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Outline: 
Framework for Collaboration 
California Situation 
Feedstock /Conversion 



! !C2SIP    

 CCC Conference, China (November 2008) 
 Three Workshops, Proposal Submitted 

! !Green Crop Network  

! !California Biomass Collaborative Forum  

! !A Scoping Study of Agricultural Biotechnology  
 in California with reference to Canada 

to dateÉ. 
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Affiliated Institutes, Centers, and Groups 
UC Davis Campus: 
¥! Agricultural Sustainability Institute (ASI) 
¥! Air Quality Research Center (AQRC) 
¥! Bioenergy Research Group (BERG) 
¥! Biotechnology Program 
¥! California Renewable Energy Collaboratives: 

" ! Biomass 
"! Geothermal 
"! Solar Energy 
"! Wind Energy 

¥! Chevron-UCD Joint Research Agreement  
¥! California Institute for Food and Agricultural Research (CIFAR) 
¥! Genome Center 
¥! Institute of Transportation Studies (ITS) 
¥! John Muir Institute of the Environment (JMIE) 
¥! Long Term Research in Agricultural Systems Project (LTRAS) 
¥! Nanomaterials in the Environment, Agriculture, and Technolgy (NEAT) ORU 
¥! Plug-in Hybrid Electric Vehicle Center (PHEV) 
¥! Sustainable Transportation 
¥! Other on-campus 

Off-campus: 
¥! University of California Energy Institute (UCEI)ÑUCOP 
¥! California Institute for Energy and the Environment (CIEE)--UCOP 
¥! Energy Resources Group (ERG)ÑUCB 
¥! Joint Bioenergy Institute (JBEI) 
¥! Energy Biosciences Institute (EBI) 
¥! National Laboratories (LBNL, LLNL, Sandia, Los Alamos, others) 
¥! Other off-campus 



Cobalt Biofuels 
John Deere 
McNIBB Canada 
Renewable Energy Int. 
Fujian Fuda Biotech 
National Renewable  
    Energy Lab 

CIFARÕs Scope Extends Across the Agri -food Chain  
value added processing, complete resource utilization and  

efficiencies in materials, water and energy  

Production 

farm gate 

Processing/Packaging Distribution/Retail Consumer 

Agrian  
Wise Solutions 

Lily Tobeka Co., Ltd. 
Lyons Magnus 
PGP International 
Creative Research Management 
Marks and Spencer 
Mattson 

Nuffer, Smith Tucker 
IFIC 
Peanut Board 
Tragon Corp. 
TREE 
CLFP 
DPW Corporation 

Product Development 

 Alfa Laval, Almond Board, Consulate General of Canada, E & J Gallo, 
Fujian Sunner, Genencor, EPRI , John Deere, The Morning Star Company 

CIFARÕs Mission:  
To create opportunities for collaboration, multidisciplinary research and  
technology exchange between the university and the food and agricultural industries.!



VISION: 
I ntegrated Biorefineries  

The integrated 
biorefinery is a facility 

that fully integrates 
biomass production and 
conversion to produce 

fuels, power, and 
chemicals from biomass.  

It fully  
utilizes all components 
of biomass to make a 
range of foods, fuels,  

chemicals, feeds, 
materials, heat and 

power in proportions  
that maximizes 

sustainable economic 
development.  



Conversion 
Processes 

Ð! Agricultural 

Residues 

Ð! Forestry 

Residues 

Ð! Municipal 

Solid Waste 

Ð! Energy Crops 

Utilization 
Biofuels: 
Ð! Ethanol 
Ð! Biodiesel 
Ð! Methanol 
-!  Hydrogen 
-! Others 
Power: 
Ð! Electricity 
Ð! Heat 
Bioproducts & Chemicals 
Ð! Plastics 
Ð! Solvents 
Ð! Chemical Intermediates 
Ð! Phenolics 
Ð! Adhesives 
Ð! Furfural 
Ð! Fatty acids 
Ð! Acetic Acid 
Ð! Carbon black 
Ð! Paints 
Ð! Dyes, Pigments, and Ink 
Ð! Detergents 
Ð! Lubricants 
Ð! Etc. 
Food and Feed and Fiber 

