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USA “30 by 30” goal

11.2%

Q. DCCr
J e Jd

Building
e US petroleum consumption 5.7%
329 billion gallons/year

>1000 gallons/year per person

Petrochemical
feedstocks
6.7%

Biomaterial
3.5%

» Goal set by Congress: Replace 30% gas and diesel
consumption with biofuels by the 2030

Transportation

* Requires approximately one billion dry tons of e
biomass for 60 billion gallons using current Predicted Petroleum
technology Use in 2025-2030

“20 in 10” goal from 2007 Source: Winning the Oil Endgame,

RMI 2005, and *NRC 2000

* Decrease U.S. petroleum consumption by 20% in 10
years —“20 in 10”

*Grow production of renewable fuels to 35 billion
gallons per year

Energy Independence and
Security Act

2008 Farm Bill
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Decreasing U.S. Petroleum Consumption ..o

Reducing Cost of Cellulosic Ethanol
Model Ethanol Cost for “nth Plant

700 -

Historical and Projected Cellulosic Ethanol Costs
Cost reductions
to date

In order for biofuels

Future aoalto succeed in the US
%and world-wide, they
must be both cost-

competitive and
5 sustainable.
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Decreasing U.S. Petroleum Consumption =235
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Bio€nergy Science Center

Renewable Fuel Standard (RFS), 2007-2022

40.00

35.00

25.00

20.00

15.00

10.00

5.00

2006 | 2007 | 2008 | 2009 2010|2011 2012|2013 2014 | 2015 2016 2017|2018 2019 2020|2021 2022
S Biomass-based Diesel 0.50| 055|080 1.00 1.00| 1.00| 1.00 | 1.00| 1.00 | 1.00 | 1.00| 1.00| 1.00 1.00

kewd Non-cellulosic Advanced 010 020|030 | 050|275 | 1,00| 1.50 2,00 | 2.50 | 3.00 | 3.50 | 3.50 | 3.50 | 4.00
k== Cellulosic Advanced 0.10 | 0.25 | 0.5/ | 1.00 | 1.75/3.08\ 4.25 | 5.50 | 7.00 | 8.50 | 10.50|13.50|16.00

= Conventional Biofuels | 4,00 | 4,70 | 9,00 |10.50(12.00/12,60|13.24 13.514.49|15.00J15.00/15.00|15.00 15.00 15.00'15.00 15.00
====Current RFS PL109-55 | 4.00  4.70 | 540| 6.10| 680 | 740 | 7.50 | 7.60 | 7.70 | 780 | 7.90 | 8.10 | 8.20 | 830 | 840 | 850 | 8.60

Source: Hart Enerqy Consulting, Government Affairs, 2007
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Current and Future Ethanol Biorefineries =i
December 2007

Plant Capacity Other Feedstock

(million gallons per year) o Wet Mill

e 0-30 [ ] Pianned Facility
31-50 - New Facility Under Construction

®) A
e
O 91-100 |:| Planned Expansion N OAK
8 101 -200 - Expansion Under Construction A RID GE

