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ABSTRACT

This study was carried out for the EC-DG RTD in the framework of the BIOSPRI tender
"Study on support to R&I policy in the area of bio-based products (BBPs) and services",
and was implemented by the University of Bologna (Italy) and Fraunhofer ISI (Germany)
as part of a Consortium led by COWI A/S (Denmark). The study mapped the most
relevant value chains currently under development that derive from main biomass
components (natural rubber, plant fibres, lignin, renewable oils and fats) and low-volume
high-value (LVHV) biomass components (terpenes, natural polyelectrolytes), in addition
to urban wastes. The sugar platform was not included in the present study because its
potential exploitation for the development of biofuels and biochemicals was covered in a
previous study commissioned by the European Commission, and concluded in 2015 [1].
While more than 100 innovative BBPs were monitored, lignin was found to be generating
the highest number of innovative products, together with terpenes and urban wastes.
More than 30 innovative BBPs are approaching full availability on the market, and more
than 20 products are now at the pilot plant level. Through an assessment based on the
active marketplace, EU-based development, degree of innovation and market potential,
the TOP20 most innovative BBPs holding the greatest promise for commercial
deployment within the next 5-10 years were identified. This selection includes
engineering materials, new bioplastics, high added-value products for demanding
applications in the pharmaceutical and biomedical fields, as well as sustainable
substitutes for critical raw materials. Detailed case studies were developed on the TOP20
innovative BBPs.

RESUME SCIENTIFIQUE

Cette étude a été réalisée pour le compte de la CE-DG RTD, dans le cadre du projet
BIOSPRI «Study on support to R&I policy in the area of bio-based products (BBPs) and
services». Elle a été menée par |'Université de Bologne (Italie) et Fraunhofer ISI
(Allemagne), parties prenantes du consortium dirigé par COWI A/S (Danemark). L'étude
a permis de dresser une liste des chaines de valeur les plus pertinentes en cours de
développement, provenant des principaux composants de la biomasse (caoutchouc
naturel, fibres végétales, lignine, huiles et graisses recyclables), des composants de la
biomasse a faible volume et a forte valeur (terpénes, polyélectrolytes naturels), ainsi que
des déchets urbains. Le sucre en tant que matiére premiére n‘a pas été abordé dans
cette étude car son exploitation potentielle pour le développement de biocarburants et de
produits biochimiques a déja été traitée dans une étude commandée par la Communauté
Européenne et présentée en 2015 [1]. Sur plus de 100 BBPs analysés, il a été constaté
que la lignine, le terpéne et les déchets urbains généraient le plus grand nombre de
produits innovants. Plus de 30 BBPs innovants sont sur le point d’étre commercialisés a
grande échelle, et plus de 20 produits en sont a |'étape de |'usine pilote. Grace a une
évaluation basée sur le marché actif, le degré de développement au niveau de |I'Union
Européenne, le degré d’innovation et le potentiel commercial, le TOP20 des BBPs les plus
innovants offrant les meilleures perspectives de déploiement commercial dans les 5 a 10
prochaines années a été déterminé. Cette sélection comprend des matériaux d'ingénierie,
de nouveaux bioplastiques, des produits a haute valeur ajoutée pour des applications
exigeantes dans les domaines pharmaceutique et biomédical, ainsi que des substituts
durables aux matiéres premiéres critiques. Des études de cas détaillées ont été réalisées
sur chacun de ces 20 BBPs innovants.

REFERENCES
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biochemicals”.Final report for the European Commission, contract No.ENER/C2/423-
2012/512.673791



EXECUTIVE SUMMARY

Building new value chains through the valorization of main and low-volume high-value
(LVHV) biomass components for the development of innovative bio-based products
(BBPs) aimed at specific market sectors, will accelerate the transition from traditional
production technologies to the concept of biorefineries.

New technologies and traditional methods coupled with biotechnologies applied to
biomass feedstocks and waste streams from various sources, such as urban wastes or
agricultural residues or wastes from food and feed streams, will convert renewable
resources into high added-value sustainable BBPs.

This study was aimed at mapping innovative BBPs currently under development, at any
stage of advancement, and deriving from the main biomass components listed in Table 1.
The number of innovative products under development that were identified for each
biomass component is also reported in Table 1. The biomass components included in the
study are briefly described in Section 3 of this report.

Table 1: Biomass components included in the study, and respective number of innovative
BBPs that were mapped

_ Main biomass components Number of innovative BBPs
mapped

Natural rubber 5
Major biomass Plant fibres 17
components Renewable oils and fats 19
Lignin 23
Low volume high
value (LVHV) Terpenes -
biomass
components Polyelectrolytes 6
Urban biowaste Urban biowaste 19

One-hundred and seven (107) innovative BBPs were identified and mapped through this
study.

A database was developed to collect the following information for each of the BBPs
identified under current development from the above-mentioned biomass components:

e Biomass feedstock

e Maximum TRL achieved

e Number of active firms

e Production facilities (EU / rest of the world)
e Leading actors

e Estimated market size



e Non bio-based or traditional alternatives
e Innovation highlights

e Applications

e Selected sources of information.

Figure 1 shows the global TRL distribution of the innovative BBPs mapped in the study.
The figure shows how many products are next close to commercialization, and how many
are actually reaching the highest levels of technical development. Almost one-third of the
products are approaching full availability on the market (currently at TRL 9). More than
20 products are now at the pilot plant stage (TRL 5), but there are very few products at
TRLs 7 and 8.

0 5 10 15 20 25 30
Number of innovative BBPs under development for each TRL

Figure 1: Global TRL distribution for the products included in the innovative BBPs database

Figure 2 shows TRL distributions for the products belonging to each of the seven biomass
components included in the study. While lignin is the most intensively investigated
biomass component at present, the most innovative products that are close to
commercialization actually derive from plant fibres. Urban wastes are also intensively
investigated, and there are products under development at all stages of technical
advancement. Therefore, an almost continuous release of new products from the
valorization of urban wastes should be expected in the coming years.
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Figure 2: Number of innovative BBPs mapped at the different TRLs for the investigated biomass
components

Through an assessment based on active the marketplace, EU-based development, degree
of innovation and market potential, the twenty most innovative BBPs (TOP20) holding the
greatest promise for commercial deployment within the next 5-10 years were identified.

This selection includes the BBPs listed in Table 2, organised on the basis of the biomass
component from which they were derived. In the third column (key markets and
applications), Table 2 reports the most relevant applications connected to the BBPs,
identifying the industrial sectors for which these products are most relevant.

Table 2: Selected top 20 BBPs under development, holding greatest promise for
commercial deployment in the next 5-10 years, and their key applications

TOP BBPs under development Key markets and applications
categor

Natural rubber e Guayule rubber e Substitute for  natural
rubber from Hevea Br. in
all rubbery goods.
Automotive. Biomedical
items.

Plant fibres e Lignin biocomposites e Injection molding of plastic

reinforced with plant fibres items

e Microfibrillated cellulose

e Thermoplastic biopolymers e Rheology modifier,
reinforced with plant fibres reinforcing filler, emulsions

e Plant fibres reinforced stabilizer, filtering media,
bioresin pre-pregs biomedical field.

e Self-binding composite

non-woven plant fibres e Alternative to glass or



Renewable oils
and fats

Lignin

Terpenes

Polyelectrolytes

Urban biowastes

Biolubricants
PHAs
Biobased polyamide 12

Lignin-based carbon
nanofibres
Bio-BTX aromatics
Lignin bio-oil
Lignin-based
resins

phenolic

High-purity lignin
Biobased phenol and
alkylphenols

Limonene-based
engineering polymers

Bacterial biosurfactants
(sophorolipids and
rhamnolipids)
Biotechnological chitosan
PHAs from urban wastes

Volatile fatty acids (VFAs)

carbon-fibres reinforced

plastics

Alternative to glass or
carbon-fibres reinforced
pre-pregs

Plastic paper

Automotive and industrial
field

Biodegradable plastics
Technical plastics
Alternative to PAN-based
carbon fibers. Composites
Bio-based raw chemicals
green chemicals and
biofuels

alternative to phenolic
resins. Constructions.
thermosets. Composites.
Additive for plastics.
Aromatic chemicals and
monomers

Bio-based polyurethanes,
polyamides, polycarbonate
Medical and
pharmaceutical

formulations, cosmetics,
personal care, food
industry

Biodegradable plastics
Raw chemicals to produce
esters, solvents, polymers.

mixtures

The outcome of the selection of the top 20 BBPs reveals important information on the
general trends in the bio-based industry.

The greatest attention is focused on the industrial development of new bio-based
materials targeted as advanced technical applications. Engineering materials
with elevated thermomechanical properties suitable for the automotive and
construction fields, such as biopolyesters, biopolyamides, matrices and fillers for
reinforced biocomposites, as well as biolubricants, represent the vast majority of
the top 20 innovative bio-based products: more than 13 can actually be attributed
to this category.

Bio-based innovative solutions related to the plastics sector most certainly
occupy the most relevant position. Plastics are versatile materials widely
employed in almost all industrial and commercial sectors, but their elevated
durability in the open environment results in the global problem of plastic litter in
the soil and sea. Even when properly collected at their end-of-life, plastics are not
always easily recycled due to the impossibility of obtaining elevated mechanical
properties from the mechanical processing of mixed plastic waste streams.
Therefore, sustainable solutions, either bio-based or bio-based and biodegradable,
are intensely investigated. More than 10 of the top 20 selected products are
related to the plastics world. Both thermosets and thermoplastic innovative plastic
materials are currently under development, and innovation is found either in the
synthesis of completely new polymeric structures (an example is the case of



limonene-based engineering polymers - polyurethanes, polycarbonates,
polyamides), or the development of drop-in substitutes derived from renewable
resources (i.e. biophenolic resins). Poly(hydroxyalkanoate)s PHAs are currently
the subject of intensive research regarding promising biodegradable substitutes
for a number of commodity polymers, such ad HDPE, PP and others. The fact that
PHAs can be obtained by purely biotechnological routes starting from a variety of
carbon-rich biomass feedstocks, including agricultural wastes, organic fractions of
solid municipal wastes and urban wastewater, hence making them particularly
attractive. At present, the development of PHAs based on renewable oils and fats
and urban biowastes (OFMSW and UWW) is at TRL 6-7. These production routes
nevertheless compete with the one based on sugars, which is more advanced,
having reached level TRL 9.

e Innovative bio-based products for commercial solutions with high added value
due to their technical specificity are also of particular importance in the top 20.
For example, the anti-bacterial, anti-fungal and anti-cancer activity of 3rd
generation chitosan attract noteworthy attention for highly demanding
applications in the pharmaceutical and biomedical field.

e The chemical platform related to lignin is the one giving rise to the highest
number of innovative products at present. Lignin's natural abundance and global
availability are the main reasons for the current efforts toward exploitation
beyond its current relevant role as a bioenergy source. This is undoubtedly
associated to its chemical versatility and uniqueness as a source of aromatic
building blocks. Aromatics, in general, are only available from fossil oil, and their
essential role in numerous industrial sectors, including fuels, solvents, lubricants,
and plastic materials among others, makes them very attractive if derived from
renewable resources. Innovative products derived from lignin range from
fundamental chemical building blocks, such as BTX aromatics, to materials for
advanced applications in technical fields such as construction engineering, where,
for instance, both carbon fibres and thermoset resins play major roles. Seven (7)
of the top 20 selected BBPs derive from lignin.

e The complete dependency of Europe on imports of natural rubber sourced from
the rubber tree, Hevea Brasiliensis, from Southeast Asia, has motivated the recent
inclusion of this elastomer in the list of critical raw materials for the EU. The
need to develop solid alternative provision routes for natural rubber, based on
regional biomass feedstock availability, supports the current research on natural
rubber from guayule, Russian dandelion and rubber derived from the
polymerization of the bio-based isoprene monomer.

e The TRL distribution of the top 20 selected innovative BBPs shows that half of
them currently have had their technology validated in the relevant environment
(TRL 5), while only approximately 10% have a fully developed and qualified
system (TRL 8). Figure 3 shows the TRL distribution for the selected top 20
products. The detailed commercialization status of the selected top 20 products is
reported in Figure 4.