-!Thermochemical (Combustion,  
Gasification, Pyrolysis) 
-! Biochemical (Anaerobic  
Digestion, Fermentation, Aerobic, 
Direct Hydrogen)) 
-! Physicochemical (Oil Extraction, 
Hydrocarbon Extraction) 
-!Manufacturing (may employ  
Physical & Chemical Processing) 

Biomass 
Feedstock 

Bio-Industry: Conversion Pathways 

Processing  
& Handling 

Ð!Separation 
Ð! Processing 
Ð! Handling 
Ð! Transportation 



* California Population = 39M 

*Note: Includes  
grains, cotton, rice,  
and specialty crops 

Seed Companies 



Californian Department of Food and Agriculture Vision 2030  
ÒTo achieve a sustainable food production and delivery system as 
well as a vibrant natural resource base that promotes healthy 
citizens, thriving communities and a healthy environmentÓ   

The authors of this vision predict that there will be advances in 
biotechnology and the commercialization of genetically modified 
crops by 2030 (stated the importance of educating the public 
about the benefits of biotechnology and its concomitant 
opportunities to conserve rural resources and improve nutrition 
and food quality)  

Canadian Biotechnology Strategic Vision  
"To enhance the quality of life of Canadians Ð in terms of health, 
safety, the environment and social and economic development Ð 
by positioning Canada as a responsible world leader in 
biotechnology"  



California Biomass Resources 
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Source:  California Biomass Collaborative, 2007 
http://biomass.ucdavis.edu/ 

Ð! Over 80 million tons produced 
(specialty crops, no energy 
crops) 

Ð! Potential sustainable use Ð  
 30 Mtons (1.5-3Bton gge) 

Ð! By 2050 - 48 million tons 
Ð! Current use Ð 5 million tons 



California Policy Drivers 

¥! Bioenergy Action Plan of 2006 
 (% of biofuel w/i state: 20% by Ô10, 40% by Ô20, 75% by Ô50) 
 64 state actions to target these goals 
 http://www.energy.ca.gov/bioenergy_action_plan/index.html 

¥! AB 32 Global Warming Solutions Act of 2006 
 (GHG reduction: Ô90 level by 2020, etc., reduction of 174 MT )  
 http://www.energy.ca.gov  

¥! AB 1007 Joint ARB / CEC Alternative Fuel Report 
 (ARB set LCFS; Incorporated indirect land use ) 

•  Governor’s Exec. Order S-01-07 for a Low Carbon Fuel 
Standard (10% reduction in fuel carbon intensity by 2020, LCA  based) 
 http://www.energy.ca.gov/low_carbon_fuel_standard/index.html 

•  AB 118 Alternative and Renewable Fuel and Vehicle 
Technology Program (Funds alternative fuels, began July 2008)  
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In-state biofuel  production goals for blend rate scenarios  

¥! Assumes projected transportation fuel 
growth rates and 

¥! Goals for in-state biofuel production 

 20% by 2010 (0.3 BGY gge)   1.4 BGY 
demand 

¥! 40% by 2020 (0.8 BGY gge)   2.1 BGY 
demand 

¥! 75% by 2050 (2.9 BGY gge) 3.9 BGY 
demand 
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Choice of Feedstock--depends on location 

corn, wood, sugar cane, rice straw, sweet sorghum, switchgrass, etc. 

