications for cellulosic ethanol in the EU
countries
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3.24.2 Market trends

The global ethanol production has increased significantly since 2000, with the United
States and Brazil as major ethanol producers contributing 57 and 27 per cent each to
the world production in 2016. At the same time, the United States and Brazil have been
the worl ddéds | ar g eehanoldobdowed byrtleerEs). Betvieen2008 and
2016, the production of ethanol in the European Union grew by an average rate of 10,3%
annually. Although this makes the EU one of the fastest growing regions in the world, its
share accounted for only 5% of the global production in 2016. Following the economic
and financial crisis in 2008-2009, the ethanol production stagnated in most countries.
The largest volume of the ethanol production relates to the first generation (1G) bio-
ethanol produced from food- and feed-based biomass.

In recent years, a lot of progress has been made with the deployment of early commercial
plants, specializing on second generation ethanol production via hydrolysis and fermen-
tation. Due to government support mechanisms, the private sector activities in develop-
ing and producing advanced biofuels increased considerably in the last decade. Ligno-
cellulosic ethanol production using agricultural residues and some energy crops, both
via hydrolysis and fermentation as well as syngas fermentation routes, has already
reached early commercial phase. The technology using woody biomass (forest residues,
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short rotation forestry and coppice) is still mainly in the demonstration stage (IRENA
2016).

Globally, there are several first-of-a-kind commercial-scale lignocellulosic ethanol plants,
most of which are in the process of commissioning or ramping up to full scale operation.
Current installed production capacity for advanced biofuels is estimated at around 1,3
billion litres per year, accounting for a share of only about 0,05% of the global liquid
transport fuel demand (IRENA 2016).Table 1 reveals that the US account for 35% of the
total installed capacities for second generation ethanol production, followed by China
and Canada. This development is primarily the result of the stimulating effect of govern-
ment support mechanisms for advanced biofuels and the introduction of advanced bio-
fuel mandates in these countries (see section 3.2.5). Si nc e biofbekpoliEylhéss
been largely technology neutral so far, i. e. stakeholders are free to choose any technol-
ogy or feedstock to meet the target, no additional incentives were provided to make the
production and use of second generation ethanol more attractive. This led to muchlower
production capacities of second generation ethanol in the EU as a whole, compared to
the US, China and Canada. Accordingly, only a small fraction of renewable ethanol (5%)
was produced from lignocellulosic and other non-food feedstocks in Europe in 2016.5

Table 2: Second generation ethanol installed capacities
Region 2G Ethanol Installed Capacity (million litres Percentagtzlof World Td

United States 490.4 35%

China 340.2 24%

Canada 303.5 22%
European Union 130.8 9%

Brazil 125.7 9%

World (2015) 1 390.5 100%

Source: UNCTAD 2016

The market for advanced biofuels is still not sufficiently developed. The main barriers to
expand to commercial scale are mostly associated with a significant risk and high costs
of technology investments along with a limited access to finance i including venture
capital T as well as uncertain future market and policy developments. Amongst other

5 ePure: Statistics: http://epure.org/resources/statistics/
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hurdles constraining the commercial growth of advanced biofuels are persistent low oil
prices, high production costs, poor technology diffusion, insecure and technologically
immature supply chains as well as production concepts (Gregg et al 2017, IRENA 2016,
European Biofuels 2016).

Currently, the biofuel markets in Europe are rather fragmented as a consequence of
different national regulations, sustainability requirements and support programs. This
can generate an increasing uncertainty among producers and consumers, making the
development of a successful European biofuel market more difficult.

Since the potential for reducing GHG emissions of lignocellulosic ethanol along with
other advanced biofuels is quite promising, there are very optimistic expectations con-
cerning favorable market prospects for them. Subsequently, global biofuel demand is
expected to increase steadily in the future according to most scenarios, although the
extent to which the demand increases depends on assumptions about policies, biofuel
availability and costs. So far, most market outlooks are based on the assumption that
the renewable energy policy goals in the transport sector and the CO2 reduction targets
are achieved. For example, provided that specific environmental goals are met and ad-
ditional market mechanisms aimed to increase the market share of renewables are im-
plemented, the RENA REmap estimates that global demand for advanced biofuels could
reach 124 billion liters per year by 2030, contributing about 25% to the total biofuels
production (IRENA 2016). The WEO new policy scenario assumes that the share of ad-
vanced biofuels in 2035 would make up to 18% (67 billion liters) of the total biofuel pro-
duction globally (IRENA 2016). Thereby, the deployment of advanced biofuels is ex-
pected to largely take place in the OECD countries, reaching an average share of 27%
of all biofuels used there. Under the assumption that that the EU would meet its target of
10% renewable energy in transport, Bio-Tic (2015b) expects a considerable growth of
lignocellulosic bioethanol market from 4 billion Eurosin 2013 to around 14.4 billion Euros
(13.1 million tonnes) in 2030. This growth should be mainly driven by the 2G generation
bioethanol, which is expected to fully substitute 1G bioethanol by the end of this time
period. However, the Bio-Tic study also points out the high uncertainty associated to
future evolution of the bioethanol market.

The OECD/FAQO (2016) is more pessimistic about the development of demand of bioeth-
anol. Based on different information about prices, consumption and EU market share,
the market is expected to grow from 3.7 billion Euros between 2013 and 2015 to 4,3
billion Euros in 2025 (in contrast to around 12,5 billion Euros in the Bio-Tic scenario).
Moreover, the OECD/FAQ expects for Europe a market share of lignocellulosic ethanol
of only 0.7% of the total biofuels market in 2025, equating to around 0.03 billion Euros.
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In any event, the future market opportunities of lignocellulosic ethanol will depend mainly
on stable and long-term-oriented policy interventions aiming at stimulating technological
learning and reducing risks. Implementation of a broad technology deployment policy
would be critical to create a competitive market for both high-value and low-value bio-
based products and their by-products in Europe.

3.24.3 Industry Structure and actors

The majority of the lignocellulosic ethanol production facilities in Europe are at pilot and
demonstration scale, being operated with the purpose to test and validate the technology
and to prove its economic viability.

High production costs, perceived high risk of investments as well as various technologi-
cal challenges make a competitive production of advanced biofuels at commercial scale
difficult. Continuous technological developments are still necessary to improve efficiency
and to reduce costs. At the end of 2017, SEKAB in Sweden is the only cellulosic ethanol
plant in the EU (Table 3), which is operating at commercial scale, (E4Tech 2017). Based
on spent sulphite liquor from wood, it produces ethanol as a by-product of lignin pro-
cessing. The ethanol is mostly for chemical use and not for fuels. Due to financial prob-
| ems of the parent company, the worl dés first
Beta Renewables in Crescentino, ltaly was shut down at least temporarily in October
2017, after having operated for 4 years.6 A number of commercial scale cellulosic etha-
nol plants within the EU are either under construction (Energochemica in Slovakia), or in
planning stages (Enviral, Clariant in Slovakia, Stl in Finland, Clariant in Romania). Rel-
ative cost advantages and a high potential of biomass resources make Eastern Europe
a particularly attractive location for the commercial production of lignocellulosic ethanol
using proven technologies.

These developments in Europe for lignocellulosic commercialization are rather similar in
other world regions. Currently, in the US there are changes in industry structure with
prominent firms like DowDupont planning to leave the market, while others increasing
their activities (e.g. Enerkema, Raizen, POET-DSM).7 Moreover, it has to be noted that

6 Currently (as of December 2017), itis not sure whether and by whom the necessary investments
can be provided to finance the facility.

7 http://www. biofuelsdigest.com/bdigest/2017/11/02/breaking -news-dowdupont-to-exit-cellulosic -
ethanol-business/
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various synthetic biology firms that were active in the second generation biofuels market
some years ago (Amyris, Solazyme) left these markets or were bought up (e.g. LS9).8

One of the difficulties that any commercial plant faces is the assurance of a long-term
feedstock supply. Signing long-term agreements is particularly challenging in Europe
due to a large number of different agricultural enterprises®. Moreover, both in Europe
and the US, farmers are often not aware of economic benefits they could obtain from
utilizing marginal land for the growth of non-food energy crops as well as from the sale
of agricultural residues for value added processes and need to be educated in it (Valdivia
et al. 2016).

3.2.5 Policy and Framework Conditions

As mentioned above, policy and an effective implementation of policy measures play a
significant role in encouraging the development of sustainable biofuels. Because of miss-
ing cost competiveness compared to fossil fuels, biofuel policies have been the main
driver for the development of the second generation biofuels in the United States, Mem-
ber States of the European Union, Canada, China, and many other countries. From 2000
onwards, various instruments have been introduced, designed to support the production
and consumption of biofuels, like blending mandates10, tax exemptions, loan guaran-
tees, targeted subsidies and other tax privileges.

Until recently, demand for biofuels has been mainly driven by blending mandates. How-
ever, policies did not differentiate between the first generation and advanced biofuels
until a few years ago. Since then, some countries have shifted their policy towards the
promotion of advanced biofuels, including the US, China and the European Union.

Within the European Union, the Renewable Energy and the Fuel Quality Directives pro-
vide a legal framework for the renewable energy. They outline an overall renewable en-
ergy policy for the EU countries to reach the 20% renewable energy target of final energy
consumption by 2020. T o lrofessilrenergyhaad tdereboce

8 https://www.technologyreview.com/s/524011/why-the-promise-of-cheap-fuel-from-super-bugs -
fell-short/

9 For example, to assure a 300 kton per year supply of corn stower, it is necessary to reach an
agreement with more than 20 000 farmers, whereas in the US it can be achieved with just
150 farmers (Valdivia et al. 2016).

10 There are currently 64 countries (as of 2016) with established or planned biofuel mandates
(Innovation Outlook, IRENA 2016).

depende
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greenhouse gas emissions from transportation, the Renewable Energy Directive re-
quired that at least 10% of energy used in the transport sector should originate from
renewable sources. The Member States tried to reach this goal mainly through the use
of the first generation biofuels. Due to the raising concerns with regard to the possible
detrimental effects of the increasing demand for first generation biofuels, the EU ap-
proved in 2015 an amending directivell, limiting the share of energy from food-based
biofuels to 7% of the final consumption in transportation. To stimulate the development
of advanced biofuels, they were allowed to be counted twice with regard to their energy
content towards the target of 10%. Member states were expected to achieve the share
of 0,5% of advanced biofuels in the total transport fuels. However, as these regulations
are not binding, they have not provided a sufficient incentive to promote advanced bio-
fuels production and consumption in the EU Member States so far.

In November 2016, the European Commission published a formal proposal for the re-
vised Renewable Energy Directive (RED), called RED I, which should come into force
on January 1, 2021. The new directive sets out an overall binding target for the EU of
27% renewable energy share by 2030. The renewable transport fuel mandate should
progressively increase from 1,5% in 2021 to 6,8%12 in 2030. To overcome existing defi-
ciencies regarding the compliance with sustainability criteria, and to promote the devel-
opment and commercialization of advanced biofuels after 2020, the Commission addi-
tionally included an obligation to gradually increase the share of blending for advanced
biofuels, coming from non-food feedstock (listed in Annex IX13), like agriculture, forestry
and industrial residues as well as bio-waste, from 0,5% in 2021 to at least 3,6% in 2030.
In the aviation and maritime sector, advanced biofuels can be counted 1,2 times their
energy content towards the 6,8% mandatory goal. Following the sustainability guidelines,
the Commission requires that feedstocks, which have low indirect land use, should be
given priority and be supported more strongly for the production of biofuels. To minimize
direct and indirect negative effects, resulting from the use of food-based biofuels, their
contribution to the overall renewable energy target should be capped at 7% in 2021,
gradually decreasing to maximal 3,8 % by 2030. To facilitate the development and com-
mercialization of more advanced biofuels, the contribution of conventional low-carbon

11 http://eur-lex.europa.eu/legal-content/EN/ TXT/PDF/?uri=CELE X:32015L.151 3&from=EN

12 please note that this share relates only to fuel and not to energy used as in the current Di-
rective.

13 http://ec.europa.eu/energy/sites/ener/files/documents/1_en_annexe_proposi-
tion_partl_v6_0.pdf
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biofuels, which are derived from feedstocks, like animal fat, used cooking oil and molas-
ses, should be reduced to the 1,7% limit. According to the Commission, the deployment
of new advanced biofuels would save around 70% of GHG emissions14.

The EU countries have some flexibilities in timing and policy design to reach these goals.
Some EU countries have already shifted their policy towards the promotion of advanced
biofuels. For example, Italy belongs to one of the first European countries, which adopted
biofuel blending targets and introduced a mandatory quota for advanced biofuels. The
Danish government pursues the goal of phasing out fossil fuels by 2050 and the promo-
tion of advanced biofuels is a very important step towards it. Sweden invests considera-
ble funds in the research and development of advanced biofuels with a particular focus
on the second generation ethanol. Due to the strategic pricing policy of the Swedish
government through high taxation on fossil fuel based products, biofuels have become
highly competitive.

Overall policy has a key role, if barriers to competitive production of lignocellulosic etha-
nol should be overcome. Hence, policy instruments are intensively discussed. The con-
sensus is that it is important to design policies that support activities along the entire
value chain, including biomass production in agriculture and forestry, distribution, pro-
duction, retail and the end-use of ethanol (Eggert / Greaker 2014; Gregg et al. 2017).
Policy should be therefore broadened to promote a better integration of the whole value
chain and an orientation towards more value-added products.

For that purpose, the following policy areas and instruments are identified as most im-
portant (Eggert et al. 2011; Eggert / Greaker 2014; Gregg et al. 2017): adjustment of
fossil fuel prices to the level which would approximately reflect the external costs incurred
through pollution and land degradation; public support for all kinds of R&D&I activities;
and, access to capital. On the demand side, substantial investments in the necessary
infrastructure are still required to facilitate the transformation of the car fleet to a flexi-fuel
standard and to avoid a fAb)lend wall o (Eggert [/

14 nttps://ec.europa.eu/energy/sites/ener/files/documents/1_en_act_partl v7_1.pdf
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Table 3: Pilot, demonstration and commercial plants for lignocellulosic ethanol in the EU

Biofuel produc-

Technology ; ;
Company name Country Feedstock details tion capacity Start-up year Project status
Status
(million litres/yr)

Aalborg University ) )

Denmark Wheat straw, cocksfootgrass Pilot 2009 Operational
Copenhagen
BioGasol/ Estibio Denmark Straw, various grasses, garden waste Demonstration 5 2013 Planned
Inbicon Denmark Wheat straw Demonstration 5 2009 On hold
Inbicon Denmark Straw Pilot 2003 Operational
Inbicon Denmark Straw Pilot 1 2005 Operational

Non-wood and non-food lignocellulosic bio-

Chempolis Ltd. Finland mass such as straw, reed, wood residues etc. Demonstration 6 2008 Operational
Stl Etanolix Finland Sawdust Commercial 10 2016 Operational
Abengoa Bioenergy France Demonstration 51 On hold
PROCETHOL 2G France Pilot 2011 Operational
Clariant Germany Wheat straw Demonstration 1 2012 Operational
Beta Renewables  Italy Straw, energy grasses Demonstration 51 2013 Operational
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Borregaard Norway
Borregaard Norway
SEKAB Poland

Beta Renewables,

Energochemica Slovakia
Enviral, Clariant Slovakia
Sekab Sweden

Stl (NEB, NEOT,
UPM, KaVo) Finland

Clariant Romania

Sulfite spentliquor from spruce wood pulping

Sugarcane bagasse, straw, wood, energy

crops, other lignocellulosics

Wheat straw and corn stover

Wheat straw, switchgrass, rapeseed straw,

corn stover

Wheat straw

Spent sulphite liquor from wood processing

Sawdust, recycled wood

Agricultural residues

Commercial

Demonstration

Firstcommer-

cial

Commercial

Firstcommer-

cial

Commercial

Commercial

Commercial

20

63

70

63

18

50

63

1938

2012

2017

2019

2004

2020

2020

Operational

Operational

On hold

Under construction

Planned

Operational

Planned

Planned

Source: based on database of IRENA and own research, own compilation.
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3.2.6 Scenarios

Based on the value chain-workshop, the following scenarios for lingo-cellulosic ethanol
were elaborated. In the following, a short narrative describing a selection of potential
alternative scenarios referring to the respective supporting tables in the Annex. The ta-
bles contain the current situation for the critical factors that were identified and prioritized
as well as the different future assumptions attributed to different scenarios. The narra-
tives or story lines for the selected scenarios include links to the respective assumptions
for the corresponding scenario as shown on the tables (the links T,B and P stand for
Technology, Business, and Policy, respectively; the following number corresponds to the
line in the table; and, A,B,C,D to the specific assumption). In each scenario, first the
starting point is explained, which captures the starting idea of each scenario.

Scenario 1: Policy driven uptake

Starting point: This scenario is characterized by demand-side policy measures (P4B),
namely a modification of the current proposal of a new Renewable Energy Directive
(RED Il). The modifications provide strong incentives for advanced biofuels, but do not
contain the currently planned significant reduction in first generation biofuels. As a con-
seqguence, existing producers or investors in bioethanol as well as potential new inves-
tors commit to advanced biofuels. The measure is integrated in a broader policy mix that
comprises coordinated policy funding or tax incentives for private funders for high TRL-
stages or commercial production (P6B). Different demand-side measures that aim to re-
alize RED goals are introduced (e.g. Price guarantees via local tenders or exemptions
for the use of lignocellulosic ethanol) (P5B).

On the technology side, significant progress is enhanced by specific R&D&I funding for
lignocellulosic bioethanol projects throughout different technological-readiness-scales
(TRLs). The leading production concept for lignocellulosic bioethanol will be few large-
scale versatile biorefineries (T1B). They will use different types of feedstocks, which in-
clude among other tailored biomass crops. Significant advances will be reached for pre-
treatment and hydrolysis (T2A). Optimized pre-treatment techniques are leading to
higher yields and are limiting adverse effects of inhibitors.. More efficient enzymes
through optimization or better re-use of enzyme combinations lead to lower production
costs. Economic performance will be enhanced by favourable valorisation of lignin and
by-products (T3A). The integration of cellulosic bioethanol into biorefineries leads to
highest value through broad spectrum of products as well as high value applications for
lignin are broadly established. Here an important role of SMEs emerges in creating mar-
kets for by-products of ethanol; e.g. firms that are (independent from ethanol) active in
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lignin markets (B3B). They create new value products and settle the path for others to
use the lignin coming out from lignocellulosic ethanol production to produce those goods.

On the user and investors side commitment for the use of second generation ethanol
and to finance new facilities arises (B2A). The build-up of new facilities will lead to scale
and learning effects that lead to a convergence of lignocellulosic costs to those of 1 gen-
eration bioethanol and fossil fuels (B1B).

In this scenario, prices of oil and biomass have no decisive impact on the total develop-
ment of the market. The biomass prices will probably increase because of the increasing
demand.

Scenario 2: Partial established production

Starting point: This scenario presents a partial uptake of lignocellulosic ethanol. Rather
favourable framework conditions with a rising oil price (P1A) and modest biomass price
increases (P2B) go a along with only partial established demand-side policies that may
foster the uptake of lignocellulosic ethanol. More concretely the current RED Il proposal
with binding mandates for lignocellulosic ethanol, but a significant cut in first generation
biofuels come into place (P4C). Other demand-side policies or public/private financing
of commercial activities are only fragmented (P5A, P6A).

Regarding feedstock, agricultural/forest residues, organic (industrial/household) waste
as biomass are increasingly used (T1A), often in nearby small scale production sites.
Significant advances will be reached for pre-treatment and hydrolysis (T2A). Optimized
pretreatment techniques are leading to higher yields and are limiting adverse effects of
inhibitors. More efficient enzymes through optimization or better re-use of enzyme com-
binations lead to lower production costs. Economic performance will be enhanced by
favorable valorization of lignin and by-products (T3A). The integration of celullosic bio-
ethanol into biorefineries leads to highest value through broad spectrum of products as
well as high value applications for lignin are broadly established. Here an important role
of SMEs emerges in creating markets for by-products of ethanol; e.g. firms that are (in-
dependent from ethanol) active in lignin markets (B3B). They create new value products
and settle the path for other to use the lignin coming out from lignocellulosic ethanol
production to produce those goods.

However, due to reluctance on the use and investor side (T2B) and modest policy sup-
port, costs competitiveness is only achieved for very few pathways of lignocellulosic eth-
anol and in certain regions, with favourable feedstock or political conditions. No major
changes in industrial structure takes place, with large firms remain dominating.

Scenario 3: Stagnant development
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Starting point: This scenario presents a stagnant development of lignocellulosic ethanol.
There is neither a development of an external framework, which may drive activities, nor
significant policy commitment to bridge the phase and overcome missing cost competi-
tiveness. More concretely, oil price remains low and comparable to current price levels
(P1D), public financial support for R&D&l s falling (P3D), there are no binding mandates
for lignocellulosic ethanol (P4A) or other demand-side policy (P5A) or strong financing
of (near) commercial activities (P6A).