. 0 250 500 Miles
> 200 - In Production | . | \ | National Laboratory




Major DOE Biofuels Project Locations

Geographic, Feedstock, and Technology Diversity

RSE Pulp &
Chemical, LLC
4 (Old Town, ME)
i Car_ ill Inc Regents of the University of Minnesota Mascoma
(Minneapolis, MN) (Minneapolis, MN) (Lebanon, NH)
Pacific Ethanol Biochemical 2
(Boardman, OR) @ NewPage Cornell University
* PR logen (Wisconsin Rapids, WI) Ithaca, NY
helly, ID
) ; * DOE Great Lakes GE Global Research
POET Bioenergy Research -_(Niskayuna, NY)
DOE Joint Bioenergy Institute e (Emmetsburg. IA) (Madison wi)
(Berkeley, CA) <I\>> D DSM Innovation Center
Purdue University (Parsippany, NJ)
lowa State West Lafayette, IN
Emery Energy {} University Gas Technology D ¢
Novozymes _G (Salt Lake City, UT) (Ames, 1A) Institute Wu_i&':' .
(Davis, CA) (Des Plaines, IL) Ecofin. LLC LV SER R
Genencor Lignol Innovations * (Washington County, KY)
—Palo Alto. CA (Commerce City, CO) _t Joseph, MO) * {}
BlueFire Ethanol Abengoa . . Research Triangle Institute
(Corona, CA) (Hugoton, KS) * * DOE Bioenergy (Research Triangle Park, NC)
Ceres, Inc @ Science Center
(Thousand Oaks, CA) Mascoma Oak Ridge, TN
(Vonore, TN)
Verenium Corp {}
(San Diego, CA) . Range Fuels
Southern Research Institute (Soperton, GA)
(Birmingham, AL)
- i ) ICO
* Seven Small-Scale Biorefinery Projects aBelle, FL
Six Commercial-Scale Biorefinery Projects
Four Improved Enzyme Projects
+ Five Projects for Advanced Organisms ’ j
==/ Regional Partnerships

{} Five Thermochemical Biofuels Projects

* Three Bioenerqy Centers
@3 DOE Joint Solicitation Biomass Projects




Potential Biomass Resource and Refinery Capaaty BESC
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in 2012: Logging Residues, Crop Residues,
Switchgrass

BRITISH
COLUMEIA

ALBERTA SASKATCHEWAN

" Qlanogar; ]

MAHITOBA

Fi‘é‘(hea:d:
Total Number of 1 Million Dry Ton Capacity
Refineries

Kifochiching oF Soc
S A L aied Supeior

Montréal
C]

14.4-18.0

10.8-14.3

72-107

36-71

00-3.5

Biochemical Conversion Potential
Thermochemical Conversion Potential

L iTulsre |nyo

. Kern

Bernardino

Los Angeles™ © Total Residue in Dry Tons

g _ __ | I 750,001 to 900,000
909 ineri _ _ Sk L _ Atiantic . 00,001 to 750,000
e Ocean I 450,001 to 600,000

300,001 to 450,000
150,001 to 300,000
75,001 to 150,000
25,001 to 75,000

0to 25,000

MEXICO

Massau

THE BAHAMAS

Monterrey
O]

Copyright @ 2003 Microsoft Corp. andior its suppliers. Al rights reserved

ata do not include pulp & paper assets in the Southeast




Potential Biomass Resource and Refinery 239
Capacity in 2030: Forest Residues (all),

Crop Residues, Switchgrass
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Bio€nergy Science Center

1-Mi_||ion Ton Refineries by State

50-90

20-49

10-19

5-9

0-4
D Biochemical Refineries
[ Thermochemical Refineries

Biomass Total by County
I 1.500,001 to 2,500,000

B 1,000,001 to 1,500,000
I 700,001 to 1,000,000
'] 400,001 to 700,000
100,001 to 400,000
50,001 to 100,000
25,001 to 50,000
0o 25,000

ata do not include pulp & paper assets in the Southeast
he Southeast and Midwest will be the sources for US biomass



Science

PRETREATMENT

History

/ Lignin

Baseline, Multi-step Cellulosic
Ethanol Production

b -

Celllose ~ Enzyme —> Hexose —> Biofuel
| 7 " Hydrolysis Fermentation
; ., Enzymes 4 4
! Pretreated 5,0"‘,” Enzyme
| Biomass > Liquid  production
|| Separation 1 S
ahbadhg
Native Plants | > Pentose —» Biofuel
Pentose Sugars Fermentaliton
1200 -
1000 - Pretreatment
Publications
800 -
600 -
400 -
200 - I
O I I - I - I . I I I
,\Q’ ,\Q r\o.) y\o.) ,\O.) (19 (19 (19
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Bio€nergy Science Center

 Lignin Is considered the most recalcitrant
and as major obstacle in processing of plant
biomass to biofuels