Choice of Process--robust, flexible 

preprocessing: acid, steam-explosion, freeze explosion, microbial 

sugars: acid, enzymes (from aerobes, anaerobes, other) 

fermentation microorganisms: yeast, bacteria  

Integration of products, processing steps 

pH, temperature, fractionation, recovery, minimize additives 



2001 
(dollars per 
gallon) 

2007  
(dollars 

per 
gallon) 

2012 
(dollars 
per 
gallon) 

Enzymes 3.11 0.32 0.10 

Feedstock* 0.82 0.74 0.51 

Conversion 2.02 1.23 0.72 

Total 5.95 2.29 1.31 

Cellulosic ethanol anticipated cost competit\iveness and sustainability  
attributes are key to biofuels  growth potential 

Historical and Projected Cellulosic Ethanol Costs 

Federal research has achieved major reductions in the cost of cellulosic ethanol 

*Feedstock is assumed to be $53  
per dry ton in 2007 and projected at 
$46 per dry ton in 2012. 
N-th plant scenario 

Future goal 
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NREL Modeled Cost 

Cellulosic Ethanol Potential and Status   





Biomass 

Pretreatment 
Acid 
Alkali 

Mechanical 

Enzymatic 
Cellulose 
Hydrolysis 

Fermentation 

Product Recovery 

Lignin 
Utilization 

C5 C6 C5/C6 
Organism Fermenting 

!"#$ Cellulosic Biomass Challenge 

Cost of Enzymes 
Starting ~$5/gal EtOH 

Needed < 10c/gal EtOH 



Natural Diversity 

cellulose microfibrils (~10 nm dia) 

AFM 

cellulose macrofibrils (~200 nm dia) 

5 
6 

7 

9 
44 

45 
48 

cellulases 

8 
10 

11 
12 

26 
28 

53 

endohemicellulases 

16 

74 

cell wall elongation 

17 

81 

51 
54 

62 
67 

78 debranching 
enzymes 

29 

1 3 

52 
35 

42 

2 

43 
51 

38 39 

oligosaccharides 

Courtesy of  Mike Himmel, NREL 



Trichoderma reesei (Hypocrea jecorina ) 
¥! Abundant producer of cellulolytic enzymes 

¥! Cellulases: 80-90% of total protein 
Ð! >8 endoglucanases 

Ð! >7 §-glucosidases 

Ð! 2 cellobiohydrolases 

¥! Minimal cellulase mix for efficient biomass  
 breakdown: CBH1 -, CBH2 - and EG - type enzymes,  

 and Beta-glucosidase 

Photo:Irma Salovuori, 
VTT Biotechnology 

Enzyme %  of Total Protein 
CBH1 (Cel7A) 50 

CBH2 (Cel 6A) 14 

EGI     (Cel7B) 12 
EGII    (Cel5A) 9 
EGIII   (Cel 12A) <2 



Using mutational 
analysis, 
biophysics, and 

computational 
science to 
understand the 
mechanism of action 
of the critical 

processive 
cellulase, (T. reesei  
Cel7A) 

Molecular dynamics simulations Ð code not yet adequate  
Courtesy of  Mike Himmel, NREL 

The fungal cellobiohydrolase  is  
one of the most important  

single cellulase  component enzyme 



Understanding the Processivity  of  
Cellobiohydrolase  Cel7A (CBH I ) 

Expand the capabilities of existing computational tools to investigate the 
processivity mechanism of CBH I in cellulose hydrolysis 

Design molecular dynamics (MD) simulations of the enzyme will be  
conducted with various substrate configurations, solvation models, and 
thermodynamic protocols Initially, these simulations will be done with 
existing MD software (CHARMM & Amber) running at terascale 

Collaborators: Cornell, ORNL, University of Michigan, Vanderbilt, SDSC 

Courtesy of  Mike Himmel, NREL 
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Natural Diversity 
1,4-! -D-glucan cellobiohydrolase