The 20 detailed case studies exist as standalone documents and are included in this
report in Section 6. Infographics were also derived by the respective extended case
studies, and were collected in a booklet printed by Ecologic Institute (DE) in June 2018.
The booklet is available for free download at the following link:
https://www.ecologic.eu/sites/files/event/2018/ts3_booklet_final.pdf
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Figure 3: TRL distribution for the selected top 20 BBPs

The study concludes by elaborating on the key research and development gap themes
and outlook perspectives that are discussed in depth in Section 7. Most of the products
show difficulties to enter the market due to high production costs; hence implying
significant research needs to improve various aspects of the process. Some products also
have challenges with stability or performance of the final product. In these cases, this is
of higher priority in order to meet consumer needs at the level or better of potential
substitutes. Finally, in many cases, raw material provision in the EU is not
straightforward and adequate solutions may be needed for the required feedstock. Most
of the products considered can, in fact, use different sources of biomass and end up in a
variety of final products, so the consideration of the most suitable portfolio of market
opportunities can indeed be key for future development of bio-based products.

TRL 5 6 7 8 9

Pilot Demonstration Commercial

Guayule rubber

Key for
Nanocellulose

categories
Composite non
woven plant fibres

Natural rubber Lignin biocomposites reinforced with

plant fibres
Plant fibers
Plant fibres bioresin prepregs
Plant fibres
Lignin reinforced
biopolymers
Renewable oils Bio-phenolic resins
and fats




Terpenes Bio-BTX aromatics

Natural Phenol and
polyelectrolytes alkylphenols

urban wastes L
Lignin bio-oil

Thermoplastic
lignin polymers

High purity lignin

Lignin carbon

fibres
PHAs from
renewable oils and
fats
Polyamide 12

Biolubricants

Limonene-based
engineering
polymers

Bacterial
biosurfactants

Biotechnological
chitosan
VFAs mixture

PHAs from urban
wastes

Figure 4: Commercialization status of the selected top 20 products

RESUME

La construction de nouvelles chaines de valeur, a travers la valorisation des principaux
composants de biomasse a faible volume et a haute valeur (LVHV: low volume-high value
biomass) pour le développement de bio-produits innovants (BBPs: Bio-Based Products),
destinés a des secteurs spécifiques du marché, accélérera la transition des technologies
de production traditionnelles au concept des bioraffineries.

Les nouvelles technologies et les méthodes traditionnelles couplées aux biotechnologies
appliquées aux matiéres premiéres de biomasse et aux flux de déchets provenant de
diverses sources (tels que les déchets urbains, les résidus agricoles ou les déchets
provenant des flux d'aliments et d'aliments pour animaux) convertiront les ressources
renouvelables en BBPs durables a haute valeur ajoutée.

Cette étude vise a dresser une liste des BBPs innovants actuellement en développement
(a n'importe quel stade d'avancement) et dérivant des principaux composants de la
biomasse énumérés dans le tableau 1 ci-dessous (qui rapporte également le nombre des
produits innovants en développement qui ont été identifiés pour chaque composant de la
biomasse). Les composants de la biomasse inclus dans I'étude sont décrits brievement a
la section 3.
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Table 1: Composants de la biomasse inclus dans I'étude et nombre respectif de BBPs
innovants identifiés

Principaux composants de la | Nombre des BBPs innovants
biomasse identifiés

Caoutchouc naturel 5
Principaux Fibres végétales 17
composants de la . .

. Huiles et graisses
biomasse 19
renouvelables

Lignine 23
Composants de 5
biomasse a faible VEREES 18
veliE EF & R Polyelectrolytes 6

valeur (LVHV)
19

Biodéchets urbains  Biodéchets urbains
Dans le cadre de cette étude, 107 BBPs innovants été identifiés et cartographiés.
Une base de données a été développée pour recueillir les informations suivantes pour
chacun des BBPs identifiés actuellement en développement, a partir des composants de
biomasse susmentionnés :
e matiéres premiéres de biomasse
e TRL (Technology readiness level) maximum atteint
e nombre d'entreprises actives
¢ installations de production (UE/reste du monde)

e principaux acteurs

e taille du marché estimée

alternatives non biologiques ou traditionnelles

faits marquants de l'innovation

applications

sources d'information sélectionnées

La figure 1 montre la distribution des valeurs de TRL des BBPs innovants listés dans cette
étude. La figure indique combien de produits sont sur le point d’étre commercialisés et
combien atteignent les plus hauts niveaux de développement technique. Prés du tiers des
produits approchent une disponibilité totale sur le marché (actuellement a TRL 9). Plus
de 20 produits en sont au stade de l'usine pilote (TRL 5), mais trés peu de produits sont
aux TRL 7 ou 8.
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Figure 1 : Distribution des TRL pour les produits inclus dans la base de données des BBPs innovants

La figure 2 montre la distribution des TRL pour les produits appartenant a chacun des
sept composants de la biomasse inclus dans I’étude. Alors que la lignine est le composant
de la biomasse le plus étudié a ce jour, le plus grand nombre de produits innovants préts
a étre commercialisés dérive des fibres végétales. Les déchets urbains sont également
trés étudiés et on trouve des produits en développement a tout stade d’avancement
technique. Par conséquent, il faut s'attendre a une sortie quasi-continue de nouveaux
produits issus de la valorisation des déchets urbains au cours des prochaines années.

[y
N

=
(=]
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. . miin i |
3 4 5 6 7 8 9
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W LIGNIN & NATURAL RUBBER “ PLANT FIBRES
& RENEWABLE OILS AND FATS “ NATURAL POLYELECTROLYTES “ TERPENES
“ URBAN WASTES

Figure 2 : Nombre de BBPs innovants identifiés a différents TRL pour les composants de la biomasse
étudiés
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Grace a une évaluation basée sur le marché actif, le degré de développement au niveau
de I'Union Européenne, le degré d'innovation et le potentiel commercial, les vingt BBPs
(Top 20) les plus innovants et prometteurs pour un déploiement commercial durant les
5-10 prochaines années ont été identifiés .

Cette sélection comprend les BPPs énumérés dans le tableau 2 suivant, organisés sur la
base du composant de la biomasse dont ils dérivent. Dans la troisieme colonne
(principaux marchés et applications), le tableau 2 répertorie les applications les plus
pertinentes connectées aux BPPs, identifiant les secteurs industriels pour lesquels ces
produits sont les plus pertinents.

Tableau 2 : Top 20 des BBPs en cours de développement, ayant le plus grand potentiel de

commercialisation au cours des 5-10 prochaines années, et leurs applications clés.

Catégorie

biomasse

de | Les BBPs les plus prometteurs en
cours de développement

Caoutchouc a base de
guayule

Principaux
applications

marchés et

Substitut de caoutchouc
naturel de Hevea br. dans

Erarieiene tous les produits
naturel caoutchogteux. _
Automobile. Articles
biomédicaux.
Biocomposites de lignine
renforcés par des fibres Moulage par injection

Fibres végétales

Huiles et
graisses
renouvelables

Lignine

végétales

Cellulose microfibrillée
Biopolymeres
thermoplastiques renforcés
par des fibres végétales
Biorésine pré-imprégnées
renforcées par des fibres
végétales

Fibres végétales

composites non tissées
auto-liantes

Biolubrifiants

PHAs

Bio-polyamide 12
Nanofibres de carbone a
base de lignine

Aromates Bio-BTX

d’articles en plastique

Modificateur rhéologique,
remplisseur de renfort,
stabilisateur d'émulsions,
milieu filtrant, domaine
biomédical.

Alternative aux  « pre-
pregs » renforcés par des
fibres de verre ou de
carbone

Alternative aux plastiques
renforcés par des fibres de
verre ou de carbone

Papier plastique

Secteur automobile et
industriel

Plastiques biodégradables
Plastiques techniques
Alternative aux fibres de
carbone a base de PAN.

Composites

Bio-produits chimiques

13



Terpenes

Polyélectrolytes

Biodéchets
urbains

Bio-huile de lignine

Résines phénoliques a
base de lignine

Lignine de haute pureté

Bio-phénols et bio-
alkylphénols

Polyméres d'ingénierie a
base de limonene

Biosurfactant bactérien
(sophorolipids et
rhamnolipides)

Chitosan biotechnologique

PHAs des déchets urbains

Mélanges d'acides gras
volatils (VFAS)

bruts

Produits chimiques verts et
biocarburants

Alternative aux résines
phénoliques.
Constructions.

Thermodurcissables.
Composites. Additif pour
les plastiques.

Produits chimiques
aromatiques et
monomeres

Bio-polyuréthanes, bio-
polyamides, bio-

polycarbonates

Formulations médicales et
pharmaceutiques,
cosmétiques, soins
personnels, industrie
agroalimentaire

Plastiques biodégradables

Produits chimiques bruts

pour la production
d’esters, solvants, et
polyméres.

Les résultats de la sélection des 20 meilleurs BPPs révéelent des informations importantes
sur les tendances générales de la bio-industrie.

Comme premiére preuve, la plus grande attention est portée sur le
développement industriel de nouveaux bio-matériaux destinés a des applications
techniques avancées. Les matériaux d'ingénierie ayant des propriétés
thermomécaniques élevées, adaptées aux domaines de l'automobile et de la
construction, tels que les bio-polyesters, les bio-polyamides, les matrices et les
charges pour les biocomposites renforcés, mais aussi les biolubrifiants,
représentent la vaste majorité des 20 premiers bio-produits innovants: plus de 13
peuvent étre attribués a cette catégorie.