Onthe technology side, only incremental advances in the provision of sustainable ligno-
cellulosic bioethanol occurs (T1D). Concepts based on straw and wood are further de-
veloped, but no major advances in cost reduction achieved. Regarding pre-treatment
and hydrolysis, biotechnological conversion does not emerge as favourable option, but
gasification of biomass to syngas becomes the predominant process (T2B). Regarding
the use of lignin and by-products, energy production remains the most economic advan-
tageous option (T3B).

On the business side, large companies and SME will remain reluctant (B3A), as neither
user industry nor financiers provide long-term commitment to build up new plants (B2B).
In consequence, rather few scale and learning effects will be realized and cost competi-
tiveness to first generation bioethanol and fossil fuels not be achieved (B1A).

3.2.7 Conclusions & Recommendations

Lignocelluosic ethanol represents a potential mass-market of IB based on non-food bio-
mass and IB will be an important contribution to make biofuels more sustainable. There
have been strong expectations in the past concerning the uptake and impact of lignocel-
lulosic ethanol. However, so far development stayed significantly behind those hopes.
Because of technological and logistical challenges, it is still not cost competitive against
first generation bioethanol or fossil fuels. Hence, market development is mainly depend-
ent on policy impulses. So far, current legislation for bioethanol has not led to a significant
uptake of lignocellulosic ethanol, and there are no binding mandates for 2" generation
ethanol on EU-level. While a few plants are operating or are currently being built, there
is a reorganization in the industry with some actors stepping out and others coming in.
Future development will depend heavily on the specific regulation for 2" generation bio-
fuels, which has not been finally decided in the EU yet. Policy decisions are highly de-
pendent on how public acceptance and the potential contribution to economic and eco-
logic goals are perceived. Other factors are of course important as well (e.g. demand
needs vs. supply, industry structure, collaboration), but not the main bottleneck.
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To foster the development of the value chain in the EU in such a way that it contributes
to economic and societal goals the following actions should be taken:

1 R&D&lsupport should be primarily focused on improving cost-competitiveness of pro-
duction concepts, giving economic considerations and assessments a key role.

1 A techno-economic roadmap should be elaborated which covers the whole supply
chain from feedstock to product commercialisation. In this roadmap, the costs and the
cost-reduction potential of different options should be assessed and R&D&I per-
formed on those approaches which will be required to achieve cost-competitiveness
at realistic market prices. It should also take the interdependence of various steps in
the process into account, which means that solutions chosen in early process steps
may create or avoid problems in later steps.

9 The following issues should be the focus of R&D&I support:
- achieving complete conversion of sugars in the fermentation stage

- achieving higher ethanol production rates and concentrations in the fermentation
stage

- cost optimisation of downstream processing (i.e. separation and concentration of
ethanol)

- converting by-products (e.g. lignin, xylose) to higher-value products

1 Consideration of revision of current mandate plans in a new Directive, which should
include setting ambitious mandates for lignocellulosic ethanol, but slower decrease
of first generation ethanol, to ensure smooth transition from first to second genera-
tion ethanol

1 Consideration of increasing penalties, if mandates are not fulfilled, as these are of
key importance for the functioning of the instrument
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3.3 Bio-based plastics
3.3.1 Description of the value chain

Bioplastics (bio-based polymers) represent an important product segment for IB. The
term Obi opl ateetrawanstérial used (lamass ihstead of fossil fuels), or to
production methods (biotechnology instead of chemical synthesis) or to biodegradability.
In the PROGRESS project the term bio-based plastics is used for plastics, which are i
at least partly 1 produced from renewable biomass as feedstock and there is a biotech-
nological step in the production. They may be either biodegradable or durable.

The bio-based plastics value chain of IB (Figure 7) comprises high-volume products in
Business-to-Business and Business-to-Consumer markets, which the public associates
with bioeconomy or industrial biotechnology and therefore has a signalling function for
other IB-based developments.

The bioplastics value chain may consist of a feedstock supplier that converts the feed-
stock directly into bioplastics. Alternatively, it can include intermediate steps where a
building block such as lactic acid is formed and then converted into granulates (PLA).
The following steps along the value chain may include compound formulation; although
some plastics can also be used directly without compounding. The final processing step
is the conversion of granulates/compounds into consumer products by business custom-
ers.

Figure 7: Value chain for bio-based plastics
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3.3.2 Technology and Innovation potential

Regardless of their potential benefits, only a limited number of bioplastics have been
developed to commercial scale (e.g. PLA) and they are not suitable for all desired appli-
cation areas. Therefore, there is a general need for further R&D&I in order to develop
bioplastics with desired properties for a variety of applications and uses. This includes
identification and characterisation of promising sources (besides food crops such as
corn, wheat or soy) of biomass feedstock to produce bio-based plastics (e.g. waste
streams, lignocellulose or plant-based proteins) in order to identify candidates with prom-
ising properties and functionalities for the identified market opportunities. Furthermore,
green chemistry and/or fermentative production processes have to be developed and
optimised, especially with respect to (bio-)catalysts, yield, bio-plastic quality, cost-com-
petitiveness, and sustainability of production (related detailed R&D&I needs are de-
scribed below). This requires intensified cooperation between chemists, microbiologists,
(bio-)process engineers and material scientists. In order to fulfil their innovation and tech-
nological potential, the scale-up of production processes, to reach a critical mass for a
given bio-based plastic, becomes akey issue. This will help achieve economies of scale
and address different market segments and applications.

Plant based proteins serve as an excellent example to illustrate the innovation potential
of bioplastics. These proteins, from new sources (besides corn, wheat and soy) could be
used as a source of raw material for bio-based plastic products, possibly biodegradable.
Potato and rice have been tested as potential promising sources for bio-based plastic
production leading to gluten free food packaging bioplastics. However, there is a need
for further R&D&I to improve mechanical and water absorption properties of plant protein
based bioplastics.

The majority of bio-based plastics are produced industrially from food crops (as men-
tioned above). Due to the food-first principle, there is a need to additionally exploit non-
food feedstocks, e.g. lignocellulose, whole plants or crop plant residues from food crops
(e.g. straw), specifically grown non-food crops (e.g. Miscanthus, switchgrass), industrial
waste streams (e.g. from food processing, such as whey), CO2, or municipal waste frac-
tions. Bio-based plastics based on non-food feedstocks have not reached commercial
scale and there are still a number of R&D&I issues to be solved due to a number of
technological complexities and high production prices. For example lignocellulose is be-
ing investigated as an abundant non-food feedstock for the manufacturing of bio-based
plastics. A major fraction of lignocellulose is lignin, which is used mostly as an energy
source. For wood as the most dense lignocellulosic material, the following challenges
exist: Upscaling of current steam explosion installations to the sizes required for large
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industrial applications, improving the yields of hemicellulose separation at steam explo-
sion, efficient separation of cellulose from lignin and glucose production from cellulose.
Additionally, it would be necessary to overcome hurdles posed by the structural hetero-
geneity of lignin and the presence of impurities. Eventually, potential lignin-derived prod-
ucts could be hydrocarbons, phenols, macromolecules and oxidized products.

Another non-food based biomass example is cashew nut shell liquid (CNSL). This, a
relatively underused by-product/waste stream of cashew nut production that has not yet
been widely used for bio-based plastic production. Phenolic compounds, which could be
used in resins or composite materials, could be derived from CNSL, thus valorising this
by-product and contributing to a circular economy. CNSL-derived products could be used
in paints and surface coatings for improvement of colour range, minimize oxidation, im-
prove adhesion to surfaces.

Generally, it has to be noted that the boundaries between the previously clearly sepa-
rated areas of bioplastics on the one hand and petrochemical plastics on the other hand
are becoming increasingly blurred as natural-fiber reinforced petrochemical plastics,
chemically reinforced biocomposites as well as petrochemical plastics with bio-based
proportions (for example Bio-PET30) are gaining importance. Moreover, some new bio-
plastics are expected to enter the market as Bio-PVC, Bio-PP and PEF (Aichinger et al.
2016 based on IFBB 2015; European Bioplastics 2017).15

3.3.3 R&D&I needs

Table 4 summarizes R&D&I needs for bio-based plastics which result from their techno-
logical and innovation potentials.

15 PEF = Polyethylene furanoate; PP = Propylene; PVC = Polyvinylchlorid
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Table 4:

R&D&I needs for bio-based plastics

Topic

State-of-Art

R&D&I needs

Nowel bioplastics

Only few nowel bioplastics
have been dewveloped to
commercial scale. They are
not suitable for all desired
applications.

Presently, bioplastics
(partly) made building
blocks which are not fer-
mentatively produced are
economically more im-
portant than most fermenta-
tively produced bio-based
plastics.

1 R&D&I of innovative, nowvel bio-based plastics with novel properties and respective pro-
duction processes is needed in order to satisfy the need for nowvel bio-based plastics with
desired properties for novel applications and uses. However, the search for novel bio-
based plastics should be market- and application-driven. These bioplastics comprise both
biotechnologically manufactured building blocks followed by polymerization, as well as
other bio-based plastics, e.g. based on lignin etc.

- Market- and application-driven search for promising bio-based plastics, tailor-made bio-
based plastics, including the design of novel bioplastics so as to ensure their recyclabil-
ity.

- Identification and characterisation of promising sources (besides corn, wheat, soy) of
biomass feedstock to produce bio-based plastics (e.g. waste streams, lignocellulose,
plant-based proteins; see also below).

- Exploration of a broad spectrum of nowvel bio-based plastics in order to identify candi-
dates with promising properties and functionalities for the identified market opportuni-
ties. This requires intensified cooperation between microbiologists, chemists, (bio-)pro-
cess engineers, and material scientists.

- For nowel candidates of bio-based plastics with promising properties and functionalities,
green chemistry and/or fermentative production processes have to be deweloped and
optimised, especially with respect to (bio-)catalysts, yield, bio-plastic quality, cost-com-
petitiveness, and sustainability of production (related detailed R&D&I needs see be-
low). This requires intensified cooperation between chemists and/or microbiologists,
(bio-) process engineers and material scientists.

- Engineering the properties and performance of bio-based plastics, e.g. by blending,
functionalisation, nano-particles, additives.

- Scale-up of production processes for novel bio-based plastics in order to reach a criti-
cal mass for a given bio-based plastic (e.g. in order to achieve economies of scale, ad-
dress different market segments and applications, etc.)
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Topic

State-of-Art

R&D&I needs

9 Development of new value chains, establishing novel arrangements and collaboration of
relevant actors along the value chain in order to bring the novel bio-based plastics to the
market and address nowel applications.

Nowel bio-based

plastics: example
plant proteins as
feedstock

Plant proteins could be
used as a source of raw
material for bio-based plas-
tic products, possibly biode-
gradable. Potato and rice
have been tested as poten-
tial promising sources for
bio-based plastic production
leading to gluten free food
packaging bioplastics.

9 New promising sources (besides corn, wheat, soy) of plant based proteins to produce
bio-based plastics need to be identified and characterised.

1 Protein-based bioplastics require R&D&I to improve mechanical and water absorption
properties in order to make these materials applicable in various applications, e.g. pack-

aging.

Nowel bio-based
plastics: example
optimisation of
PLA production

PLA production is done on
commercial scale. However,
further optimisation of the
process is required in order
to reduce production costs
and improve yields and
product quality (i.e. optical
purity). Moreover, commer-
cial processes for PLA from
non-food feedstocks (ligno-
cellulose) need to be devel-
oped

Different approaches should be followed for optimisation:

9 Development of large-scale PLA production processes from lignocellulosic feedstocks,
specifically addressing scale-up of steam explosion and improving the yields of process
steps of lignocellulose conwersion to glucose (see below)

1 If the fermentation process to produce lactic acid is run at the pH optimum of the strain,
precise control of the pH lewvel is required and a certain amount of lactate salt is being
produced, being both a cost factor and making downstream processing more difficult. In
order to reduce the consumption of pH correcting agent, efficient acidophilic production
strains with a pH optimum or tolerance near the pKs value of lactic acid (ca. 3.85) should
be deweloped.

1 Downstream processing needs to be optimised with the aims to reduce production costs,
improve yields and product quality (i.e. optical purity).

1 R&D&I on adding functionality to bio-based plastics (e.g. engineered PLA grades).
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Topic

State-of-Art

R&D&I needs

Biomass: non-food
feedstocks

The majority of bio-based
plastics is produced indus-
trially from food crops. Due
to the food-first principle,
there is a need to addition-
ally exploit non-food feed-
stocks for bio-based mass
products. Bio-based plastics
based on non-food feed-
stocks are still mostly in var-
ious R&D&I stages. These
processes are still techno-
logically complex (and non-
profitable)

There is a need for further R&D&I that would expand the technological biomass potential
for 1B, especially by utilizing non-food crops, both for production of established (e.g. drop-
in) or novel bio-based plastics.

1 Screening for and assessment of nowel, still underused non-food feedstocks: e.g. ligno-
cellulose, whole plants or crop plant residues of food crops (e.g. straw), specifically
grown non-food crops (e.g. Miscanthus, switchgrass), industrial waste streams (e.g. from
food processing, such as whey or from the textile industry), CO2, municipal waste frac-
tions.

9 Characterisation of quality of these feedstocks, followed by three complementary ap-
proaches:

- achieving a constant level of quality independent of growth conditions in biomass pro-
duction etc.

- dewvelopment of "feedstock-tolerant” green chemistry processes or fermentation pro-
cesses and the respective downstream processes which can deal with fluctuating qual-
ity of input materials with a fluctuating content of (partly unknown) impurities

1 Concepts for collection, storage and logistics of the relevant feedstock supply

9 Dewvelopment of processes for the fractionation of feedstocks into major components, hy-
drolysis, if needed cost-effective purification or conditioning processes routes to yield
substrates without inhibiting or contaminating substances

9 Development of processes for valorisation of side streams and fractions of the feedstock
which are not converted to bio-based plastics building blocks.
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Topic

State-of-Art

R&D&I needs

Biomass example:
lignocellulose

Lignocellulose is being in-
vestigated as an abundant
non-food feedstock for the
manufacturing of bio-based
plastics. Cost-competitive-
ness can only be achieved,
if all fractions of the bio-
mass feedstock are valor-
ised, preferably following
the cascading principle. A
major fraction of lignocellu-
lose is lignin which is pres-
ently used mainly energeti-
cally. Research is underway
to valorise lignin as a
source of aromatic chemi-
cals. Potential lignin-derived
products could be hydrocar-
bons, phenols, macromole-
cules and oxidized prod-
ucts.

For wood as the most dense lignocellulosic material, the following challenges have to be
addressed:

9 Safeguarding the supply of sufficient wood feedstock but at the same time protecting for-
est ecosystems, awid contributions to climate change (by deforestation) and maintain
soil fertility (by awiding desertification) by implementation of (certified) sustainable for-
estry practices and making new plantations.

1 Addressing the following bottlenecks:

- Upscaling of current steam explosion installations to the sizes required for large indus-
trial scales

- Improving the yields of hemicellulose separation at steam explosion
- Improving the yields of separation of cellulose from lignin
- Improving the yields of glucose production from cellulose
- overcome hurdles posed by the structural heterogeneity of lignin and the presence of
impurities
9 Market- and application-driven search for promising lignin-derived products

9 Dewvelop processes for lignin-derived products in order to valorise the lignin fraction, e.g.
by integration of biotechnology and green chemistry

Biomass example:
Cashew nut shell
liquid (CNSL)

CNSL, a relatively un-
derused by-product/waste
stream of cashew nut pro-
duction, has not yet been
widely used for bio-based
plastic production. Phenolic
compounds which could be
used in resins or composite
materials could be derived
from CNSL, thus valorising
this by-product and contrib-
uting to a circular economy.

9 Market- and application-driven search for promising CNSL-derived products, e.g. use in
paints and surface coatings

9 Optimise cost-efficient extraction processes of CNSL and its subsequent processing

1 Improvement of CNSL-derived products for use in paints and surface coatings: improve-
ment of colour range, minimize oxidation, improve adhesion to surfaces.

1 Synergistic combination of biotechnological and green chemistry process steps.
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Topic

State-of-Art

R&D&I needs

Bioplastics Value
Chain: Coopera-
tion

There is a lack of coopera-
tion and knowledge transfer
between different actors
along the value chain.

1 Initiatives to support

- the formation of nowel actor configurations along the value chain, with a specific focus
on sectors/industries, which woul dnot be

- the exchange of information and knowledge between different actors along the value
chain,

- the joint development of strategies and R&D&I priorities, shared by different actors
along the value chain

- R&D&I projects with industry-defined topics and goals.

Bioplastics Value
Chain: Sustaina-
bility

Bio-based plastics (already
in use or under develop-
ment) have several draw-
backs regarding sustainabil-
ity. Recycling and reuse in
the after-use phase hawe
hardly been addressed yet.

9 Taking economic, ecologic and social sustainability seriously into consideration already in
the concept and design phase of R&D&I projects/processes

1 Improving the environmental footprint of bio-based plastics and their production process,
e.g. by using low-input biomass, use of renewable energy in production of bio-based
plastics, increasing yields, valorisation of by-products and side streams, improving the
energy and resource efficiency of process steps, improving the water use efficiency by
water recycling or reuse, waste reduction, replacing process chemicals by less hazard-
ous ones

9 Water recycling/reuse for saving process steps, costs and improving downstream pro-
cessing: a major challenge is to connect mostly water-free chemical reactions with bio-
technological process steps in agueous media.

9 Improving occupational safety of the production process
9 R&D&I into safety concerns of (bio-based) plastic products, e.g. additives, nanopatrticles.

9 Development of a holistic system to recycle all plastics, including bio-based plastics after
use, ideally to high-value products: Logistic concepts for the collection of used plastic
products, separation of plastic waste from other waste fractions, recycling process or bio-
degradation process, processing of recyclate to high-value products.
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Topic

State-of-Art

R&D&I needs

Bioplastics Value
Chain: Logistics

Logistic issues are crucial
on all stages of the value
chain, especially in the
feedstock processing and in
the after-use phase

1 Logistic concepts and bio-based plastics manufacturing sites must be designed in a way
that technical, environmental and economic requirements are simultaneously addressed:
Challenges in collection of feedstock lie in the relatively large (agricultural) area for pro-
ducing the feedstock, its low energy density and high water content and the resulting lim-
ited storability of many feedstocks, having implications for the size, number and location
of biomass processing plants (on-farm-site small processing plants vs. large integrated
biorefineries)

1 Logistic concepts in the after-use phase of bio-based plastics still need to be deweloped,
aiming at either biodegradation or recycling, and being compatible with existing concepts
for fossil-based plastics.
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3.3.4 Economic analysis

3.34.1 Patentanalysis

Bioplastics patenting16 activities in most countries took off in 1990s, having the most
dynamic development between 2000 and 2012. During this period, the number of patent
filings for bioplastic-related technologies grew at double-digit rates in the most relevant
countries. The overall number of the world patent applications in bioplastics has more
than tripled between 2000 and 2014. The European Union (EU) as a whole ranks first
in terms of the number of patent applications to the WIPO, followed by the US. Aside
from the US, the world's main patenting countries in this technology field are Germany,
Great Britain, China, Japan and France (Figure 8).

Figure 8:
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The EU as a whole exhibited between 2000 and 2012 an average yearly growth rate of
14%, which was slightly above both the average global and the average US growth rate.
The number of patent filings in the entire EU increased almostfivefold between the years
2000 and 2012. Among all EU countries, Germany shows the highest level of perfor-
mance, followed by the Great Britain, the Netherlands, Italy and Belgium. The most dy-
namic growth of patenting filings was registered in Germany, Great Britain, France and
ltaly, surpassing that of the EU area's average growth of 14% between 2000 and 2012.
While demonstrating no patenting activities in 2000-2004, Poland, the Czech Republic
and Slovenia registered some patents in bioplastics between 2010 and 2014. However,
the number of WIPO patent application from Slovakia, Hungary, Lithuania, Latvia, Ro-
mania as well as of Portugal and Ireland have remained extremely low. According to the
WIPO data, a group of the EU Member States involving Bulgaria, Greece, Croatia, Malta,
Estonia and Cyprus have no single registered bioplastic related patent application in the
last five years available.

In China, we observe a continually rising number of patents applications since 2002.
Starting from a very low level, they were expanding between 2002 and 2014 with an
annual average growth rate of around 37%. Although China achieved a breakthrough in
patenting activities compared to the period 2000-2002, when hardly any patent applica-
tions in bioplastics were registered, its current level of patent filings amounts to only a
fraction of that of the EU and the US.

