


Henry Ford first planned for his 
cars to run on ethanol
Ethanol has 
been used for 
transportation 
for over 80 
years.  Wood 
could expand 
our renewable 
fuel resource 
many fold. 



Current status for ethanol 
commercialization

Market exists for ethanol
Ethanol blended fuels represent more than 12% of 
the U.S. motor gasoline sales (bbi)

Ethanol production has a net positive energy 
balance, which is higher from wood than corn

Ethanol production from corn returns 1.34 units of 
energy for each unit of input1

Corn based ethanol returns 20-25,000 Btu/gallon
Lignocellulose based ethanol has a net energy 
balance of more than 60,000 btu/gal2

1USDA: “The Energy Balance of Ethanol: An Update.” National  Agricultural Statistics Service, 
USDA. Wang, Shapouri, Duffield, Aug 2002
2Argonne National Laboratory: “Effects of Fuel Ethanol Use on Fuel-Cycle
Energy and Greenhouse Gas Emissions,” Wang, Saricks, Santini, January 1999.



The most effeicient conversion 
uses dilute acid and enzymes

First stage 
dilute acid
Second 
stage 
enzymatic
Third stage 
fermentation
Can be 
applied to 
other 
products

http://www.bbiethanol.com/biomass/



Current state of the art for 
cellulose to ethanol process

Uses a 
combination of 
dilute acid 
prehydrolysis 
and enzymatic 
saccharifcication

Requires the 
fermentation of 
xylose for 
maximum 
product yield



Ethanol production can use low-
value residues from thinnings

Wood ethanol plant is estimated to
Make 25 million gallons ethanol per year

Use 284,000 dry tons per year of wood

Yield 93 gallons per ton at a cost of $1.10/gal
Cost $64 million to build

Ethanol from xylose alone could cost less

So, KS, and Brown, RC 1999. Economic analysis of selected lignocellulose-to-
ethanol conversion technologies. Appl. Biochem. Biotechnol. 77/79:633-640



Xylose utilization is essential for 
commercialization

Xylose constitutes a significant fraction of 
all lignocellulosic biomass
Xylose can be recovered with high 
efficiency through enzymatic or acid 
hydrolysis
It is not practical to dispose of the xylose 
through biological oxidation or dumping 



Glucose and xylose are the principal 
components of North American hardwoods
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Lignocellulosic Lignocellulosic 
FeedstocksFeedstocks

Fiber and oil crops
Low density hardwood species

Underutilized processing wastes
Wood and agricultural harvest residues

Recycled papers and wood waste
Sludges from recycled fibers

Oxidative and extractive treatments
Chemical and mechanical pulping

Acid and alkali treatment
Autohydrolysis

Pulping and Pulping and 
PretreatmentsPretreatments

Fuels Chemicals

Biochemical and Biochemical and 
Metabolic Metabolic 
EngineeringEngineering

Fermentable sugars

Fractionated fibersPolymeric lignin
EnzymaticEnzymatic
ConversionConversion

Modified lignin Modified fibers

Precursors

Adhesives

Films

Polymers

Value

Adding value



Wood and 
Ag residues Biopulping

Fiberization
Extraction

Cellulose

Lignin
Sugars

Enzyme 
treatment

Higher
value 
products

Forest biomass refining



Biopulping trial



TAPPI Technical Summit II highlighted 
the need for new products

Current hardwood pulping industry is 
losing profitability and markets
Panel on Recovery of Value Prior to 
Pulping 

Focused on improving the economics of pulp 
and paper processes 
Developing new higher value products

Saving money in current pulping process
Atlanta, GA March 28-31, 2004



Objective of workshop panel
One of 12 panels that met that week
One of four that was intended to improve 
the economics of future pulp and paper 
processes by developing new products
Panel focused on extracting value from 
the wood prior to pulping



Process proposal
Hardwood

Hemicellulose 
hydrolysate

Pretreated
cellulose

Water 
3:1 L:S
130°C
2 h

60%
50 g/L

Kraft
pulp

Need to 
know 
pulping 
and fiber 
properties

• Little heating value from HC
• Lower chemical use
• Higher loading on digester

Hemicellulosic 
sugars

Acetic acid
UF

75%

95%
150 g/L

Ethanol PHA

• Generates new product streams
• Estimated $9 M per year 
• Capital cost of ≈$15 M

Need to 
know 
yields and 
rates



Pichia stipitis and S. cerevisiae
each have advantages

• Traditionally used in food fermentation for 
thousands years

• Exhibits a much greater ethanol tolerance 
and produces ethanol from glucose at a 
much higher rate than P. stipitis

S. cerevisiae

• One of the best organisms for producing 
ethanol from xylose

• It has a complete xylose metabolic 
pathway, which does not exist in S. 
cerevisiae

P. stipitis



P. stipitis and C. shehatae are among 
the best yeasts for fermenting xylose

They have complete
xylose metabolic 
pathways 
They convert
hexoses to ethanol

P. stipitis makes little 
xylitol
Has a sexual cycle
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Fed batch fermentation by 
Candida shehatae

Productivity:

Ethanol:1.58 g/g•h

Xylitol: 0.38 g/g•h

Jeffries, T.W and Alexander, M.A. 1990
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Fermentation by Pichia stipitis

Ethanol Xylitol Biomass

CBS 6054 Parental
Xylose 
(80 g/L) 0.41 0.37

Laplaza 
and 

Jeffries

FPL-UC7

Paretal 
strain of 
Shi21

Xylose 
(80 g/L) 0.38 0 0.17 0.41

Shi et al. 
1999

FPL-Shi21

Disruption 
of 
PsCYC1

Xylose 
(80 g/L) 0.46 0 0.09 0.43

Shi et al. 
1999

NRRL Y-
7124 Adapted

SSL (58 
g/L) 0.41 0.44

Nigam 
2001

productivity 
(g/Láh) RefStrain Descrip.

Carbon 
source

Yield (g/g)



Post-genomic metabolic engineering

DNA

Protein

Genomics

Proteomics

RNA Transcriptomics

MetabololicsMetabolite

Metabolic 
engineering



Alternative target commercial 
products

Ethanol (fuel, precursor)
Currently produced from corn and LC

Polyhydroxyalkanoates (packaging, polymer)
Currently produced from corn starch

Polylactic acid (packaging, polymer)
Currently produced from corn starch

Acetic acid
Sulfur free lignin



Polyhydroxyalkanoates
Produced by bacteria
Properties can be modified by altering side 
chains and precursors
Yields from sugar are relatively high (20-
50%)



Polylactic acid
Produced by Cargill 
Dow

Made through the 
dehydration of lactic 
acid

Lactic produced in 
high yield from starch 
by lactobacillus

Total plastics production 
is 70-80 x 109 lbs/year in 
the US
PLA competes against 
polyethylene, polystyrene, 
polypropylene and polyester
PLA can be engineered to 
be biodegradable in 
controlled  compost 
situations



Conclusions
Ethanol is a profitable and fast-growing 
business throughout the Midwest
Ethanol from wood and lignocellulosics is 
more difficult, but becoming commercial
Production of ethanol might be integrated 
with pulping
Other higher value products are also 
possible