Des bio-solutions innovantes relatives au secteur des plastiques occupent une
position de premier plan. Les plastiques sont des matériaux polyvalents utilisés
dans presque tous les secteurs industriels et commerciaux, mais leur longétivité
dans lI'environnement pose le probléme mondial des déchets plastiques retrouvés
dans le sol et la mer. Méme quand ils sont correctement collectés en fin de vie, les
plastiques ne sont pas toujours facilement recyclés en raison de lI'impossibilité
d’obtenir des propriétés mécaniques élévées du traitement mécanique des flux de
déchets plastiques mélangés. Par conséquent, des solutions durables, soit
biologiques, soit biologiques et biodégradables, font |'objet de nombreuses
études. Plus de 10 des premiers 20 produits sélectionnés sont liés au monde des
plastiques. Les matériaux plastiques thermodurcissables et thermoplastiques
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innovants sont actuellement en cours de développement, et l'innovation repose
soit sur la synthése de structures polyméres complétement nouvelles (un exemple
étant le cas des polyméres d'ingénierie a base de limonene - polyuréthanes,
polycarbonates et polyamides), soit sur le développement de substituts dérivés de
ressources renouvelables (par exemple, les résines biophénoliques). Les
polyhydroxyalcanoates, ou PHAs, sont aujourd’hui intensément étudiés comme
substituts biodégradables prometteurs pour un certain nombre de produits
polymeéres, tels que HDPE, PP et autres. Le fait que les PHAs puissent étre
obtenus par voie purement biotechnologique a partir d'une variété de matiéres
premiéres de biomasse riches en carbone, y compris les déchets agricoles, les
fractions organiques des déchets municipaux solides et les eaux usées urbaines,
les rend particuliérement attrayant. A I'heure actuelle, le développement de PHAs
basés sur des huiles et des graisses renouvelables et sur des déchets urbains
(OFMSW et GSM) se trouve au TRL 6-7. Ces itinéraires de production rivalisent
néanmoins avec celui des sucres qui est plus avancé, étant actuellement au TRL
9.

Des bio-produits innovants destinés aux solutions commerciales a forte valeur
ajoutée en raison de leur spécificité particuliere occupent également une place
importante. Par exemple, l'activité antibactérienne, antifongique et anti-
cancéreuse du chitosan de 3éme génération attire beaucoup d'attention pour ses
applications dans les domaines pharmaceutique et biomédical.

La plate-forme chimique relative a la lignine est celle qui généere aujourd’hui le
plus grand nombre de produits innovants. Son abondance naturelle et sa
disponibilité mondiale constituent les principales raisons des efforts déployés
actuellement pour son exploitation au-dela de son ro6le actuel de source de
bioénergie. C’est sans aucun doute associé a sa polyvalence et a son unicité
chimiques comme source d’éléments aromatiques. Les éléments aromatiques, en
général, ne sont disponibles qu'a partir d'huile fossile, et leur réle essentiel dans
de nombreux secteurs industriels, comme les carburants, les solvants, les
lubrifiants et les matériaux plastiques parmi tant d’autres, les rendent trés
attrayants s'ils sont dérivés de ressources renouvelables. Les produits innovants
dérivés de la lignine vont des blocs de construction chimique fondamentaux, tels
gue les BTX aromatiques, aux matériaux destinés a des applications avancées
dans des domaines techniques comme le génie civil, ou, par exemple, les fibres
de carbone et les résines thermodurcissables jouent un r6le majeur. Sept des 20
BBPs sélectionnés proviennent de la lignine.

La totale dépendance de I'Europe a l'importation du caoutchouc naturel,
provenant de I'hévéa Brasiliensis du sud-est de I|'Asie, a motivé la récente
inclusion de cet élastomére dans la liste des matiéres premiéres critiques pour
I'UE. La nécessité de développer des filieres d'approvisionnement alternatives
solides pour le caoutchouc naturel , basées sur la disponibilité régionale des
matiéres premiéres de biomasse, soutient la recherche actuelle sur le caoutchouc
naturel de guayule de pissenlit russe et le caoutchouc dérivé de la polymérisation
du monomere de bio-isopréne.

La distribution des TRL pour les 20 BBPs innovants sélectionnés montre que la
moitié d'entre eux disposent actuellement de la technologie correspondante
validée dans I'environnement concerné (TRL 5), tandis qu'environ 10%
seulement ont un systéme entierement développé et qualifié (TRL 8). La figure 3
montre la distribution des TRL pour les 20 produits. La Figure 4 schématise le
statut détaillé de commercialisation de ces produits.
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Figure 4 : Statut de commercialisation des 20 meilleurs produits sélectionnés

Les 20 études de cas détaillées existent en tant que documents autonomes et sont
incluses dans le présent rapport a la section 6. Les infographies ont également été
établies a partir des études de cas étendues correspondantes et ont été rassemblées
dans une brochure imprimée par Ecologic Institute (DE) en juin 2018. La brochure est
disponible en téléchargement gratuit au lien suivant :

https://www.ecologic.eu/sites/files/event/2018/ts3 booklet final.pdf

L'étude se termine en mentionnant les principales lacunes en matiére de recherche et
développement et les perspectives, qui sont examinées de maniere approfondie a la
section 7. La plupart des produits présentent des difficultés dues a des colts de
production élevés, qui impliquent des besoins de recherche importants pour améliorer
différents aspects du processus de développement. Certains produits présentent
également des probléemes de stabilité ou de performance du produit final. Dans ce cas, la
priorité est plus élevée afin de répondre aux besoins des consommateurs, avec des
substituts potentiels au méme niveau, voire a un niveau supérieur. Enfin, dans de
nombreux cas, I'approvisionnement en matiéres premiéeres dans I'UE n'est pas simple et
des solutions adéquates peuvent étre nécessaires pour la matiére premiére requise. La
plupart des produits considérés peuvent utiliser différentes sources de biomasse et,
finalement, aboutir a une variété de produits finis. Dés lors, la prise en compte des
opportunités de marché les plus appropriées peut étre la clé du développement futur de
nouveaux bio-produits.
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SECTION 1 BACKGROUND, POLICY CONTEXT AND AIM OF THE

STUDY

1 Background

The bio-based industries in Europe and all over the world are evolving rapidly, driven by
business and consumer demand, as well as society’s demands for more sustainable
products that avoid depletion of natural resources and reduce environmental impact. The
total turnover of the bio-based industries increased from 647 billion in 2008 to 698 billion
Euro in 2015, and according to forecasts the bio-based share of all chemical sales will
rise to 22% by 2020, with a compounded annual growth rate close to 20% [1].
Moreover, the European bioeconomy provides jobs for 18.3 million Europeans, over half
of them in primary biomass production (agriculture, forestry and fisheries). Bio-based
industries employ 3.2 million people [2].

The development of innovative technologies for the valorization of biomass components,
and their up-scaling to commercial levels, will enable a further boost to the transition
from fossil to renewable sources. Dynamic and sustainable bio-based industries have the
potential to deliver many environmental, economic and social benefits. They can help to
meet objectives in areas ranging from economic growth, job creation, the circular
economy and resource efficiency to climate change mitigation, security, agriculture
modernisation and regional development.

Bio-based industries are important players in building the European circular economy.
They are pioneering processes to produce added-value products from feedstocks such as
agricultural residues, urban biowaste (the organic fraction of municipal solid wastes and
sludge from waste water treatment), side streams from food processing, and reducing
industrial emissions of greenhouse gases (GHG), including CO-.

Building new value chains through the valorization of the main components of biomass
feedstock for the development of innovative bio-based products aimed at specific market
sectors will accelerate the transition from traditional production to the concept of
biorefineries. New technologies and traditional methods coupled with biotechnologies
applied to biomass feedstock and waste streams from various sources, such as urban
wastes or agricultural residues or wastes from food and feed streams, will convert
renewable resources into high added-value sustainable bio-based products. Beyond
technological barriers, market acceptance and commercialization will then need to be
supported by public policy and the economic context.

Some specific value chains originating from lignocellulosic, agricultural and organic waste
into chemicals and materials, experienced a rapid growth in the last few years, some
others are still currently un- or underexploited for bio-based operations.

A clear example of an already technologically advanced value chain is that of sugars;
many platform chemicals and important building blocks for the development of
sustainable materials, such as 1,4-butanediol (BDO), 2,5-furandicarboxylic acid (FDA) or
poly(lactic acid) already occupy a relevant commercial position. Pioneers of bio-based
technologies have paved the way for sustainable BDO production from renewable
feedstock, which has positively influenced consumption patterns in recent years, because
companies are increasingly adopting good manufacturing practices and integrating
advanced production technologies to comply with transitioning regulatory frameworks
and consumer specifications. Producers have shifted their focus towards sustainable
production and boosted reliance on renewable resources to reduce resource demand,
waste and pollution.

Therefore, the development of new specific bio-based value chains, making the best
possible use of cascading and circular approaches, represents the most effective tool to
positively influence consumption goods at the industrial level, which in turn supports
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economic growth, job creation, resource efficiency to climate change mitigation, security,
agriculture modernisation and regional development.

To guarantee a secure and sustainable supply of biomass feedstock for biorefineries, the
development of integrated and sustainable value chains using agricultural-based,
forestry-based, aquatic feedstock and their residues and side streams, and bio-waste,
should be rapidly implemented. The exploitation and valorization of all the main
components of biomass pursuing solutions that fulfil such sustainability and circular
economy principles, will result in new, larger and more diversified business proposals for
sustainable chemicals and products.

The European Commission has already commissioned a study to map out all of the
potential value chains for the production of biofuels and biochemicals originating from the
sugar platform [3]; therefore, sugar is out of the main scope of this study.

The present study simultaneously depicts the panorama of innovative bio-based products
recently developed or currently under development, originating from a wide set of main
biomass components, assessing them on a common basis to determine what will be
technically achieved in the next 5 to 10 years and which are, at present, the most
promising fields for market growth and industrial investment. The biomass components
included in this study are: natural rubber, plant fibres, renewable oils and fats of
vegetable and animal sources, lignins, terpenes, natural polyelectrolytes and urban
waste.

