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REBIOLUTION PROJECT

WPI1 PROJECT MANAGEMENT (Leader: BASF)
WP2
DEVELOPMENT OF NEW AND ADAPTED POLYMER [ TEREE .
CHEMISTRIES BASED ON A TOOLBOX OF BIO-BASED (IEORO Qi
MONOMERS (Leader: BASF) e
.......................................................... z
o
Monomers Polyester Polymers 2 =
synthesis ® oynthesis ® plending 5 5 s
--------------------------- :--..---.--n-----'-'n----.'--c- -z'
WP3 v &

VALIDATION OF POLYMER BLENDS FOR FINAL
APPLICATIONS: FOOD PACKAGING AND AGRICULTURE o
— (Leader: STORAENSO) " g

Food Muich
packaging films

WP4 A4
PERFORMANCE ASSESSMENT OF POLYMER
BLENDS AND FINAL PLASTIC-BASED PRODUCTS AT
DIFFERENT END-OF-LIFE SCENARIOS
(Leader: OWS)

Composting  Biodegradation in soil & Recycling
aquatic environments

WP5 v

TECHNICAL, ENVIRONMENTAL AND ECONOMIC
DEMONSTRATION OF FULL-SCALE PRODUCTION

DISSEMINATION AND COMMUNICATION (Leader: CTA)

WP6 EXPLOITATION AND LEGAL ASPECTS

PROCESSES (Leader: CTA)
I s :

> 3i < @ e 07-Mar-25 2
Lcc Scale-up of processes LCA . ; 3
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Technology Collaboration Programme
bylea

Bio-Based Chemicals
A 2020 Update
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blorefinery faciities. It s an update of the 2011
report

IEA Bioenergy

1EA Bioenergy: Task 42: 2020: 01

Overview of market size and commercialization potential
of biobased chemicals

https://task42.ieabioenergy.com/publications/bio-based-
chemicals-a-2020-update/
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To supply the market with sustainable/renewable chemicals

To improve the economics of bioenergy production

To partly make use of existing industrial (energy) infrastructure
potentially decreasing initial investments and shorten time-to-market
To make scaling up easier (makes plant already commercial viable at
smaller scales)

Unique functionality

Medium term CO, storage (depending on chemical)

Reduction of non renewable energy usage (NREU) usage (both because

of renewable product and less fossil fuel used in production

1N
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MARKET SIZE IN 2020

Fossil based Chemicals:
>330 million tonnes
Main molecules:
methanol, ethylene, propylene, butadiene, benzene, toluene and xylene
Biobased Chemicals & derived Materials:
90 million tonnes
Main molecules:
Fermentation products (e.g. ethanol), fatty acids (derivatives)

A Funded by
* the European Union




Global production capacities of bioplastics 2024

Biobased, non-biodegradable
43.7%

P PA  144%

B FT 132%

PE 11.0%
PET 2.7%
PP 0.6%

J | PEF* 0.0%

APC 1.7%

APC Aliphatic Polycarbonates
CP Casein Polymers
CR Cellulose Regenerates

PA Polyamides
PBAT Poly(Butylene Adipate-co-Terephthalate)

2.47

Total:

million
tonnes

PBS

PE
PEF
PET

Polybutylene Succinate
and Copolymers
Polyethylene

Polyethylene Furanoate
Polyethylene Terephthalate

Biobased, biodegradable

56.3 %

Bl 37.1%PLA

5.7%
4.6%
N 41%
B 33%

1.3%

SCPC

PBAT

PHA

CR

PBS

Bl o02%

CP

PHA Polyhydroxyalkanoates

PLA Polylactic Acid
PP Polypropylene

PTT  Polytrimethylene Terephthalate
SCPC Starch Containing Polymer Compounds

07-Mar-25 6
* PEF available at commercial scale as of 2024

Source: European Bioplastics, nova-Institute (2024)



Lignocellulose, Wood, straw, Green biomass Starch Sugar G - " oil
energy crops, residues Grass, legumes, alfalfa Wheat, corn, potatoes | | Cane and beets & Organic waste

Algae, oil seeds, palm

A 4
- Fractionation Orga'mc Food/Feed
solution !
Y

=

Fractionation

v —

Pretreatment . Hydrolysis Anaerobic v

Steam explosion, acid, organosolv etc \ACMZGIE:YNICS digestion
0il

¥
Lignin Sugar > —DG(DO—
Thermochemical conversion technologies
Pyrolysis, gasification, HTL /\

] Chemical 3 Chemical
—»| Combustion g Fermentation A
conversion conversion

A 4

-
-«

Trans-
esterification

Glycerol

A

v

Pyrolysis
oil

Chemical

conversion \

v A

y

Heat and
power

[EA Bi
g y Feedstock Conversion process
Task42 - Biorefining in a Future BioEconomy

Biofuels

Food/Feed




DOMINANT PLATFORMS

Syngas Platform

Biogas Platform

C6 sugar platform™
C6/C5 sugar platform
Plant-based Oil Platform™
Algae Oil Platform

