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Innovative Technologies and Products for Dry
Grind Ethanol Process

US Bioeconomy
Drivers for Bioeconomy
Role of Dry Grind Ethanol Process
Additional coproducts
Optimized Technology
Reducing Substrate and Product Inhibition
Low Operating Cost



US Bioeconomy

Biobased markets are 2.2% of GDP or more than $353 billion in
economic activity

Revenue from industrial biotechnology reached $127 billion in

2013
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World Corn Production, 2014-15
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Corn Dry Grind Ethanol Process

Corn Dry Grind Facility

— 2.7 gal (10.2 L) of
Ethanol

One bushel of Corn
(25.4 kg or 56 1b)

0.7 1b (0.31 Kg) of —)
Corn Oil

|

15 1b (6.8 kg) of —)
DDGS

Poultry Food



Conventional Dry Grind Process
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Proteins in Corn

Water and salt soluble proteins
Physiologically active proteins
Albumins
Globulins
Better amino acid profiles

Dilute acid and base soluble proteins

Storage Proteins

Prolamins
Glutelins

Poor amino acid profiles



Lipids in Corn

Saponifiables (>99%)

= Acyl Lipids

» Triacylglycerols (TAG)
Nonsaponifiables

» Phytosterols
Free Nutraceuticals

Acyl esters

OH-cinnamate esters )
= Tocols

Tocopherols (Vitamin E)

Tocotrienols

m Carotenoids /
Others (squalene, phospholipids, glycolipids)




DDGS Utilization in US
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Differential in Corn and DDGS Prices
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Corn Fractionation Technologies to
Recover Additional Value Added
Coproducts
(Front End Fractionation)



Wet Fractionation

Soaking corn in water and separating coproducts in
aqueous medium

Uses wet grinding mills, hydrocyclones and screens for
separation



Example of Wet Fractionation:
Enzymatic Dry Grind Corn Process (E-Mill)

Bushel of Corn Corn Dry.GrindiFacility
(25.4 kg or 56 1b)
Density Density Size 2.6 gal
Separation Separation Separation (9.84 L)
Ethanol
3.31b (1.49 3.71b
kg) Germ 41b (1.68 kg)
(1.81 kg) Residual
Pericarp DDGS
Fiber 41b
(1.81 kg) !
Endosperm ; @j\/ \/@\q
Fiber A

Nonruminant Food

Singh, V., Johnston, D.B., Naidu, K., Rausch, K.D., Belyea, R.L.. and Tumbleson, M.E. 2005. Comparison of modified dry
grind corn processes for fermentation characteristics and DDGS composition. Cereal Chem. 82:187-190.

Wang, P., Singh, V., Xu, L., Johnston, D.B., Rausch, K.D. and Tumbleson, M.E. 2005. Comparison of enzymatic (E-Mill)
and conventional dry grind corn processes using a granular starch hydrolyzing enzyme. Cereal Chem. 82:734-738.



Enzymatic Dry Grind Corn Process (E-Mill)
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Wang, P, Singh, V., Xu, L., Johnston, D.B., Rausch, K.D. and Tumbleson, M.E. 2005. Comparison of enzymatic (E-Mill) and
conventional dry grind corn processes using a granular starch hydrolyzing enzyme. Cereal Chem. 82:734-738.



Fermentation Profiles: Conventional and
E-Mill Processes
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Singh, V., Johnston, D.B., Naidu, K., Rausch, K.D., Belyea, R.L. and Tumbleson, M.E. 2005. Comparison of
modified dry grind corn processes for fermentation characteristics and DDGS composition. Cereal Chem.
82:187-190.



DDGS Composition: Wet Fractionation
(E-Mill Process)

Conv. E-Mill SBM CGM

Crude 28.50
Protein (%)

53.90 66.70

Crude Fat | 12.70 111 2.77
(Vo)

Ash (%) 3.61
Acid Det. | 10.8 5.95 6.88

Fiber (%)
Singh, V., Johnston, D.B., Naidu, K., Rausch, K.D., Belyea, R.L. and Tumbleson, M.E. 2005. Comparison of

modified dry grind corn processes for fermentation characteristics and DDGS composition. Cereal Chem.
82:187-190.



DDGS Fractionation
(Back End Fractionation)



DDGS Fractionation: Elusieve (ES) Process

Corn Dry. GrindTacility

2.65 gal of
Ethanol
One bushel of Corn
25.4 ko or 56 1b 11 1b
( ¥ ) 15 g it P BS Residual
DDGS rocess DDGS
41b
Pericarp
Fiber Nonruminant Food

Srinivasan, R., Moreau, R.A., Rausch, K.D,, Belyea, R.L., Tumbleson, M.E. and Singh,
V. 2005. Separation of fiber from distillers dried grains with solubles (DDGS) using
sieving and elutriation. Cereal Chem. 82:528-533.