2 Policy context

At the European level, policies linked to bio-based products include the following:

e The Renewed industrial policy strategy for Europe [4], which aims to raise
industry’s contribution to EU GDP to 20% by 2020. The bio-based products sector,
is one of the priority areas with a high potential for future growth and for
addressing societal challenges.

e The Europe 2010 Flagship Initiative - Innovation Union [5] under the Europe 2020
strategy supports the shift towards a resource-efficient, low-carbon, economy to
achieve sustainable growth. The flagship initiative placed innovation at the heart
of the Europe 2020 strategy in order to maintain Europe's competiveness in a
demographically changing and increasing competitive world.

e The 2018 update Bioeconomy strategy [6] aims to accelerate the deployment of a
sustainable European bioeconomy so as to maximise its contribution towards the
2030 Agenda and its Sustainable Development Goals (SDGs), as well as the Paris
Agreement. The update proposes an action plan with 14 concrete measures to be
launched in 2019, based on three key priorities: (1) Strengthen and scale up the
bio-based sectors, unlock investments and markets; (2) Deploy local
bioeconomies rapidly across the whole of Europe and (3) Understand the
ecological boundaries of the bioeconomy.

e The 2015 Circular Economy Package [7] was created to help European businesses
and consumers make the transition to a stronger and more circular economy
where resources are used in a more sustainable way. The proposed actions
contribute to 'closing the loop' of product lifecycles through greater recycling and
re-use, and bring benefits for both the environment and the economy. Biomass
and bio-based products are one of the five priority areas. It indicates that bio-
based materials can also present advantages linked to their renewability,
biodegradability or compostability. The transition towards a circular economy will
be supported financially by ESIF funding, €650 million from Horizon 2020 (the EU
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funding programme for research and innovation), €5.5 billion from structural
funds for waste management, and investments in the circular economy at the
national level.

e In January 2018, as part of the implementation of the Circular Economy Package,
the EC adopted the EU Strategy for Plastics in the Circular Economy [8] and annex
to transform the way plastics and plastics products are designed, produced, used
and recycled. By 2030, all plastic packaging should be recyclable. The Strategy
also highlights the need for specific measures, possibly a legislative instrument, to
reduce the impact of single-use plastics, particularly in our seas and oceans.

e The European Innovation Partnerships (EIP) were launched in 2012-2013 under
the Innovation Union flagship programme to accelerate the market uptake of
innovations that address key challenges for Europe. Specifically:

o The EIP for Agricultural Productivity and Sustainability (EIP-AGRI) aims to
promote competitive and sustainable agriculture and forestry that
"achieves more from less". It contributes to ensuring a steady supply of
food, feed, and biomaterials.

o The EIP on Raw Materials seeks to achieve the transition to a circular
economy by providing valuable lessons on how to boost recycling and the
re-use of materials. A list of critical raw materials was also released as
implementation of the Circular Economy Package.

e The Lead Market Initiative between 2008 and 2011 fostered the development of
the bio-based products sector by exploring demand-side innovation policy tools
such as standardisation, labelling, and public procurement. The main outcomes of
this initiative were an interim report, "Taking Bio-based from Promise to Market";
policy papers on financing and communications; and a list of priority
recommendations (22 kB) to enable the market uptake of bio-based products. In
the framework of the Lead Market Initiative, the European Commission issued
several standardisation mandates to the European Committee for Standardisation
(CEN).

At the State level, since 2015, six new dedicated bioeconomy national policy strategies
have been adopted in France, Italy, Latvia, Norway and Spain. The most recent addition
is Ireland, which passed its national bioeconomy policy strategy in March 2018. In
addition, Austria, Estonia, Iceland and the UK have announced their intention to
introduce bioeconomy policies. Most of the recently published strategy documents,
however, focus on the production and utilisation of bio-resources. High-tech approaches
are found to a greater extent in Germany and the UK, where the focus is more on
biosciences and the “biologization of the economy” [9].

3 Aim of the study
Scope

This study was carried out in the framework of the BIOSPRI tender "STUDY ON SUPPORT
TO R&I POLICY IN THE AREA OF BIO-BASED PRODUCTS AND SERVICES", implemented
by a Consortium led by COWI A/S for the European Commission (COM), Directorate
General for Research & Innovation (DG RTD), under contract 2016/RTD/F2/0OP/PP-
04541-2016.

The overall objective of this tender is to provide new information and analyses that will
enable policy-makers, the scientific community, primary producers, business enterprises
and other stakeholders to make more informed decisions about innovative bio-based
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products. The study is composed of three pillars: LCA of bio-based products, EU success
stories of bio-based products on the market, and top emerging bio-based products.

The part of the tender study reported in this document, implemented by the University of
Bologna (Italy) in collaboration with Fraunhofer ISI (Germany), is related to the selection
and description of the twenty most innovative emerging bio-based products. It was
designed to provide a comprehensive overview of undergoing innovation, at any level of
technology readiness, in the production of bio-based products derived from a number of
main biomass components and urban biowastes. It was conceived by DG RTD as an
instrument to assist policy makers and industry stakeholders, and was developed by
experts in sustainable chemistry and materials from renewable resources.

The focus of this study is on innovative bio-based products as defined by the Lead Market
Initiative [6]:

"Bio-based products refer to non-food products derived from biomass (plants, algae,
crops, trees, marine organisms and biological waste from households, animals and food
production). Bio-based products may range from high-value added fine chemicals such as
pharmaceuticals, cosmetics, food additives, etc., to high volume materials such as
general bio-polymers or chemical feedstocks [i.e. building blocks]. The concept excludes
traditional bio-based products, such as pulp and paper, and wood products, and biomass
as an energy source."

Products identified through this study are either business-to-business or business to
consumer, and belong to relevant product groups and end applications. They include
products combining bio-based and non-biobased components.

The study was conducted in parallel on eight categories of main biomass components
(i.e. renewable oils and fats of vegetable and animal origin, plant fibres, lignin, natural
rubber, terpenes, alkaloids, proteins, polyelectrolytes) and two categories of urban
biowaste (i.e. the organic fraction of municipal solid waste and sludge from urban
wastewater treatment).

Three main activities were developed:

1. Selection of the most promising main biomass components to bio-based
products, aimed at selecting the biomass components holding the greatest potential to
result in a large number of innovative bio-based products.

For the purposes of this selection, the main biomass components included in this study
have been divided into two categories, as follows (Figure 5):

(1) Major biomass components:
e renewable oils and fats (vegetable and animal origin)
e plant fibres
e lignin
e natural rubber
(2) Low volume high value (LVHV) biomass components:
terpenes
alkaloids
proteins
polyelectrolytes
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Figure 5 : Biomass components included in the study

After collecting preliminary information on the biomass components listed above,
alkaloids and proteins were dropped and not included in the subsequent steps of the
study. This was mainly related to the limited expertise available on these components in
the group of experts on the consultants team, and their highly specialised use in sectors
such as food and medicine.

2. Implementation of a database of innovative bio-based products currently
under development, aimed at creating a comprehensive collection of information on
the upcoming bio-based products derived from the above-mentioned selected biomass
components, as well as the category of urban wastes. For each product, the database
collects information on biomass feedstocks, maximum TRL achieved at present, number
of active firms, presence of dedicated production facilities in Europe and in the rest of the
world, leading actors, market size indicators, existence of non-bio-based alternatives,
innovation highlights, main applications and selected references for information
harvesting.

3. Development of detailed case studies on the twenty most innovative
emerging bio-based products (top 20) holding the greatest promise for market
development in the next 5 to 10 years. The top 20 innovative bio-based products
with the greatest promise for commercial deployment in the coming 5 to 10 years, were
identified through assessment, and detailed case studies were developed on each of
them. An assessment of the innovative bio-based products on a common basis for a
number of important aspects, such as: active marketplace, Europe-based development,
degree of innovativeness and potential for market development - was carried out in order
to select the top 20 BBPs.

The detailed case studies include: (i) general information; (ii) product description
(chemical-physical characteristics, main uses, production process); (iii) markets (current
volume, market value, prices); (iv) actors (general setting, Europe, rest of the world);
(v) value proposition and sustainability (co-products, environmental impacts, benefits,
sustainability, socio-economic advantages, health impacts, bio versus non-bio
alternatives); (vi) overview of the state of future development (projected trends,
competitiveness and role of Europe in global production.
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SECTION 2 APPROACH AND METHODOLOGY

The focus of this study was the development of detailed case studies on the twenty most
promising BBPs, derived from a number of biomass components and urban biowastes,
that are currently under development and that may be commercially deployed in the next
5 to 10 years. Identification of R&D gaps and outlook perspectives were also a main
target.

Building a comprehensive database of all of the BBPs that are currently investigated
worldwide, starting from the biomass components included in this study, was the first
action to be implemented. Three levels of biobased products were taken into
consideration, as detailed in the following:

- basic chemicals/building blocks (i.e. acids, alcohols, monomers, oleochemicals, etc.)
- secondary chemicals/ polymers (i.e. fine chemicals, polymers and other materials)

- final products and applications (i.e. products for the industrial sectors of food,
packaging, agriculture, automotive, buildings, etc.)

The mapping of the innovative biobased products under current development was carried
out by collecting updated information from several sources: scientific literature [1],
industrial sources of information and patents [2-5], community research and
development information service (CORDIS) [6], Task42 IEA bioenergy reports [7],
market reports, Nova Institute Reports [8], JRC reports [9], and others. The full list of
References which have been consulted to implement this Section is reported in Appendix
B.

The database was developed in the form of an Excel file, containing 7 Excel sheets, each
dedicated to products derived from one of the selected key biomass intermediates and
LVHV products, and from the Urban Biowastes. There is a separate row for each product.

Based on the available literature and accessible data, the following information is
provided for each product included in the Database:

— Product

The description of products and materials based on their chemical structure was
favoured, when possible/applicable, in order to group products with structural and
compositional similarities.

— Biomass Feedstock

The initial biomass feedstocks taken into consideration include any kind of agricultural
residues, forestry, algae, crops, animal fats, the organic fraction of municipal solid
wastes and the sludge of urban waste water.

— max TRL achieved

The key metric used to assess the maturity of the evolving technologies related to
each bio-based product is the TRL (Technology Readiness Level).

All kinds of conversion technologies have been accounted for: mechanical, thermo-
chemical, chemical and biotechnological options have been considered, and cited
when possible. Attention has been focused on innovations related to the use of
biotechnologies for the development of new bio-based products.

— number of Active Firms
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number of companies working on each product, involved at any level (from patent
filing to commercial launch), have been included in this field.

— number of Production Facilities (EU/rest of the world)

Due to data constraints, the Database is not a fully comprehensive record of every
production facility worldwide. In several cases, companies claim that their existing
plants have been "partially" converted to the production of innovative products,
without giving further details. Information included in this field nevertheless gives an
idea of the geographical distribution of production plants between Europe and the rest
of the world.

— Leading Actors

The most advanced global developers have been classified as leading actors. They
commonly also share more information and data because confidentiality is less
pressing when higher TRLs have been reached.

— Market size (estimated price €/kg, estimated sales kt per year)

Information related to estimated price and global sales volumes for innovative
products under development is usually not freely accessible, due to the extreme
confidentiality of the matter. For this reason, it was not possible to fill in this field for
several products included in the database. When possible, this information was taken
from press releases, technical presentations and company web sites.

— non bio-based alternatives (price €/kg; sales kt per year)

Information related to commercial alternatives originating from non-renewables have
been included, when possible. For some products there is no alternative possible, as
in the case of nanocellulose for instance, but in other cases the market offers several
alternatives. Efforts were made to select the most relevant non-biobased competitors
for specific applications, but it was not always possible to do so in a comprehensive
manner.

