
CHAPTER II
LITERATURE REVIEW

2.1 Energy in Thailand

2 .1 .1  E n e r g y  C o n s u m p t io n  in  T h a i la n d
T h a i la n d  is  a  n e t  e n e r g y  im p o r te r ,  c h i e f ly  b e c a u s e  o f  o i l ,  w i th  im p o r t s  

w o r th  9 0 0  b i l l io n  b a h t  a  y e a r ,  w h i le  e n e r g y  d e m a n d  is  r is in g  b y  4 %  a n n u a l ly  ( D E D E ,
2 0 1 2 ) . F o r  th is  r e a s o n , th e  g o v e r n m e n t  h a s  to  im p le m e n t  th e  p o l i c y  a n d  m e a s u r e s  to  
p r o m o te  th e  c o n t in u o u s ly  in c re a s e  o f  a l t e rn a t iv e  e n e r g y  c o n s u m p t io n  c o m p r is in g  o f  
s o la r , w in d ,  s m a ll  h y d r o  p o w e r ,  b io m a s s ,  b io g a s ,  m u n ic ip a l  s o l id  w a s te  ( M S W )  a n d  „ 
b io f u e ls  ( e th a n o l  a n d  b io d ie s e l )  to  r e p la c e  fo s s i l  e n e r g y  in c lu d in g  th e  p o l ic y  o n  e n e r g y  
e f f ic ie n c y  to  im p ro v e  e n e r g y  e f f ic ie n c y  in  a ll e c o n o m ic  s e c to r s  b y  d e c r e a s in g  o f  
e n e rg y  in te n s i ty .

In  2 0 1 2 , T h a i l a n d ’s f in a l  e n e rg y  c o n s u m p t io n  h a s  in c r e a s e d  3 .9 %  f ro m  
th e  p r e v io u s  y e a r  w h e r e a s  f in a l  a l t e rn a t iv e  e n e r g y  c o n s u m p t io n  h a s  g r o w n  7 .6 %  a n d  
e n e rg y  in te n s i ty  h a s  d e c r e a s e d  2 .4 % . F in a l to ta l  e n e r g y  c o n s u m p t io n  a s  s h o w n  in  
T a b le  2 .1 , f in a l  e n e rg y  c o n s u m p t io n  b y  fu e ls  a n d  e c o n o m ic  s e c to rs  a s  s h o w n  in  F ig u re
2.1 a n d  F ig u r e  2 .2  r e s p e c t iv e ly  ( D E D E , 2 0 1 2 ) .

Table 2.1 F in a l  to ta l  e n e r g y  c o n s u m p t io n  in  T h a ila n d ~ 2 0 1 2

Final Energy Consumption Agriculture Industry** Residential Commercial Transportation
unit : ktoe

Coa l & its Products _ 5,794 - 5,794

Petro leum  products 3,765 4,070 2,161 1,195 23,996 35,187

Natural Gas 2,88a 2 2,228 a *

____  . 7,742 2,735 4,102 6 14,610

Renew able Energy
■ -

4,882 - 4 4,886

Tradition Renew ab le  Energy - 1,538 6.187 - 7,725

73,316
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F o s s il fue l 94.4%

C o a l & it s  P ro d u c ts  f i p f i ; 5 ,7 9 4  k to e S io fu e l 3.6%

P e tro le u m  p ro d u c ts 35 ,1 87  K tce

n a tu ra l G a s  H P  5,114 k toe

E le c t r ic it y ’  p | | j p § ^ ,  ' '  1 4 ,6 10  W o e Fo ss il Fuel 81 ไ ร

R e n e w a l;  e iT .rerpy 7 Ô"
R e n e w a b le  E n e rg y  j j p f  ร  4 .8 8 6  k to e

m o c r te o  I 'ijd ro  (. .■•น;'o' 6.1 >

T ra d it io n a l R e n e w a b le  E n e rg y  H H | | p | j 7 ,7 2 5  k tce
i_3rge h y d ro  poi.i O» 5.C >

"including off grid power generation.

Figure 2.1 F in a l  e n e rg y  c o n s u m p t io n  b y  fu e ls  in  T h a i la n d  2 0 1 2 .

Industrial * *

R e s i d e n t i a l
**lnduding mining, manufacturing and construction

Figure 2.2 F in a l  e n e rg y  c o n s u m p t io n  b y  e c o n o m ic  s e c to r s  in  T h a i la n d  2 0 1 2 .