* Genetic engineering provides great potential
to decrease the lignocellulosics
recalcitrance

- improving pulping process efficiency: O’Connel et al.
- improving forages digestibility: Reddy et al.
- improving fermentable sugar yields of alfalfa



Alfalfa Lignin Modification ::2cic

Bio€nergy Science Center

« Anti-sense gene down-regulation of alfalfa lignin

. HCT and C3H lines have the prominent effects to improve
saccharification - Transgenic alfalfas showed lower lignin
content, less recalcitrance for enzymatic hydrolysis

0. 90-
80- __
701 T @ 70, _
s 0 S 2 60- — _ _
5 50- 2 = 50
=~ o = — __
23 40- - B E% 40-
58w £ € 30
= -
@ 10- ;
[] T T T f T T o I \2\ I -ﬂ I \<\ ;{\ \<\ I f{\
d R & & & L & F F ¥ F F E S
Sugar release for alfalfa after enzymatic =~ Sugar release for alfalfa after enzymatic
hydrolysis without acid pretreatment* hydrolysis with acid pretreatment

*Chen & Dickson Nature Biotechnology 2007,23 (7) 759-76.
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Bio€nergy Science Center

Alfalfa Cellulose/Lignin 4 BESC

Wi

3H

13C CP/MAS NMR

| Alfalfa Samples MV
l Holocellulose/H*
Benzene/ethanol (v/v 2:1) l
. Alfalfa Crl, %
Ball-milling
] CTR1 52.8
CTR49A 51.3
Dioxane/water lignin extraction
| C3H9A 53.9
C3H4A 54.3
Purification
! HCT3A 53.5

Lignin analysis

HCT30A 54.4

e Uff‘:, U.S. DEPARTMENT OF
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Quantitative °C NMR
Characterization

HCT -30A

|=
(==

2/6

35

190 180 150 140 130

100 90 80 70 60

C3H -4A

190 180 170 140 130

C3H -9A

50

i80 170 140 130 120 110

OMe

100 20 80 70 60

13C quantitative NMR spectra of isolated alfalfa lignins

190 180 170 160 150 140 130 120 110
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Bio€nergy Science Center

=  DMSO as solvent

= Inverse gated pulse, 12
s delay, 50 °C

= 12288 scans
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.-m{/)u/ Y o0 o wed
Smikimate = CAD wo ,—}_//-CH,OH
=T no—)\ ) oo _\,‘ » S lignin
o Mol
=\ MeO
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‘ff ! Enikima feomt comMT
. HCT 0, O,
JCHOH
S HGW uo—@f
HO SCoA Me0 MsO
" | cconoMt 4+ FsH f ran
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/-_)_,/._q ...... ,,UQJ'C
HO HO
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Quantitative °C NMR

Characterization

O G unit
B S unit
B H unit

100%
80% -
60% -
40% -
20% -

0% -

CTR-1 C3H-9A C3H-4A HCT-30A
H:S:G units composition of isolated alfalfa lignins

» H units increase from ~1% to 36~68% for C3H mutant, to ~75% for HCT
transgenics.

» G units decrease by 36~75% for C3H mutant, ~77% for HCT transgenics

»> S units decrease by 27~54% for C3H mutant, ~70% for HCT transgenics




Quantitative °C NMR
Characterization

1.2

0.9 -

0.6 -

C atom per Ar

0.3 -

0.0

CTR-1 C3H-9A C3H-4A HCT-30A

Methoxy group contents of
iIsolated alfalfa lignins

Bio€nergy Science Center
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Characterization
09
<
2 0.6
:
§ 0.3
0.0 ‘ \ ‘
CTR-1 C3H-9A C3H-4A HCT-30A

» 3-O-4 linkage decrease ~by 61% for
C3H, ~40% for HCT transgenics

e, U.S. DEPARTMENT OF
© ENERGY



Quantitative 13C NMR  ~==
Characterization

> H units increase from ~1% to 36~68% for
C3H mutant, to ~75% for HCT
transgenics.