— Innovation Highlights

A broad meaning has been associated with the term "Innovation" for the purposes of
the implementation of this Database. Innovation can be related to: i) the
development of a completely new product, not previously available on the market; ii)
the development of the new bio-based version of a previously available product
derived from non-renewable resources (drop-in products); iii) the conversion of
biomass feedstocks with a new/different technology for the development of new
products and/or processes. In the vast majority of the cases, innovation was found to
originate from a combination of the above-mentioned factors; therefore, short
explanations of the most relevant aspects of innovation were briefly included in the
database, to allow for an easy positioning of the product in the framework of the
industry-targeted innovation.

— Applications

Several products included in the Database are intended for more than one
application, or could be used in different sectors. A comprehensive description of all
of the possible application fields was not possible; therefore, a selection of the most
relevant or most economically attractive applications has been reported.

— Selected References

Extended use of literature survey, patent search, records from research and
development projects at the national and international level, web-sites, have been

25



carried out to collect information about every single product included in the database.
Only the most relevant sources of information have been included directly in the
database. Further information can be found in the documents listed in APPENDIX B
DATA SOURCES AND LITERATURE SURVEY.

As a general remark about comprehensiveness of information included in the Database,
one could take into consideration that information and data sharing about innovative
products is not always in the interest of Actors. Therefore, for a number of cases that can
be assumed quite elevated, the lack of freely accessible information could have
generated a number of records that is lower than the real situation.

In order to develop a quantitative and objective tool for the assessment and ranking of
the innovative bio-based products under development included in the Database, four
selection criteria were applied, relative to:

1.

2.

3.

4.

Active marketplace
EU-based development
Degree of innovativeness

Market potential

For ranking purposes, these assessment criteria have been applied to each of the
products included in the Database.

Assessment led to the selection of the twenty most promising BBPs, on which detailed
case studies were developed through intensive industry reviews.
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SECTION 3 BRIEF INTRODUCTION TO THE BIOMASS

COMPONENTS INCLUDED IN THE STUDY

This section examines in brief the following specific aspects for each of the biomass
components included in this study:

e sources and structure

e feedstock and feedstock availability

e main innovation trends in related products and technologies
e brief market insights

e selected references and additional sources of information

Due to the heterogeneity of the biomass components considered in this study, it is rather
difficult to describe them in a joined way. All have peculiar aspects that must be taken
into account when discussing on their future potential exploitation for the development of
new commercial products.

NATURAL RUBBER

Natural rubber (NR) plays a fundamental role in the development of bio-based products
and innovation within the bio-based economy because it's the exclusive source of
elastomeric polymers coming from renewables which is suitable for large-scale technical
applications, such as tires. Beyond being the unique natural elastomer, it holds an
outstanding combination of mechanical and physical properties, that make it rather
irreplaceable by synthetic elastomers.

From 2014, both indicators for economic importance and supply risk of NR have been
assessed as above the criticality threshold for Europe, mainly due to an import
dependency of 100% and the lack of readily available substitutes for all identified end-
use applications. From 2017 NR has entered the list of the critical raw materials for
Europe [1] .

NR is commonly produced from the rubber tree Hevea brasiliensis, which is mainly
harvested in South East Asia (Malaysia, Indonesia, Vietham and Thailand account for
nearly 70-75% of the world’s global production), representing the unique relevant
commercial source of NR at present. The danger that the South American native fungal
pathogen Microcyclus ulei might spread to Southeast Asia, which would severely affect
the NR production and its world-wide commercial availability, and the general trend
towards the replacement of oil-based products with renewables, represent the main
driving force to play close attention to potential alternative sources of rubber production.

Other crops that produce natural rubber include guayule, Russian dandelion, rubber
rabbitbrush, figtree, goldenrod, and sunflower. In between these, guayule and Russian
dandelion have been investigated as feasible alternative sources for the production of NR
on the large scale. Guayule is considered the most promising crop for cultivation in
Mediterranean areas, whereas dandelion should be developed in northern and eastern
European countries. Both types of rubber may be suitable in applications such as tyres
and car parts, whereas guayule rubber may also find specific applications in the area of
medicine, due to absence of proteins that may induce allergic response. Diversifying
sources of natural rubber from the current feedstock, which is solely Hevea Brasiliensis
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(cultivated in tropical regions) by including guayule rubber (arid climates) and Russian
dandelion rubber (temperate climates), mitigates the overconcentration of natural rubber
production in a certain region and from a certain crop. This prevents deforestation and
alleviates dependencies.

Although guayule processing yields high quality rubber, the cost of cultivation,
harvesting, and processing is significant. A competitive advantage of guayule rubber
against Hevea Brasiliensis rubber would require achieving higher crop yields, which are
currently significantly below those of optimised cultivars of Hevea rubber, as well as
development of economic processing methods. Guayule processing also gives rise to
valuable side-products, which could find good positioning on the market. Low-molecular
weight rubber could serve as a feedstock for liquid natural rubber, which has wide
applications in adhesives and moulded products manufacture. Bagasse remaining after
rubber and resin extraction can be used as a fuel for processing plants, soil amendment,
and others.

Beyond NR extracted from Guayule and Russian Dandelion, high molecular weight
polyisoprene chains can also be obtained by polymerization of isoprene monomers having
bio-based, renewable origin. This is the case of polyisoprene derived from plant oils or
natural turpentine [2] or algae [3] which is currently under investigation mainly in US
(Texas-based GlycosBio announced in May 2010 a collaboration with Malaysia’s Bio-XCell
Sdn Bhd to build a biorefinery with a planned 20,000 tonne/year capacity to produce
isoprene using glycerine (derived from oil palm) as a feedstock) [4] and Japan
(Ajinomoto Co. has successfully manufactured bio-based isoprene at the laboratory scale
using a fermentation process from biomass raw material, and Bridgestone has also
succeeded to produce synthetic rubber (polyisoprene) from Ajinomoto Co.'s bio-based
isoprene.) [5]

Biologically produced synthetic isoprene monomer technology provides high-yields of
isoprene from low-cost feedstocks, such as crude glycerol that are globally available and
can be sustainably used on a large scale.

While the collection of isoprene from plants different from Hevea Br. is technically and
economically unfeasible at present, as its production rate is simply not sufficient enough
to match the demand, microbial production of isoprene is attractive, as the large-scale
fermentation together with downstream processing units can meet the industrial
requirements of bioisoprene.

PLANT FIBRES

The industrial interest in plant fibres is primarily focused on using them as renewable
reinforcing fillers for plastic-based composites, mainly for the automotive and packaging
applications, or for the production of sustainable textiles and fabrics exploiting fibres
from waste residues, in an optic of valorization of side/waste streams.

In the framework of the bioeconomy, plant fibres therefore represent the renewable
substitutes for artificial fibres such as carbon fibres, currently obtained starting from
polymeric fossil-based poly(acrylonitrile) fibres, mainly used for the fabrication of light-
weight advanced composite materials, or glass fibres.

The use of plant fibres in innovative areas of materials science gained considerable
attention because of three potential advantages, namely: (i) their biorenewable
character, (ii) their ubiquitous availability in a variety of forms, and (iii) their low cost.

At present, the main innovation trend for plant fibres is related to their use in
combination with bio-based and/or biodegradable polymer matrices, both thermoplastic
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and thermoset. This allows the fabrication of advanced composite materials for
industrially relevant goods (mainly devoted to construction engineering), that are fully
derived from renewable resources, and which in some cases additionally possess
complete biodegradability. On the other hand, certain disadvantages Ilimit their
application on an industrial level. This include variable quality of the products depending
on several factors, such asi»moisture absorption, limited maximum processing
temperature, incompatibility with the hydrophobic polymer matrix and the tendency to
form aggregates during processing, lower durability, poor fire resistance, and fluctuations
in price according to harvest results or agricultural politics, as well as unpredictable
influences, such as weather.

Inorganic matrices reinforced with plant fibres also represent a main innovation field for
construction engineering. Fibre-reinforced cement (FC) can be made with a range of
plant fibres including wood waste, industrial hemp, and flax.

A major trend of innovation is related to microfibrillated cellulose (also named
nanocellulose), obtained by almost every kind of cellulose fibres that are fibrillated,
meaning that the mother fibre is split into a higher number of thinner fibres/fibrils.
Nanocellulose possesses many special properties compared to traditional pulp fibres; a
much higher surface area, great bonding potential, and a high water binding capacity.
This product holds great potential as highly efficient biodegradable reinforcement for
bioplastics, suggesting itself as the potential bio-based substitute for carbon fibres in
advanced technical composites. Beyond the composites sector, highly separated
microfibrils of cellulose dispersed in a polar liquid give creamy products, which find wide
industrial use as nonwoven binders, as well as in foods, paints, cosmetics, and medicine.
They are also useful as advanced rheology modifier, have very interesting spraying
characteristics, and an unusually high viscosity at rest. They find also application as
stabilizer, especially for water-in-oil or oil-in-water emulsions, and as water absorbing,
retaining and releasing materials, also suitable for medical applications and hygiene
products.

RENEWABLE OILS AND FATS

Fats and oils are, beside carbohydrates and lignin, the most important renewable
feedstock available from biomass. Fats and oils are the most versatile renewable raw
materials for the chemical industry. Their multifunctional chemical composition allows
their exploitation through a number of different synthetic methods, giving rise to an
almost infinite range of bio-based chemicals that can be produced starting thereof, going
far beyond biodiesel. Biosurfactants, biolubricants, bio-based monomers for advanced
polymers are just a few of the most relevant examples of high added value chemicals for
the bio-based industry, derived from renewable oils and fats.

There are three main categories of renewable oils and fats (O&F): plant oils, animal fats,
and marine oils. From a chemical and technical viewpoint, most O&F are interchangeable;
however, costs for processing and specific end-use requirements may differ considerably.
This also leads to marked differences of prices in function of the source, the latter being
for example either a true renewable source, e.g. obtained from a dedicated crop, or a by-
product from another production, as in the case of animal fats.

The basic oleochemicals are:

o fatty acid methyl esters (obtained by transesterification of O&F)

o fatty acids, obtained by hydrolytic splitting

e glycerol, which is the co-product of transesterification or hydrolysis of O&F.

o fatty alcohols, produced by hydrogenation of fatty acids.
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Major technical efforts are currently devoted to the development of new biobased
lubricants for many industrial sectors. Biolubricants possess advantageous characteristics
such as renewability, non-toxicity, economic and environmental friendliness, among
others. They can also offer superior performance compared to mineral based lubricants,
in terms of stability and performance (for example, suitable for heavy truck engines).

Cosmetics, medicine and nutraceutics are also relevant application fields for green
chemicals coming from renewable oils. Plant oils, used as a cosmetic base, prevent water
loss through the skin, by making a protective layer on the epidermis. Because of their
oiling, softening, smoothing, and protective properties they are classified to the group of
emollients. Medicine recognizes the beneficial effects of plant oils in dietary, e.g., in the
biological synthesis of components of cell membranes. Omega-3 Fatty Acids have gained
considerable importance due to their association with the prevention and treatment of
several diseases [6] like atherosclerosis, thrombosis, arthritis, cancers, etc.