3.34.2 Market trends

Currently, bio-based plastics 17 still represent a niche with a share of about roughly one
per cent of the 300 million tonnes of plastics produced annually worldwide. However, the
market has grown considerably in the last five to ten years at a rate of about 20 per cent
per year (Bio-Tic 2015b; European Bioplastics 2016a). There have been several
changes in market data regarding the inclusion of certain type of plastics. According to
most current data, (European Bioplastics 2017) global bioplastics production capacity is
estimated to be around 2,05 billion tonnes and expected to grow to around 2,44 million
tonnes in 2022. Hence, despite the low-oil price bio-based plastics are expected to grow
in the next years. However, earlier market expectations for 2020/2021 (see European
Bioplastics) have been reduced significantly.

17 An analysis of Aichinger et al. (2015) on the basis of IFBB (2015) on biomass-based plastics
shows that in 2013 product groups which are produced Vvia biotech processes have a market
share of around 75-85%17, with rising trend. Hence, the following analysis for bio-based
plastics, for which most data exists, can be regarded as appropriate proxy for IB.
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Figure 9: Global production capacities of bioplastics
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Bio-based plastics are used for a wide range of applications; with packaging capturing
almost 60 percent (1.2 million tonnes) of the total bioplastics market (flexible and rigid
packaging). In addition, a range of other markets has emerged in the past (consumer
electronics, automotive), as can be proxied by the distribution of production capacities

(Figure 10).

Figure 10: Global production capacities of bioplastics by segmentin 2016 (in %)
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Currently, the majority of bio-based plastics are drop-ins for existing mass markets
(Aichinger et al. 2016). Drop-ins have identical or similar technical properties as their
fossil counterparts. Drop-ins do not face high market uncertainties, can be partly built on
existing infrastructure and existing technological knowledge for the conventional product
and do not lead to switching costs for users. However, competition against the fossil
based products with similar performance is mostly reduced to relative price. Current low
oil prices significantly hamper the cost competitiveness of bio-based plastics.

Hence, market outlooks have been revised significantly, as earlier plans to execute the
planned extension of Bio-PET 30 for the use of bioplastic bottles mainly by Coca-Cola
Inc. have been set on hold. Instead, potential growth is now expected mainly for non-
drop-ins such as PLA and PHA, two biotechnologically-produced compounds (see Fig-
ure 11).

Figure 11: Global production capacities for selected (IB produced) bioplastics
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For 2030, the Bio-Tic study (Bio-Tic 2015b) projects growth rates of 12% annually (10%
for the low scenario and 15% for the high scenario). The bio-based plastics market value
in Europe is expected to reach approximately 5.2 billion Euros in 2030 in the reference
scenario and 4.3 billion Euros and 6.7 billion Euros in the low and high scenarios, re-
spectively. In these projections, Europe is expected to maintain its position as the main
consumer of bio-based plastics.

Regarding key market drivers, there are some differences between the different bioplas-
tics and different applications, but some overall trends can be observed.
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Cost competitiveness is a key market factor for all applications (Bio-Tic 2015b). In par-
ticular, for the drop-ins a continuity of low oil prices would impede cost competitiveness
in the future. Bio-based plastics are currently more expensive than fossil-based plastics
on weight basis. A recent overview by Wageningen Research (van den Oever 2017)
shows that prices vary quite significantly between different bio-based plastics. While
some bio-based plastics are considerably more expensive than fossil based ones (e.g.
PHA) there are some exceptions (e.g. PLA for some products). For the future, it can be
expected that bio-based plastics become more cost competitive, if economy of scale of
production and learning effects are realized and if the oil price increases considerably.

Today, the market is highly dependent on Consumer behaviour towards bio-based poly-
mers and willingness to pay a bio-premium for the environment. The Bio-Tic (2015b)
study points out that bio-premium can be justified in four cases: 1) bio-based origin is a
key buying criterion, 2) environmental sustainability is used as a marketing tool to build
brand image, 3) bio-based plastics represent at least a certain minimal share of the final
product value, and 4) there are regulatory requirements for the use of bio-based plastics.

A recent survey conducted in the H2O0 2 O0of
the experts report Green Premium prices for bio-based plastics (Carus et al. 2017). 60%
of the participants considered the Green Premium to be a range between 10-20% of the
product price, almost 20% indicated a price premium of 20 up to 40%. About 6% of the
respondents estimate the premium more than 50% for bio-based plastics. While these
numbers show quite an optimistic picture of the willingness-to-pay, the differences be-
tween the current prices of bio-based and fossil based products are often higher.

While various studies show generally a positive attitude of consumers towards bio-based
plastics, different challenges arise: The environmental advantage of many biopolymers
is ambiguous, as the impact of bio-based plastics and fossil-based plastics are in differ-
ent categories. E.g. the Federal Environment Agency in Germany states in a meta anal-
ysis shows that bioplastic lower COz emissions, but farming and processing of the plants
used in packaging cause more severe acidification of soil and eutrophication of water
bodies than the production of common plastic packaging (Detzel et al. 2013; van den

project

Oever 2017).Bio-pl asti cs &6 producers still struggle to

characteristics (e.g. bio-based content, saved CO2z emissions) of their product sustaina-
ble production/processing from biomass (Hogan et al. 2015).

3.34.3 Industry Structure and actors

The actor landscape of bio-based plastics is diverse. There are few suppliers of bio-
based plastics such as large chemical firms like BASF, NatureWorks (owned by PTT
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Global Chemical and Cargill), Corbion, Braskem and some specialized firms (No-
vamontNatureWorks, FKuR Kunststoff, Innovia Films, Biomer, or BIOTEC). Instead,
there is a rather high number of converters of bioplastics to further/final products - various
catalogues or databases show that there is considerable number of firms (>100), which
supply products based on bioplastics18. These companies range between the different
application fields and from small SMEs to large brand owners. The latter group is an
important decision-maker in the bioplastics value chain because it usually demands ra-
ther high volume of bioplastics for its mass markets, has the channels to increase the
awareness of bio-based plastics and takes considerable market risk (e.g. regarding ac-
ceptance, higher costs) of opting for bio-based plastics rather than conventional coun-
terparts (Bio-TIC 2015a). The decisions of big brands to take up bioplastic solutions in
the past has had an important boost effect for bioplastics. E.g. LEGO, Procter & Gamble,
Coca-Cola, Danone, Puma, Samsung, IKEA, Tetra Pak, Heinz, or Toyota have already
introduced large scale products in Europe (European Bioplastics 2016a). Expectations
toward big consumer brands to build up more sustainable value chains may create in-
creasing market pull in the future. However, bio-based plastics here face the issue that
brand owners must become aware of benefits and opportunities and compete against
other options for increasing the sustainability of their value chain and building up their
environment-conscious image.

The actorsin this value chain are quite distributed across the globe. In 2013, Europe was
the largest bio-based plastics consumer of the global bio-based plastics output (Bio-Tic
2015b). However, there is strong competition especially concerning the location of pro-
duction sites with several countries having considerable policy incentives in place. Ac-
cording to the most recent estimates of European Bioplastics (European Bioplastics
2017), the share of production capacities of Europe in 2017 is around 17 %19 with an
optimistic outlook of a rise to 25% by 2022.

While in the past numerous value chains emerged in the bio-based plastics sector,some
challenges remain. These include overcoming lack of cooperation and knowledge trans-
fer between different actors along the value chain. It is also necessaryto form novel actor

configurations along the value chain, wi

be in contact for their own core business, in order to stimulate exchange of information

18 See e.g. https://datenbank.fnr.de/produkte/biowerkstoffe/biokunststoffe/ or Molenveld et al.
2015

19 This share is considerably lower than in earlier publications of European bioplastics, e.g. in
2016 the share of Europe was estimated to around 27% (European Bioplastics 2016). Most
probably, the large changes are connected to the abandonment to include PUR in the newest
estimates.
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and knowledge between them and encourage the joint development of strategies and
R&D&l priorities along the value chain.
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3.3.5 Framework conditions and policies

There are currently still very few policies globally, dedicated directly to bio-plastics, es-
pecially compared to biofuels (OECD 2013/2017) and there is a general lack of a suitable
framework conditions in the EU to promote and support the diffusion of bio-based plastics
(BIO-Tic 2015b). A recent study from September 2017, for example recommends from
a level playing field perspective that it might be useful to consider implementing a similar
policy framework for bio-based plastics as for biofuels (Odegard et al. 2017).

Nevertheless, already for some years there are dedicated institutions in place in the EU
that serve a purpose to create more supportive framework conditions for bio-plastics.

In the EU, initiation of bio-p | ast i cs r el ated pol i edoceAdvisaorys a t as k
Group for Bio-based Produc t s 6. This group works through the
Lead Market Initiative with a main goal: to promote bio-based products uptake and diffu-

sion within the EU. One of the key policy instruments that would support further uptake

and diffusion of bio-plastics is public procurement. The Green Public Procurement (GPP)

programme was initiated in 2008, to (among other topics) encourage and guide the EU

Member States to increase and promote the uptake of bio-plastics, meaning that prod-

ucts containing bio-based plastics would qualify for preferential selection by public au-

thorities in the EU (BBIA-CEBR 2015). However, implementation of actions for public

procurement are currently limited (European Commission 2017a).

Another emerging topic regarding bio-plastics in the EU is standardization, which has
received a lot of attention over past years. Well developed and clear standards enable
the verification of claims about bio-based plastics, such as biodegradability, bio-based
content, recyclability and/or sustainability (Bastoli 2017). The EC issued an European
Committee for Standardisation (CEN) Mandate (M491, 492) that was finalized in 2016,
covering terminology, testing, and communication specifications for bio-based products
such as bio-plastics (BBIA-CEBR 2015). Moreover, TC249 deals with the development
of standards for biopolymers, specifying terminology of biopolymers and bioplastics
(Ladu / Blind 2017).

In 2015, the ACarrier Bag e@niUnien2@lb) wasdmplé-2015/ 720
mented and called EU MS to introduce measures to reduce consumption of single use

plastic bags. In 2011, ltaly was the first EU Member State to forbid the distribution of

traditional plastic bags, followed by France in 2015 (BBIA-CEBR 2015).
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The other key EU policies on bio-based plastics include the EU Packaging and Packag-
ing Waste Directive20, the European Strategy for Plastics in a Circular Economy and the
EU Bioeconomy Strategy.

The EU has prioritized a move towards a circular economy through its Circular Economy
Action Plan (Publications Office European Union 2017), as bio-based plastics are be-
lieved to play an important role in the future circular economy. Their main potential and
promise in this respect lies in decreasing the dependence from fossil based resources
and emittance of CO:z to the atmosphere and therefore reducing greenhouse gas foot-
print. Furthermore, bio-based plastics can facilitate to return valuable nutrients to the
ground?l, (BIC 2015) and decrease microplastics and nanoplastics in soil and water
(Odegard et al. 2017). The key feature of bio-plastics is that they would not create further
waste, but re-enter the future circular economy as a useful biological nutrient. To fully
benefit from bio-plastics, a supportive legislative framework is needed that would take
into account and support all the positive characteristics that bio-plastics have to offer to
circular-economy. Currently, the European Commissionis in a process of adopting a
new strategy on plastics (Publications Office European Union 2017). In the EU, also
amendments in the Packaging and Packaging Waste Directive (PPWD)?22 are necessary
that should include the clarification of the definition and terminology of bio-plastics and
incentives supporting further uptake of bio-based plastics in the Member states (Euro-
pean Bioplastics 2016b).

3.3.6 Scenarios

Scenari o 1: ADerisking strategyh

Starting point: There is a comprehensive, coordinated policy (P4B) regarding bio-based
plastics: while funding for R&D&I remains considerable at the status quo level (P3A),
additional financing of risky business with strategic importance is implemented (P4B).
This takes the form of e.g. flagship projects, public-private partnerships or investment
financing and specifically address private funders and higher TRL stages (e.g. pi-
lot/demonstration scale, near commercialization) (P4B). In addition, coordinated market
pull measures (e.g. public procurement, tax exemptions etc.) are implemented in the EU
(P6B). Moreover, labels and transparent information about bio-based plastics and their

20 http://eur-lex.europa.eu/legal-content/EN/ TXT/?uri=CE LE X:01994L.0062 -20150526

21 nhttp://www.european-bioplastics.org/bio-based-plastics-play-an-essential-role-in-the-future -
circular-plastics-economy/

22 http://eur-lex.europa.eu/legal-content/EN/ TXT/?uri=celex:31994L006 2
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benefits (e.g. indicating bio-based content, biodegradability, recyclability) are wide-
spread (P5B).

As a consequence of these coordinated policy efforts, many new market opportunities
arise: Bioplastics become increasingly competitive in a wide range of applications (B2C)
and are incorporated into a greater diversity of products from a number of industries
(B4B). Brand-owners drive the demand for bio-based plastics. In these market segments,
some bio-based plastics achieve commodity status and earn more than 1 % of the overall
commodity market (B5C). Regarding the share of drop-ins vs. new materials, price, pol-
icy and functionality all play an important role (T4C). Due to the diversity of products on
the market, bio-based plastics are produced both in large and small scale processing
plants (T2B) via many production pathways (T5B). Due to the high production volume of
bio-based plastics, more feedstock is drawn to this market with the risk of feedstock
shortage. Therefore, the use of a wide diversity of feedstocks is required (T1C, B1C),
depending on regional capacities, product specifications etc. The positive market devel-
opment is further supported by awareness and positive perception in the population
(B3A). No special attention is given to plastic waste, so that incineration of plastic waste
(both fossil- and bio-based) predominates (T3A).

Scenario 2: High oil price, no additional specific policy measures

Starting point: The oil price rises considerably (e.g. to 127 0/bbl or even 200 u/bbl) (P1B)
and thus creates much more favourable market conditions for bio-based plastics than
today, making certain bio-based plastics, mostly drop-ins, marginally competitive as
commodity (B2B). Price determines the share of drop-ins in the overall plastics market
(T4A). Brand owners (e.g. Coca Cola, LEGO) become the primary drivers of producing
and bringing bio-based plastics to the markets (B5A). However, the spectrum of products
remains limited (B4C) and the demand for bio-based plastics is mainly determined by
the brand owners demand (B3C). Production of few bio-based plastics in large amounts
takes place in large scale plants (T2A) via few production pathways (T5A), using con-
ventional feedstocks (mainly sugar, starch, fats and oils) (B1A, T1A). No special attention
is given to plastic waste, so that incineration of plastic waste (both fossil- and bio-based)
predominates (T3A).

Scenario 3: (Micro)plastics receive high attention by policy and consumers

Starting point: There is very high awareness and concerns of (micro)plastics in the envi-
ronment. This creates a climate in which much stricter policies regarding plastic use and
plastic waste are enforced (P6C): there is atrend to ban short-lived plastics which do not
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degrade readily under environmental conditions. On the one hand, this creates novel
niche market opportunities for certain, biodegradable bio-based plastics (T3B, B2A).
They can be easily identified via transparent and widespread labels (P5B). Moreover,
recycling of plastics becomes a priority (T3C, T3D), and in addition, water treatment
technologies are implemented to remove plastics from water. Functionality, in this case
biodegradability, determines the share of bio-based plastics (T4B). On the other hand,
there is social resistance to bio-based plastics which do not degrade readily (B3B), and
innovation in this field is stifled (B3C). As only few bio-based plastics fulfill all the require-
ments, the bioplastics markets stagnate or even contract (B4A). Brand-owners drive the
demand for bio-based plastics (B5A). Production mainly takes place in small-scale plants
(T2C). Due to the recycling-friendly climate, waste is used as feedstock (T1B, B1B), in
addition to conventional feedstocks (e.g. starch) (T1A, B1A). As a consequence of feed-
stock variety and small processing plants, a multitude of production pathways are used
T5B).

3.3.7 Conclusions & Recommendations

Bio-based plastics is a key value chain for IB. Bio-based plastics range from low-cost
mass products (drop-ins) to lower-volume-higher-value specialty products, targeted at
the Business-to-Business as well as the Business-to-Consumer market. Moreover, it has
received significant attention by the public, as there is a rather good understanding of
products and applications and a strong interest in environmental issues. Furthermore,
the course of evolution of innovation of this value chain, the type of products commer-
cialized, and the future development of the demand for bio-based plastics may have a
signalling function for the development of IB in general and for other value chains (e.qg.
bio-based chemicals, bio-based surfactants, etc.).

The value chain is heavily influenced by a range of factors, from relative feedstock prices,
technology innovations, or demand pull to various framework conditions. Today, the cost
competitiveness against fossil-based products is often limited and hampers future ex-
pansion. Although higher oil prices and a strong support by R&D&I policy are very im-
portant, they will not be sufficient to achieve significant changes in the bio-based plastics
market. Against this background, rather strong impulses for an uptake may result from
an increasing demand pull support for bio-based plastics with improved sustainability
(e.g. sustainability assessment, labels, public procurement, B2B success stories).

To foster the development of the value chain in the EU in such a way that it contributes
to economic and societal goals the following actions should be taken:
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R&D&I policy should continue to support the scientific-technological development of bio-
based plastics from basic research to near-commercial phases. Specific attention should
be paid to the following issues:

The identification and development of novel bio-based plastics should be primarily mar-
ket- and application-driven so that the bio-based plastics are tailored to technical and
economic requirements of the targeted applications and uses.

R&D&I should be continued to improve cost competitiveness of bio-based plastics from
both 1stand 2" generation feedstocks, with a specific focus on scale-up issues.

Non-food biomass feedstocks, including lignocellulose, CO2, waste streams, should be
explored further. In addition to technology and process-related issues, logistic concepts
for collection and storage of feedstocks are required, and concepts for sustainable for-
estry to avoid deforestation, climate change, loss of soil fertility and desertification. An-
other focus should be on solutions for fluctuating feedstock composition and quality.

In addition to biotechnology, green chemistry approaches play a major role in bio-based
plastics development. A focus should be on the intensified cooperation between chem-
ists, biotechnologists, (bio-)process engineers and material scientists.

Bio-based plastics R&D&I should have a focus on reducing the environmental footprint
of products and processes. Specific attention should be paid to water use in processes
which comprise both process steps in agueous media as well as organic solvents, with
the aim to bring the different reaction requirements closer together (e.g. novel catalysts,
water reuse).

The neglected issue of dealing sustainably with bio-based plastics in their after-use
phase should be addressed by educating consumers on concepts for recycling and bio-
degradation, which are also relevant to fossil-based plastics.

To improve the access to sustainably produced biomass at reasonable prices, e.g. by
supporting valorisation of side or waste streams from industrial production processes, by
intensified collaboration between EU countries with strengths in biomass production con-
version, and by intensified collaboration between actors from feedstock provision and
feedstock conversion sectors.

Risk-sharing is of major importance for bringing bio-based plastics to the market. There-
fore, financing of (near) commercial activities in the TRL range of 6-8 should be im-
proved. This includes flagship projects, Public-Private Partnerships and financial instru-
ments for industry (e.g. new type of financial instrument by ESIF or others). These in-
struments could target pilot and demonstration units in the EU, upscaling and commer-
cialization.

Continuation of EU standardization/ labelling activities for bio-based plastics by aiming

to enable claims for sustainability issuesand t o provide di $taised®di on b
and Abiodegradabl e™ Recognized standards for
sponding trusted certification schemes are needed in order to facilitate the assessment
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and communication of benefits of IB processes and products both for company decision-
makers as well as consumers.

In order to support market- and application-driven development of bio-based plastics,
efforts should be taken to attract novel actors into value-chain oriented R&D&I projects
and information campaigns. These novel actors should be from high-volume markets for
traditional fossil-based plastics (e.g. automotive, construction etc.) which are potential
application sectors for bio-based plastics, but would not join respective efforts on their
own initiative because it would not be their present core business.

Ensure that bio-based plastics play an important role in the EU Circular Economy and in
the future implementation of the Plastics Strategy, which may include relevant market
uptake measures. Those measures may include for example improved recycling sys-
tems for bio-based plastics as well as a stronger consideration of bio-based plastics in
public procurement.

Consideration of bans of fossil based plastics where bio-based / biodegradable plastics
have demonstrable environmental benefits.
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3.4 Enzymes
34.1 Description of the value chain

Enzymes are proteins that act as macromolecular biocatalysts in living cells. They are
used in different industries and applications where specific catalysis (i.e. reactions) are
required to produce a variety of products. More than 3000 enzymes have been identified
(Koeller 2001) and they are used in about 150 industrial processes as reaction catalysts
(Adrio 2014).

Increasing demand for products made from renewable raw materials by using biotech-
nological processes is a key driver behind innovation activities in the enzyme sector.
Enzymes have a potential to reduce manufacturing costs, contribute to sustainability and
reduce environmental pollution. Additionally, they are critical for the development and
producti on o fio-based products.dnahe asd decade, enzyme-based pro-
duction processes have increasingly substituted chemical processes in a number of ar-
eas, especially in fine chemical and pharmaceutical industries, where specialty enzymes
are applied.