Organic Solutions Platform
Lignin Platform

Pyrolysis Oil Platform

* Currently the dominant platforms for biobased chemicals

i 9
IEA Bioenergy ) D ety
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DROP-IN VERSUS UNIQUE FUNCTIONALITY

Property Drop-Ins (MEG) New Functionality (FDCA)
Time to Market +++ +/-

Improved properties +/- +4++

CAPEX — -

Own market space -—- +4+4+

Fossil competition -—-- ++

Regulatory (Reach/EFSA) ++ -

Legislation (a.o. PPWR) -- --

Value Chain ++ -

Circularity +++ -

, .
IEA Bioenergy ) D ety
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[EA Bioenergy IR

Task42 - Biorefining in a Future BioEconomy R E Blo 3 T Io N

Gives an overview of the biobased chemicals status in two categories

o High growth potential

o In the pipeline (demonstration or pilot facility running)
Organized from CI| (methanol, formic acid etc) to CI0
Exhaustive list but certainly not complete

Biobased Chemicals Field is very dynamic at the moment so new changes /
additions needed

ReBiolution focusses on co-polyesters so we will focus on available diols and
diacids

' Funded by
the European Union




BIOBASED DIOLS (ADAPTED FROM TABLE REPORT)

Diols with strong growth potential Diols in the pipeline
Chemical Company Chemical Company

ADM, Oleon, UPM, Sustainea,
Avantium

Propylene Glycol

1,2-Propanediol

4 2,3-Butanediol Biokemik, Intrexion
1,5-Pentanediol Pyran
6 Isosorbide Roguette, Samyang Innochem |1,6-Hexanediol Rennovia
07-Mar-25 Il
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BIOBASED DIACIDS (ADAPTED FROM TABLE REPORT)

Cn Diacids with strong growth potential Cn Diacids in the pipeline
Chemical Company Chemical Company

Succinic acid In the past: Reverdia, Myriant, Malonlc acid  Lygos, Sirrus

AdeIC acid Toray Industries,

Genomatica
Itaconlc acid Iltacoconix, Riverland

trading, Qingdao
Kehai Biochemistry
Co

q
"’ R Funded by
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PRODUCT COMMERCIALIZATION KEY CRITERIA

Market assessment

Market fundamentals (local, regional, global)
Feedstock availability & price
Utilities (steam, gas, electricity etc) availability & price
Product profitability
Competitive nature of market
Need for partnerships
Downstream development opportunities

Technology assessment

Commercial experience
Bankability
Necessary capital investment
Process complexity

IEA Bioenergy Access to technology

Task42 - Biorefining in a Future BioEconomy E nVi ronme nta I cons | d e rat|0 nsS



DOMINANT PRODUCTION ROUTES BIOBASED DIOLS AND DIACIDS

m For the selected diols and diacids the dominant feedstock sources as
well as production routes are illustrated

m Some literature references are given for further reading

REBIOLUTION - 101082040 07-Mar-25
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1,2-MONO ETHYLENEGLYCOL (MEG)

Fermentation Fermentation, dehydration,
Oxidation, hydration

OH OH OH 4 steps OH  OH
O + 2C0,
I I I Max theoretical
| | | yield = 67% OH OH
Co, 1 EG | EG | CO, EG  EG
Avantium Ray Process
Hydrogenolysis
Catalysis
OH OH OH 1 step OH OH OH
| 1 D -
+3H, : : 3 Max theoretical
OH'  OH! yield = 100% OH  OH OH
! ! 07-Mar-25 15
EG |, EG , EG EG EG EG

s
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|,3-PROPANEDIOL

&

Glu Carbon Dioxide
Ammuonia
Innoculum »
Water + _|&
*
+-
Air
Fermentation

Waste to Value-added
Microbial gié bioproduct

Sy

Separation

SRy

Conversion O
: @‘
1,3-Propanediol

Purification 16

>
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Waste, Polluted Gases
CO, NO, SO,

1, 4-BDO
Purification

Glycolysis
Glucose
|

| /l )
v / '
TCA Cycle [ /|

BDO Biotechnology Tetrahydrofuran

pathway enabled green /
synthesis

BDO

&

Renewable feedstock Engineered
E. coli strain .
KUMAR, P, PARK, H., YUK, Y., KIM, H., JANG, J., PAGOLU, R, ... CHOI, K. Y. (2023). DEVELOPED AND EMERGING |,4-BUTANEDIOL COMMERCIAL Biodegradable
PRODUCTION STRATEGIES: FORECASTING THE CURRENT STATUS AND FUTURE POSSIBILITY. CRITICAL REVIEWS IN BIOTECHNOLOGY, 44(4), 530-546. lasti
HTTPS:/DOI.ORG/10.1080/07388551.2023.2 176740 plastic
DE BARI, I; GIULIANO, A; PETRONE, M.T.; STOPPIELLO, G.; FATTA, V.; GIARDI, C.; RAZZA, F.; NOVELLI, A. FROM CARDOON LIGNOCELLULOSIC Pharmaceutical

