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Cellulosic Biofuels

① Feedstock Pretreatment

③ Fermentation

④ Biofuel recovery

• Ethanol

• Hydrogen

② Saccharification

Extensive pretreatment

• Steam explosion

• Acid hydrolysis

Exogenous Cellulase 

production

1st & 2nd

Generation 

Biofuels
SSF & SSCF

Simpler feedstock 

processing

Endogenous Cellulase 

production

3rd Generation Biofuels

• Simultaneous
• Cellulase production

• Substrate hydrolysis

• Fermentation

Lower energy inputs

Higher conversion efficiencies

2cd Generation Biofuels



Clostridium thermocellum Clostridium termitidis

Biofuels from Direct Cellulose Fermentation

Clostridium thermocellum:  thermophilic, cellulolytic, gram +ve, anaerobic

Clostridium termitidis: mesophilic, cellulolytic, gram +ve, anaerobic

Degrade cellulose and synthesize: Ethanol, H2 and CO2, VFAs - acetate (formate, 
lactate)

C. thermocellum possesses the highest rate of cellulose-degradation of all known 
microorganisms

C. termitidis cellulose hydrolysis comparable to C. thermocellum



Clostridium thermocellum Clostridium termitidis

Biofuels from Direct Cellulose Fermentation

C. thermocellum and C. termitidis cultured on -cellulose



B) H2, CO2, & pH change on -cellulose 
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A) H2, CO2, & pH change on cellobiose

Gas production by C. thermocellum: Batch Cultures



Soluble End-product Synthesis Patterns: Batch Cultures

B) VFAs & Ethanol on -cellulose
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A) VFAs & Ethanol on cellobiose
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End-product Synthesis Patterns: Batch Cultures

Rates of end-product synthesis by C. thermocellum are much slower 
when grown on -cellulose compared with cellobiose



Continuous Culture of C. thermocellum on -cellulose

Continuous culture of C. thermocellum for over 3 months

Tested -cellulose concentrations from: 1.5 - 4 g/L  (0.015 to 0.4%)

pH maintained at 7.0

Temperature maintained at 60 oC



Continuous Culture of C. thermocellum on -cellulose

End-product rates of formation
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Fermentation recovered rapidly from system failures 



Biorefining Concept

Lignocellulosic 

Biomass
High-value Lignin:

Resins; adhesives; break-pads
“Organosolv” process

Delignified 

cellulose 
Fermentation by anaerobic 

cellulolytic bacteria 

Biofuels: 
Ethanol,  Butanol

Organic Acids;

Residual sugars

Bioconversion by 

aerobic bacteria 

Biopolymers:
Biodegradable plastics

Hemicellulose

hydrolysate
H2

Thermocalaytic  

conversion 

H2

Thermocalaytic  

conversion 
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Fermentation end-products of C. thermocellum and corresponding pH values at the 

end of growth for -cellulose, Whatmann paper (WP), delignified softwood (DLW,) 

and cellobiose, at 4.5 g/L. Product amounts are expressed in total moles produced 

per 10 mL culture.  From: Levin et al., 2006. IJHE 31(11), 1496-1503



Potential Feedstocks

(Hurd)

Want to use abundant, inexpensive cellulose residues for fermentation substrate
Initial experiments are focused on hemp and softwoods



Ethanol Production by C. thermocellum on 

Various Substrates at 60 oC
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Potential for Ethanol Production by 

Cellulose Fermentation with C. thermocellum

Husky Energy grain-based ethanol production: 15% = 150 g/L

Best ethanol production by C. thermocellum with delignified 
wood or hemp @ 2g/L:  0.17 g/L

Possible ethanol production if substrate concentration is 
increased to 200 g/L: 17% = 170 g/L

Can we get there? How do we get there?



BioProcess Engineering: High Solids Fermentation

Initiating fermentation studies with delignified wood fibers with the goal of 
achieving substrate concentrations of 200 to 250 g/L cellulose



BioProcess Engineering: High Solids Fermentation

Initiating fermentation studies with delignified wood fibers with the goal of 
achieving substrate concentrations of 200 to 250 g/L cellulose



BioProcess Engineering: 

Higher Temperature Fermentation
C. thermocellum produces more ethanol at 65 oC than at 60 oC
More ethanol in the vapor phase at higher temperature

  

-cellulose Delignified Wood

  

Higher rate & specific 

EtOH production @ 65 oC



Manipulating Metabolism
Improved production requires understanding of microbial metabolism:

C. thermocellum - mixed product fermentation 
- multiple homologues of key genes     

NAD(P)+ NAD(P)HNADPH NADP+

Formate

Fdo

Acetyl-CoA

Acetate

Fdr

Acetyl-PEthanol

CO2 H2

NADH

NAD+

H+

AMP 

+PPi

ATP

2 NADH

2 NAD+

ATP

Pi

ADP

PFO

PFL

Fd H2ase

NAD+

NADH

NAD(P)H H2ase

-16 kJ/mol -19 kJ/mol

-6 kJ/mol

-9 kJ/mol

+9 kJ/mol

-13 kJ/mol

+3 kJ/mol

+18 kJ/mol

-22 kJ/mol

PyruvateLactate

NAD+ NADH

LDH

-26 kJ/mol

Cellobiose

EMP

2ATP + ADP + AMP + Pi + PPi 

4ATP

2 NAD+

2 NADHFrc-1,6-P

+

Cthe335-343

Cthe426-430

Cthe3003-3004

Cthe505 

Cthe345

Cthe1035 

Cthe3013-3024 Cthe2392

Cthe2796

Cthe3120

Cthe2430-2435 

NFO

PTA
Cthe1029 

ACK
Cthe1028 

ATK
Cthe551 

Cthe423

Cthe101

Cthe394

Cthe2579

AcDH/

ADH

MalateME
Cthe344

OxaloacetateMDH
Cthe345



Manipulating Metabolism: Metabolic shifts

Addition of acetate to the headspace at start of fermentation increased ethanol 
production by 28%



Transcription of identified por genes of C. thermocellum during fermentation 

of alpha cellulose
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Transcription of por genes in C. thermocellum grown on -cellulose

 por 2796 is most activity transcribed in C. thermocellum grown on -cellulose

 transcription of por 2930 was orders of magnitude below por 2796

 transcription of por 3120 was below detectable levels

Multiple Homolgues of Key Genes:

Which genes are transcribed and at what level? 



Gene transcription under end-product inhibiton during growth of C. 

thermocellum
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Multiple Homolgues of Key Genes:

Which genes are transcribed and at what level? 



Manipulating Metabolism: Metabolic Engineering

Can we redirect carbon and electron flow toward H2 or ethanol synthesis 
pathway, and away from pathways that compete for carbon and reducing 
equivalents?

-
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Genome Canada Project

“Microbial Genomic for Biofuels & CoProducts

Under-characterized bacteria 

Metabolic 
Profiling

Genomic
Characterization

Complete genome 
Sequence analysis

Proteomics

Activity 1

Activity 2

Activities 1, 3, 4, & 5
Functional 
Genomics

Metabolic
Engineering

GE3LS

Bioinformatics

QuickTime™ and a
 decompressor

are needed to see this picture.



page 11

Thank-you

Questions?