» G units decrease by 36~75% for C3H
mutant, ~77% for HCT transgenics

> S units decrease by 27~54% for C3H
mutant, ~70% for HCT transgenics

» Methoxyl group content decrease by
~50% for C3H, ~68% for HCT transgenics

» 3-0O-4 linkage decrease ~by 61% for C3H,
~40% for HCT transgenics



31P NMR Characterization *2BESC

Bio€nergy Science Center

P—CI1 + Lignin-OH

(ll
(ll i
OMe

M

p-hydroxyphenyl OH

HCT 40%
activity

p-hydroxyphenyl

N

Intiernal
éj COOH

C3H 20%
activity

Aliphatic
OH
Guai
Control Condensed 1 (])lillaca p-hydroxyphenyl
W MmN A
153 150 147 144 141 138 135

3P NMR spectra of alfalfa lignins

3 U.S. DEPARTMENT OF

) ENERGY



31P NMR Characterization -

1.5
1.2
=
5 0.9
O)
= 0.6
£
£ 0.3 ]
0.0 | |
CTR-1 C3H-9A HCT-30A

p-hydroxyphenyl OH content of alfalfa lignins



3IP NMR Characterization :

mmol/g lignin

1.0

0.8 |

0.6 |

0.4 -

0.2

0.0

u.[\l

@ Carboxylic OH

B G unit phenolic OH

Bl s

CTR-1

C3H-9A

HCT-30A

Carboxylic OH and guaiacyl phenolic OH contents




31P NMR Characterization==

» p-Hydroxyphenyl OH increase by
~890% and 945% for C3H and HCT
transgenics.

» Guaiacyl OH decrease by ~ by ~75%
and 64% for C3H and HCT
transgenics.

» Carboxylic OH decrease by ~ by
~81% and 31% for C3H and HCT
transgenics.
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13C.1H HSQC 2D Correlation NMR=~
characterization

§ 5 Control C3IH-BA _ HCT-304
CTR-1 g C3H activity Sog HCT activity S,
5 OCH; 2/8 |Fs | 20% H05 | 40%, 105
D”R G2
F110 G +110 r111
G, 2
P G, | ¢ Has |, ¢ Has ||,
OCH '
H;CO ] G L0 G 120 G 120
Q.
R
NLELTTY F125 F125 F125
6 2 g
5 3 F130 HEIE 130 HEIE L1390
D.._ T T T T T T T T T T T T T 1 T T T T 1T "1 T T 7~ T 7T 71 T ™1 T T 7111 T T T T T T T T 1
R 84 80 76 72 6B 64 6D B4 B0 76 72 BE B4 6D 84 B0 76 T2 BB 64 60

Partial “C-'H HSQC 2D correlation NMR (aromatic region) of alfalfa lignins




13C-'"H HSQC 2D correlation NMR=~
Characterization

Control : 0 C3H-9A B, | HCT-308 B 50
CTR-1 B og C3H activity ' HCT activity 0 .
> B -55 0%, - l:ﬁ 55 0% i 55
v 60 2 & 0 B 8 60
B, |
65 65 65
Ay o Ay N Ay -.m
c o .
“ 75 ' 7 ! %5
80 g 80
g % ﬂﬁ
EE o
B, : B ﬂ., | B, : *
90 90 9
—_— ™ i %
60 55 50 45 40 35 30 25 60 55 50 45 40 35 30 23 gD 55 50 45 40 35 20 25
Partial BCIH HSQC 2D correlation NMR (alip hatic region) ofalfalfa lignins

Relative composition of —0O-4 decrease by ~21% and ~44% for C3H and HCT

transgenics;

> Relative composition of phenylcoumaran (B) increase by ~85% and ~220% for C3H &
HCT

» Resinol (C) increase by 53% and ~174% for C3H and HCT transgenics.
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13C-1H HSQC 2D correlation NMR=
Characterization

>

>

>

CTR-1 C3H-9A HCT-30A

Interunit linkages of alfalfa lignins

Relative composition of p—O-4 decrease by ~21% and ~44% for C3H and
HCT transgenics;

Relative composition of phenylcoumaran increase by ~85% and ~220% for
C3H and HCT transgenics;

Resinol increase by 53% and ~174% for C3H and HCT transgenics.