Modified Dry Grind Process: Elusieve (ES) Process
Corn

v
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34T
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Pan

Srinivasan, R., Singh, V., Belyea, R.L., Rausch, K.D,
Morteau, R.A. and Tumbleson, M.E. 2006. Economics
of fiber separation from distillers dried grains with

solubles (DDGS) using sieving and elutriation.
Cereal Chem. 83:324-330.

I Enhanced DDGS I Fiber

24T H = Heavier Fraction
LL = Lighter Fraction




Sieving Results

Nominal % (w/w)

Si -
C tlze . Particle Size Retained rrotein Fat NDF

ateco

SO (Microns) on Screen /o /o 70

Orioinal

Hgtna All 100 33.6) 125 325
Material

24T > 869 27 29.3 12.5 33.4

34T 582 to 869 19.4 26.9 11.3  37.8
35M 447 to 582 13.3 31.2 109  33.6

60M 234 to 447 37.5 11.3 /293
Pan < 234 42.2 129 19.0
NDE-Neutral Detergent Fiber

Srinivasan, R., Singh, V., Belyea, R.L., Rausch, K.D., Moreau, R.A. and Tumbleson, M.E. 2006. Economics
of fiber separation from distillers dried grains with solubles (DDGS) using sieving and elutriation.
Cereal Chem. 83:324-330.



Elutriation Results

24T, Air Velocity = 3.35 m/ s, 34T, Air Velocity = 2.55 m/ s,
Yield (1ighter) = 27.8% Yield (1ighter) = 33.4%
Fraction NDF  Protein Fat Fraction NDF  Protein Fat
%o %o %o %o %o %o

Lighter / 53.3 19.3 7.05 Lighter [ 58.7 15.5 0.5

Bulk 334 @ @ Bulk 37.8 @ @
Heavier 32.6 Heavier 32.4 | Q

35M, Air Velocity = 1.84 m/ s,
Yzeld (Laghter) = 19.3%
Fraction NDF  Protein Fat

% % %

Lighter /56.0 16.5 8.5

Bulk 33.6 0
Heavier 27.6

Srintvasan et al. 2005. Cereal Chemistry 82:528-533.




DDGS Fractionation Process

DDGS fractionation

Modified DDGS with high protein, high fat and low fiber content
compared to conventional DDGS

Depending upon separation parameters DDGS can be produced
with

Protein content, 42%

NDF, 19%
Cost of retrofitting a 45 Mil gallon/yr is less than $1.0 M
Payback period is less than 2 years

Srinivasan, R., Singh, V., Belyea, R.L., Rausch, K.D., Moreau, R.A. and Tumbleson, M.E. 2006. Economics of
fiber separation from distillers dried grains with solubles (DDGS) using sieving and elutriation. Cereal Chem.
83:324-330.



Thin Stillage/Syrup Fractionation
(Back End Fractionation)



Syrup Fractionation: Crude Oil Recovery

Corn
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Moreau, R.A, Liu, K., Winkler-Moser, J. K. and Singh, V. 2011.

Crude Oil
Changes in lipid composition during dry grind ethanol processing _)%'1
of corn. JAOCS 88:435-442.
DDGS
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Moreau, R.A, Liu, K., Winkler-Moser, J.K. and Singh, V. 2011. Changes in lipid
composition during dry grind ethanol processing of corn. JAOCS 88:435-442.
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Moreau, R.A, Liu, K., Winkler-Moser, J.K. and Singh, V. 2011. Changes in lipid composition during dry grind ethanol processing of corn.
JAOCS 88:435-442.

Moreau, R.A., Hicks, K.B., Johnston, D.B. and Laun, N, P. 2010. The composition of crude corn oil recovered after fermentation via
centrifugation from a commercial dry grind ethanol process. JAOCS 87: 895-902



Conclusions — Corn Fractionation
Technologies

Corn Fractionation processes in a dry grind ethanol plant
Allow recovery of multiple coproducts
Increase ethanol production by approx. 8-27%
Increase the protein and reduce fiber content of DDGS
DDGS produced can be utilized for non ruminant animals
Less variation in DDGS composition

Thin stillage/syrup fractionation recovers oil as additional
coproduct and reduces o1l content in DDGS

DDGS fractionation process reduces fiber content and increases
protein and fat content of DDGS



Reducing Substrate and Product Inhibition



Reducing Substrate Inhibition:
Optimal Control of SSF Processes



Conventional Controller Schematic
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Overall Control System Architecture
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Murthy, G.S., Rausch, K.D., Johnston, D.B., Tumbleson, M.E. and Singh. V. 2011. Industrial evaluation of a dynamic
controller for simultaneous saccharification and fermentation process. Ind. Biotech. 7:214-223.