BIOMASS TO BIO-1,4 BUTANEDIOL: AN INTEGRATED BIOREFINERY MODEL. PROCESSES 2020, 8, 1585. HTTPS://DOI.ORG/10.3390/PR8121585

Products


https://doi.org/10.1080/07388551.2023.2176740
https://doi.org/10.3390/pr8121585

SUCCINIC ACID

Petrochemical vs Bio-routes to succinic acid

CO, waste
Petro route T
400°C 130°C
H —) Oxy G o) —_— HTTPS://WWWW.RESOURCEWISE.COM/CHEMICALS-
Crude oil > ’c\/\clia (150 kPa) (30 MPa) " BLOG/BIOBASED-SUCCINIC-ACID-IS-THE-SUSTAINABLE-
ROUTE-BECOMING-ECOMICALLY-VIABLE-ONCE-MORE
Butane Maleic anhydride Succinic acid
Cs Cy Cs
CO, sequesfered

Myriant’s Bio route

HO,, “\\
s DO c=2:° — Oy

Glucose Pyruvic Acid Fumaric Acid Succinic acid
(Ce) (Cs) (Cy) Cs 07-Mar-25 I8

s
Source: Myriant 3I0=TION
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REBIOLUTION - 101082040

Sugar e Pt S Processing
v. Dotidiation . Oxidation . Purification - Polymerisation (ISBM)

New assets Retrofit assets Retrofit assets Existing assets Existing assets
N e 11“ I°“
Fructose RMF crude purified PEF
syrup FDCA FDCA resin Bottle
(Ca;oonydrare (S-methoxyMethylFurfurai)  (FuranDiCarboxylicAcld ) (FuranDiCarboxylicAcid ) (Polyethylene-Furanoate)
~ Fructose)
- H20 +MEG
19
S
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FDCA: A 100% BIOBASED AROMATIC DIACID
<

100% Biogenic Carbon

Aromatic Diacid

Replacement for fossil-based PTA
(purified terephthalic acid)

Differentiators

v" More soluble in MEG
v" More reactive in esterification
v' polar furan ring

FDCA ‘Nature’s PTA’ is an alternative
for fossil-based aromatic diacids

OFFICIAL OPENING FDCA FLAGSHIP PLANT BY QUEEN MAXIMA OF THE NETHERLANDS, 22N° OCTOBER 2024 Rl Funded by
(LN the European Union




AZELAIC ACID

;‘*;A B PSSP
ﬁ. = [ e TP D
HOW HDLVV\/Z\NVV /\/\/\/\JI\QH

E

Meohel dohydregonase | NAD* 9.10-epoxystearic acid - 9-decenoic acld
o] ] l
Hok/\/\./‘\f\/lk_/\/‘\/‘\ o] aH
mJ\/‘\/\_/‘\/lY‘\_/‘\/‘\/‘\
Baeyer-viliger monooxygenase | NADPH, Oy OH F
[s] OH 9.10-dihydroxystearic acid
[+]
Jk/\/‘\/\/ HOJJ\./\./\/\/'\]/\./\./\./\
HOY OY\/\/‘\/\/ aH
0 9,10-dinydrowystearic acid ) .

tome | 1 ‘ )I\/\/\/\./Lq_,
o]
o Ho)‘\/\/\/\/“\r\/\/\/\ Statodacancl: acid
mk/W\/\ OH

@ 10-dikatostaaric acd
Alcohol dehydrogenase | NAD®
8] 6] ] 0 0
mJj\/W\fu\H mAI\/\/\/"\/u‘QJJ\/‘\/W
w ’ / -
Aldehyde dehydrogenase
HDJL\AN\')LOH
Enzymatic step
azelaic acid

Figure 1. The main routes reported for synthesis of azelaic acid starting from oleic acid: A—enzymatic route [39],
B—chemo-enzymatic route [2], C—two step route with epoxide [34], D—direct cleavage, E—two step pathway with
metathesis of oleic acid, F—three step route [28].

TODEA, A.; DEGANUTTI, C; SPENNATO, M,; ASARO, F.; ZINGONE, G,
MILIZIA, T.; GARDOSSI, L. AZELAIC ACID: A BIO-BASED BUILDING BLOCK
FOR BIODEGRADABLE POLYMERS. POLYMERS 2021, |3, 4091.
HTTPS://DOI.ORG/10.3390/POLYM13234091

07-Mar-25 21
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SEBACIC ACID

P

Conversion of Ricinoleic Acid to Sebacic Acid

0
0 OH
¥ NaOH HOJ\/V\/\/W
OH . : 0
_— Sebacic Acid
5 2509C
Ricinoleic Acid +
S
2-octanol
22
N
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CONCLUSIONS

m |t Generation Glucose and triglycerides dominant feedstock sources
m Several biobased diols and diacids are commercially available

® Drop-in molecules vulnerable for oil-price fluctuations

s
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QUESTIONS / ACKNOWLEDGEMENTS

Thank you for your attention
Ed de Jong (ed.dejong@avantium.com) +31| 6 34347096
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