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« Background Lignocellulose Biorefinery
« The EC Integrated Project BIOSYNERGY (FP6)

* Lignocellulose Biorefinery processes illustrated by
ongoing work/results of the IP BIOSYNERGY
= Physical/chemical pretreatment & fractionation
= Enzymatic hydrolysis
= |nnovative thermo-chemical conversion

= Production of biobased chemicals via (bio)chemical conversion
» |ntegral biomass-to-products chain design

e Summary and conclusions
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Lignocellulosic biomass

Complex raw material due to complex structure of the plant cell wall: intermeshed
carbohydrate and Iignin polymers.
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Lignocellulosic Feedstock Biorefinery

oy

‘biotech./chemical’

Sugar
Cellulose Raw material

Lignocellulosic
Feedstock
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Hemicellulose Fuels,

‘biotech./chemical’ _|/ Chemicals,
v Polymers and
Materials
Cogeneration
(CHP)
Heat and Power

Lignin Lignh

‘chemical’ Raw material

Source: Kamm et al., Wiley-VCH, 2006

» Abundant low-cost feedstock: wood,
straw, corn stover, residues

e Limited interference with food/feed

» Multiple products : transportation fuels,
chemicals, electricity and heat

» Aim: full feedstock valorization and
to optimize revenues + ecological
footprint

* Physical-chemical pre-treatment & fractionation of lignocellulose

 Enzymatic hydrolysis of (hemi)cellulose

e Fermentation / chemical conversion of intermediates

e System integration
= CHP from process residues
= Heat integration, water recycle
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Features Integrated Project BIOSYNERGY

BlOmass for the market competitive and environmentally friendly
SYNthesis of bio-products — chemicals and/or materials — together
with the production of secondary enERGY carriers — transportation
fuels, power and/or CHP — through the biorefinery approach.

» Overall aim: Development multiproduct cellulose-ethanol based
biorefinery technology

» Focus on valorisation of residues from cellulose ethanol production to
make the production of this biofuel more cost competitive

« Bioprocessing and thermochemical pathways combined
» Process development from lab-scale to demonstration at pilot-scale.

EU FP6 Program: Contract No. 038994 — SES 6. EC Offi cer: Silvia Ferratini.
Duration: 1-1-2007 — 31-12-2010 (48 months). Budget: 13.4 M€, EC grant 7M€
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Product lines in the IP BIOSYNERGY

Multi-product biorefinery, Focus on residues cellulose ethanol: C5 and lignin valorisation

to process
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Physical-chemical pretreatment & fractionation

* Pretreatment/Fractionation of Lignocellulose is:
= major cost factor in biorefining

= vital for quality of intermediates, processing options,
end products and for techno-economic feasibility

e Aims:
= Controlled fractionation of lignocellulose into fractions

with optimum quality for production of (bio)chemicals:
cellulose, hemicellulose, lignin

= Enhance access of cellulose for enzymatic hydrolysis
to sugars in high yield /low enzyme use

= Minimize by-product formation and the use of
chemicals, water and energy (>Reduce costs)

« Challenge: Biomass recalcitrance caused by
= Complex structure of the plant cell wall =
= high crystallinity of cellulose s Highiyycrysisiling mairix

* Low hydration
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* Routes under development:
= Mild-acid/thermal pre-treatment
= Steam pre-treatment / explosion
= Ammonia Fibre Explosion (AFEX)
= Mild alkaline pretreatment QAL
= Organosolv e R

Mosier N, Wyman C, Dale B, Elander R, Lee YY, Holtzapple M, Ladisch MR, 2004.

* No cost-effective full scale industrial technology for biorefining
available today

* Most processes suffer drawbacks: formation of inhibitors, high use
energy or chemicals, waste production, high cost etc.

