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Insights into engineering of cellulosic ethanol

Guojun Yue, Guoging Wu, and Xin Lin
National Energy Research Center of Liquid Biofuels, Beijing 100020, China

Abstract: For energy security, air pollution concerns, coupled with the desire to sustain the agricultural sector and
revitalize the rural economy, many countries have applied ethanol as oxygenate or fuel to supplement or replace gasoline in
transportation sector. Because of abundant feedstock resources and effective reduction of green-house-gas emissions, the
cellulosic ethanol has attracted great attention. With a couple of pioneers beginning to produce this biofuel from biomass in
commercial quantities around the world, it is necessary to solve engineering problems and complete the economic

assessment in 2015-2016, gradually enter the commercialization stage. To avoid “competing for food with humans and
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competing for land with food”, the 1st generation fuel ethanol will gradually transit to the 2nd generation cellulosic ethanol.
Based on the overview of cellulosic ethanol industrialization from domestic and abroad in recent years, the main
engineering application problems encountered in pretreatment, enzymes and enzymatic hydrolysis, pentose/hexose
co-fermentation strains and processes, equipment were discussed from chemical engineering and biotechnology

perspective. The development direction of cellulosic ethanol technology in China was addressed.

Keywords: cellulosic ethanol, pretreatment, cellulase cost, conversion efficiency, equipment, engineering, progress
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Table 1 Main commercial-scale cellulosic ethanol projects in the world®%
Company & Country Capacity & Investment Feedstock & Product Process technology Operation time
Steam explosion,
Beta-Renewables, Italy. 60 k ton/a; $250 million Arundo; Ethanol & power  enzymatic hydrolysis, Oct. 2013
C5/C6 co-fermentation
24 k ton/a; $132 million Plants and wood waste; Gasification & bacterial

Ineos bio, US. Aug. 2013

(DOEO0.5*, USDAO0.75*)  Ethanol & 6MW power fermentation to ethanol
Corn stover/cob: Dilute acid pretreatment
POET-DSM, US. 75 k ton/a; $250 million . enzymatic hydrolysis 2014
Ethanol & biogas .
C5/C6 co-fermentation

Dilute acid pretreatment
75 k ton/a; $350 million Corn stover, wheat straw; Hute acic pretreatmen

Abengoa, US. enzymatic hydrolysis 2014
DOE 1.34 Ethanol & 18M
(DOE 1.34) thanol & T8MW power C5/C6 co-fermentation
AFEX pretreatment
Dupont, US. 83 k ton/a; $276 million Corn stover/cob; Ethanol ~ enzymatic hydrolysis, 2014

C5/C6 co-fermentation

Steam explosion

enzymatic hydrolysis 2015

C5/C6 fermentation

Note: DOE0.5* and USDAO0.75* refers to the interest-free loan amount ($100 million) provided by the U.S. Department of
Energy (DOE) and the United States Department of Agriculture (USDA), and so on; ton/a: ton per year; M: million dollars.

60 k ton/a; $170 million Miscanthus, Switchgrass;

Beta-R 1 :
eta-Renewables, US (USDA 0.99) Ethanol

F2 NERMFHE B R EEE RS
Table 2 Main cellulosic ethanol demonstration plants in China***"

Company  Capacity (10 k ton/a) Feedstock & product Process technology

Corn cob residue: Xylose isolated after dilute acid pretreatment for xylitol

Longlive 5 . roduction, residue via enzymatic hydrolysis to hexose,
c Ethanol+ xylitol . . v SR
then fermentation to ethanol.
. Corn stover, wheat Batch steam explosion, enzymatic hydrolysis, hexose
Tianguan 1&3 . . 0 Y y Y
straw; Ethanol + biogas  fermentation to ethanol, pentose to biogas.
. Xylose isolated after dilute acid pretreatment for furfural
Corn cob residue; . . . .
Shengquan 2 production, enzymatic hydrolysis to hexose, fermentation