NMR Characterization

Bio€nergy Science Center

» 31P: p-Hydroxyphenyl OH increase by ~890% and 945%
for C3H and HCT transgenics.

» 31P: Guaiacyl OH decrease by ~ by ~75% and 64% for
C3H and HCT transgenics.

» 31P: Carboxylic OH decrease by ~ by ~81% and 31% for
C3H and HCT transgenics.

» C3H and HCT gene down-regulation, lignin had
significant increase of H unit with decrease of G and S
units, as well as significant decrease of carboxylic group,
methoxyl group and 3-O-4 linkage contents.

» Interunit phenylcoumaran and resinol contents increase
for C3H and HCT transgenic alfalfa

» Impact on lignin DP under study
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The Process of Bioethanol 22BESC
Production From Biomass

Bio€nergy Science Center

Breakdown y Y
into sugars PRI PRI Sugar
B’ Fermentation

* Reduced recalcitrance of transgenic alfalfa

* No role for cellulose ultrastructure for samples studied

» Transgenics have lower lignin content, change in S:G:H, inter unit
linkages, LCC & lignin is under review
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Poplar Pretreated with Dilute Acid :pcic

_.x" o _,:' -

BioEnergy Science Center

Temp / °C Time /min H,SO, / % wiw
170 0.3 0.5
170 1.1 0.5
170 5.4 0.5
170 8.5 0.5
170 26.8 0.5
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Composition of Poplar After
Pretreatment

= ,!.-.‘.
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Bio€nergy Science Center

Samples Arabinose Galactose Glucose Xylose Mannose Lignin
Control 0.4 0.8 57.9 13.5 2.8 24.6
Poplar 1 0 0.1 68.5 4.0 1.3 26.0
Poplar 2 0 0.0 70.2 3.6 1.2 25.0
Poplar 3 0 0.0 72.5 1.2 0.5 25.8
Poplar 4 0 0.0 74.2 1.0 0.4 24.4
Poplar 5 0 0.0 74.0 0.2 0.2 25.6

» Xylan was removed during dilute acid pretreatment;
» Cellulose content increased as dilute acid proceeded;
» Overall klason lignin content gradually increases
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Cellulose: Molecular Welght
Distribution -

OH
OH
o OH
Vbl"o Ho © : HO = O-Cellul
HO | o o -Cellulose
OH o) HO -
OH (e)
OH
OH

SEC analysis results of ceIIqu_se from dilute acid_pretreated poplar.

BioEnergg Science Center

3000

2500

- 40, 49%

2000

= 1500 -

— 72,72, 71%

1000 -
500 T

0

0 5 10 15 20 25 30

Pretreatment time, min

» Degree of polymerization decrease during dilute acid pretreatment;
> DP decreased rapidly at first 8 min pretreatment with ~70% decrease;
» Additional 17% decrease when pretreatment time extends to 27 min

}L\ U.S. DEPARTMENT OF

@ENERGY




Lignin: Quantitative 13C 2 RESC
NMR characterization

Bio€nergy Science Center

OMe

=  DMSO as solvent

= Inverse gated pulse, 12 s
Sy delay, 50 °C

= ]2288 scans

Control

pretreated 6 2
H;CO QOCH;
- - i l-;..-f" t\-..g..___ﬁ_d Q.