While enzymes are already established for many application areas, there is a demand
for novel or improved enzymes to enable economically competitive and more sustainable
solutions (van de Velde et al. 2013), as enzymes are key enablers for substituting fossil
feedstocks by renewable ones.

Enzyme producers sell enzymes after purification and formulation as intermediate prod-
ucts to business customers (Figure 12). Here, enzymes are either used as production
aid, e.g. for the production of fine chemicals, or are active ingredients in final products
such as in laundry detergent. Depending on their specific application areas, they are
divided between industrial enzymes and speciality enzymes (Aichinger et al. 2016).

Industrial enzymes are often produced by large multinational companies and include en-
zymes that remain in the product or are used to manufacture other materials, such as
enzymes for food, animal feed and beverages production, starch processing, pulp and
paper, textile, leather, detergents and biofuels production (Verma et al. 2017). SMEs
play an important role either as manufacturer of speciality enzymes or as technology
providers. Speciality enzymes are highly purified and used in a much smaller scale than
industrial enzymes, hence, they are much more expensive (Freedonia 2016). Speciality
enzymes are mostly used in biotechnology, pharmaceutical and diagnostics industry,
biocatalysts markets and in research. Therefore, enzymes cover a broad spectrum of
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products, ranging from low-value-high-volume products to high-value-low-volume prod-
ucts, delivered to other businesses or directly to consumers, with a significant contribu-
tion to the added value of final products.

Figure 12: Value chain for Enzymes
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3.4.2 Technology and innovation potential

The main potential of enzymes lies in several distinctadvantages over chemical catalysts
that make them very attractive catalysts for biomanufacturing. These include for exam-
ple: 1) high selectivity for the substrate, 2) increased catalytic power, 3) lower energy
consumption, 4) milder reaction conditions (temperature, pH and atmospheric condi-
tions), 5) fewer by-products and 6) a long half-life (Adrio 2014; van de Velde etal. 2013).
However, there is a need to expand the number of enzymes for industrial use which
catalytic properties e.g. the formation of C-C bonds, oxidations and reductions, catalyse
co-factor dependent reactions and "dream reactions" (e.g. utilisation of CO: as feedstock
in chemical synthesis). There is a general need to further optimize enzyme production
processes with respect to biotechnological, economic, ecologic and safety parameters.
This includes further automatization and integration of unit operations, process analytical
technologies and digitalization of production. Additionally, there is a need for develop-
ment of novel enzyme applications, optimization of enzyme applications and developing
novel approaches of enzyme production, such as cell-free systems for different purposes
and complex biocatalytic systems for cell-free metabolic engineering.
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Recent advancements in different biology disciplines (i.e. biotechnology, genomics, met-
agenomics, proteomics, efficient expression systems and emerging DNA modification
techniques) in conjunction with computational methods, have already facilitated the dis-
covery of a number of new microbial enzymes with improved catalytic characteristics and
opened up a number of new potential application areas, innovative products and process
optimization and improvements (Scarlat et al. 2015). This is expected to accelerate even
further the replacement of chemical processes by enzyme based production processes.

Currently, only very few of the enormous variety of naturally occurring enzymes are used
in IB processes and a high potential lies in still non-discovered enzymes and their appli-
cation in different IB application areas.

Main research avenues to broaden the spectrum of enzymes include:

1) Identification of potentially useful and novel naturally existing enzymes by screening

natural sources (especially in Aunderinvest:

lihood of success: e.g. marine sources, or extreme environments), by using meta-
genomics, in silico screening, high throughput screening. Additional technological im-
provements of high-throughput screening methods are needed, which can be applied
either for the screening of naturally occurring enzymes or in the process of enzyme en-
gineering. These improvements include development of different screening concepts,
such as cells as reaction compartments or in vitro compartmentalization via synthetic
droplets and micro-chambers. Another approach would be screening of genomic libraries
without a cloning step, using cell-free translation, thus overcoming limitations posed by
the expression host E. coli; further miniaturization (e.g. microsystems, microfluidics) and
lastly, development of novel detection methods, e.g. novel assays for the desired en-

zyme property, improved assays that mimic ir e a | l i fedo condi-ti

throughput approaches, and novel detection systems for high throughput screening.

2) Next to identification of novel enzymes, there is a general innovation need to optimize
enzymes for industrial purposes (i.e. enzyme engineering), as their application in indus-
trial processes requires properties that do not exist in naturally occurring enzymes.

Generally speaking, properties of interest for engineering enzyme activity include: toler-
ance to harsh process conditions, altering the optimum range of enzyme activity, increas-
ing or decreasing substrate and reaction specificity or selectivity, extension of substrate
and reaction range to non-natural substrates and reactions, alteration of kinetic proper-
ties (e.g. Km-value, velocity of the reaction, reduced product inhibition, inducibility/con-
ditional activity), stability under reaction conditions, and activity in organic solvents.

gaf

S
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Enzyme engineering could be further improved if the general lack of structural and mech-
anistic knowledge about enzymes could be overcome. Enzyme engineering with the aim
to establish more complex biocatalytic systems and processes could benefit from inno-
vation activities to develop artificial multienzyme complexes, reactions cascades (e.g. by
co-localising enzymes on scaffolds, enabling substrate channeling), etc.

3) Currently, Bacillus subtilis is the most widely used host organism in industrial enzyme
production. New hosts for enzymes production have very high innovation potential, as
there is a general need for secretory hosts to enable largei scale production. Therefore,
there is a need to establish novel host organisms (e.g. fungi, yeast) with the ability to
effectively secret proteins into the medium. This could be done by improving tools for
engineering the host, e.g. in order to be able to introduce or delete genes and to improve
the level of protein expression, and by applying systems biology, modelling and simula-
tion. Furthermore, development of synthetic biology approaches (e.g. chassis and cas-
settes or genome reduction), and their application to construct minimal enzyme produc-
tion hosts exists, as well as developing alternative concepts (e.g. cell-free enzyme pro-
duction) to industrial scale maturity.

3.4.3 R&D&I needs

Table 5 summarizes R&D&I needs for enzymes which result from the technology and
innovation potential.
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Table 5:

R&D&I needs for enzymes

Topic

State-of-Art

R&D&I needs

Broadening the spec-
trum of enzymes in IB

Very few of the enormous abun-
dance of naturally occurring en-
zymes are used in IB processes.
Most of the industrial biopro-
cesses are based on biotransfor-
mations using single enzymes.
Mainly hydrolases are used for
bulk applications, for speciality
enzymes, the spectrum of en-
zyme classes is broader than
the enzymes that are commer-
cialized or in industrial use

1 Identification of novel enzymes (see below), de novo design and generation of
novel enzymes

1 Optimization of enzyme properties for industrial use (see below)
9 Dewvelopment of novel enzyme production concepts (see below)

9 Dewvelopment of novel concepts for enzyme-catalysed processes (see below),
e.g. engineering of enzyme cascades/multienzyme reactions, co-factor regener-
ation, etc.

Identification of novel
enzymes

Currently established methods to
identify new enzymes are:
screening of enzyme producers
from natural sources, meta-
genomics and in silico screening,
high throughput screening and
de-novo design of tailored en-
zymes

1 Enzyme classes, reaction types: There is a need to expand the number of en-
zymes for industrial use which catalyse e.g. the formation of C-C bonds, oxida-
tions and reductions, catalyse co-factor dependent reactions and "dream reac-
tions" (e.g. utilisation of CO2 as feedstock in chemical synthesis)

9 Further technological improvements of high-throughput screening methods
which are either applied for the screening of naturally occurring enzymes or in
the process of enzyme engineering:

- Deweloping different screening concepts: 1) cells as reaction compartments,
2) in\itro compartmentalization via synthetic droplets, 3) micro-chambers.

- Screening of genomic libraries without cloning step, using cell-free translation,
thus overcoming limitations posed by the expression host E. coli; further min-
iaturisation (e.g. microsystems, microfluidics);

- Dewelopment of novel detection methods, e.g. novel assays for the desired
enzyme property, improved assays that mimiciir e a | |l i fed con
high-throughput approaches, novel detection systems (i.e. beyond fluores-
cence) for high throughput screening
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Topic

State-of-Art

R&D&I needs

- Screening of still "underinvestigated” sources/ecosystems with a higher likeli-
hood of success: e.g. screening of microbiomes, marine sources, or extreme
environments

- de now design and generation of enzymes. see below

De nowo design and
generation of enzymes

There is knowledge on the struc-
ture-function and dynamics-func-
tion relationships, but not yet suf-
ficient for de now design of tai-
lored enzymes from scratch

9 For de novo generation of enzymes the ultimate goal in rational design of indus-
trial enzymes is to de novo generate enzymes with new and robust catalytic
functions for industrial processes. For that R&D&I is needed to advance
knowledge on the structure-function and dynamics-function relationships.

9 New/improved models to predict structure/functions relationships in order to im-
prove in-silico predictions.

Optimization of en-
Zyme properties

Protein engineering both by ran-
dom mutation, by evolutionary
and rational approaches is well
established. The number of tar-
geted alterations that can be in-
troduced with reasonable effort
(e.g. number of amino acid ex-
changes) has risen considerably.

9 There is a general need to optimize enzymes for industrial purposes, to en-
hance their properties, as their application in industrial processes requires prop-
erties that do not exist in naturally occurring enzymes.

1 Properties of interest for engineering enzyme activity are e.g.: broadening toler-
ance to harsh process conditions (e.g. pH, temperature, chemicals), altering the
optimum range of enzyme activity, increasing or decreasing substrate and reac-
tion specificity or selectivity, extension of substrate and reaction range to non-
natural substrates and reactions, alteration of kinetic properties (e.g. Km-value,
wvelocity of the reaction, reduced product inhibition, inducibility/conditional activ-
ity), stability under reaction conditions, activity in organic solvents.

9 Properties of interest for engineering enzyme production are e.g.: optimisation
of overexpression in the production host, e.g. by optimising codon usage, fold-
ing, protein export, ease of downstream processing (e.g. tags for purification),
minimising protein degradation

1 Properties of interest for enzyme application are: reduced sensitisation potential
(e.g. allergic reactions), performance in the target application, stability and ro-
bustness during logistics, storage and under reaction conditions

1 Enzyme engineering applied in the context of/for the purpose of metabolic path-
way engineering: protein engineering strategies employing protein scaffolds for
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Topic

State-of-Art

R&D&I needs

enzyme co-localization or substrate channelling can enable higher pathway effi-
ciency

1 Enzyme engineering could be further improved if the general lack of structural
and mechanistic knowledge about enzymes could be overcome. More specifi-
cally, main R&D&I needs include deeper understanding of: substrate/product in-
hibition, enzyme stability, substrate specificity and enantioselectivity, and the
ability to model and simulate these properties in order to support rational ap-
proaches in enzyme engineering.

9 Enzyme engineering with the aim to establish more complex biocatalytic sys-
tems and processes, e.g. artificial multi enzyme complexes, reactions cas-
cades, e.g. by co-localising enzymes on scaffolds, enabling substrate channel-
ing etc.

Hosts for enzyme pro-
duction

Currently, Bacillus subtilis is the
most widely used host organism
in industrial enzyme production.
Alternative concepts (e.g. cell-
free protein synthesis) are estab-
lished at laboratory scale.

9 There is a general need for secretory hosts to enable largei scale production
and therefore an R&D&I need to establish novel host organisms (e.g. fungi,
yeast) with the ability to effectively secret proteins into the medium, by improv-
ing tools for engineering the host, e.g. by the ability to introduce or delete genes
and to improwve the level of protein expression, and by applying systems biol-
ogy, modelling and simulation.

9 Development of synthetic biology approaches (e.g. chassis and cassettes, ge-
nome reduction), and their application to construct efficient enzyme production
hosts.

9 Deweloping alternative concepts (e.g. cell-free enzyme production) to industrial
scale maturity.

Production process for
enzyme production

9 There is a general need to further optimise enzyme production processes with
respect to biotechnological, economic, ecologic and safety parameters.

9 Further automatisation and integration of unit operations, process analytical
technologies, digitalisation of production.
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Topic

State-of-Art

R&D&I needs

Development of novel
enzyme applications,
optimisation of enzyme
applications

9 See also other PROGRESS value chains, all require nowvel or optimized en-
zymes for innovative or improved processes and products.

1 Combination of chemical and enzymatic synthesis

9 Enzymes and enzyme cocktails for using novel carbon and energy sources, e.g.
for waste and valorisation of production side streams, for CO2 as substrate and
for lignocellulose.

9 Transfer of enzyme production skills to recombinant protein production and en-
gineering, e.g. new protein-based materials (e.g. made from silk protein).

Nowel approaches

9 Dewvelopment of enzyme production in cell-free systems for different purposes
(e.g screening, research, commercial production).

- Dewvelopment of nowel, cell-free reaction compartments for enzymatic reac-
tions

- Dewvelopment of complex biocatalytic systems for cell-free metabolic engineer-
ing, e.g. enzyme cascades by choosing or engineering suitable enzyme com-
binations (matched by their substrate specificity, catalytic activity and reaction
conditions), targeted and ordered immobilisation (co-localisation), e.g. on
scaffolds or as artificial multi-enzyme-complexes, scale-up to industrially rele-
vant scales.
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3.4.4 Economic analysis
3441 Patentanalysis

Data on international patent applications in enzyme related technologies based on the
WIPO patent database23 provide evidence for a dynamic growth during the 1990s, fol-
lowed by stagnant patent filings after 2000 for the most countries with enzyme invention
activities. During the 1990s, most countries engaged in enzyme related innovation activ-
ities exhibit a double-digit average annual growth, ranging from 15% for Italy, Spain and
Belgium, 13% for Germany and Denmark, to 11% for Great Britain over the period 1990-
2000. Most enzyme patents originate from the US, contributing approximately 50% to
the total worldwide patent applications in the early 2000s. To a great degree, this surge
was due to quite liberal standards for IP practices in life sciences during 1990s in the
United States, which also resulted in broad enzyme related patenting activities. In light
of growing life science patent controversies, there has been a range of court decisions,
which stressed concerns on broad patenting activities in life sciences. This induced de-
cision makers to rethink the limits of patents (Arti et al. 2016), which is one of the reasons
for a steep decline in US patent filings and patent grants since 2000 in this field of sci-
ence. The growing importance of enzyme technologies in other countries, notably EU
Member States and China, is another cause for the continuously decreasing share of the
US in the global enzyme patent applications during the last decade.

23 For the analysis, the IPC classes C12N9 and C12N11 were used to delineate patents for en-
zymes.
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Figure 13: Transnational Patent Applications in Enzymes
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Data Source: Fraunhofer ISI based on WIPO

Along with the US, the main countries with intensive innovation activities in the field of
enzymes are Japan, South Korea, Germany, Denmark, France and Netherlands (Figure
13). These countries recorded significant shares of total global enzyme related patent
applications during the entire observation time span. However, Japan, Germany and
Great Britain show a considerable and ongoing drop in registered patent filings since
2000. Most countries experienced a clear downward trend in enzyme patent filings over
the period 2000-2013, having only a short intermezzo of a positive growth between 2005
and 2009, followed by further decline after 2009. Alongside China, South Korea is an
exception to this overall global development in enzyme patenting activities. China
achieved a remarkable breakthrough in the enzyme related patenting activities, with the
number of patent filings increasing six-fold in 2013-2014 compared to 2001-2002. In
South Korea, the number of patent applications in enzymes in 2013-2014 was double
the level of total patent applications in 2000-2001.

Apart from Germany, Denmark, Great Britain, France and Netherlands, which are the
main patenting countries in enzyme technologies within the EU, several other EU Mem-
ber States are engaged in enzyme related innovation activities. These are Sweden, Fin-
land, Italy, Spain, Belgium and Austria. However, most EU countries display a continu-
ously decreasing trend in enzyme related patent applications since 2000. The only EU
countries with growing patenting activities in enzymes are Denmark, Austria, Poland,
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Lithuania, Luxembourg and Cyprus. It is noteworthy that Poland and Lithuania, which
started from a very low level in 2000-2004, could achieve increases in patenting activities
by a factor of about 2,5 and 2,6 respectively.

A relatively large group of EU countries including Ireland, Portugal, Hungary and Czech
Republic, Slovakia, Slovenia and Greece, displays quite low levels of registered patent
filings in this field of technology having filed even less enzyme patents between 2010
and 2014 than during 2000-2004. During 2010-2014, the patent filing activities were ex-
tremely weak in Romania, Estonia, Latvia, Malta and Croatia.

Figure 14: EU Countries: Transnational Patent Applications in Enzymes
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3442 Market trends

Traditional enzymes industry is a very competitive, mature and settled market. There are
more than 500 industrial products made by using enzymes as catalysts (Kumar 2013).
Furthermore, recent scientific advancements in genetic engineering and biotechnology
have accelerated a further uptake of enzymes in new application areas (e.g. biopharma-
ceuticals production), new products and process improvement (Scarlat et al. 2015). This

includes introduction of new technol ogies

temperatures or extreme pH conditions or decreasing costs by optimizing manufacturing
processes by reducing energy and water consumption (Freedonia 2016). Also, chemical
industry is increasingly opening up towards life sciences and increased use of enzymes
in different production processes (Schmidt et al. 2002).
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The global market for industrial enzymes was estimated to be around 4.2 billion US-

Dollars in 2014 and was expected to reach 6.2 billion US-Dollars (Singh et al. 2016) to

7.2 billion US-Dollars (Freedonia 2016) by 2020 i at a compound annual growth rate

(CAGR) of 7% (Singhetal. 2016 ) . Ot her mar ket studiesd asse:
market fall in with it and predict high growth for the next years (Figure 15). E.g. bcc

research (2014) calculated 4.8 billion US-Dollars for 2013 and projected an increase to

approximately 7.1 billion US-Dollars for the year 2018 (bcc research 2014). This would

mean a CAGR of 8.2% from 2013 to 2018. Industrial enzymes are the largest market

segment, at 72% (around 4.2 billion US-Dollars) in 2015 (Freedonia 2016).

Figure 15: Market estimations for enzymes (world market in billion Euros)
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Figure 16: Share of segments for industrial enzymes (world market)
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Food and beverages are and will remain the largest market segment for enzymes, also
other industrial enzymes markets are predicted to increase over the next years, except
for biofuels (Freedonia 2016). The fastest growth of industrial enzymes market is ex-
pected to take place in developing countries along with per capita increase of incomes
(Freedonia 2016). In Europe, Freedonia (2016) estimates that enzyme demand is likely
to increase an average of 4% annually, whereas speciality enzymes will have higher
increase compared to industrial enzymes (around 13% annually).

Specialty enzymes growth is above average, driven by increased interest of healthcare
and pharmaceutical sectors in specialized enzymes. Out of specialized enzymes, the
fastest growth will be for biocatalysts used in producing therapeutics (Freedonia 2016).
This trend is partly driven by the rise of so called precision medicine practice, which
would include anincreased use of biopharmaceuticals and need for specific genetic test-
ing, where specialized enzymes are largely used (Freedonia 2016).

North America and Europe are the two largest markets for industrial enzymes (Adrial
2014; Sarrouh et al. 2012). However, since 2005, Western Europe is losing its position
to the Asia-Pacific Region. In general, enzyme markets in developed countries are near
saturation whereas significant growth takes place in developing countries, where a grow-
ing middle class drives the demand for enzyme-related products. Western Europe has a
strong position in enzyme R&D&I and production. It is the only net exporter of enzymes,
distributing its products globally but also investing in production capacities in international
growth markets. Nevertheless, there will be substantial competition from emerging en-
zyme producers, especially in the Asia-Pacific region.



68

Western Europe accounted for 20% of global enzymes market in 2015 (Freedonia 2016).
The European market was estimated to be around 1.2 billion Euros 2012/2013 (Ambjerg
2012; Bio-Tic 2015b). The Bio-Tic (2015) study expects a market growth to around 1.8
billion Euros, which would imply a more moderate growth (< 3 p.a.) compared to the
global market studies. The European market is dominated by Germany, France, the
United Kingdom, ltaly, the Netherlands and Spain, who account for around 80% of the
enzymes market in Western Europe. Germany is the largest in Europe and fourth largest
globally (Freedonia 2016).

3.4.4.3 Industry Structure and actors

Different players, ranging from small specialized biotechnology firms to major multina-
tional chemical companies, are part of the European enzyme industry. A few large com-
panies dominate the enzymes production market. However, a considerable number of
SMEs are also active in R&D&I activities, especially as technology and service providers
or in screening and designing novel enzymes. Overall, the required scientific-technolog-
ical competencies are well present in private sector. The five biggest enzyme manufac-
turers are Novozymes, Dow-DuPont, Royal DSM, Roche and BASF that accounted for
61% of sales worldwide in 2015 (Freedonia 2016). However, only few of them are dedi-
cated enzyme producers (i.e. Novozymes) next to large diversified multinational chemi-
cal and pharmaceutics companies (i.e. BASF, Dow-DuPont, Roche, Royal DSM).