» Most routes produce relatively low quality lignin residue mostly suitable
for CHP
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Enzymatic cellulose hydrolysis

3 types of enzyme activity required

Endo-cellulase (endoglucanase)
Attacks amorphous, non-crystalline regions
of the chain producing oligosaccharides

Exo-cellulase
(cellobiohydrolase)
Attacks chain ends
producing cellobiose

& e
203’ Crystalline

Nonreducing End

B-glucosidase

2@ G < e Attacks oligosaccharides
4 o® and cellobiose producing
o © Glucose glucose

Source: Kevin A. Gray Ph. D., 2007. Conversion of lignocellulosic biomass into liquid transportation fuels Diversa
Corporation/Celunol, San Diego, CA , USA. http://www.epobio.net/workshop0705/presentations/KevinGray.pdf
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Xylosidase Xylanase Acetyl
Source: Kevin A. Gray Ph. D. , 2007.

. " Xylan : : o
Ll P14 link Esterase Conversion of lignocellulosic biomass
l into liquid transportation fuels Diversa
Am 2.0- Corporation/Celunol, San Diego, CA ,
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Ferulic acid

linkage to
lignin

r.: I.3 Ferulic acid
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tnkage « More structural complexity than cellulose
« Variable composition per biomass source
« Tailor made combination of enzyme activities required
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Status enzymatic (hemi)cellulose hydrolysis

« Specific enzyme cocktails/activities  required per feedstock type

* Field of active development; Recent cost reduction cellulases claimed by
manufacturers Novozymes, Genencor, Dyadic, for on-site enzyme production.

 Enzyme cost no longer the major cost driver cellulose ethanol: from approx. 45%
to << 10% of production cost. Actual cost unclear.

* High solids processing required for economic reason s >> Enzymatic pre-
hydrolysis required to reduce feedstock viscosity

Photo: Enzymatic hydrolysis of
pre-treated wheat straw (12 wt%)
WUR-AFSG, EET project KO1116

WAGENINGEN UNIVERSITY N, < ik .
AGROTECHNOLOGY AND f= . B Wi e

i R ’ b e e TR
FOOD SCIENCES

Reactor during enzymatic hydrolysis at t = 0 and =24 h after adding enzymes

« Enzyme development must be tailored to feedstock AND pretreatment as well as
to fermentation. Further cost reduction required.



BIDSYNErgy S

Advanced physical/chemical fractionation (WP1)

» Major cost factor in biorefinery
* Model feedstocks: wheat straw , woods

Processes studied
» Mechanical/Alkaline Fractionation (MAF; A&F)

« Ethanol/water Organosolv (ECN) y .
» Organic acid organosolv (Avidel process; ARD) S
» Acid hydrolysis (Biorefinery.de)

* Reference technology: steam explosion

b

Ethanol/H20 Organosolv,ECN Mech/alk pretreatment A&F  Acid organosolv Pilot plant ARD
Partners: A&F, ABNT, ARD, Bioref, ECN, TUD
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Conclusions pretreatment/fractionation

* No clear “winner”: All studied routes lead to significant fractionation of
C5, C6 sugars and lignin from lignocellulose

» Differences in cellulose hydrolysis yields

‘Digestibility of cellulose by enzymatic hydrolysis
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 Processes need to be optimised toward a particular goal for example '*1

= Hemicellulose hydrolysis for further processing of C5
» High enzymatic degradability of the cellulose fraction
= Recovery of a high quality lignin stream (: organosolv , MAF)

Lignin products from Modified Organosolv Fractionation (ECN)
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Ethanol/water organosolv: efficiency of pretreatment an d lignin quality

» Good pre-treatment hardwoods and straw
« Effective extraction of hemicellulose and lignin
* Cellulose fibrous structure remains intact

» Good access for enzymes: Hydrolysis yield > 90%

 Purity and MW distribution of lignins indicate
suitability for chemicals production

» Solvent recycle crucial for energy use and costs

Fresh Pre-treated

Wheat straw

Willow

200C, 60 min, EtOH-H ,0 60:40 (w/w)

Feedstock /
sample
Poplar |2419(3.5

Barley straw|3006(4.1
Willow |(3452|4.1
Alcell® [2985(3.6

Mw | PD
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Innovative thermo-chemical conversion (WP2)

Focus on thermochemical processing of
biomass and lignin.