1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
180 160 140 120 100 at (=10 40 20 PP

13C quantitative NMR spectra of isolated poplar lignin

&SR, U-S- DEPARTMENT OF

£ 2\
E )7
2 g
2\
7S O




Lignin: Quantitative 13C 22BESC
NMR Characterization

Methoxyl content and S/G ratio of isolated poplar lignin

1.8

1.5 A OOMe BS/G

C atom per Ar

2 =2 =

o o
| ] ]

=
W
|

0.0
Control Pretreated

» Methoxyl group content decrease by
~26%/demethoxylation
» S/G ratio decrease ~47%

£, U.S. DEPARTMENT OF
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Lignin: Quantitative °C NMR  :pcic
Characterization

Bio€nergy Science Center

2.5
Ar-H
< 2.0
E& 1.5
g :
= 1.0
@) B3-O-4
L.
0 . .
Control Pretreated

» -O-4 linkage decrease by ~52%;
» Ar-H content decrease, indicating condensation of
lignin increase
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Surface vs. Bulk Analysis 2% BESC

Bio€nergy Science Center

Fresh Poplar

|

50um cross section at -9C

!

Soxhlet extraction by CH,Cl,

l

v
Diluted acid pretreatment *
(DAP)
l Surface Analysis
- ToF-SIMS
s Soxhlet extraction by CH,CI, ||~ &
S== Bulk Analysis

Dilute acidmpretreatment (DAP) - 1% H2S04 @160°C 10 min or
2% H2S04 @175°C 10 min

U.S. DEPARTMENT OF



Surface vs. Bulk Analysis 3% BESC
Pretreatment

Relative intensity by ToF-SIMS vs Bulk carbohydrate & Klason lignin analysis

80 -

60 -

40

20 -

Relative ion counts
by ToF-SIMS

Bio€nergy Science Center

Dilute acid pretreatment (DAP)
-1% H2504 @160°C 10 min or
2% H2S04 @175°C 10 min

Relative Carbohydrate
& lignin contents

1
o

S-lignin units  G-lignin units Cellulose Xlyan
P : -
Arabinose Galactose

Mannose Xylose Glucose Klason lignin

condensation polysaccharides

Bulk increase in lignin has been attributed to loss of cellulose or acid

Surface and Bulk have differences in Chemistry

\\--m,,..,;« U.S. DEPARTMENT OF
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Poplar % Cellu Iose
Crystallinity

76 - |
/’ g Inaccessiole surface
:,::ff: / :,Zt/ T Para-crystaline cellulose T T
72 - T Ciystaline celdose J~ l
T J
>, |
£ 68 -
®©
»
5
° 64 - T
|
60 -
56
o} W\ \\ W0 \\
\ 5 \ \ 0 oW Q W
Ve ope % P ob® pP

* % Para-crystalline increase
» Total crystalline allomorph increase and then remain constant

» Observed cellulose |, convert to cellulose g



Poplar Pore Size ¥BESC

BioEner qy Science Center

— untreated
5 min

— 10 min

— 60 min

Nomrelized Probetility Density

1 o (nm) 10

Pore size distribution based on D,0 adsorption
and ?H T, relaxation for untreated and
pretreated poplar biomass (pretreated in 0.10 M
H,SO, at 160 °C for various residences times) at
a moisture content of 24 £ 5 %.



Conclusions
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Bio€nergy Science Center

» Changes in lignin structure —content impact recalcitrance for
transgenics

» Dilute acid pretreatment

» Removes most of xylan
» Role of LCC needs to be determined
» Cellulose Crl changes minimally or increases
» Allomorphs I, L5, paracryst. influenced, role?
» Need to identify viable approach to alter?
» Increase in pore size and accessibility
» Relationship?

» Cellulose molecular weight decreases after dilute acid
pretreatment, reducing sugars increase correlated with reduced
recalcitrance

» Lignin structure was significantly changed after pretreatment

» Role of pseudo-lignin needs further examination

» Surface of pretreated material needs additional studygg, v oeeasruen or
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Thank you!

BESC is a U.S. Department of Energy
Bioenergy Research Center supported by
the Office of Biological and Environmental

Research in the DOE Office of Science
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