Novozymes is the wor | do sal enzgraed that aperapes inharec er o f
than 40 different market segments. The company produced between 30% (Freedonia
2016) to 48% of the global enzymes in 2015 (Novozymes 2016). In 2014, the sales of
Novozymes were around 4 billion US-Dollars (about 3 billion Euros) (Novozymes 2015).

Dow-DuPont has the second largest share of the market after Novozymes. The company
is specialized on industrial enzymes production. Dow-DuPont is a chemicals company
that is selling enzymes as secondary products (Freedonia 2016). Dow-DuPont gained a
much stronger position on the enzymes market after acquisition of global enzymes com-
pany Daniscoin 2011.24

Royal DSM s the third largest enzymes producer globally and focuses primary on indus-
trial enzymes production as its primary product. Royal DSM is specialized in food and
beverages market and is also active in biofules and feed enzymes market. Royal DSM
is also active on the chemical market, like Dow-DuPont (Freedonia 2016).

24 nhttp://investors.dupont.com/investor-relations/investor-news/investor-news-details/2011/D ow-
DuPont-to-Acquire-Danisco-for-63-Billion/default.aspx
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Roche held the fourth largest share of the global enzyme market in 2015. The company

is specialized in speciality enzymes producti ol
polymerases, nucleases and other enzymes used in biotechnology and research mar-

kets.

BASF is the fifth biggest player in the global enzyme market (Freedonia 2016). In addition
to a number of cooperative agreements, the company increased its presence by acqui-
sition of a specialized enzymes company Verenium in 2013 to decrease the gap on mar-
ket leaders Dow-DuPont and Novozymes in the enzyme industry (Bloomberg 2013).

All these companies play an important role in the global chemical industry and there is
high competition between them to improve the quality and performance of their products.
The companies mainly compete on product quality, performance, use of IP rights and
innovativeness (Adrio 2014). The typical goals of companies on the enzymes market are
to strengthen the current position and access new market segments.

For newcomers, high R&D&I investments present one of the main barriers for market
entry in the enzymes industry. Capital spent on innovation will not create fast revenues
in the short term. Therefore, it is especially critical for smaller players, who often lack
resources to spend on R&D&I compared to large companies with a lot of resources. This
situation can lead to collaborative agreements between small and large companies that
are rather commonin the enzymes industry. The main motivations for cooperative agree-
ments are cost sharing, access to technologies and manufacturing capabilities. Different
types of collaborative agreements in the enzymes industry include R&D&I agreements,
licensing agreements, contract manufacturing (i.e. one party is responsible for manufac-
turing. Examples include New England Biolabs and Thermo Fischer Scientific; Novo-
zymes and Royal DSM; Dow-DuPont and Quad County Corn Processors) and product
agreements and joint ventures, but also to acquisitions. Acquisitions have been more
dominant in the speciality enzymes market (rather than industrial enzymes market) over
the past years by large companies that are motivated to increase their market share and
access innovative enzymes related technologies. For example, Dow-DuPont acquired
Danisco in 2011 and Dyadicdés Industri al Technt
Aldrich in 2015, and Thermo Fischer Scientific purchased Life Technologies in 2014 and
finally Roche gained an ownership over Kapa Biosystems in 2015 (Freedonia 2016).
Most of the other acquisitions have involved of a smaller enzyme business purchased
by a larger company.

There are a number of different strategies that companies apply in enzymes industry in
order to maintain or improve their competitive position. The choice of a strategy depends
largely on whether the products differentiation is high and moderately cost-driven (i.e.
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speciality enzymes), or commoditized and highly cost-driven (i.e. industrial enzymes)
(Freedonia 2016). One of the dominant strategies, especially for resourceful large com-
panies, is to increase product differentiation, by improving performance, product quality
and process efficiency via costly R&D&I activities. As enzymes are extremely complex
large molecules with hundreds of amino acids, there is a huge potential for different in-
cremental advancements to improve their performance.

For more commoditized enzymes industry sub-markets, low-cost products present an
alternative business strategy for producers especially in an industrial enzymes market
with minimal innovation and established products portfolio (i.e. feed, cleaning products,
food & beverages).

3.4.5 Policy and Framework Conditions

There are a number of EU regulations and policies in place that influence enzymes pro-
duction and consumption.

Certain fields of applications are directly linked with specific policy targets. For example,
a biofuel mandate in the EU, as the enzymatic production process of biofuels is often
most favourable for such a conversion of biomass.

Furthermore, there are many regulations relevant for enzymes, used for food and bev-
erages market, as they are intended for alimentary purposes. The regulations vary
slightly between the Member States, but they all require that enzymes used for human
consumption have to be safe, meet earlier unmet technological needs and must not mis-
lead or confuse consumers (Freedonia 2016). Since 2003, the safety of food enzymes
is assessed by the European Food Safety Authority. Furthermore, in the EU, a regulation
is in place (Regulation (EC) No 1333/2008), which requires pre-approval of enzymes
used for food and beverages production. This regulation on food enzymes, was fully ap-
plicable from January 2010 and harmonizes for the first time the rules for food enzymes
in the EU.

According to Article 17(2) of Regulation (EC) No 1332/20081 interested parties may sub-
mit applications for the inclusion of a food enzyme in the European Union list. The dead-
line for submitting such applications started from 11 September 2011 and ended on 11
March 2015. The European Commission (2017b) received 301 applications for their in-
clusion in such list.

Also, enzyme applications in pharma and medicinal products depend heavily on regula-
tion. Diagnostics is a growing field, where enzymes could be applied, development
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greatly depends on framework conditions within the national health care systems, i.e.
opening health care to more applications of telemedicine, decentralized health care etc.
will lead to an increased demand for diagnostic enzymes. Market growth can be strongly
hampered by the efforts to control health care costs in the Member States. This makes
enzymes market strongly influenced by the EU political framework.

3.4.6 Scenarios

Scenario 1: Technology push, everything is optimal

Starting point: Substantial technological progress is higher than in Scenario 2, new op-
tions (e.g. production hosts, cell-free systems, rational improvement) are quickly devel-
oped and taken up by industry (T1C, T2B, T3C, T4B, T5B, T6C, T7aB, T7bC). The IP
framework supports intensive cooperation of academia, SMEs and large enzyme com-

panies (B3C/D).

New enzymes and new applications thrive. Markets expand in all segments (B1A/B,
B2A/B, B5A). Europe maintains a leading position in enzyme innovation (B6C), in pro-
duction (B4A) - there is even relocation of enzyme production from Asia to Europe (B4D)!
Enzymes are perceived positively by customers and end-users (B7B). Regulation be-
comes clearer and more transparent without limiting enzyme applications (P3B).

Scenario 2: Coordinated bioeconomy policy, but global competition

Starting point: Rather favourable conditions for R&D&I (P1A), market pull measures =
market expands (P2A), butincreasing competition from Asia (B6A, B5B, B4B, B4C). This
competition remains limited, because European players can maintain certain market
shares due to their technological excellence (T7abB).

Rather favourable conditions for R&D&I result in good progress in R&D, both in aca-
demia and industry. There is a moderate knowledge transfer between the big enzyme
industry and innovative SMEs, but not between academia and big enzyme companies
because of the IP framework (B3B). R&D&l efforts result in moderate broadening of in-
dustrial production platforms, but established ones remain mostimportant (T1B). Ran-
dom approaches for optimization of established enzymes increase significantly (T2C)
due to progress in high throughput screening (HTS); another option is, that rational opti-
mization also increases due to favourable conditions for R&D&I (T2B) and increasing
competition from other players/countries. The identification of new enzymes receives a
push from screening technology breakthroughs (T3B). There is also progress in formu-
lations through computational tools and knowledge-based understanding (T4B). New en-
zymes are evaluated for their potential applications, especially for example for valorisa-
tion of wastes and by-products (T5B). Process development remains a challenge, but
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market pull creates sufficient incentives to overcome hurdles (T6B). European players
have a competitive advantage over Asian competitors because they use new processes,
e.g. enzyme cascades or continuous processingat industrial scale (T7B) or use synthetic
biology, the latter having, however, a minor role for industry (T7B).

There is a considerable extension of the market for enzymes, both for industrial as well
as laundry enzymes, because the replacement of chemicals by enzymes is favoured by
high oil prices and environmental concerns/regulations (B1B). New industrial processes
using established and also newly developed enzymes are implemented (B2B). Moreo-
ver, positive perception of enzyme use by end-users has an additional positive impact
(B7B), the favourable perception of enzymes is partly due to awareness raising cam-
paigns which focus on the innovation aspect and the positive environmental impacts.
Due to growing wealth in developing countries, emerging players in developing countries
get big enough to become global players and compete with present leaders (B5B). Pre-
sent market leaders loose shares of the (expanding) market to Asian competitors (B4C);
European producers especially withdraw their production from Asian countries, but still
distribute their products globally (B4B). Saturation in Western markets triggers R&D&lI
into customer-specific solution, e.g. through novel combinations of laundry components,
and into novel product forms (e.g. lower water content) (B1B). With respect to R&D&l
investment, talents and competencies, Europe and the US remain among the leading
countries, but China/Asia catch up quickly and obtain a leading position in certain seg-
ments (e.g. commodity enzymes) (B6A). Safety aspects of enzyme exposure are no ma-
jor issue; it is being dealt with by standard operating procedures in industry (B8A).

Scenario 3: High oil price, but consumer concerns

Starting point: The oil price is high and thus creates favourable conditions to replace
fossil-based chemicals and processes by enzymes (P2C, B2C). However, there is grow-
ing concern of consumers of genetically modified organisms and adverse health effects
of enzymes (B7A). NGOs run anti-enzyme campaigns. As a consequence, regulations
for enzymes become stricter (P3A).

The progress in R&D&I and innovation is less than in scenario 1, because there is less
revenue from the markets and thus less private investment in R&D&I (e.g. T3D, T5C,
T1A, T2A, T4A, T3A). Public funding of R&D&I remains on a comparable level as today
and is focused on certain fields (P1B, T2D). The high oil price favours R&D&I bioecon-
omy initiatives (P2C). The R&D&I focus shifts to fields which are compatible with the
enzyme regulations and public concern, especially to non-GMO production, natural pro-
duction processes, synthetic chemistry, non-sensitizing enzymes and their formulations,
and cell-free production systems for enzyme applications close to end-consumers (T4B,
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T2D). In fields which are hampered by negative public perception (e.g. synthetic biology)
(T7bA), enzyme development is significantly slowed down, redirected or moved to other
countries (T1D, T2D). The enzyme industry sticks to the established expression systems
(T1A). The high oil price favours the replacement of chemicals by enzymes in industrial
processes, but the full potential cannot be exploited due to negative public perception
(T3A). Process development is improved for industrial processes not hampered by public
perception. It remains on status quo level in the other segments (T6A). There is certain
progress in academic R&D&I in rational optimization of enzymes, but is not taken up by
industry (T2A). One of the reasons may be that big enzyme companies reduce their
cooperation with SME and academia (B3A).

The market also becomes segmented: applications develop positively, where the high
oil price drives enzyme use and which are not significantly impaired by negative public
perception and regulation: here, new enzymes are introduced, also for new applications
(B2C). Enzyme applications close to consumers and of public concern decrease, e.g.
food and drink, personal care products (B1D). There is increasing competition of en-
zymes with non-enzymatic alternatives on a case by case basis, depending on labeling
requirements, public concern, oil price and benefits from enzyme use (B1A, B1D). New
applications of new enzymes are being developed in certain segments (B2C). With re-
spect to the geographical distribution of activities, Asia takes over in R&D&I because
investment, talents and competencies are developed and supported in the whole enzyme
field whereas Europe focuses strongly only on certain segments and has given up de-
velopment in other segments (B6B). Emerging enzyme producers in developing coun-
tries become global players, replace presentleaders in certain segments (B5C) and com-
pete with them in other segments (B4C). Production of enzymes mainly takes place in
Asia, the share of Europe and the US decreases (B5C).

3.4.7 Conclusions & Recommendations

Enzymes are key enablers for the

9 substitution of fossil by renewable feedstocks,

9 optimisation of environmental performance of industrial production processes,

9 novel products, processes, services, and applications in a broad range of pro-
cess industry sectors and consumer goods.

Thereby enzymes usually significantly contribute to the added value of final products and
strongly support the transition process towards a bioeconomy.
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While Europe is still leading in technology development as well as in production of en-
zymes, this position is increasingly challenged by competitors in the Asia-Pacific region,
since 2015 the second largest enzyme market in the world. A European strength and
opportunity in the challenge to stay at the forefront is to focus on technological excellence
and innovative products and applications. Here, public R&D&I policy will be important,
but R&D&I priorities and marketing strategies of the large leading companies will be
equally important to shape the innovation paths, as those companies clearly dominate
the whole market. However, SMEs also have an important role in innovation as fast-
acting and pioneering actors which provide substantial input into product pipelines. While
modes of cooperation between large companies and SMEs are established, high profile
collaborations between large companies and university and research institutions are of-
ten hampered by disagreement on IP issues.

For successfulcommercialization of R&D&I results favourable market conditions and de-
mand pull are indispensable. Such impulses can result from increasing oil prices, re-
quired environmental standards that are easier to fulfil by using enzymes and/or by pos-
itive public perception of enzymes in various applications. The present perception is ra-
ther positive for the enzyme industry. However, there are latent concerns regarding the
use of certain technologies (e.g. genetic engineering, synthetic biology) especially in ap-
plications where enzymes come in direct contact with the human body (e.g. food, per-
sonal care products), related safety issues, and labelling requirements for product ingre-
dients which may trigger the layman's perception of a "dangerous" product. These con-
cerns may become more prominent in the future.

To foster the development of the value chain in the EU in such a way that it contributes
to economic and societal goals the following actions should be taken:

1 Withrespect to R&D&I policy funding, projects aiming at broadening the spectrum
of enzymes for use in IB should be prioritised. This comprises the following R&D&l
topics:

- identification of novel enzymes with a focus on other enzyme classes/reaction
types than hydrolases, technological improvement of high throughput and in
silico screening methods, the screening of still “"underinvestigated"
sources/ecosystems, and the de novo design of novel enzymes. An emerging
research field for redox reactions are bioelectrochemical systems.

- for the de novo design of novel or improved enzymes from scratch, R&D&l is
required on the structure-functionand dynamics-function relationships and the
development of new or improved in-silico models for the prediction of struc-
ture/function relationships, and the application in the design of industrially rel-
evant enzymes with new and robust catalytic functions.
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- There is a constant need for optimization of enzyme properties for industrial
use; the enzyme properties of interest for optimization are various aspects of
enzyme activity, enzyme production, enzyme application in industrial pro-
cesses, for the purpose of metabolic engineering and for the establishment of
more complex biocatalytic systems.

- the optimisation of enzyme production hosts, e.g. by synthetic biology ap-
proaches and systems metabolic engineering, the development of novel se-
cretory enzyme production hosts and the required tools for engineering them,
and the development of alternative enzyme production concepts (e.g. cell-free
enzyme production) to industrial scale maturity.

- the further optimisation of enzyme production processes with respect to tech-
nical, economic, ecologic and safety parameters. Specific attention should be
paid to further automatisation and integration of unit operations, process ana-
lytical technologies, and the digitalisation of production.

- Optimisation of enzyme applications and development of novel ones, specific
for the respective value chains. Additional foci should be on the combination
of chemical and enzymatic synthesis, on enzymes and enzyme cocktails for
using novel carbon and energy sources (e.g. waste, COq, etc.), and on the
transfer of enzyme skills to recombinant protein production and engineering,
e.g. new protein-based materials.

- Emerging approaches such as enzyme production in cell-free systems for dif-
ferent purposes (e.g. screening, research, commercial production), complex
biocatalytic systems for cell-free metabolic engineering, e.g. enzyme cas-
cades and multienzyme reactions, co-factor regeneration should also be ad-
dressed.

Continuation of activities towards the transition to the bioeconomy, as new mar-
ket opportunities for enzymes are created. Hence, a potential revision of the EU
bioeconomy strategy with ambitious actions to support demand-pull in new
and/or strategic sectors would create strong incentives to use enzymes (see
section 5 demand pull).

Balanced regulation that limits on the one hand current constraints for the au-
thorisation and use of enzymes, reduces the administrative burden, minimises
delay of time-to-market and provides more clarity for industry (e.g. regarding im-
plications of Nagoya-Protocol), but on the other hand takes up latent concerns
of the public seriously.

The complex issue of access to genetic resources and the fair and equitable
sharing of benefits arising from their utilization should be explored further: the
present regulations, laid down in the international agreement of the Nagoya
Protocol to the Convention on Biological Diversity, may pose an obstacle espe-
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cially for innovative enzyme SMEs in the exploitation of digital sequence infor-
mation. It should be explored whether an innovation-friendly option for the ac-
cess to digital sequence information without compromising the requirement that
interests of all involved parties must be taken into consideration.

Support SMEs to develop innovative capacities and to pioneer new possibilities
(e.g. dedicated R&D&I funding for SMES) as well as provide possibilities for en-
gagement in later TRL stages like demonstration or near-commercial prototyp-
ing.
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3.5 Production of Biopharmaceuticals
3.5.1 Description of the value chain

Biopharmaceuticals (or biologics) refer to large molecules from biological sources, which
are a class of protein based drugs (e.g. hormones, antibodies) with a therapeutic effect
on diseases, where usually no other alternative treatment options are available. They
are often of human origin and manufactured in specifically engineered organisms. Com-
pared to other bio-based industrial products, biopharmaceuticals are extremely high-
value and very low-volume products. In the vast majority of published studies, the R&D&I
process and market penetration of new molecules or biosimilars is in the focus of analy-
sis. At the same time, the manufacturing stage (see Figure 17) (either for clinical trials
for phase I-lll of the R&D&I process or for the commercial production of biopharmaceu-
ticals) is often neglected, even though a significant share of the added value of biophar-
maceuticals comes from the manufacturing stage. Compared with the manufacturing of
small molecule drugs, the manufacturing of larger biopharmaceutical molecules is much
more important because it is inseparable from the safety and efficacy of the product, and
also because of the higher unit cost. Production of biopharmaceuticals gives a competi-
tive advantage to industrialized countries and regions (e.g. the EU) over developing
countries, as the compliance with quality standards outweighs the importance of labour
and production costs. Moreover, key decisions regarding the supply chain logistics, man-
ufacturing technology development and use, quality assurance, costs, investment and
outsourcing decisions are taken in the manufacturing part of the value chain, which
makes it an important value chain segment to study.

Production challenges can significantly impactthe development process and its duration.
Manufacturing of biopharmaceuticals is significantly more complex and costly than pro-
ducing traditional chemical drugs or other bio-based products (Gennari et al. 2017,
Behme 2015; Otto et al. 2015). The production of such a medicinal product has to be
carried out in officially licensed, often tailor-made technically complex manufacturing fa-
cilities (Behme 2015).

While the R&D&I phase of biopharmaceuticals comes first, it stands in close relationship
with the manufacturing process. The manufacturing process is fixed and has to be de-
scribed in detalil in the dossier that is submitted to regulatory authorities for gaining au-
thorization of the product. Therefore, the details of the manufacturing processes have to
be defined very early and will thereafter be changed only in exceptional cases. This
means that in order to shorten the time to market, the manufacturing process has to be
designed and planned in parallel to the drug development process (Behme 2015).
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The actor landscape in production is divided into few groups and depends on the stage
of production. Large multinational biopharmaceutical companies are active along the
whole value chain, from development of new molecules to production and sales of bio-
pharmaceuticals. However, high uncertainty, technological complexities and economic
pressure lead to increasing cooperation between stakeholders along the value chain.
For R&D&I they often collaborate with academia as well as partner with, or acquire mul-
tiple dedicated biotechnology firms (DBFs) where novel technologies can be drawn out
of university laboratories and go through the initial tests of technical and commercial
viability (Reynolds et al. 2016). While some of these firms possess production capacities
for clinical batches, they usually do not have the necessary capabilities for scale-up.
Instead, for manufacturing the large companies usually rely on contract manufacturing
organizations (CMOs) at both early clinical stages and later scale up stages during the
commercial phase.

Eventually, sales and marketing are commonly provided by large pharmaceutical com-
panies, because of their access to markets and necessary resources to successfully
introduce new products to the markets.