Development of:

» Hybrid, staged processing concept:
aquathermolysis followed by fast
pyrolysis

o Catalytic fast pyrolysis

o Separation and upgrading technology

Partners: ECN, Aston, BTG

BFB reactor ECN



Thermochemical production of chemicals from wood

Lignin_: amorphous copolymer of phenyl-propene

units; formed via a random radical copolymerisation o HO OH 5 HO OH
of: (1) coumaryl alcohol, (2) coniferyl alcohol, (3) “Q‘MO\Z:?‘O A O‘QZ?\ o
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Staged thermochemical processing

600 T

Opportunities o A S

Phenols 1
methanol

® Sequential thermal decomposition
hemicellulose > cellulose > lignin

® Condensable products: C2-C4, acids,
furans, anhydrosugars, phenolics (+
char and syngas)

v \ 4

Flash pyrolysis for bio-oil Carbonisation
for charcoal

T 500 C 600 C

Challenges
® Optimisation of individual product or
prOdUCt gro_u_p ylelds Via CatalySiS’_ Biomass Ti;rsf_a :g(t)); zz)c/)r(-)lzziost SZS(;Z‘Z“W“ BioSyngas
process conditions: temperature, heating > | V404
rate, vapour and solid residence times sy J""“ﬂ'—yﬁ? Ca‘a'yS‘l —
. . Crude Crude Crude fuels
® Product separation and upgrading v ' v ' power
from Comp|eX m|XtureS Product separation and upgrading heat
VT 1T 11
Base/platfdrifMtthemicals

Bio-cascade for drying, torrefaction and pyrolysis
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water recycle \/0\/ J .
\ o |
100 biomass feedstock Furfural “°/\‘§\_?)
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water —>| agquathermolysis |—» ?;E:Ja?gus —> 1 — 4 hydroxymethylfurfural
poplar e l _ _
targetid/at’nemlcellulose 3 _ 6 acetic aC|d
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str g I P
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Cornstover stillage g y @

2-Methoxyphenol (guaiacol)



BIOSYNErgy itk

Upgrading of bio-oils

Successful development of:

 Procedures to improve quality of fast pyrolysis oll (filtration, dewatering)

* Fractionation of bio-oil into enriched fractions suitable for resins and
wood preservatives

80-250 kg/hr rotating cone fast
pyrolysis pilot plant at BTG
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Lignin valorization = &
e
« Lignin contains numerous valuable aromatic (phenolic) s&#fctures """~

» Valorisation to products (even partial) improves carbon footprint and
revenue of the biorefinery

Technologies

» Combustion for heat and/or power (main application to date)

o Gasification for syngas

» Hydroliquefaction for transportation fuels (reformulated gasoline)
« Direct application ‘organosolv’ lignins in resins*

 Enzymatic processing (laccases) to improve reactivity*

* Pyrolysis for chemicals, performance products and fuels*
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Potential applications of lignin-derived phenolics

Biobased plastics Wood-adhesives and resins » Fuel additives (aromatic
ethers, cyclohexanone)

* BTX

 Binders

* Bio-bitumen

» Carbon Fiber (for CF
composites)

e epoxies
« polyolefins

Specialty phenolics for high-
value applications such as
fragrances and pharmaceuticals
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Lignin thermal conversion via pyrolysis is complex

oo o - Permanent gases & water
HEGH HCI CIH) ﬁH M0
A @ - kT (CO, CO,, CH,, H,0)
H,C0H agH, H:EOH i 0 of::o oeH, :E—\\Iﬁ“‘oaﬁ/@
@ cﬂo f:L "LQ "o @ R i T degradation
| " HT i <H " o clu-
gggggg - CHy Hclou ncl o ::co ocH 1
A, T o) - e Monomeric phenols
. .N‘i: ::;" H3CO T ocH T OCH, H,ﬁ’aﬁ“?u oH - . )
mg "T,ET‘I”_?“ :f'_,l_ Catalyst T l Condensation / degradation
— ot oo kaibn éééé OcH; *a] . ) )
@ T Y HC@“‘“PYFOWSIS Oligomeric phenols
oH HOCH— CH- moé o @\oc“- CUQ
e—o T l Condensation

H
g HOCH — CH — CHO
H;CD/Q‘DFHJ ‘ har

* First of all a proper feeding procedure is required to overcome lignin’s thermoplastic
behaviour that causes severe operational problems such as screw feeder clogging
by molten lignin, agglomeration and subsequent defluidisation of the reactor bed.