Finally, the plastics sector shows great interest in monomers and polymer building blocks
derived from plant oils. Several oils-based biopolyamides already gained a relevant
commercial positioning, and new biopolymers such as poly(hydroxyalkanoate)s PHAs are
currently under development.

LIGNINS

Lignin is one of the most abundant organic polymers on Earth, and the only compound
with aromatic properties extractable from biomass. It is currently almost exclusively used
for generating energy, but more is possible and lignin is destined to help the forest
industry expand into the emerging bio-economy. Lignin, which represents up to 30
percent of the lignocellulose biomass, is an unexploited treasure - at least from a
chemical point of view. The resinous substance consists of different aromatic basic
building blocks, so-called phenylpropanoids, which are extremely useful. Aromatic
compounds are normally extracted from petroleum and used to produce plastics, drugs
and paints. The potential of lignin is therefore quite high: besides cellulose and chitin,
lignin is the most abundant polymer in nature - and the only one that contains such a
large number of aromatic compounds.

Lignin conversion for bio-based products therefore holds a very promising potential. The
unique structure and chemical properties of lignin allow the production a wide variety of
chemicals, particularly aromatic compounds. Hence, lignin can be considered as the
major aromatic resource of the bio-based economy.

In terms of polymer industry, the enormous quantity of lignin renders excellent
opportunities for production of aromatic monomers and polymers. However, the full
potential of lignin for commodity polymers is still underutilized mainly due to the difficulty
in obtaining pure aromatic chemicals from lignin. Hence, new technological developments
are required to breakdown the chemical structure of lignin into commodity chemicals
such as benzene, toluene, xylene, phenols, hydroxybenzoic acids as well as coniferyl,
sinapyl, and p-coumaryl compounds, including vanillin. Once lignin is isolated and
degraded into aromatic compounds, the subsequent processes do not require too much
improvement. There is already a mature technology for conversion of these compounds
into commodity monomers and polymers [7]. The combination of the new and current
technologies would provide novel opportunities for conversion of lignin to commodity
polymers like polyethylene terephthalate (PET), polystyrene, Kevlar, unsaturated
polyesters, polyaniline and many more aromatic polymers, such as phenolic resins.

Beyond chemical building blocks, lignin is a valuable source of a number of other
technical products that may find relevant positioning in the market. As an example,
carbon fibers obtained from lignin can efficiently substitute traditional PAN-derived
carbon fibres, with a much lower environmental impact.
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TERPENES

Terpenes comprise one of the largest classes of industrially relevant bioactive natural
products and have found wide use as flavours, fragrances, vitamins, and
pharmaceuticals. Nowadays terpenes are being considered as well as building blocks to
produce commodity chemicals and polymers with a very high added value. Terpenes
(also known as terpenoids or isoprenoids) are a group of molecules whose structure is
based on a various but definite number of isoprene units. They are metabolites
synthesized mainly by plants, but also by a limited number of insects, marine micro-
organisms, and fungi. In plants, terpenes constitute a naturally occurring, chemically
diverse set of metabolites associated with developmental physiology. They often have a
strong odour and may protect the plants from herbivores. Terpenes, together with
aromatic compounds, constitute the essential oils of plants, with the highest
concentration usually being found in the specialized storage cavities of leaves. Algae are
prolific sources of secondary metabolites (i.e. organic compounds that are not directly
involved in the normal growth, development, or reproduction of an organism, widely used
in drugs, medicines, flavorings) that might represent useful leads in the development of
new high value bio-based products. Besides the natural character of algae, other
important aspects are their rapid cultivation on a large scale, their fast growth and the
possibility to control the production of their bioactive compounds such as proteins,
polyphenols and pigments by manipulating the culture conditions.

The bioplastics sector is widely interested in terpenes. Abundant terpenes constitute the
logical precursors to polyterpenic materials destined for bulk applications. In this context,
pinenes, readily isolated on an industrial scale from turpentine, are obvious candidates.
B-pinene is by far the most studied. Lately, limonene has been the object of an increased
interest to produce monomers for bio-plastics, in particular polycarbonates since in this
case the terpene could replace the bisphenol-A (also known as BPA) which is fossil fuel
derived molecule that has been pointed out as a potential endocrine-disruptor,
neurotoxic, and carcinogen.

Terpene-based green propellants, pesticides and antioxidants also intended for food and
cosmetics applications, are currently attracting a lot of interest. Their chemical properties
combined with innovative technologies such as microencapsulation is rapidly releasing
new solutions for several commercial field.

NATURAL POLYELECTROLYTES

Polyelectrolytes are polymers bearing ionic groups on their macromolecular chains.
Among those derived from the biomass and based on polysaccharides from plant and
algae, alginates (carboxylic polyelectrolytes), carrageenans and agars (sulphated
polyelectrolytes with the exception of agarose that is a neutral polysaccharide) are
located in the cell walls of seaweeds whereas pectins are contained in fruits. These
polymers have a characteristic molecular architecture but their exact composition
depends on the species, habitat, harvesting season and on the extraction conditions.

The corresponding animal-derived polyelectrolytes are chitin and its derivative chitosan.
Chitin, the second most abundant polysaccharide in nature after cellulose, is a linear
polysaccharide and it is widely distributed in the animal and vegetal kingdom. Chitosan,
obtained by partial deacetylation of chitin, is also present in significant quantities in some
fungi.

Polyelectrolytes are usually extracted from their natural biomass, however, there is a
great interest in the development of new biotechnological processes to extract them from
unconventional biomasses (for example soil sludge or lignocellulose biorefinery
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recalcitrant by-products). These studies are in their early stages of development and
data are not yet available.

The most important properties of polyelectrolytes are their thickening and stabilizing
character and their gel-forming ability in presence of counterions. They are widely and
industrially used as food additive and many companies are producers and suppliers of the
raw material. They are used as wastewaters treatment chemicals thanks to their
flocculation and precipitation properties, for medical and biomedical applications, and in
formulations for cosmetic and personal care industry.

Thanks to their charge, they may react with any other opposite ionically charged
polymers giving a polyelectrolyte complexes; these supramolecular structures display
physical properties different from those of the individual constituent macromolecules and
they are extremely promising materials in many fields as gene therapy in order to deliver
modified nucleic acids and other biomolecules into a patient’s cell as a drug to treat
diseases.

Sophorolipids and rhamnolipids are surface-active molecules produced by
microorganisms and they belong to the family of biosurfactants, which are surfactants
that are produced extracellularly or as part of the cell membrane by bacteria, yeasts and
fungi [8].

URBAN WASTES

Urban biowastes include all the organic fractions of municipal solid wastes (OFMSW),
which represent up to 50% of the whole MSW. The main features of such fractions are
correlated strictly to the waste sorting strategy: OFMSW can be very diverse and
inhomogeneous, when mechanically-sorted from non-separated collections, while source-
sorted matrices may be mainly composed by specific fractions [9]. Among the latter,
biodegradable garden and park waste, food and kitchen waste from households,
restaurants, caterers and retail premises, and comparable waste from food processing
plants are included [10]. Still, landfilling is the main approach used for biowaste disposal
leading to the release of uncontrolled greenhouse gases (mainly CH4) from landfills.

Beside urban biowastes, also the sludge resulting from the biological treatment of urban
wastewaters (UWWS) in dedicated plants can be considered as a potential source of
organic fermentiscible matter (to be bioconverted into carboxylic acids or biomethane
under conventional anaerobic digestion processes) and nutrients. Thus, the development
of urban biorefinery schemes may take such wastewaters into consideration. The four
main products, which can be obtained from wastewater are biomass, biosolids, char/ash,
and nutrient chemical products. Wastewater treatment plants are the main facilities for
the development of commercially viable technologies dedicated to the recovery of
nutrients.

Phosphorus (P)- and nitrogen (N)-minerals represent the most prominent nutrients that
can be recovered from sludge resulting from the biological treatment of urban
wastewater. Nevertheless, some lack of policies and regulations about the recovery of
resources from wastewaters needs to be faced up [11]. The circulation of fertilizers in the
EU is regulated by the EU Regulation 2003/2003 [12], which contains a list of approved
fertilizers, depending on the method of preparation, the minimum contents of nutrients
and the absence of adverse environmental effect. There is still a certain degree of
uncertainty about the possible inclusion of nutrients collected from UWWS in the list of
approved fertilizers. However, some companies are active in the market jet, waiting for
the expected update of the regulation. The present work does not cover the recovery of
nutrients from the effluents of anaerobic digestion processes fed with OFMSW and
UWWS, because these processes are dedicated to energy recovery, thus out of the scope
of this study.
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Magnesium ammonium phosphate (MAP), calcium phosphate and iron phosphate are
among the main phosphate compounds, which can be recovered from the UWWS; MAP is
more commonly referred to as struvite, and it is a slow releasing granular P-fertiliser. At
present, struvite from UWWS is not included in the list of approved fertilizers in the EU.

Volatile fatty acids (VFAs) actually represent one of the urban wastes-derived products
holding highest potential for future valorization in the frame of the carboxylate platform
[13], and in particular for the production of polyhydroxyalkanoates (PHAs). VFAs can
represent suitable precursors for PHAs production, reduced chemicals and derivatives,
and biofuels, provided that they can be recovered economically. In this respect, longer
chains VFAs are potentially easier to be recovered, supporting further their production.

PHAs production from urban biowastes can be obtained by the employment of open
bioreactor operating with selected and acclimated mixed cultures fed with VFAs-rich
effluents. This approach, combined with NaOH digestion for the downstream (if required),
could potentially represent an economically sustainable process for the obtainment of
fully bio-based and biodegradable polymers, most likely poly(hydroxybutyrate-co-
hydroxyvalerate) (PHB/HV), suitable for industrial use as fully bio-based substitutes of
commodity plastics such as polypropylene.
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SECTION 4 THE DATABASE OF BIO-BASED PRODUCTS UNDER

DEVELOPMENT: RELEVANT OUTCOMES

Based on the scientific and technical information available, and through intensive
interaction with stakeholders and experts, we have developed a database of innovative
BBPs currently under development originating from the selected biomass components
(i.e. natural rubber, plant fibres, lignins, renewable oils and fats, terpenes, natural
polyelectrolytes and urban wastes).

The database gives:
« name(s) of the product
e max TRL achieved
e number of active firms worldwide
e number of production facilities in EU and rest of the world
e leading actors
o estimated market size
e non bio-based or traditional alternatives
e innovation highlights
e main applications

e list of selected references

The consolidated version of this database includes 107 products, divided into the seven
respective biomass components as shown in Table 4. As previously mentioned, several
products included in the database actually represent a group of products with
homologous chemical structure (as an example the "short-chain esters of an acid" jointly
represent methyl, ethyl, propyl and butyl esters of the same acid). This was done to
simplify the understanding and the classification of the products, but this action was
limited to the cases in which assembling products into a single line was not hindering the
diverse potential of each of the single units of the group. In general, classification of
products on the basis of their use or application was avoided. Classification related to
chemical or materials composition has been favoured, because this allows for a more
comprehensive understanding of the potential of the products for different applications.
Efforts were made to generate a homogenous way of depicting the current developments
for the different categories. The database has been implemented with information
available from the mentioned data sources, plus information obtained by direct contact
with relevant stakeholders.