Figure 17: Value chain for biopharmaceutical production
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3.5.2 Technology and innovation potential

The manufacturing of biopharmaceuticals requires highly complex and sophisticated pro-
duction processes together with the necessary organisational procedures to ensure
product quality, safety and compliance with regulatory standards. This implies high in-
vestments into production facilities: The standard in the past decades were often large
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manufacturing facilities for a single product, equipped with large stainless-steel ferment-
ers, with investment costs usually in the order of magnitude of 50 to 150 mio. Euros. As
investment decisions already have to be made during the R&D&I phase of a novel bio-
pharmaceutical in which the development to market approval may still fail, a large pro-
portion of biopharmaceutical manufacturing is carried out in contract manufacturing or-
ganisations.

However, the concept of facilities for manufacturing of biopharmaceuticals is changing,
due to the following factors:

The current processing paradigm of large scale cGMP manufacturing facilities dedicated
to single product production is no longer needed for most biopharmaceuticals under pre-
sent frame conditions. In order to stay competitive and to maintain the market share,
innovations in manufacturing technologies are required.

There are high expectations around innovative technologies and processes that would
support biopharmaceutical production. In particular, improvements in the following as-
pects are desirable: Continuous biomanufacturing is a manufacturing process where the
products are automatically moved to the next step as each unit process is completed. It
is currently dominated by small-scale perfusion and there are a number of issues around
contamination risks and stability of production. There is a need and potential to develop
equipment and instrumentation that would allow for integration of unit operations so that
by using stable cell lines, continuous flow from raw material to finished product could be
achieved on large scale production. Improvements in continuous manufacturing up-
stream processing (USP) are necessary for biomass concentration and control, oxygen-
ation and ventilation. Further improvements in down-stream processing (DSP)would en-
able to implement a continuous purification process and non-chromatographic separa-
tion technologies.

Compl ementing or replacing the currently domin
mode by flexible multiple product operations, for example in the form of single-use bio-

reactors (SUS). SUS already exist in biomanufacturing and there is a trend towards

higher use of SUS. Further developments would significantly improve SUS performance

to scale up SUS production capacities and increase suitability for microbial processes.

However, there is an additional need for the development of standards to increase com-

patibility of equipment solutions from different suppliers.

Over the last years, on-line process monitoring technologies have been developed, i.e.
process analytical technologies (PATSs). Further R&D&I in PATSs is necessary in order to
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enable non-invasive on-line and at-line monitoring of product quality in down-stream pro-
cesses unit operations. It would enable process understanding to the extent that closed
loop control feeding could be implemented.

New classes of biopharmaceuticals will be coming to the markets these years, especially
bispecific monoclonal antibodies, and advanced therapy medicinal products (tissue en-
gineered products, gene therapies, cell therapies). They have the potential to comple-
ment and even replace many biopharmaceuticals. Advanced medicinal products require
the GMP manufacturing of DNA and cells rather than therapeutic proteins, so that man-
ufacturing processes on industrial scale and in compliance with regulatory standards
have to be implemented in order to be in a leading position to manufacture also this new
class of therapeutics.

In 2014, the vast majority of biopharmaceuticals (104 of 240; 43 %) were produced with
the help of bacteria and yeast, followed by mammalian cell cultures (35 %), chicken eggs
(14 %), human cell cultures (8 %) and insect cell cultures (2 %) (Kaltwasser 2016). Only
two (0.8 %) biopharmaceuticals were produced in transgenic animals. Against this back-
ground, innovation potential lies in the establishment of alternative production systems.
However, comparative advantages over existing production systems must outweigh the
additional efforts to bring novel production systems to the maturity level required for as-
suring quality of the product, compliance with Good Manufacturing Practice (GMP) and
approval by the authorities. Of specific interest are production systems based on human
cells and cell lines, transgenic crop plants, cell-free production systems (Ogonah et al.
2017) and systems which allow the tailored glycosylation of therapeutic proteins. These
systems have specific strengths in non-immunogenicity, in reduced risk for human path-
ogen contamination, in scale-up, distributed manufacturing schemes, for therapeutic pro-
teins which are difficult to express in established production systems (e.g. cytotoxic sub-
stances, membrane proteins).

3.5.3 R&D&I needs

Table 6 summarizes R&D&Ineeds in the production of biopharmaceuticals which result
from the technology and innovation potentials.
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Table 6: R&D&I needs in the production of biopharmaceuticals

Topic

State-of-Art

R&D&I needs

Nowel production para-
digms

The current predominant manu-
facturing paradigm for biophar-
maceuticals is characterised by
complex and sophisticated 20+
step processes. They are usually
carried out in large volume unit
operations in cGMP facilities,
equipped with stainless steel re-
actors, large filtration and chro-
matography skids, as well as as-
sociated piping and hardware.
These manufacturing facilities
are investment capital intensive
and have high operating ex-
penses, mainly due to expensive
chromatography resins and large
buffer wolumes. Due to the trends
of personalised medicine, orphan
drugs and smaller disease para-
digms, these production para-
digms are no longer needed for
most biopharmaceuticals. A
number of advanced biomanu-
facturing technologies have been
or are being implemented in vari-
ous process steps but the inte-
gration into holistic novel con-
cepts is still on its way.

9 To synergistically combine different technologies into nowvel holistic manufactur-
ing processes for biopharmaceuticals which allow the manufacturing of several
different products of smaller volumes instead of one single product of large vol-
ume. These facilities are scalable and small-wlume, with less capital expendi-
ture that enables flexible multi-product manufacturing on demand, responding
to current trends in the biopharmaceutical market.

1 R&D&I needs with respect to different technologies and steps in the manufac-
turing process are described in more detail in the table below.

9 Newertheless, further improvements of established production paradigms need
to be continued. They comprise

- USP: improvements in cell line development and engineering, cell clone se-
lection, media and feed dewvelopment, cell harvesting, bioprocess dewelop-
ment, reactor design and scale up

- DSP: general optimization of individual unit operations, further development of
non-chromatographic operations (e.g. to dewelop alternative technologies to
Protein A affinity chromatography for MAb purification, i.e. membrane-based
procedures, aqueous two-phase extraction (ATPE), precipitation, crystalliza-
tion or affinity alternatives).

- For process development and optimisation, modelling and simulation of unit
operation is needed, as well as mini-plant facilities
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Topic

State-of-Art

R&D&I needs

Continuous biomanu-
facturing

Continuous biomanufacturing
means that the processed prod-
ucts are continuously/automati-
cally moved to the next step as
each unit process is completed.
Currently, continuous biomanu-
facturing is predominantly imple-
mented in upstream processing
(USP): with the help of sophisti-
cated single use technology, e.g.
perfusion bioreactors. Productivi-
ties much larger (e.g. factor 4)
than in conventional fed batch
culture can be achieved.

9 To dewvelop equipment and instrumentation for integration of unit operations so
that a continuous flow of material from raw input to finished product can be
achieved.

9 To combine continuous up and downstream manufacturing technologies to ena-
ble higher process intensification.

9 USP: further improvements of perfusion reactors, e.g. reducing the usage of
large wlumes of medium; reducing the complexity of the process, as it is cur-
rently requiring specifically trained personnel

9 USP: To establish stable cell lines which maintain their high productivity over
longer periods, e.g. two to three months.

9 USP: To reduce microbial contamination risks, especially during long-term oper-
ations

9 DSP: implementation of continuous purification processes and continuous non-
chromatographic separation technologies to overcome continuous processing
capacity constraints.

1 Issue of regulatory relevance: how can a "batch" be defined in continuous man-
ufacturing; role and implementation of quality-by-design principles

Process analytical
technology (PAT)

At-line and on-line process ana-
lytical technologies have been
implemented for process moni-
toring.

1 To expand the range of analytical parameters, especially for product purity and
product quality (e.g. control of glycoforms) in on-line or at-line monitoring.

9 Dewvelopment of novel sensors or improved systems for such parameters.

9 Dewvelopment of novel sensors or improved systems that can be used in small
scale single-use systems (e.g. development of a real time release testing ap-
proach).

9 To increase process understanding to the extent that closed loop control for
feeding can be implemented (the cell culture receives at any time the amount of
nutrients it requires).

1 Dewvelopment of PAT solutions in down-stream processes unit operations, e.g.
on-line, at-line determined product concentration in TFF steps or on-line, at-line
determined control of product for appropriate collection of the desired product
pool in a chromatography step.
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Topic

State-of-Art

R&D&I needs

9 To dewvelop noni invasive accurate, on-line, real-time monitoring instrumentation
which enable further automation of processes (e.g. industry 4.0).

9 Use of synthetic biology to improve the detection of cellular metabolites with bi-
0Sensors.

Single use systems
(SUS)

Viable upstream and down-
stream SUS processing options
exist (especially in mammalian-
cell based processes) and there
is a trend towards higher use of
SUS.

9 The performance of single-use systems needs to be optimised further:

- USP: To broaden the applications beyond mammalian cell culture processes,
increase the SUS suitability for microbial processes, e.g. by increasing the
maximum gas transfer rates

- Scale up SUS production capacities

- Compatibility of single-use equipment solutions from different suppliers needs
to be increased by standardisation.

Manufacturing of novel
biopharmaceutical
classes and advanced
therapy medicinal
products (ATMPSs)

Nowel biopharmaceutical classes
such as antibody drug conju-
gates as well as advanced thera-
pies (i.e. gene therapy, cell ther-
apies) are emerging therapeutic
paradigms which require specifi-
cally developed manufacturing
processes. They hawe the poten-
tial to complement and even re-
place many biopharmaceuticals

9 Further R&D&I needed to adapt manufacturing systems to new types of thera-
peutic molecules, such as antibody drug conjugates (ADCs), and optimize them

9 Development and optimisation of novel production paradigms for ATMPs

Established production
organisms

Transgenic bacteria and mam-
malian cell lines are the work-
horses in biopharmaceutical
manufacturing. Alternative pro-
duction hosts only play a minor
role

1 To improve established production organisms, especially with respect to the fol-
lowing aspects

- Improvements in cell lines to reduce contamination and protein impurities
such as host cell proteins.

- Improvements of biopharmaceutical quality e.g. desired glycoforms or other
desired post-translational modifications.

- Production strains adjusted to reactor capability rather than the other way
around (e.g. strains or cell lines that cope with the low oxygen transfer capa-
bilities of SU bioreactors).
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Topic

State-of-Art

R&D&I needs

Nowel production or-
ganisms

9 To dewelop new production organisms: R&D&I towards human cell lines, re-
placement of avian eggs for vaccine manufacturing, and "pharming” of trans-
genic crop plants, animals

9 Find solutions for regulatory approval issues of novel production organisms

Cell free production
systems/platforms

Cell free systems exist that could
be used as potential production
systems for nonglycosylated pro-
teins.

1 Cell free systems for non-glycosylated proteins need improvements regarding
productivity and product quality

9 Scale up of cell free systems to commercial scale

9 Expand the range of proteins that can be produced in cell-free production sys-
tems, e.g. establish cell free production systems/platforms for glycosylated pro-
teins, for tailored glycosylation, and specifically modified proteins (e.g. with non-
natural amino acids).
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3.5.4 Economic analysis

3541 Market trends

The volume of biopharmaceuticals to be produced is mainly dependent on the develop-
ment, approval and reimbursement of new biopharmaceuticals or biosimilars. Production
costs represent only a minor share of costs comparedto R&D&l related investments and
market diffusion is very little cost-driven.

The biopharmaceutical industry can be characterized by full recovery from recent global
economic crisis and has demonstrated a stable growth over the last years that will con-
tinue for the near future (McKinsey 2014). In comparison to small molecule drugs, bio-
pharmaceuticals are occupying an increasingly larger market share, both in terms of
numbers and percentage.

The value chain in the biopharmaceutical industry is highly globalized. While R&D&l for
new products (new molecules, bisoimilars) and production for clinical batches are closely
interwoven and co-localization offers clear advantages (Reynolds 2011), localization of
commercial production is not necessarily geographically coupled to R&D. Currently, Eu-
rope possesses around 32 % of the biopharmaceuticals production capacity, while North
America is leading with around 52 %, and Asia produces around 16 % (Seymour / Ecker
2017). Details on the capacities of those facilities are not publicly available. In Europe,
Germany is the leading location. While many EU countries have at least one facility,
there is a clear concentration towards western European countries.25 For the future, ex-
perts do not expect a rise of new facilities in Europe, but an expansion of existing ones.

On average, investing in biotechnology R&D&I has generated higher profits than the
pharmaceutical industry average returns (McKinsey 2014). The global market for bio-
pharmaceuticals is exceeding 200 billion US-Dollars, out of which the recombinant pro-
tein market is more than 150 billion US-Dollars (BioPlan Associates. Inc. 2016). The
expected annual growth rate for the biopharmaceutical market is between 8% and 15%
(BioPlan Associates. Inc. 2016; McKinsey&Company 2014) and thus above the average
economic growth. A large part of it is due to sales of a growing number of recombinant
monoclonal antibodies, whose market is estimated to be about 50 billion US-Dollars (Bi-
oPlan Associates. Inc. 2016). Oncology and infectious diseases drugs are the most ac-
tive areas i n t heaR&D&ipipelited withanore than b,@0@ dnd 3000
products respectively in development (BioPlan Associates. Inc. 2016). The main driver
for this development is that biopharmaceuticals offer often significantly higher treatment

25 http://top1000bio.com/
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efficacy compared to small-molecule drugs and enable the treatment of previously incur-
able conditions, which creates a high demand for these type of new drugs.

Since most biopharmaceuticals are used for indications for which there are few, if any,
alternatives, the overall market is rather protected from widespread cost-containment
and controls (BioPlan Associates. Inc. 2016). However, due to increasing economic con-
cerns, all pharmaceuticals, particularly biopharmaceuticals, which tend to be the most
expensive, face increasing cost containment and control efforts worldwide. Moreover,
national healthcare systems are often not able to afford these expensive drugs due to
their underfinanced and restricted budgets. Therefore, there is an urgent need on the
market for alternative ways to fulfill demand for innovative products with affordable prices

Concerning manufacturing, the cost of goods of biopharmaceutical products are cur-
rently estimated to represent between 10 and 25% of the sales price of the drug. For
monoclonal antibodies, rising productivities have seen this figure fall significantly such
that the cost of production is now less than 5% of the selling price in some cases
(Alldreach/ Robinson 2015). Hence, the manufacturing costs are limited compared to
turnover. However, there are some indications (e.g. see below biosimilar market) that
manufacturing costs and hurdles present a more important barrier for biopharmaceuti-
cals than for small molecules. Potential cost reductions are mainly dependent on tech-
nological advantage as regulatory relaxations or offshore activities in low-cost country in
large manner are not likely in the near future.

Biosimilars

Implications for manufacturing also occur from the growth of biosimilars. Biosimilars are
biopharmaceutical products that are almostidentical to original drugs, but manufactured

by a different producer after the originaldru g6 s pat ent has @&&hilior ed.

US-Dollars worth of highly priced best-selling biopharmaceuticals are scheduled to have
their patents expired (Frost&Sullivan 2017). This has led to a rapid development of the
biosimilars industry. The global biosimilars market is expected to reach 24 billion US-
Dollars by 2019 at a compound annual growth rate (CAGR) of more than 60%
(Frost&Sullivan 2014). In Europe, the first biosimilar was approved in 2006 and, by 2016,
20 biosimilars were available on the EU market (Rémusta et al. 2017). The European
biosimilars market is the largest globally, with a share of 49% (in 2014), out of which
Germany has the largest share (around 57%) (Frost&Sulivan 2017). But also emerging
countries with extremely limited healthcare budgets show growing interest in biosimilars
and new players from developing countries (e.g. China, India) have been recently enter-
ing the biosimilars R&D&I market (BioPlan Associates. Inc. 2016).

By
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The development of biosimilars adds a new dimension to the pressures on biopharma-
ceutical manufacturing costs. Biosimilars are estimated to have only limited potential for
cost reductions (compared to generics for small molecule drugs), but at the same time
their market segment is rather price sensitive. Specific manufacturing challenges include
lack of access to the biologic cell line of the reference product and lack of detailed infor-
mation on the manufacturing process (e.g. fermentation, purification etc).

354.2 Industry Structure and Actors

Large established multinational pharmaceutical companies drive the biopharmaceutical

industry. These includes worldbdés | eading

their focus onto large molecule drugs (biologics) in the last decade. Table 7 shows that
e.g. Sanofi-Aventis generates 53 % from its revenue from biopharma in 2012 (right col-
umn). The left column states that this share increased by 53 % from 2010-2012, meaning
that the share of revenue from biopharma was close to zero in 2010.

Table 7: Change of revenues (%) between 2010-2012 to biopharmaceuticals

Company Change in percentage of | Share of revenue (%) of
revenues from biopharma | biopharma in 2012
2000-2012

Sanofi-Aventis 53% 53%

F. Hoffmann-La Roche 53% 79%

AbbVie 52% 52%

Pfizer 29% 29%

Bristol-Myers Squibb 23% 23%

Source: adapted from Otto et al. 2014

Manufacturing of biopharmaceuticals is a much more complex process than producing
traditional small-molecule pharmaceuticals (Gennari et al. 2017). Therefore, in parallel,
these multinationals have become increasingly dependent on CMOs and dedicated bio-
technology firms (DBFs) in order to acquire the necessary additional capabilities, as the
internal capabilities of even the most powerful pharmaceutical firms are not sufficient to
develop, manufacture and market these new and innovative technologies by themselves
(Gennari et al. 2017).

phar m;
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The main reason for outsourcing is being able to balance risk in biopharmaceutical com-
panies, e.g. only after the achievement of key milestones in clinical trials or market up-
take are met they can justify investing in-house. High investments are required. The cost
of constructing a traditional biopharmaceutical plant is in the order of tens of millions (US-
Dollar) for medium sized (10007 5000 [) facilities to hundreds of millions for larger ones
(10,0007 200,000 1) (Allbread / Robinson 2015). Other key reasons for outsourcing are
lack of own capabilities (e.g. in cell line development, process development and scale-
up) and the higher flexibility (lower fixed costs, etc.) (Gennari et al. 2017).

The CMOs most often provide to pharmaceutical companies specific services (e.g. ana-
lytical testing, bioassays, fill/finish operations, clinical trials, validation services) that they
are specialized in. The market share of biopharma CMOs has risen steadily in this market
segment in the past decade, and it is expected to reach 7 billion US-Dollars in 2019
(Gennari et al. 2017).

Somelarge fiimsactasso-c al | ed OExcess companieso6 (i.e.
ing products, but also sell or make available any excess manufacturing capacity), as for
example Bohringer-Ingelheim.

Currently, a majority of the production capacity is still owned by product companies (com-
panies focused on product development). They hold approximately 73% of the installed
mammalian cell culture capacity, while Excess companies and CMOs control signifi-
cantly less capacity (13% and 14%, respectively). The forecasted distribution of capacity
changes only slightly for 2021, with Product companies holding 68% of the installed ca-
pacity, while CMO companies will increase to 15% and Excess companies to 17% of the
capacity (Seymour / Ecker 2017).

The market share of CMOs has been constantly increasing over the last years. Despite
profit margins of more than 30 percent in the biopharma CMO sector versus up to 10
percent in the traditional pharma market (Gennari et al. 2017), there is still a shortage of
CMOs.

A lack of production capacity exists in the biopharma industry in particular for large-vol-
ume biopharma drug substances. This is due to the fact that there are few CMOs with
large reactor lines and that brand owners prioritise their own products (Otto et al. 2015).

There are a number of other reasons that inhibit CMOs from successfully entering the
biopharma market. One of the main challenges is the lack of qualified staff and the high
investments required to prepare high skilled biopharma experts with multidisciplinary
background, necessary to manage the necessary start-up, biomanufacturing and prod-
uct transfer capacities (Gennari et al. 2017).
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For low-volume production the picture looks different, as market entry barriers are lower.
Market forecasts indicate a strong trend towards low-volume manufacturing as produc-
tivity continues to increase, biopharmaceuticals become more effective (requiring lower
doses), and treat more niche indications (Gennari et al. 2017).

Europe is the second largest biopharmaceutical contract manufacturing (CM) market
trailing behind the US (Frost & Sullivan 2013). The European CM market is a highly
concentrated market with two companies (Lonza and Boehringer-Ingelheim) controlling
nearly 70 per cent of the share, both in terms of sales revenue and manufacturing ca-
pacity (Frost & Sullivan 2013). Other production facilities are mostly controlled by mid-
sized firms, while SMEs are hardly present as manufacturers. 26

Outsourcing to emerging markets is relatively limited as most of the market is in the US
and Europe (Gennari et al. 2017), and also because of IPR issues, ensuring a high-
guality product and gaining relevant approvals . E.g., currently, no authorized production
of biopharmaceuticals for the US and European market takes place in China and large
multinationals have not built up any production capacities for biopharmaceuticals there.
However, there are some signs that CMOs based in emerging markets will continue to
capture market share, albeit slowly (Quing et al. 2016).