* For a maximal conversion of lignin into (monomeric) phenols there is a narrow
window of pyrolysis conditions such as temperature, heating rate, vapour and solid
residence time.

» Use of catalyst to improve product selectivity and yield
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Hollow screw des

Recent work Paul de Wild ¢c.s.ECN
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Nitrogen I > Vent
| Bubbling
fluidised bed Cyclone
rrrrrrr
Freeboard
Screw operated
feed bunker
Cyclone ash
collection bin
Product gas sampling

Heated soxhlet
particle filter

Heater

Argon fluidisation gas DQ P <\\§

Bubbling fluidised
bed pyrolysis test rig  “enimears
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Continuous catalytic pyrolysis of organosolv lignin (

Presentation Lignovalue Workshop
14th September 2010

K.

WP2)

100 lignin pyrolyse to:
15 - 20 gas (CO, CO,, CH,)
20 - 25 water
15 - 25 organic condensables
30 - 35 solid (char)

continuous cat. pyrolysis at 400C
gives high yields of phenolics:

e 13 wt% (d.b.) phenolics from hard
wood derived Alcell organosolv lignin

o 20 Wt% (d.b.) phenolics from
herbaceous derived lignin from soda
pulping of grass/straw mixture

Yield (W% d.b.)

N
o

=
()
I

10 ~

Herbaceous biomass
derived lignin

Deciduous biomass
derived lignin

Phenols

Catechols

M Guaiacols

M Syringols

B GC-detected,
unidentified
phenols

W Oligomeric
unknown
phenols
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» Successful screening and selection
of strains on pure substrates

« ABE Production on wheat straw
hemicellulose hydrolyzates
prepared by steam explosion in

mild acidic conditions
50% Hydrolysate in synthetic medium (60 g/L
total sugars (Glu 9; Xyl 51 g/L)

e  Strain Clostridium beijerinckii NCIB 8052 / pH
controlled at 5.3

 Good lab scale results : Final 20,00
18, |
solvents (ABE) : 17,6 g/L 16,00 - b
« Continuous fermentation still a el = Sohents
12,00 —e—Ac etic acid
challenge 10,00 - Butyric acid
: 8,00 - . 5HMF
» ABE separation from 800 e Furural
fermentation broth rotating disc 200 ¢
separator demonstrated e e N
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Xylonic acid fermentation and lignin activation (VTT)

Xylonic acid production from  xylose
 Successful fermentation results in batch and continuous cultures

e acid hydrolyzed DDGS and wheat straw pentose hydrolysates

Functional lignin derivatives: lignin ‘activation’

« Aim: improvement of reactivity (cross linking behaviour) to enhance
product options

- - - . - Column: Toyopearl HW-55F 500 A (A&F) SO“d
e Successful enzymatic lignin modification HE
by Trametes hirsuta laccases NV
ThL treated lignin &)« s == (“VITY)*’A
Solub|l|zed/ 30 32 34 % 33Tim:t/)mm4z 24 46 48 50
Characterization of modified lignin Control ||gn|n = el Tosopear 155500100
polymers by chemical o 81 Liquid
and spectroscopic methods. Raw lignin / g L : g A - .
unsolubilised / 27 i .
untreated Ilgnln 30 32 34 36 38 40 42 44 46 48 50
Time/min

Mattinen et al. (2008). "Polymerization of different lignins by laccase," BioResources 3(2), 549-565.
Mattinen et al, (2009) "Modifications of lignans by Trametes hirsuta laccase" BioResources 4(2), 482-496.
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Production & characterisation platform chemicals (WP 4)

Partners: DOW, A&F, ARD, Bioref, GIG, Chimar, TUD
« Lignin depolymerisation in supercritical CO2 (A&F) Improved yield >10%
« Analysis kinetics furfural (Fu) synthesis from xylose and modelling to
iImprove furfural production process: TUDelft. Yield improvement > 85%
T\
C5, C6 sugars o0
based materials