Control System Implementation at Plant
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Murthy, G.S., Rausch, K.D., Johnston, D.B., Tumbleson, M.E. and Singh. V. 2011. Industrial evaluation of a dynamic
controller for simultaneous saccharification and fermentation process. Ind. Biotech. 7:214-223.



Optimal Controller: Plant Results
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Murthy, G.S., Rausch, K.D., Johnston, D.B., Tumbleson, M.E. and Singh. V. 2011. Industrial evaluation of a dynamic
controller for simultaneous saccharification and fermentation process. Ind. Biotech. 7:214-223.



Optimal Controller: Plant Results
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Murthy, G.S., Rausch, K.D., Johnston, D.B., Tumbleson, M.E. and Singh. V. 2011. Industrial evaluation of a dynamic
controller for simultaneous saccharification and fermentation process. Ind. Biotech. 7:214-223.



Reducing Product Inhibition: Fermentation
and Insitu Ethanol Removal



Ethanol Inhibition to the Yeast

Ethanol inhibition to yeast decreases fermentation efficiency

Ethanol
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Vacuum Stripping to Remove Product Inhibition

Vacuum separation of ethanol reduces inhibition to yeast
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Reducing Product Inhibition: Fermentation

and Insitu Ethanol Removal
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Removing Substrate and Product Inhibition

Simultaneous Liquefaction,
Saccharification,
Fermentation & Insitu Ethanol Removal

—> CO, + Ethanol

GSH Enzyme :
Blending

Yeast

—B=H > DDGS

Dryer
Shihadeh, J., Huang, H., Rausch, K.D., Tumbleson, M.E. and Singh, V. 2013. Design of a vacuum flashing system for high
solids fermentation. Trans. of ASABE 56:1441-1447

Shihadeh, J., Huang, H., Rausch, K.D., Tumbleson, M.E. and Singh, V. 2014. Vacuum stripping of ethanol during high
solids fermentation of corn. Appl. Biochem Biotechnol. 173:486-500.



SLSFD Process

20
18
16
14
12
10

Ethanol % v/v and Glucose % w/v
Concentrations

S N B~

0 20 40 60 80

Fermentation Time (hr)

Mash Solids
40.0%

=== Glucose Vac
-=== Ethanol Vac
= Glucose No Vac
—— Ethanol No Vac

Shihadeh, J., Huang, H., Rausch, K.D., Tumbleson, M.E. and Singh, V. 2013. Design of a vacuum flashing system for high
solids fermentation. Trans. of ASABE 56:1441-1447

Shihadeh, J., Huang, H., Rausch, K.D., Tumbleson, M.E. and Singh, V. 2014. Vacuum stripping of ethanol during high
solids fermentation of corn. Appl. Biochem Biotechnol. 173:486-500.



Conclusions - Reducing Substrate and
Product Inhibition

Raw starch hydrolyzing enzymes and optimal control of SSF
process reduce substrate inhibition
SLSED process reduces product inhibition
Slurry solids as high as 40 to 45% can be used
Less water use 1n process
Distillers Wet Grains and negligible thin stillage generation
Higher ethanol productivity



Reducing Operating Cost of Dry Grind
Ethanol Plant



Reducing Operating Cost in Dry Grind

Corn with endogenous alpha-amylase (amylase corn)
No exogenous alpha-amylase requirement
Allows high solids (>32%b slurry solids) processing
Yeast producing glucoamylase
Greatly reduces or eliminates glucoamylase requirement
Process design for Insitn ethanol removal
Allows high solids fermentation with no product inhibition
Combination of amylase corn with yeast producing glucoamylase

Combination of amylase corn with yeast producing glucoamylase
and [nsitu ethanol removal



Conventional Dry Grind Process
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Development of Amylase Corn



Amylase Corn for Dry Grind Process

Amylase Corn
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Singh, V, Batie, C.J., Aux, G.W,, Rausch, K.D. and Miller, C. 2006. Dry grind processing
of corn with endogenous liquefaction enzymes. Cereal Chem. 83:317-320.



Development of New Yeast Producing
Glucoamylase



New Yeast for Dry Grind Process
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Mascoma to commercialize GM yeast for corn ethanol. Ethanol Producer Magazine, Jan 11, 2012.



Combining Amylase Corn and Yeast
Producing Glucoamylase



Amylase Corn and New Yeast Process
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Combining Amylase Corn and Yeast
Producing Glucoamylase with Insitu
Ethanol Removal



Amylase Corn and New Yeast Process with High Solids
with Insitu Ethanol Removal
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Conclusions

New technologies will make grains to ethanol process more
efficient

Biorefineries — multiple products

Better control of unit operations — more etficiency, higher
productivity

Lower operating cost