3.5.5 Policy and Framework Conditions

The Pharmaceutical sector is one of the most highly regulated sectors in the world. The
main regulation instrument is the so-called Good Manufacturing Practice (GMP). The
GMP describes the minimum standard that a medicines manufacturer must meet in their
production processes. GMP requires that medicines 1) have consistent high quality, 2)
are appropriate for their intended use and 3) meet the requirements of the marketing
authorization or clinical trial authorization (European Commission 2017c). Across the
world, many countries have legislated that pharmaceutical manufacturers follow GMP
procedures. In Europe, various EC regulations, directives and guidelines lay down the
principles of GMP in the EU. The EU GMP guidelines provide interpretation of these
principles (EMA 2016). Any manufacturer of medicines intended for the EU market must
comply with GMP, irrespective of the location of production. The inspections to verify
compliance with the EU standards is coordinated by the European Medicines Agency
(EMA) (EMA 2016). The two key legal instruments applying to GMP of active substances

26 http://top1000bio.com/
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and medicines for human use are Regulation No. 1252/201427 and Directive
2003/94/EC?28.

However, the regulatory framework is currently, facing certain challenges regarding har-
monization. Biopharmaceuticals is a worldwide business and globally there are around
20 different GMPs implemented. The lack of international harmonization of regulations
causes uncertainty for globally operating manufacturers (GM 2017). As mentioned
above, currently no finished biopharmaceutical produced in China is allowed to be ex-
ported to the EU or the US because of lack of compliance with authorization require-
ments (Qing et al. 2016).

In additon, ther e i s a trend towards f@Hzero risko, wh e
manufacturing i i.e. regulation for building manufacturing facilities and operating them

without any contamination. This has made risk assessment, managementand mitigation

one of the top priorities for manufacturers (GMP 2017)

A review of price regulations and authorization procedures and their impactis out of the
scope of this analysis. However, concerning the whole value chain of biopharmaceuti-
cals, regulations that influence the authorization and reimbursement of biopharmaceuti-
cals are of key importance. Generally it can be stated that currently, majority of biophar-
maceuticals on the market are used for patients, for whom there are often no alternative
treatment options available. Therefore, the biopharmaceuticals market is rather well pro-
tected from widespread cost-containment and controls in the EU (BioPlan Accociates
2014). However, it is very likely that cost will become a major obstacle regarding author-
ization and market access, because of constraints in public budget and rather high costs
of biopharmaceuticals.

Regarding biosimilars, across the world, it is very challenging for regulatory authorities
to guarantee the similarity of biosimilars to the original drugs. The approval process for
biosimilars in Europe is very long and pricing varies across the EU according to the dif-
ferent drug policies in different EU Member States (Frost&Sullivan 2017). However, the
European Commission has initiated a Project Group on Market Access and Uptake of
Biosimilars, to facilitate and promote uptake of biosimilars within the EU (Rémusta et al.
2017).

3.5.6 Scenarios

Scenario 1: Increasing Demand for Biopharmaceuticals

27 http://eur-lex.europa.eu/legal-content/EN/ TXT/?uri=CE LE X% 3A32014R 1252
28 nhttp://eur-lex.europa.eu/LexUriServ/ILexUriServ.do?uri=0J:L:2003:262:0022: 0026:en:P DF
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Starting point: This scenario is mainly market/ demand driven with a dynamic growth for
biopharmaceuticals (in absolute numbers, but also in market shares) that demands for
increasing production (B1B). Stratified medicine is widespread and will lead to a diversi-
fication of the product and service portfolio, as the development of respective biomarkers
and devices as well as testing will be provided complementaryto the biopharmaceuticals.

On the technological side, the current
nant production mode for larger volume products (T1B); flexible multiple product opera-
tions are only established slowly, as they require too high quality control efforts. The
availability of data available in real-time will grow enormously (T3A). Related infrastruc-
ture will be set up and related knowledge for data interpretation will grow cumulatively.

Breakthroughs will be reached in terms of more productive upstream methods via new
improved organisms (e.g. plants, insects) (T2A). Moreover, respective downstream pro-
cess are established to improve the process (continuous production, process intensifi-
cation, new methods). Those advances in manufacturing, e.g. establishment of continu-
ous manufacturing, will lead to slightly declining prices, which will be requested by the
moderately continuation of cost containment pressures.

Regulation for biopharmaceutical manufacturing will continue to get stricter, but a higher
transparency and growing consensus between regulators and manufacturers enables
for a more efficient addressing of regulatory requirements (P3A). In particular, new bio-
pharmaceuticals will receive considerable price reimbursement when they can prove
high medical value. (P2C).

Europe is able to take advantage of this development. The number of biopharmaceutical
facilities increases smoothly, while the output increases significantly (B1B). The share in
production capacities in the EU remains constant and technological expertise can be
secured inthe EU (B2B). But also the markets and production in emerging countries may
grow, as technological innovation and reduction of production cost enables to deliver
products to patients there that cannot afford those medicines yet.

Scenario 2: Status Quo Development

Starting point: This scenario reflects incremental evolution in the production of biophar-
maceuticals with rather slow technological progress and a rather modest market growth
B1A).

While the manufacturing of existing product groups (e.g. monoclonal or derived antibod-
ies) with known production organism continues to work smoothly, difficulties in manufac-
turing processes for new types of product arise (T1A, T2C). This may lead to that the

fifone
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market entry of some new product groups is significantly delayed and hampered. Re-
garding process analytics advances regarding real time and online monitoring will be
achieved, but not all data will be available online (T3B).

The market for biopharmaceuticals grows steadily, but no high growth rates will be
achieved (B1A). An important reason is the increasing cost containment pressure for
biopharmaceuticals around the world (P2B). Incentives for biosimilars production are en-
forced, but to a lesser extent for the production of new biopharmaceuticals. For produc-
tion, this may mean that the demanded volume (but not necessarily turnover because of
falling prices) may rise, but also the pressure for more cost efficient solutions will rise.
Because of limited probability especially for new products pharmaceutical companies will
be rather reluctant in biopharmaceutical production, as the financial outlook is too mod-
est to build capacities for new biopharmaceuticals in development. Flexible CMOs will
step in; here, new firms from other fields (e.g. firms such as the already active firms
Samsung Biologics, Fuijifilm) will increasingly enter the market (B3A). Globally, Asia will
catch up and increase their production capacity enormously (B2C). In Europe, the pro-
duction capacities will fall in absolute numbers and world-wide share. Moreover, the ad-
vantages in technological expertise in Europe can hardly be preserved.

Scenario 3: Gene Therapy Breakthrough29

Starting point: This scenario is characterized by the establishment of gene therapies in
clinical routine, enabled by advances of CRISPR / CAS methods (T1C). This could
change medical delivery profoundly: for example, in mono-genetic diseases a one time
treatment could become possible compared to medical treatment (e.g. enzyme replace-
ment therapy) over a period of time or even life-long. New therapy forms with new man-
ufacturing requirements will gain importance. While the industry structure will not change
profoundly, new SMEs active in gene therapy enter the market (B3B).

In addition to advances in gene therapy, there will be significant advances in biopharma-
ceutical production, especially in process analytics (T3A). The availability of real-time
data will grow enormously (e.g. COz/ Oz / pH values available in real time). Related
infrastructure will be set up and knowledge for interpretation will grow cumulatively. Fur-
ther advances may come from cell-free synthesis, implemented for biopharmaceuticals
production on industrial scale (T2B). The distribution of R&D&I activities increases all
over the world (B2A). Emerging countries will increase their R&D&I activities along with
production capacities. Instead, Europe suffers some decline in share of production ca-
pacities.

29 This scenario was considered as very unlikely by some participants, because of high technol-
ogy challenges and unclearness of technology design.



93

The market for biopharmaceuticals grows will grow (B1C), but the product portfolio be-
comes more diversified due to advanced therapies. Cost containment pressure will con-
tinue with significant efforts to link price setting to the additional medical benefit (P2A).
Overall, prices will remain high.

3.5.7 Conclusions & Recommendations

Biopharmaceuticals are high-value products, which can only be manufactured econom-
ically with the help of IB. Presently, the EU possesses a strong position in global compe-
tition, as these complex manufacturing procedures with high quality requirements can
hardly be performed by actors in emerging countries. Hence, offshoring plays only a
limited role at the moment.

The market for biopharmaceuticals, which determines the production volume, is strongly
affected by the development of healthcare budgets worldwide. However, manufacturing
comprises only a minor share of the product costs and prices. Therefore, advances in
manufacturing will only marginally influence the total biopharmaceutical market size.
Nevertheless, there is high pressure to cut production costs, as they significantly affect
profit margins, location decisions and the competitiveness of biosimilars against original
molecular entities. However, due to the trends of increasing importance of personalised
medicine and orphan drugs and due to significant production process intensification, the
current predominant manufacturing paradigm for biopharmaceuticals with large capital
intensive production facilities for large volume single products are no longer relevant to
most biopharmaceuticals. Instead, scalable, small-volume facilities with less capital ex-
penditure that enable flexible multi-product manufacturing of smaller product volumes on
demand, are required in order to respond to current trends in the biopharmaceutical mar-
ket. In addition, emerging therapeutic principles, such as advanced therapy medicinal
products (ATMPs; medicines for human use that are based on genes or cells), also re-
quire the establishment of highly sophisticated manufacturing procedures. Hence, high
needs exist for innovation in biopharmaceutical manufacturing. Globally, the challenge
for Europe will be to maintain its strong position against emerging economies that could
catchup quickly, especially in the production of biosimilars because of the rising demand
in their home market.

To foster the development of the value chain in the EU in such a way that it contributes
to economic and societal goals the following actions should be taken:
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R&D&I policy should support industry with the aim to successfully implement the
transition from the current biopharmaceutical manufacturing paradigm to novel scal-
able, more flexible, multi-product facilities.

Support R&D&I into continuous manufacturing, especially in the development of

equipment and instrumentation for continuous manufacturing, in the combination of

continuous up and downstream manufacturing technologies to enable higher pro-
cess intensification, and in addressing the increased risk of contamination and loss
of productivity.

Single-use systems (SUS) play an important role in small-scale, flexible multi-prod-

uct facilities. The SUS suitability for microbial processes should be increased in or-

der to broaden their application range beyond mammalian cell culture processes.

R&D&I in process analytical technology (PAT) should aim at expanding the range

of analytical parameters in on-line and at-line monitoring, especially for product pu-

rity and product quality (e.g. control of glycoforms), for real time release testing ap-
proach, for closed loop control for feeding, and at PAT solutions in down-stream
processes unit operations.

Moreover, accurate, on-line, real-time monitoring instrumentation is required which

enable further automation of processes (e.g. industry 4.0).

Development of manufacturing processes of novel biopharmaceutical classes (e.g.

antibody drug conjugates) and advanced therapy medicinal products (ATMPSs) (e.g.

cell therapies, gene therapies, immune therapies).

In addition to the above-mentioned small scale flexible multiproduct facilities, which

are still based on established productions organisms, R&D&I into other production

organisms and paradigms is required in order not to lose competitiveness in emerg-
ing fields. These are novel production organisms (e.g. human cell lines, transgenic
crop plants and livestock ("pharming™) and cell-free production platforms developed
to industrial scale production.

In order to align innovation and regulation, it should be defined for quality assur-

ance how the equivalent to "a batch" can be defined in continuous manufacturing.

Moreover, to support the implementation of single-use systems, efforts in standardi-

sation should be taken in order to ensure compatibility of equipment from different

suppliers. With respect to novel production platforms, solutions for regulatory ap-
proval issues of novel production organisms must be sought.

1 It has to be ensured that regulation becomes consistent and transparent, as
companies need to know what to expect before investing into developing and
producing biopharmaceuticals.

9 Collaboration and accessible infrastructure should be fostered in such way that
closed networks are avoided and newcomers (e.g. SMES) may enter networks
to provide new impulse.



95

1 Promote competencies and infrastructure in the public sector and public re-
search on biopharmaceutical manufacturing to ensure quality, control as well as
knowledge and personal exchange between private and public sector in the
long-term. New technological developments must be taken up by public institu-
tions to keep quality standards in control and to qualify academic research to
get industry-relevant competencies to enhance mobility between public-private
sector.
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3.6 Biotechnologically produced Flavors and Fragrances
3.6.1 Description of the Value Chain

Flavors and fragrances (F&F) are a very large group of substances of very different mo-
lecular structure and different chemical functional groups, e.g. polyketides, nonribosomal
proteins, saccharides, alkaloids, terpenoids, and many more. These substances are
characterized by their potential to sensitize the receptor cells of the human olfactory sys-
tem which mediate the senses smell and taste. Many natural aromas are complex mix-
tures of hundreds of different compounds.

F&F are widely usedin a broad range of industries and products, such as food and bev-
erage, pharmaceuticals, perfumes and cosmetics, toiletries, tobacco, detergents and
household products.

Often, only very small amounts of F&F (in the parts per billion range) are sufficient for
triggering smell and taste. From an economic point of view, F&F are only minor compo-
nents in a final product, but may represent a large share of the cost of the final product
and may be the decisive factor for customers' purchasingdecisions. The F&F value chain
therefore represents a (very) low volume - high value product group.

There are three major routes for industrial production of F&F:
I Extraction from their natural source (e.g. plant material)
1 Chemical synthesis or chemical transformation of precursors

1 Biotechnological production methods. Biotechnological production routes are de novo
biosynthesis, biotransformation and bioconversion of precursors, and synthetic bio-
chemistry (for more details, see below).

Each route has specific strengths and weaknesses (see Table 8). In the PROGRESS
project, the focus is on the biotechnological production methods that can be employed
in industrial biotechnology. Biotechnological approaches which are targeted at the plant
material as a source for extraction (e.g. breeding, agricultural cultivation) are outside the
scope of this chapter. As will be described in more detail in the following section, a sig-
nificant innovation potential lies in biotechnological production methods which could ei-
ther complement or replace extraction or chemical synthesis or make novel aromas and
products possible that cannot be produced by other routes.
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Table 8:

Overview of major routes of industrial F&F production, their charac-

teristics, and their specific strengths and weaknesses

Extraction from natural
sources

Chemical synthesis

Biotechnological production

aroma often a complex mix-
ture

aroma made up of one or few
major components

aroma may be a complex
mixture or

aroma made up of one or few
major components

aroma produced under natu-
ral conditions by the source
organism

F&F chemically synthetised
de nowo or from precursors

F&F biotechnologically syn-
thetised de nowo from sub-

strates such as glucose or

from precursors

good sensory quality

may produce racemic mix-
tures composed of enantion-
mers/regio-isomers with dif-
ferent sensory properties

sensory quality depends on
the aroma composition

may be labelled as "natural”

must not be labelled as "nat-
ural"

may be labelled as "natural”

highly appreciated by con-
sumers

trend to awoid "artificial" F&F

label "natural” highly appreci-
ated by consumers, but they
may have a different expec-
tation/understanding of the
production method

relatively high market prices

low market prices

medium market prices

limited or fluctuating availa-
bility of natural sources, de-
pending on seasonal, env-
ronmental and (geo)political
conditions

very good availability, meets
demand

very good availability, meets
demand

in case of wild collections or
endangered species as
sources: limited supply, neg-
ative impact on biodiversity

low concentrations in the
feedstock, leading to high ex-
traction and purification costs

purification costs low; may be
higher if racemic mixtures
have to be separated

purification costs low, if high
titers can be achieved

fluctuating quality, depending
on seasonal and environ-
mental conditions

extraction may use environ-
mentally unfavourable sol-
vents

Source: Own compilation of information from Bicas et al. 2016

The value chain is rather similar for all three major production routes, and mainly differs
in the early stages of supply of raw materials. In the case of biotechnological production
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methods, the starting material for many different products may be a fermentation sub-
strate, such as glucose, or a precursor, which is then converted by biotechnological pro-
duction routes to the F&F compounds. The biotechnologically produced compounds are
usually blended and the formulations are sold to the various F&F user industries. Usually,
considerable R&D&Il activities are necessary. Large F&F firms usually cover many of the
steps of the value chain (Figure 18). For a F&F supplier, it is of high importance to control
the entire production chain, from raw materials to final products, and to know the cus-
tomer trends and the flavors in fashion (Brenna und Parmeggiani 2017). Small firms may
cover certain steps of the value chain.

Figure 18: Value chain for biotechnological Flavors & Fragrances

F&F Re-

Raw material
F&F compounds producers Blenders tailers

Suppliers

* Chemicalindustry Bioconversion-= compound
= Agri-Food companies

Consumer
products

Final
products

Final
products:
i.e. Food,
cosmetics,
personal
care

Aroma or
fragence
compounds
as
ingredients

= Substrates

= natural arorma biomass

= wild species
collection

= Agriculture, forestry

Academia, SMEs, large Companies

= screening for substances, enzymes

= production organism
. optimization
= production process

R&D

= formulation

3.6.2 Technology and innovation potential

In this chapter, the innovation potential of biotechnological production of F&F will be out-
lined, followed by an overview of the technologies required.

3.6.2.1 Biotechnological methods for the industrial production of F&F

Biotechnological methods for the industrial production of F&F comprise:

1 De novo biosynthesis. This means the synthesis of the target compound by produc-
tion organisms from simple substrates, e.g. sugars. The substrates are metabolized
via complex metabolic pathways to form different and complex structures. De novo
biosynthesis is the method of choice in complex conversions, if mixtures of products
are to be produced, or if transformations of simpler substrates involve a large number
of reactions to obtain the final product or if biosynthesis requires the regeneration of
cofactors. The titres that can be achieved are usually below 100 mg/L, unless the
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production organisms are engineered for higher titres, yields and production rates
(see below).

1 Biotransformation. In biotransformation, a single biocatalysed reaction is performed.
It converts a precursor to a structurally similar molecule. This reaction is usually a
breakdown or an oxidation/reduction reaction. Biotransformations are often done in
vitro with isolated enzymes. Due to the lower complexity, biotransformations have a
higher potential for the production on a commercial scale than de novo biosynthesis.
Several F&F with annual production volumes of one to several tons are produced by
biotransformation, e.g. vanillin from ferulic acid, 4-decanolide from ricinoleic acid, 2-
phenylethanol from phenylalanin.

9 Bioconversion. Bioconversion is similar to biotransformation, but comprises several
(not only one) biocatalysed reactions, to convert a precursor to a structurally similar
molecule.

9 Synthetic biochemistry. The term "synthetic biochemistry" (Korman 2017) means cell-
free systems designed to perform complex chemical conversions. Usually, purified or
crude preparations of enzymes are mixed in a reaction vessel. As the complex regu-
latory systems and replenishing systems for cofactors and energy of living cells are
not functional in these approaches, the reaction can only be performed for limited
periods of time. Synthetic biochemistry falls between de novo biosynthesis and bio-
conversions. Synthetic biochemistry is an alternative to the metabolic engineering of
living cells for de novo biosynthesis for complex molecules that are difficult to produce
in vivo, e.g. due to their toxicity.

Organisms usually employed in biotechnological production of F&F are bacteria and
fungi and to a limited extent plant cell cultures, as callus, plant cell or tissue culture
showed reduced or no ability to produce volatiles, as compared to the intact plant
(Brenna und Parmeggiani 2017, p. 275). Emerging production organisms are algae and
photosynthetic bacteria. In addition, isolated enzymes from a large variety of sources are
used. Fungi are more often employed in biotransformations than bacteria (Bicas et al.
2016).

3.6.2.2 Innovation potential

In general, the plethora of flavors and fragrances which are naturally synthesized by
living organisms has not yet been exploited by industry: more than 6,500 volatiles have
been identified in natural flavours and fragrances, whereas only 300 aroma compounds
are produced industrially. Approximately 200 of these 300 compounds are synthetised
chemically (Bicas et al. 2016, p. 314). Currently, less than 10 % of the F&F supply is
derived from bioprocesses (Bicas et al. 2016, p. 327).

Challenges and strategic goals in the F&F industry and their business customers are to
provide products to consumers which satisfy the demand for natural products (especially
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food and personal care) without additives, for healthy but tasty convenience food (food
low in sugar/fat/salt requires more flavors), for more sustainable production, including no
chemistry or green chemistry, and for corporate social responsibility, e.g. with respect to
maintaining biodiversity. Biotechnological production of F&F is well positioned to signifi-
cantly contribute to these strategic goals: By substituting F&F extraction from natural
sources or chemical synthesis by biotechnological production, limitations and disad-
vantages of these production methods could be overcome, and the advantages of the
biotechnological production route could be exploited (Vespermann et al. 2017; see also
Table 8 and Table 9):

1

Label "natural”. According to EU legislation, biotechnologically produced F&F may be
labelled as "natural": natural flavors are chemical compounds with aroma properties,
obtained from the raw material of animal or vegetable origin or by physical, enzymatic
or microbiological methods. This property is highly appreciated by consumers, and
premium prices may be charged for natural F&F.