—
Fu
HO
from WP1,2 Q. |
7
> \o > HO 0] 9
FDCA  HO
—0

HMFu

* Hydroxymethylfurfural production from glucose dehydration>>
substantial yield improvement by use of ionic liquid s (Bioref)

e Synthesis 2,5-Furandicarboxylic acid (2,5-FDCA)  from HMF with high
yield > 90% (Bioref/ A&F). FDCA potential replacement for TFA in PET.
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Application testing 2,5 FDCA-derived
polymers: promising initial results, further
work in progress

Phenol substitution up to 25 wt% by
(organosolv) lignin in thermosetting phenol-
formaldehyde resins for particle board
application (test results Chimar)

Performance pentose based surfactants
for paper impregnation comparable to
petrochemical products
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Pentose valorisation as raw material for surfactants - ARD

MNew approach developed by A.R.D. for new agro-surfactants

Bran .  Starch Hydolsis LDAG':FDSE
| 3 — L-Arabinose
EWhE< Hemicelluloses D-Xylose %

Hydrolysis .
. L-Arabinose C5 |
Straw——»Hemicelluloses—» D-Xylose Su ﬁactams%

 Reaction of: Pentoses + Fatty alcohols (ROH) C:4 - C:18

« Aim: Production of pentoside surfactants by a green
technology in order to access the price level of fossil

based competitors (~1500 €/ton)
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Pentose valorisation as raw material for surfactants

Direct conversion of pentose containing
hydrolyzates to surfactants in high yields:

good progress obtained

Butyl Pentosides

% Yields

Isoamyl Pentosides

Decyl Pentosides

e
syru
yrup ABNT PWS

syrup
Syrup

Yields of Alkyl pentosides obtained for three
pentose syrups and for 3 types of alcohols.

Short tail Pentoside surfactants prepared in quantitative
yields from straw derived unpurified pentose syrups
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Basic design for integral
lignocellulose biorefinery plant  at
an existing cellulose ethanol site:
AB BCyL demonstration plant,
Salamanca.
e Targeted outputs:

= bio-ethanol,
= chemicals, materials, CHP

* 5 EtOH based biorefinery types

 maximum revenue and
minimum environmental impact

Partners: ABNT, Aston, ECN

BCyL cellulose ethanol demo plant AB, Salamanca, 5 Million L
EtOH/yr from 25,000 ton straw. Operational since Oct. 2009.



BIOSYNErgy - -

Aim: ldentification of the most promising biorefinery chains for the EU

= Modelling tool with modular structure developed
» Process synthesis and simulation : ongoing, in final stage
» Process comparison using MCDA (incl. economics, LCA, socio-economics )

C5 stream

furfural
; furfural
synthesis

C6 stream fermentation ethanol

heat &

steam . .
straw . fractionation
explosion

residue

phenolic

fraction for
resin

substituion

fast
pyrolysis

fractionation

Focus on ethanol based biorefineries: Biorefinery co-producing ethanol, furfural, phenolic resins and CHP

Preliminary results economic evaluation indicate that biorefinery processes
(ethanol + chemicals) have better economic perspective than cellulose ethanol
only plus lignin combustion for steam generation.

Partners: Aston , ECN, IFP, CRES, JR, JRC, Cepsa, ABNT.
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Summary and conclusions

» Lignocellulose is a low cost, but complex feedstock with numerous
product options incl. major chemical building blocks.

 Development LC Biorefinery -combining bioprocesses and chemical
processes- offers good perspectives to exploit lignocellulose. Biosynergy
R&D provides a solid basis to valorize C5 sugars and lignin.