Ascomycota
Acremonium cellulolyticus
Hypocrea jecorina
Humicola insolens
Humicola grisea
Neosartorya fischeri
Aspergillus niger
Aspergillus clavatus
Chaetomium thermophilum
Penicillium decumbens
Fusicoccum sp . 
Aspergillus aculeatus
Trichoderma viride
Neurospora crassa
Fusarium oxysporum
Trichoderma koningii
Cochliobolus carbonum 
Cryphonectria parasitica 
Penicillium janthinellum 
Fusarium venenatum
Chaetomium thermophilum
Aspergillus fumigatus )
Verticillium dahliae
Aspergillus terreus
Chaetomium thermophilum
Thermoascus aurantiacus var . levisporus
Gibberella pulicaris
Penicillium chrysogenum
Penicillium occitanis
Trichoderma viride
Gibberella zeae (Fusarium graminearum )
Claviceps purpurea 
Cochliobolus heterostrophus
Aspergillus oryzae
Aspergillus oryzae
Talaromyces emersonii
Thermoascus aurantiacus
Penicillium funiculosum
Neurospora crassa
Thermoascus aurantiacus
Trichoderma harzianum

Basidomycota
¥ Trametes versicolor
¥ Pleurotus ostreatus 
¥ Polyporus arcularius
¥ Phanerochaete chrysosporium 
¥ Schizophyllum commune 
¥ Volvariella volvacea
¥ Irpex lacteus 
¥ Athelia rolfsii
¥ Agaricus bisporus 

Chytridiomycota

Zygomycota

Archaea

Bacteria

Eukaryta

EC 3.2.1.91 – “Hydrolysis of 1,4-beta-D-
glucosidic linkages in cellulose and 

cellotetraose, releasing cellobiose from 
the non-reducing ends of the chains” 

# of Accession 

37 

65 

1 
All GH7 ! 

Courtesy of  Bill Adney, NREL 



CBM! CBM!

Ref: Ed Bayer 

Comparison of Cellulase  Systems 



Cell 

C!e!l!l!u!l!o!s!e!

Enzymatic subunits 

I! I!
II !

Anchoring protein 

Scheme of the C. thermocellum Cellulosome  

Cellulosome  

C!B!M!
Scaffoldin subunit 

Dockerin 

Cohesin 

Dockerin 

Cohesin 

Courtesy of Ed Bayer 



Cellulases" Hemicellulases"Catalytic modules" Dockerins"

Courtesy of Ed Bayer 



Ref: Jim Tischer 



Sugarcane Sugarbeet 

Sucrose 

Beet  
Pulp 

Bagasse 

Molasses 

Animal Feed 

Steam 
Energy 

Animal 
Feed 

Fermentation 
feedstocks 

Commercial 
Foods 

Household 
Consumption 

Non-Food 
Uses 

~1.7% 

Electricity 
(Co-gen) 

Fuel 
Alcohol 

e.g. Brazil 

Ref. G. Eggleston 



Water 75.9% 

Non-sugars 2.6% 

Sugar 16.0% 

Pulp 5.5% 

Beet Pulp Component % Dry Weight 

Cellulose 18 - 36 

Hemicellulose 18 - 32 

Arabinan ~20 

Galactan ~7 

Lignin 3 – 6 

Pectin 15 – 32 

Protein 5 – 10 

Ash 3 – 12 

Residual sugar 2 - 6 Ref. G. Eggleston 



Beet Pulp 

Extraction/ 
Biotechnology techniques 

Very Valuable  
Products, e.g., pectin 

+ Cellulosic Leftover 

Cellulosic Ethanol 

Developed  
technologies 

# !  Distillery on backend of existing factories? 



Solving  
  Common  
       Problems!



Ref: Reed, DOE 

 Biomass  

 wastes 
 energy crops 

 Pre-processing 

   size reduction and conditioning 
 pretreatment  
 (e.g. milling, SEx, AFEX,H2S04,pelleting) 

 Conversion Steps 

   hydrolysis to mixed sugars 
 fermentation to product(s) 
 (SSF, SSCF, SHF, CBP) 

 Liquid Biofuels (and co-products)  
 separation, concentration and product recovery  

Over 450 Current Technology 
Development Organizations 
with Processes Representing  

12 Technology Categories 
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