Table 4 : Number of innovative products included in the Database for each category
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Number of related

Main biomass components
innovative products
included in the database

Natural rubber 5

Plant fibres 17
Major biomass components

Renewable oils and fats 19

Lignin 23
Low volume high value (LVHv) Terpenes 18
biomass components

Polyelectrolytes 6

Organic fraction of municipal solid

waste 19

Urban biowastes Sludge from waste water treatment

An extract of the database is reported in the following table 5.

Table 5 : Extract from the database of innovative BBPs under development, separated
per biomass components ordered by TRL

PRODUCT MAX # PRODUCTION LEADING ACTORS
TRL | ACTIVE FACILITIES
FIRMS

LIGNIN

vanillin 9 >10 10 3 Borregaard; Rhodia; Takasago
International Corporation; Jiaxing
Zhonghua Chemical Co., Ltd.; IFF Inc.
New York; Advanced Biotech. Inc.;
Comax Flavors; BASF; De Monchy

Aromatics
lignin-based 9 1 1 0 Tecnaro GmbH
thermoplastic
biocomposites
lignosulfonates 9 >10 6 >5 Sappi Europe Domtar; Green

Agrochem-Lignin Unit; Borregaard
LignoTech and LignoTech Ibérica;
Changzhou Shanfeng Chemical
Industry; CIMV; Asian Lignin
Manufacturing India Private Limited
(India). Tembec (Canada).
MeadWestvaco (USA), Georgia Pacific
(USA). Northway Lignin Chemical. KMT

Lignin Chemicals. BIOTECH
Lignosulfonate Handels GmbH (Czech
Rep.)
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bio-phenolic
resins

organosolv
lignins

BTX aromatics
(benzene toluene
xylene)

phenol and
alkylphenols
(coniferyl,
sinapyl, p-
coumaryl
compounds)

lignin bio-oil

dispersants,
concrete and
mortar
plasticizers

thermoplastic
lignin polymer

high purity lignin

lignin pyrolysis
char

lignin carbon
fibers

muconic / adipic
acid

acrylonitrile-
butadiene-lignin
(ABL)

syringaldehyde

>20

>5

>10

13

>20

10

>5

17

16

14

10

>5

Collanti Concorde Srl; Foresa Industrias
Quimicas Del Noroeste Sa; Rampf Eco
Solutions Gmbh & Co. Kg;; Novamont
Spa; Biochemtex Spa; Biosyncaucho
SL; Avantium. Akzo Nobel Coatings
International B.V. Chimar Hellas S. A.;
AVALON Industries AG. Biophenolix

Borregaard, Chempolis, American Sc
Techn, Lignol Innovation Corp.

Biochemtex; Anellotech Inc.;
FPInnovations; Lignol; Weyerhaeuser;
Alberta Pacific Forest Industries Inc..

Avantium. Chemelot InSciT. Bio Base
Europe Pilot Plant. DSM ChemTech
Center. FPInnovations; Lignol;
Weyerhaeuser; Alberta Pacific Forest
Industries Inc

Lantmannen, SP Processum AB,
Cooperativas Agro-alimentarias de
Espaina, Nutria S.A.; Shell Oil Company;
Honeywell UOP. Total Raffinage Chimie
SA; Italian Bio Products SRL; Metgen;
Metgen. Foresa (Spain). Vertoro BV

Vertech Group (france); Exergy Ltd
(UK); Metsa Fibre; Andritz Group
(Finland); ST1 Biofuels Oy (Finland);
Cimv (France); Biochemtex (Italy); Dow
(Germany) Deutschland
Anlagengesellschaft Mbh. RTO.

Toyota (Japan); Metso Power Oy
(Finland), Oy Metsa-Botnia Ab
(Finland), Stora Enso Oyj (Finland),
Myllykoski Oyj, UPM

Avantium, AkzoNobel, Chemport
Europe, RWE and Staatsbosbeheer,
Covestro

Apollo Global R&D. Dura Vermeer
Infrastructure. Progression Industry

Innventia. Zoltek. Aksa Power
Generation (Turkey); SABIC (Saudi
Arabia); Holding Company Composite-
HCC (Russia); SGL Automotive Carbon
Fibers - BMW (Germany), Cytec
Engineered Materials, Hexcel,
TohoTenax,Toray and Mitsubishi Rayon
Co.Ltd

none industrial

Advanced Lignin Biocomposites LLC
(ALB-LLC).

none
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methylated lignin

BTX from
bacterial
degradation of
lignin

reactive lignin

"CatLignin®"

lignin hybrid
copolymers

lignin
nanoparticles,

nanolignin,
colloidal lignin

lignin based
terephthalic acid

anthraquinones

NATURAL RUBBER

butyl rubber

guayule rubber

polyisoprene
from plant oils

polyisoprene
from natural
turpentine

Russian
dandelion rubber

PLANT FIBRES
geotextiles
plant fibres

reinforced
concrete

>10

>10

>5

>10

>10

Chemtex Italia SpA (CTXI); Avantium
Chemicals (AVT); Solaronix SA; Repsol
SA

Biome Bioplastics (UK)

none industrial

UT-Battelle, LLC (USA)

Solenis Technologies L. P.; BENANOVA
INC.

Anellotech.

none industrial

Arlanxeo (joint venture of LANXESS and
Saudi Aramco). ExxonMobil

ENI Versalis (Italy); Bridgestone (UK);
Yulex Corp (USA); PanAridus LLC
(USA); Cooper Tyres (USA)

GlycosBio (USA, production in
Malaysia). DuPont Industrial Biosciences
(USA), Goodyear, Ajinomoto (Japan),
Bridgestone, Zeon, Yokohama Rubber
(Japan), Amyris. Braskem.

none industrial

Apollo Vredestein (made test during EU
project, no further production).
NEIKER-Tecnalia (genotyping of plants).
Continental Tyres (Germany)

Tetex Ltd (UK and Poland). Several in
China, East Asia, Africa.

Ecotech Aliance (Australia). Kafus Bio-
Composites Inc. (Canada). TTS
BIOCOMPOSITE (TEKLE TECHNICAL
SERVICES INC.) (Canada). Basf
(Germany). BASF Construction
Chemicals (Italy). ElImo (Italy). Azichem
(Italy). Buckeye Technologies Inc.
(USA). CMF GREENTECH (Italy)
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plant fibers 9 >10
reinforced
prepregs

wood plastic 9 >50
composites

plant fibres 9 >10
reinforced

thermoset

composites

plant fibres 9 >50
reinforced

thermoplastic

granulates and

composites.

Thermoplastic

matrix of major

interest: PP.

non-woven mats 9 >10
and fabrics for

plastic

composites

woven mats and 9 > 10
fabrics for plastic
composites

primary fibres for 9 >50
industrial (no
textile) use

>10

>5

>5

>10

>5

>50

>10

>50

>10

>10

>50

Meshlin Composites Zrt. (Hungary).
Procotex Corporation SA (Belgium;
production in Lituania). Stemergy
(Canada). NetComposites (UK), in
collaboration with Tilsatec and FORMAX
( UK), LINEO, Bcomp Ltd.
(Switzerland), Ecotechnilin (France),
Group Depestele and Solvay

AERT Inc (USA). Dura Composites (UK).
FIBERON LLC (UK). Kafus Bio-
Composites Inc. (Canada). Polymera
Inc. (USA). Trex Company, Inc. (USA).

UPM Biocomposites (Finland).
WEYERHAEUSER  COMPANY  (USA).
Tecnodeck (Portugal). Numerous

players in China, Japan, India. Beologic
(Belgium. Fkur  Kunststoff Gmbh
(Germany). Josef Ehrler Gmbh & Co.
Kg. (Germany). Polyplank Ab (SE).

Bcomp Ltd. (Switzerland). Ecotech
Aliance (Australia). TTS BIOCOMPOSITE
(TEKLE TECHNICAL SERVICES INC.)
(Canada), NetComposites (UK), Tilsatec
(UK), Formax (UK). Aimas (Spain).
Composites Technology Park, Bangalore
(India)

Bcomp Ltd. (Switzerland). FiberGran
GmbH & Co.Greencore Composites Inc
(Canada). Greengran B.V (The
Netherland; production plant in Hong
Kong). TTS BIOCOMPOSITE (TEKLE
TECHNICAL SERVICES INC.) (Canada).
UPM Biocomposites (Finland). Aimas
(Spain). BIOS (Spain). Ford.

Ecotech Aliance (Australia). FlexForm
Technologies (USA with prod. in South
Korea). POLYVLIES FRANZ BEYER GMBH
& CO (Germany). Sunstrand LLC. USA).
TTS BIOCOMPOSITE (TEKLE TECHNICAL
SERVICES INC.) (Canada). Ecotechnilin
(France)

Meshlin Composites Zrt. (Hungary).
Procotex Corporation SA (Belgium;
production in Lituania). Composites
Evolution (UK). Flaxcomposites
(France).

Limagrain (France). Bast Fiber LLC
(USA). Stemergy (Canada).
Ecotechnilin (France). Friedrich Platt
GmbH (Germany), Lenzing AG
(Austria), Polyfibre Industries Pvt
Ltd.(India), Grasim Industries Ltd.
(India), Wellman Advanced Materials
(USA), Shanghai Tenbro Bamboo Textile
Co., Ltd. (China), China Bambro Textile
(Group) Co., Ltd. (China), Pilipinas
Ecofiber Corporation (Philipines), Teijin
Limited (China), David C. Poole
Company, Inc. (USA), Foss
Manufacturing Company, LLC (USA).
Several in China, India, Japan, South
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micro- and nano 8 >10
fibrillated

cellulose (also

named

nanocellulose)

micronized 8 2
superabsorbent

fibres

lignocellulosic 7 2

microfibres

Crailar® flax and 7 1
hemp fibres

composite non 6 6
woven fibres

(self-binding; no

need of plastic

matrix; polymer

surface

impregnated)

lignin 6 2
biocomposites

reinforced with

plant fibres

natural fibers 6 3
reinforced
bioresin prepregs

wood and plant 5 2
fibres reinforced
thermoplastic

biopolymers

(PLA, PBS, PHAs,

others).

>10

America, Middle East and Africa.