* Pretreatment and enzymatic hydrolysis are a major cost fact or and
are critical for the quality of intermediates and end products and for
techno-economic feasibility

0 Pretreatment technologies need to be optimized toward a particular goal  /

end products. Organosolv and MAF are good candidates to valorize all
fractions AND produce a high quality lignin.

o For further improvement an integrated approach of the trajectory
feedstock<>pretreatment<>hydrolysis<>fermentation is required
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Summary and Conclusions (2)

Lignin valorization (at least in part) to chemicals is an important tool
for economic profitability  and for (further) reduction of the carbon
footprint. Promising results for lignin valorization attained for:

o direct application of (organosolv) lignin in resins
o catalytic thermochemical processing (pyrolysis) of lignin to phenolics
0 enzymatic lignin conversion to improve reactivity

Separation technology development vital for both biochemical and
thermochemical processing technologies

Biorefinery of lignocellulose to ethanol + chemicals + C HP shows
better economic perspectives than production of only cell ulose
ethanol + CHP.
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Thank you for your attention!

More information:

Hans Reith, coordinator IP BIOSYNERGY
+31-(0)224-564371

reith@ecn.nl

www.ecn.nl

wWww.biosynergy.eu

WWW.biocore-europe.org

www.biorefinery.nl
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Potential products Lignocellulose Biorefinery

Ligno-Cellulosic Feedstock Biorefinery [LCF-Biorefinery]

LC-Feedstock (LCF)

e.g. cereals (straw, chaff); igno-cellulosic biomass (e.g. reed, reed grass )
forest biomass (underwood, wood); paper- and cellulosic municipal solid waste

1

Lignocellulose (LC)
|

L] ¥ Lj
Lignin Hemicellulose Cellulose
“Phenol-polymer” FPentoses, hexoses “Glucose-polymer”
Hydrelysis
|| Natural binder Xylose mmFIani f.i;lm Cellulose- ‘ Hﬁ'dgsﬁfh
- eners, adhasives, H
and adhesives (Pentose) protective coloids, applicants (E)
emulsifiers, stabilizers
— Sub-bituminous Xylite Glucose
coal Sugar-substilute HMF (Hexose)
(5-Hydroxymethyl-furfural), 1
Sulphur-free Furfural - :
— solid fuel Levulinic acid Fer;‘enmim_
. products
|  Furan resins Softener +
[~ solvents * Fuels
- e.q. ethanal
| Chemical products | [™  Lubricants +» Organic acids
€.g. lactic acid
s Nylon 6 ; [,/ Chemicals and * Solvents
Nylon 6,6 polymers acetone, bulanol |

Products generated via

(Thermo)chemical
conversion

Bioprocessing
Natural monomer

structure largely
preserved

Products have a good
position in the current
(petrochemical) market
and future biobased
market (building blocks):

Furfural

*HMF

sFermentation products

-l Kamm, B.; Gruber, P.R.; Kamm, M.; Biorefineries, Industrial Processes and Producis, Wiley-VCH, 2006
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Thermochemical biorefinery: syngas platform

K.

Biorefinery Concept

Sugar Feedstocks

Sugar Platform
“Biochemical”

Residues

Fuels,

Biomass Chemicals,
& Materials

Clean Gas

Syngas Platform
"Thermochemical”

Conditioned Gas

National Renewable Energy Laboratory (NREL)
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Integrated Thermal Biorefinery 500 MW

Compound composition yield annual yield
[vol%] [kg/tonne] [ktonne]
CO 34.2 364 309
H, 20.9 16 13
CO; 26.1 438 372
CH, 11.6 71 60
N, 0.52 5.6 4.7
ethylene (C;Hy) 3.87 41 35
acetylene (C;Hy) 0.39 3.8 3.2
ethane (C;Hg) 0.26 3.0 2.5
benzene 0.97 29 24
toluene 0.14 4.8 4.1
xylenes 0.09 3.6 3.0
NH; 0.47 3.0 25
tars (sum) 0.35 17 14
- heavy tars = 6.4 54
- light tars = 10 8.9
- phenol = 1.8 1.54
- indene = 15 1.24
- naphthalene = 2.7 2.27
- antracene = 0.5 0.46
1000 850

TOTAL 100

Major products/chemicals:

® Syngas (H,/CO)

® Methane

® Ethylene

®*BTX

® Tar compounds (e.g. naphthalene)

The biorefinery scale and the
amount of chemicals produced
match with typical chemical
manufacturing processes.

® O2 blown CFB gasifier

® ca. 900 kton wood / year

®*Yields per tonne dry ash-free wood
® With preceding Torrefaction plant