Ethanol + furfural
to ethanol.
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Table 3 Characteristics of major pretreatment technologies and the influence on the downstream process®® !
Pretreat- . .. Struct Xyl . S ..
retrea Reaction conditions ructure y ose Hydrolysis ewage Application
ment change yield treatment
Sulfuric acid and . .
Dilute acid  steam. T- 160—180 C Hemicellulose ~ >90%, Complex enzyme High COD
steam equi r’ne;lt need > degraded, low loading (>30 000), salt, NREL,
. e . lignin partly inhibitor 1020 FPU/100 g sulfur & Abengoa
explosion corrosion-and wear- ) .
. . depolymerized. content cellulose nitrogen content
resistant material.
Sulphuric acid and
steam, need
Ao ) . 5000
Tyvo step. cor.roswn and .wear Hemicellulose 90%, Comlplex enzyme High COD, salt, Lu1.1d .
dilute acid  resistant material. C5  degraded, Low loading <10 University,
. .. . sulfur & .
steam sugar separated in lignin partly inhibitor ~ FPU/100 g I—— Andritz,
explosion pressure zone. High depolymerized. content cellulose e POET-DSM.
investment and
energy consumption.
Complex enzyme
Hemicellulose ~70% loading
partly [ >30FPU/100g High COD Inbicon, B-
Steam Only steam, high
. . degraded, . cellulose, need (>50 000) Renewable,
explosion T: 180-220 C L. inhibitor .
lignin partly high content Mascoma.
) content .
depolymerized. hemicellulase
activity
1
Ammonia and steam,  Hemicellulose E;:;lii e); Oe nlz;/me
T: 80-100 C, need partly degraded g
. . : >90%, FPU/100 g .
corrosion resistant to oligo- High COD,
AFEX . . . almost no cellulose, need . Dupont
material. High saccharides, o . nitrogen content
. . .. inhibitor  high
ammonia recycling lignin )
. hemicellulase
cost. depolymerized. ..
activity
75 94 120 FPU/mL CTec2
Cellulast 1.5 L
60%°*7 CTec3 CTec2 1.5 /
281 CTec2
CTec3
GH61
[32]
[29-31] [33] CelA
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Table 4 The performance analysis of major commercial fermentation strains®®>’

Strain Technology Source Feedstock Pretreatment Performance

Utilization rate of total sugar 88.1%;

424A (LNH-ST) Purdue Univer-sity ~ Corn stover AFEX ethanol conversion 44.0%

Zymomonas . . Xylose-to-ethanol conversion 42.9%;
- NREL/D t C t Dilut d/AFEX .
mobilis 8b e orm stover Huteact Cellulose to ethanol conversion 48.0%
Utilizati te of total 95.4%;
Royal Nedalco DSM Corn stover Dilute acid Hization rate 9 S ’
ethanol conversion 45.4%
S -time-yield >0.5 g/(L-h), ethanol
CB1 Cargill Corn stover Dilute acid R g/(L-h), ethano

conversion >40.9%
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Table 5 The comparison of technology parameters between corn ethanol and cellulosic ethanol
Product Ethanol titer Water consumption Steam consumption
rocue (W/W, %) (ton/ton ethanol) (ton/ton ethanol)
Corn ethanol 15 6.0 3.4
Cellulosic ethanol 5 16.0 7.6
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Table 6 Estimation and fractions of enzyme costs for cellulosic ethanol!**®]
Novozymes Genencor NREL Literature
ftem 20104 201044 2011145 2011146
$/gal ethanol 0.5 0.5 0.35 0.55
Enzyme cost*
/ton ethanol 1130 1130 740 1 160
$/kg - - 4.24 10.14
Enzyme protein cost**
/kg - - 26.8 64.0
Raw material - - 62% 28%
Enzyme  production Equipment depreciation etc. = = 21% 48%
cost fraction (%) Utilities - - 17% 10%
Labor = - - 7%
*An average annual exchange rate between US dollar and RMB is 6.77 in 2010 and 6.31 in 2011 respectively.
**Enzyme protein accounts for circa 20% of the mass of liquid enzyme.
2%—5% 72 h
1/3 85%
100 (g /g h
30
50h
15% (W/W) 30g
/(h'L)
(10%—14%)
POET-DSM (2-5g/L)
7.5 t/ 83 t/ 72 h
5% (W/W)
. 0.7 /(h'L 1/4
23 MR RENE e b
24 REHER
3 h ( [13 2
) 10 h (20%—30% )
DE 90% 2 500—4 000 mPa-s 2-=5h
0.2% 100 mPa-s
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