ITT Rayonnier (USA), Borregaard (UK
and Norway), INNVENTIA AB (Sweden).
Suzano (Brazil). WEIDMANN Fiber
Technology (Switzerland). FiberLean
Technologies. Aditya Birla  Group
(India), Lenzing (Austria), Fulida
(China), Daicel FineChem Ltd. (China).
CelluloselLab (Canada). CelluComp
(UK). Celluforce (Canada)

Hemp Inc. (USA). Stemergy (Canada)

Greencore Composites Inc (Canada).
Orineo (Belgium)

CRAILAR Fiber Technologies
International Inc. (Canada). Start-up,
a development stage company

Basf (Germany). Sunstrand LLC. (USA).
TTS BIOCOMPOSITE (TEKLE TECHNICAL
SERVICES INC.) (Canada). YFY JUPITER
Ltd (USA). Organoclick (SE). BIOS
(Spain). Paptic (Fi).

Tecnaro GmbH (Germany). Organoclick
(SE)

Composites Evolution Ltd. (UK).
NetComposites UK), in collaboration
with Tilsatec and FORMAX (UK)

EconCore’s (Leuven, Belgium). Fkur
(Germany). Bio on spa (Italy).

RENEWABLE OILS AND FATS

polyesters of 9 3-5
azelaic acid

glycerides from 9 5
oilve oil

glycerides from 9 >10
lipids

OMEGA-3: EPA 9 >10
(eicosapentaneoi

c acid), DHA

(docosahexaenoic

4

>10

3

>10

Novamont, BASF, DuPont, Matrica,
Plantic, National Starch Int Co.

Liquidflora, ROELMI HPC, Arkema,
Cobiosa, Principium

Henry Lamotte,Southern Cross
Botanicals, Textron, Olvea, Naturex,
Oleos, Bionap, Gustavheess, Interfat,
Esperis, ITERG, IMCD

BTSA, Live Fuels, Aurora Algae, Market
Biosciences,Blue Biotech International
GmBH, Lonza, Photonz, IngrePro BV,
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acid)

low-calories oils

polyamide 11

dodecanedioic
acid

esters of long-
chain fatty acids
LCFA

poly(hydroxyalka
noate)s PHAs

glycerol esters

acrolein

esters of azelaic
acid

esters of gondoic
or erucic acids

esters of fatty
acids

polyamides C6
from short-chain
dicarboxylic acids

polyamide 9

polyamide 12

esters of
pelargonic acid
with glycerol,
diglycerol or
other non-
biobased polyols
(NPG, TMP, PE)
(Bio-OILs for
COSMETICS)

esters of short-
and medium-
chain fatty acids
with polyols

>10

>5

>7

<5

<5

>5

>20

4 >10
1 1

0 1

2 4

3 6

3 2

2 NA
3 0

1 NA
0 0

0 1

1 0

3 1

1 >5
>10 >10

Henry La Motte, Nordic Naturals

Croda, BASF, DSM, UNILEVER.
Viachem, Connoils, Green Source
Organics, Vivion, Arista, DuPont,
Stepan. A few companies in China. KLK
Oleo

Arkema

Verdezyne

Shandong HILEAD Biotechnology,
Cathay, BASF, Unilever, Cargill

Bio on SpA, DSM

ENI (Italy)Air Liquide, Lyondell, DOW

Acrolein from propylene: Akzo Nobel
N.V., The Dow Chemicals Company,
Shanghai Huachen Energy Company,
Ltd. and The Shell Oil, Arkema, Adisseo,

Novamont Matrica (new ester of azelaic
acid with 2- ethylhexanol). Emery
Oleochemicals, BASF

Arkema

none

Verdezyne

Arkema

Evonik, Arkema, EMS Chemie, UBE
Industries

Pelargonic acid: Matrica (JV
Novamont/Versalis). Tripelargonate for
cosmetics: ROELMI HPC

Novamont, Oleon, Croda, BASF,
SO.Gi.S, Cargill

NATURAL POLYELECTROLYTES
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chitin and
chitosan as raw
materials (1st
generation
chitosan)

enzymatic
chitosan (2nd
generation
chitosan)

chitosan from
fungi, bacteria
and algae (3rd
generation
chitosan, also
named
biotechnolgical
chitosan)

sophorolipids and
rhamnolipids

pectin-based (i.e.
muconic acid
based)
bioplastics

bacterial
(biotechnological
) pectins, agars
and carrageenans

>40

25

>20

>15

30

>20

>10

2(?)

>20

>10

15

>10

NA

Chitosanlab, Geneart AG, Gillet
Chitosan Eurl, Cosphatec Gmbh,
Greenaltech SI, Artes Biotechnology
Gmbh, Enantia Sl, Apronex S.R.O,
Biotech Surindo PT, Novamari, Evonik
Industries AG, Clariant, Danisco,
Dupont Nutrition Biosciences APS,
Sanofi-Aventis, Libragen, GTP
Technology SA, Mahtani Chitosan Pvt.
Ltd, Norwegian Chitosan AS, G.T.C. Bio
Corporation, Biolog Heppe Gmbh,
France Chitine, Marshall Marine
Products, Biophrame Technologie

Ardilla Technologies UK Ltd, Arterra
Bioscience Srl, Avantium Chemicals,
Biome Technologies, Sabic, Ynsecta,
Geneart AG, Gillet Chitosan Eurl,
Cosphatec Gmbh, Greenaltech SL, Artes
Biotechnology Gmbh, Heppe Medical
Chitosan Gmbh, Enantia SL, Danisco
Dupont, Sanofi-Aventis, Libragen, GTP
Technology SA, Pennotech, Apronex,
Evonik Industries AG, Clariant

KytoZyme (Belgium), Qingdao ChiBio
Biotech Co., Ltd.(China), Xi'an Geekee
Biotech Co., Ltd. (China), Xian Lukee
Bio-Tech Co., Ltd. (China), Union Agol
Company, Beijing Wisapple Biotech Co.,
Ltd. Chitosanlab (France, production in
China), Neweaver (France), Plater Bio
(UK), ERA-IB. Gillet Chitosan
EURL(France),

Cosphatec GmbH( Germany), Bio Base
Europe Pilot Plant (Belgium),
Greenaltech SL(Spain), Greendelta
GmbH (Germany), ARTES Biotechnology
GmbH (Germany),

Heppe Medical Chitosan GmbH
(Germany), Enantia SL(Spain) ,Geneart
Life Technologies AG (Germany)

Allied Carbon Solutions (ACS) Ltd.
(Japan); Kaneka (Japan). TeeGene
Biotech (UK), AGAE Technologies
(USA), Jeneil Biosurfactant Co LLC
(USA), Rhamnolipid Company (USA),
Saraya Co Ltd (Japan), Ecover Belgium,
Groupe Sliacnce (France), Synthezyme
LLC (USA), Henkel (Germany).
BioFuture (Ireland), Ecochem Ltd
(Canada)

Amyris. Heiz, Ford. VTT.

Danisco, Dupont Nutrition Biosciences,
Sanofi-Aventis Recherche &
Developpement, Gillet Chitosan,
Geneart, Libragen, Artes Biotechnology
Gmbh, GTP Technology, Bayer
Bioscience, Bayer Cropscience, CP
Kelco
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TERPENES

B-pinene silane 9 8 1 >5

resin

limonene-based
pesticides

algae carotenoid-

rich extract

lycopene-
containing
functional food

polymyrcene-
based adhesives

pinene-based
medical
formulations

p-cymene

terephthalic acid

limonene-based
polyurethanes

poly(limonene
carbonate)s

squalene-based
nanoassemblies

10

13

11

13

15

11

NA

NA

NA

NA

NA

10

NA

Arizona Chemical, SI group, Pinova
solutions, Arakawa Chemical, Yasuhara
Chemicals, DRT Chemicals, Songyuan
Chemical, Foshan Baolin

Agriphar SA -Arysta LifeScience, Bayer
Cropscience AG, Tyra Tech Inc.,
Syngenta, BASF, Dupont, Dow
Agroscience, Monsanto, Sumimoto
Chemicals, Nufarm.

Sensient Cosmetic Technologies, A4f
Algafuel Sa, Subitec Gmbh, Protéus
S.A., Microphyt, Greensea Sas, Algae
Health Limited, Deinove, Rothamsted
Research Limited, Algatechnologies Ltd,
Hafren Investment Limited, Nature Beta
Technologies (NBT) Ltd, Monzon Biotech
SL (MBT), Dynamic Extractions (DE),
and several academic institutions and
research centers

Lycotec, Licofarma, Association
Méditerrannéenne Internationale De La
Tomate Transformée, Medizinische Klink
Fir Kardiologie, Angiologie,
Pneumologie Charité -
Universitatsmedizin, Conservas
Vegetales De Extremadura, Juver
Alimentacion S.A., LycoRed, Superfruit
Nutrition, Pierre, Tomatia, Parry
Nutraceuticals and Perennial
Lifesciences

Kraton Polymers. DRT, Ernesto Ventos,
Yasuhara Chemical, Sky Dragon Fine-
Chem, Wansong Forestry Perfume
Manufacturing, Xinhua Chemical,
EcoGreen Intl

Commissariat Energie Atomique

CSIRO Petroleum Resources (Australia),
UC Davis

Sabic, Coca-Cola

Cargill, BASF, Reverdia, Rennovia,
Lubrizol, Elevance,Verdezyne,
Genomatica, Amyris, DSM, Myriant,
Wanhua Chemicals

Arkema, Nature works -1V Cargill,
Novamont, Metabolix, Reverdia, Solvay,
Corbion/Purac -]V BASF, Dupont,
Genomatica, Toray, Novozymes,
Versalis, Lanzatech, Kuraray , Plantic
Technologies

Universite Paris-Sud, Commissariat A L
Energie Atomique Et Aux Energies
Alternatives, Bertin Pharma, Universite
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cyanobacteria-
derived
terpenoids

farnesene

limonene-based
polyamides

biosynthetic
taxadiene

limonene-based
propellant

limonene-based
antioxidants

13

NA

12

NA

NA

NA

NA

NA

Catholique De Louvain.

Photanol B.V, Cyano Biotech, Novacta

Intrexon

Bio-Polyamides, DSM, DuPont, BASF,
Toray, EMS-Grivory, Evonik, Arkema,
Revedia, DSM, Amyris, Wanhua
Chemicals

none industrial

Arkema, Deltacat limited, USafran
Aircraft engines, German Aerospace
center DRL, Evonik industries ag,
Snecma sas

Eden Research, Ainia Centro
Tecnoldgico, Citresa, AIJN, Aimplas,
TNO, Logoplaste, Omniform. Aimplas,
Emco Packaging,Sivel Ltd

URBAN WASTE

N K P Fertilizers,
struvite

bioethanol

verming compost

lubricants

glycerol (as the
by-product of
biodiesel
production)

9

12

many
industrie
3

>10

>20

>5

Ostara Nutrient Recovery Technologies
Inc (Canada); NuReSys (BE); Royal
HaskoningDHV (NL, Crystalactor®
water technology); Unitika CSR (JP,
Phosnix process); Veolia (Phostrip and
Struvia systems); Paques (NL, Phospaq
process); Colsen (NL, Anphos); CNP
Technology Water and Biosolids
Corporation (US, Airp