Stable supply. Biotechnological production could provide a stable supply of F&F and
meet the growing demand: in contrast to extraction of F&F from natural sources, it
does not depend on the fluctuating availability and quality of (scarce) raw materials
whose supply may be limited by climatic and geopolitical factors or may have negative
effects on biodiversity.

Green chemistry. Biotechnological production complies with the principles of Green
Chemistry. In general, milder conditions than in chemical synthesis are employed,
fewer residues are generated, and better regio- and enantioselectivity can be
achieved, often leading to enantiopure products with better sensory properties and
lower purification costs than the racemic mixtures often obtained by chemical synthe-
sis.

Circular economy, waste as substrate. Biotechnological production of F&F bears the
potential to valorise lignocellulose and waste fractions, e.g. to use agro-industrial
wastes for the production of aroma (e.g. terpenes in waste from fruit and vegetable
processing).

Broadening the spectrum of industrially relevant F&F compounds. Biotechnological
methods bear the potential to generate IP by identifying and producing novel aroma
compounds not yet known or available to the F&F industry, and by novel combinations
of aroma compounds to generate new scents and tastes. A largely untapped innova-
tion potential lies in accessingnew chemicalspace in the form of F&F compounds not
found in nature. They could be made available by combinations of enzymes or meta-
bolic pathways which are not found in this form in nature (Zebec et al. 2016), and by
chemically modifying biotechnologically produced compounds.

Other applications than F&F. F&F substances fulfil a broad range of biological func-
tions in their natural hosts. If these compounds could be produced biotechnologically
in higher amounts and at reasonable cost, other applications than the use as F&F will
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become economically attractive which go far beyond the F&F sector. Depending on
the molecules of interest, the applications range from pharmaceutical substances and
antibiotics to health-promoting food, to pesticides and crop-protecting agents, to fine
and bulk chemicals and biofuels.

9 Reuvitalization of natural product research. F&F research into biotechnological produc-
tion uses a toolbox of approaches, methods and technologies which can be applied
in natural product research in general, and is not restricted to F&F. As will be outlined
in the following chapter, significant advances in this toolbox have been and are being
achieved that are considered suitable for revitalizing natural product research
(Breitling / Takano 2016; Smanski et al. 2017). Advancing the F&F toolbox could
therefore also be fruitfully be applied in other fields of natural product research, and
vice versa.

Table 9: Driving forces to use biotechnological methods in flavor production

Market pull Technology push

Increasing consumer demand for "organic”,
"bio", "healthy" and "natural”

High chemo-, regio- and stereoselectivities of
biocatalytic systems

Industrial dependence on distant (frequently
owverseas), undesired or limited raw materials

Sustainability of bioprocesses

Search for natural character impact com-
pounds

Improved biocatalysts by ewolutionary and ra-
tional enzyme and metabolic engineering

Search for natural flavour compounds with
additional functionalities (e.g. antimicrobial

Improved down-stream processing, espe-
cially in situ product recovery technigques

properties)
Dubal et al. 2008

Source:

3.6.2.3 Technology potential

F&F, often products of secondary metabolism, are present in very low concentrations in
the range of pug to mg/L in their natural sources. Moreover, the natural sources are most
often organisms that cannot be used in industrial production. Therefore, the major chal-
lenge for realizing these innovation potentials of biotechnological production of F&F com-
pounds is to achieve sufficiently high titers, yields and production rates of the respective
compounds in heterologous production systems (Bicas et al. 2016, p. 317; Korman et al.
2017). Up to now, they have only been realized in exceptional cases. As arule of thumb,
a biotechnologically produced aroma in the (medium) price range of 100 to 500 US$/kg
would, to be economically viable, require titers of 1 g/L or above in the production pro-
cess. Without advanced engineering, however, only titers in the mg/L range can usually
be achieved.

The following reasons for the usually low production levels for F&F have to be addressed
in R&D:
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Technically challenging, intrinsical properties of F&F precursors or F&F compounds,
suchas volatility, chemicalinstability, low solubility, resulting in low bioavailability, and
toxicity to microbial cells.

Difficult biosynthetic pathway optimization due to the need

- to engineer central metabolic pathways which provide precursors for the F&F of
interest, and to reduce flux through competing endogenous pathways, and to in-
crease flux through the relevant metabolic pathway

- to establish a regulatory systems which maintains the flux through the engineered
pathways

- to balance the supply of ATP and NAD(P)H,

Toxicity of F&F intermediates or F&F products, leading to cell death before higher
titers of the target substance can be achieved

Expensive product isolation from complex growth media

9 in vitro approaches (biotransformation, bioconversion, and synthetic biochemistry)

suffer from short biocatalyst lifetime, long incubation times, and resulting high produc-
tion costs.

In the past, general R&D&I strategies have been developed for natural product research,
including F&F. They comprise the following steps (Bian et al. 2017):

1

=A =4 =4 =

f
1

direct isolation and characterization of the target compounds from their natural
sources,

construction of mutants and screening for overproducers, to evaluate the contribu-
tions of enzymes to the yield of the target compounds,

characterization of the relevant biosynthetic route, including suitable biocatalysts
cloning of corresponding genes, assembly into expression vectors,
selecting the best production host strain

assessing the heterologous expression of each part within an assembled pathway
and optimize the concerted enzyme expression,

optimizing genes (e.g. promotor strengths, codon usage) and enzymes (by protein
engineering)

understanding and decreasing of side reactions

optimizing the cofactor availability

However, these "classical" strategies are often too time- and resource consuming and
thus expensive to allow their application to the development of F&F with limited market
sizes. In recent years, concepts and technologies have been developed and proven ef-
fective which significantly speed up the screening and optimization process, especially



103

by avoiding laborious and iterative rounds of construction of mutants and their screening
and selection for overproducers.

Significant progress and technological potential lie in the combined and synergistic ap-
plication of different strategies and approaches.

For the screening for novel compounds of interest and novel biosynthetic pathways and
enzymes, the classical screening procedures can be complemented by high-throughput
screening approaches and genome mining. The latter builds on the achievements of
whole genome sequencing which have made large and comprehensive genomic data
available for a large number of species. These databases can be searched for genes
involved in the biosynthesis of F&F and identified using bioinformatic tools. However,
there is an urgent need to narrow down the immense genomic diversity to a limited num-
ber of biosynthetic pathways which can be evaluated. This is expected from the syner-
gistic combination of progress in synthetic biology, synthetic biochemistry, mass spec-
trometry and computational tools (Medema /Fischbach 2015).

For metabolic engineering of production organisms, the state of the art consists on ap-
plying the design - build - test - approach of systems metabolic engineering (Becker /
Wittmann 2016; Chen et al. 2017; Hansen et al. 2017). However, the process of optimiz-
ing F&F production can additionally be significantly speeded up if much of the pathway
optimizing work is not done in vivo, but in vitro: This approach can be applied to the
optimization of individual enzyme-catalysed reactions, their combinations in newly de-
signed pathways, or in enzyme engineering. Each of these optimization steps can be
supported and guided by appropriate bioinformatic tools. The benefit of in vitro optimiza-
tion is especially relevant if it can be coupled with high-throughput screening or charac-
terizing of the resulting species, and with combinatorial approaches.

For the optimization of key enzymes of F&F biosynthetic pathways or for generating a
greater diversity of key enzymes, rational design and site-directed mutagenesis, combi-
natorial approaches of (sub)domain swapping, and evolutionary strategies are expected
to deliver a greater spectrum of improved enzymes with respect to their substrate spec-
ificity, long-term activity and stability and other production-relevant parameters (Winkler
2017).

For reducing the toxicity of F&F intermediates and target compounds, strategies have
been developed which aim at keeping the concentration of the compound below toxic
limits. In order to achieve higher tolerance of the production organism, the activity of
uptake systems for the respective substance can be reduced, or the activity of efflux
pumps be enhanced. Another strategy is the compartmentalization of the pathway, thus
reducing the active concentration and intrinsic toxicity of the produced chemical or the
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pathway intermediates. Suitable compartments that are being explored for this purpose
include peroxisomes in yeast and proteinaceous micro-compartments in bacteria. These
strategies targeted at the production organism can be complemented by process design
and engineering strategies: solutions to overcome product inhibition comprise biphasic
systems, to facilitate the diffusion of the product to the extracellular medium, and in situ
product recovery.

With optimized production hosts and state of the art process design and equipment, the
environmental performance of production processes for F&F could be significantly en-
hanced by minimizing energy demand, use of solvents, water demand and waste water
production, use of hazardous substances and production of side products.

The greater the available diversity of enzymes and pathways for F&F, the easier it will
be to expand the chemical space of F&F, also to substances not found in nature. This
can be achieved by developing promiscuous key enzymes which convert different pre-
cursors, by applying enzymes which introduce different modifications into the "standard"
F&F molecule, by combining different metabolic pathways, or by mixing different F&F
substances to novel aromas.

Taken together, the technological potentials lie in

1 significantly speeding up the R&D&I process for biotechnologically produced F&F and
to establish toolboxes and strategies that can be applied in natural product research,

9 achieving industrially relevant titers, yields and production rates,

1 making a greater diversity of F&F available to industry, also novel ones not found in
nature, and

9 establishing universal platforms of substances, production organisms and enzymes,
that canreadily applied in F&F and natural substances research.

3.6.3 R&D&I needs

Table 10 summarizes R&D&I needs in the production of F&F which result from the tech-
nology and innovation potentials.
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Table 10:

R&D&I needs for biotechnologically produced flavors and fragrances (F&F)

Topic

State-of-Art

R&D&I needs

Strategic focus of
R&D&l efforts

F&F are mainly deweloped on a
case-by case basis. F&F ingredi-
ents have to meet the taste spec-
ifications of the food or bewverage
in which they will be incorpo-
rated, have to meet national reg-
ulations and must cater to - often
regional - consumer preferences.
Technology experts may lack this
knowledge and may focus on
F&F and issues which do not
make sense from a market per-
spective.

1 Synergistically bring together profound knowledge of technological potentials
and of market perspectives for the identification of top F&F candidates for
R&D&I

1 Identify substance families with a broad spectrum of diverse F&F and different
uses (e.g. terpenoids)

1 Identify novel uses and applications beyond the F&F sector for specific com-
pounds or substance families

Identification of novel
F&F

Compound libraries and sample
collections can be screened for
new flavor and fragrance com-
pounds. A major challenge is to
produce enough products for fur-
ther characterisation, as the ex-
pression levels or concentrations
of the target compounds are ex-
tremely low

9 Expand the libraries and collections, expecially by underinvestigated sources
(e.g. unculturable organisms, extreme environments)

9 Dewelop analytical techniques further which are employed to evaluate the aro-
matic profile (e.g. GC-MS, "electronic nose"), also automated, miniaturized,
high-throughput methods

9 Establish precursor-providing platforms which provides sufficient precursors for
testing and characterising novel F&F (and biosynthetic elements, see below)
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Identification of novel
biosynthetic pathways
and enzymes (= bio-
synthetic elements)

Organism collections and gene
databases can be screened for
new genes inwlved in the bio-
synthesis of F&F. Relevant
genes are often organised as bi-
osynthetic gene clusters (BCGs),
which encode the enzymes, reg-
ulatory elements and transport-
ers that are necessary to pro-
duce, process and export a given
metabolite. Significant efforts in
genome mining for natural prod-
uct biosynthesis (not restricted to
F&F) have yielded several hun-
dreds of novel molecules in the
past decade.

1 in silico screening of genome sequences of mostly unexplored microorganisms
(e.g. unculturable organisms, extremophiles)

9 Further development and use of computational tools in the field of natural prod-
uct research (e.g. identification of BCGs, annotation of functions based on DNA
sequence information, prediction of target compound structures from DNA se-
guence information of key enzymes)

9 Dewvelop good practice to narrow down the immense genomic diversity to a lim-
ited number of biosynthetic pathways which is feasible to be evaluated. For this
purpose, algorithmic approaches for the identification, classification, dereplica-
tion and prioritization of biosynthetic gene clusters (BGCs) in genomes and
metagenomes are required. Moreover, there is a need to further dewvelop high-
throughput and automated procedures, and combinations of bioinformatics and
mass spectroscopy

9 Dewvelop and apply bioinformatic tools which link genomic data on enzymes and
pathways to data from the screening of compound libraries or to data from pro-
teomic and metabolomic analyses

9 Establish precursor-providing platforms which provides sufficient precursors for
testing and characterising novel F&F and biosynthetic elements

9 Feed newly discovered biosynthetic elements and their characteristics into re-

positories and databases in order to build a resource of a large diversity of bio-
synthetic elements that can easily be accessed for further targeted engineering
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Construction of F&F
owverproducing strains,
suitable for industrial
production

As F&F are usually produced by
organisms only in minor
amounts, substantial engineering
of heterologously expressed ge-
netic constructs is required to
reach industrially relevant pro-
duction rates, yields and titers
(appr. more than 1g/L). Often,
more than 20 genes hawe to be
altered. Therefore, systems met-
abolic engineering has to be ap-
plied. Howewer, classical in vivo
metabolic and host engineering
is too resource- and time-con-
suming.

Targets of engineering are cen-
tral metabolic pathways to en-
sure sufficient F&F precursor
supply, reduce flux to competing
metabolic pathways, enhance
flux to the target metabolic path-
way, balance supply of energy
and reducing equivalents (ATP,
NAD(P)H), establish an appropri-
ate regulation of this system, and
address the potential toxicity of
owverproduced F&F precursors or
target compounds.

9 Dewelop a profound understanding of metabolic pathways, required biosynthetic
elements and underlying mechanisms, by quantitative characterisation of the
required elements (e.g. kinetics, regulation etc.), and by building and refining in
silico models of the pathway

1 Identification (supported by bioinformatic tools) of the best performing biosyn-
thetic elements (e.g. enzymes), ideally from large databases or repositories/col-
lections (see abowe), and assembly into a functional biosynthetic pathway

9 Establishment of reconstituted biosynthetic pathways in \itro,

9 Proteomics and/or metabolomics analyses of in vitro reconstituted biosynthetic
pathways with the purpose to better understand rate-limiting steps and to guide
further pathway engineering

9 Broaden the amount of available bioparts (e.g. promotors of different strengths,
ribosomal binding sites, regulatory elements) to be easily accessed and used in
generating gene and pathway variants, e.g. made available through repositories

9 Improve and apply combinatorial approaches for generating large numbers of
pathway variants and test them in vitro, ideally in high throughput manner for
the best performing variants

1 Improve methods for the assembly of large multi-gene operons (e.g. bacterial
artificial chromosomes, BAC) and their integration into the production host ge-
nome (e.g. by deweloping and using faster and more robust genome editing
techniques, by providing integration cassettes that facilitate unlimited sequential
integration of genetic elements)

9 Further optimisation of the genes/functional pathways finally introduced into en-
gineered production hosts (chassis) that are most suitable for production, ad-
dressing the issues of sufficient F&F precursor supply, reduced flux to compet-
ing metabolic pathways, enhanced flux to the target metabolic pathway, bal-
anced supply of energy and reducing equivalents (ATP, NAD(P)H), appropriate
regulation of this system

1 If relevant for the target compound, toxicity of overproduced F&F precursors or
target compounds must to be addressed. Further R&D&I is needed for strate-
gies such as

- compartmentalization of the pathway, e.g. in peroxisomes in yeast and pro-
teinaceous micro-compartments in bacteria
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- establishment of in-\vitro biosynthetic systems on a production scale (see be-
low)

- engineering of uptake and efflux systems for the toxic compounds

Optimisation of (key)
enzymes inwlved in
F&F synthesis

Metabolic engineering in de nowo
synthesis of F&F or biotransfor-
mation/bioconversion usually re-
quires the optimisation of individ-
ual enzymes with respect to their
substrate and reaction specificity
and selectivity, kinetic properties,
and other production-relevant
characteristics (e.g. long-term
stability). Bioinformatic tools to
guide optimisation as well as
strategies of (semi-)rational de-
sign, (sub-)domain swapping and
other combinatorial approaches,
and ewlutionary approaches
have been developed.

Depending on the substances of specific interest, certain enzyme groups are of
key importance and may be one of the bottlenecks to be addressed, e.g. key en-
zymes are terpene cyclases for terpenoids, carboxylate reductases (CARs) for
the production of aldehydes, or chain-tailoring enzymes for linear, medium-chain
(C8i C12) hydrocarbons. R&D&I needs are the application of the existing ap-
proaches and strategies for enzyme engineering to enzymes inwlved in F&F and
tailoring the approaches to specific requirements:

9 For in silico screening and genome mining, the refinement and further dewelop-
ment of bioinformatic tools is required, e.g. tools for the identification of gene
clusters and the prediction of specific enzymes, assessing the nowelty of the de-
tected clusters and genes by comparing the predicted genes with different clus-
ter and compound databases. A more standardized procedure for genome min-
ing for natural products and the corresponding enzymes would be desirable

1 Identification and establishing genetic parts of sufficient diversity and with the
required properties for the engineering of target enzymes
9 Broadening the knowledge of structure-function relationships, elucidate the en-
Zyme reaction mechanism
9 Application of established enzyme optimisation strategies in order to alter the
substrate specificity of key enzymes in a synthetic pathway
- high specificity for industrial-scale production of the target compound of
higher purity
- broad specificity (= promiscuous) for generating product diversity, e.g. for the
creation of natural product libraries with many structurally diverse molecules

9 Dewelop applications for the engineered enzymes, improve yields in de novo bi-
osynthesis and integrate enzyme into reaction cascades in in \itro systems
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Process engineering
for de nowo biosynthe-
sis

On laboratory scale, optimisation
is often still done in Erlenmeyer
flasks. Howewer, state of the art
process design and equipment
(bioreactors, regulation of im-
portant parameters) should be
routinely employed.

9 Process design and engineering in order to reduce the toxicity of F&F interme-
diates and target compounds, e.g. by feeding strategies, or in situ product re-
cowvery

9 Process design and engineering in order to overcome low solubility and volatil-
ity, e.g. by feeding strategies and biphasic systems

1 Exploring the potentials of solid state fermentation, as it may have higher yields
than submerged fermentation

9 Optimisation of the environmental performance of the production process by ap-
plying the principles of Green Chemistry, especially by reducing energy, replac-
ing organic solvents by alternative solvents (e.g. supercritical fluids (e.qg.
CO2),pressurised liquids, ionic liquids), reducing hazardous substances, mini-
mizing water demand and waste water production

Process engineering
for biotransformation,
bioconwersion and syn-
thetic biochemistry

Industrially relevant complex bio-
molecules (e.g. monoterpenes)
can be produced in \itro directly
from glucose. ATP and Acetyl-
CoA are provided by glycolysis.
High titers, yields and production
over sewveral days can be
achieved. It is the method of
choice for producing (semi)toxic
chemical compounds, for the op-
timization of individual enzyme
steps or their combinations, and
for the production of chemically
diverse compound libraries, es-
pecially when optimizing the pro-
duction of high-value chemicals
in a high-throughput manner. For
industrial scale production, pro-
duction rates are still too low and
costs too high.

1 Long-term productivity of the systems must be achieved, e.g. by further optimi-
zation of reaction conditions as well as in \itro ewlution of enzyme stability and
activity, and especially by the development of novel systems for regenerating
ATP and NAD(P)H

9 Further development so that more complex reactions can be performed in \itro

1 Reducing the enzyme cost, e.g. by more stable enzymes which can be used
longer, (= increase total turnover number), by recycling of enzymes

9 Development of inexpensive purification methods

1 Explore the exchange of enzymes in the system in order to diversify the prod-
ucts
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3.6.4 Economic analysis
3.6.4.1 Patent Analysis

The worldwide patenting activities in F&F are concentrated in a few regions, indicating
that only a few countries are specialized in this field of technology. Between 2000 and
2014, the highest number of patent applications in F&F to the WIPO was recorded for
the US, followed by the EU, Japan and China (see Figure 19). The most substantial
growth achieved China by increasing the overall number of patent filings in F&F from 1
in 2001 to 12 in 2013.

Over the period 2000-2013, there was a steady growth of patenting activities in the most
countries with recorded inventing activities in F&F. The number of patent applications
worldwide rose at the rate of nearly 5% per year between 2000 and 2013. The highest
increases were achieved in the US, China, the Netherlands, and the EU as a whole. After
the patenting intensity across countries reached its peak in 2007, it dropped dramatically
in 2009, but has been gaining momentum since then. Between 2010 and 2013, the high-
estaverage annual growth in patenting activities was registered in South Korea, Nether-
lands and France. In contrast to this situation, Denmark, Belgium, China and Japan show
a somewhat negative development in terms of the number of patent applications in F&F
since 2011.

Figure 19: Transnational patent applications in Flavors & Fragrances
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