2 .1 .2  P e tr o le u m  in  T h a i la n d
T h a i la n d  c o n s u m e d  a n  e s t im a te d  1 m i l l io n  b b l /d a y  o f  o il in  2 0 1 1 ,  

le a v in g  to ta l  n e t  im p o r ts  o f  6 2 7 ,0 0 0  b b l /d a y  (E IA , 2 0 1 3 ) ,  a n d  m a k in g  th e  c o u n t r y  th e  
s e c o n d  la r g e s t  n e t  o i l  im p o r te r  in  S o u th e a s t  A s ia  a s  s h o w n  in  F ig u r e  2 .3 . T h a i la n d  is  a  
n e t  im p o r te r  o f  c ru d e  o i l  a n d  a  n e t  e x p o r te r  o f  p e t r o le u m  p r o d u c ts .  T h e  c o u n t r y  
im p o r ts  o v e r  6 0 %  o f  i t s  t o ta l  p e t r o le u m  n e e d s  a n d  a lm o s t  8 5 %  o f  i ts  c r u d e  o i l  
c o n s u m p t io n ,  le a v in g  T h a i la n d  h ig h ly  d e p e n d e n t  o n  g lo b a l  o i l  m a r k e t s  a n d  v o la t i le
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p r ic e s .  A b o u t  7 8 %  o f  i ts  c r u d e  im p o r t s  o r ig in a te  f ro m  th e  M id d le  E a s t ,  w h i le  a n o th e r  
8 %  a re  f ro m  o th e r  A s ia n  s u p p l ie r s .  T h e  c o u n t r y 's  o i l  im p o r t  d e p e n d e n c y  h a s  s p u r re d  
th e  g o v e r n m e n t  to  p r o m o te  th e  u s e  o f  o th e r  fu e ls  s u c h  a s  n a tu ra l  g a s ,  r e n e w a b le  
s o u rc e s ,  a n d  b io f u e l s  a s  w e l l  a s  to  b o o s t  c r u d e  o i l  a n d  p r o d u c t  s to c k s  a n d  to  e n c o u r a g e  
in v e s tm e n t  in  m a r g in a l  f ie ld  p r o d u c t io n .  T h a i la n d 's  o il p r o d u c ts  c o n s is t  p r im a r i ly  o f  
d ie s e l ,  l iq u e f ie d  p e t r o le u m  g a s  (L P G ) , a n d  n a p h th a  a s  th e s e  f u e ls  fe e d  th e  
t r a n s p o r ta t io n , - p e t r o c h e m ic a l ,  a n d  o th e r  in d u s t r i a l s ,  a n d  r e s id e n t ia l  s e c to rs .

th o u s a n d  b a r r e ls  p e r  d a y

Singapore

Thailand

Australia

Indonesia

Philippines

Vietnam
2 0 0  4 0 0  6 0 0  8 0 0  1 ,000  1 ,2 0 0  1 ,4 00  1 ,600

Cl a 1 S o u r c e .  E I A  In te rn a t io n a l E n e r g y  S t a t is t ic s .

Figure 2.3 T o p  S o u th e a s t  A s ia n  n e t  o il im p o r t e r  in  2 0 1 1 .

A v e r a g e  c ru d e  o i l  p r ic e s  in  2 0 1 2  w e r e  a t  h i s to r ic a l ly  h ig h  le v e ls  f o r  th e  
s e c o n d  y e a r  in  a  ro w . B re n t  c r u d e  o i l  a v e r a g e d  1 1 1 .6 7  $ /b a r r e l ,  s l i g h t ly  a b o v e  th e  
2 0 1 1  a v e r a g e  o f  $ 1 1 1 .2 6 . W e s t  T e x a s  I n te r m e d ia te  o i l  a v e r a g e d  9 4 .0 5  $ /b a r re l  in  
2 0 1 2 ,  d o w n  s l ig h t ly  f ro m  $ 9 4 .8 8  in  20 1 1  a s  s h o w n  in  F ig u r e  2 .4 .
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dollars per barrel c ia
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Figure 2.4 A v e r a g e  a n n u a l  s p o t  p r ic e  fo r  B r e n t  a n d  W T I  c r u d e  o i l  in  2 0 0 2 - 2 0 1 2 .

2 .1 .3  A l te r n a t iv e  a n d  R e n e w a b le  E n e r g y
T h a i la n d  f in a l  a l t e r n a t iv e  e n e r g y  c o n s u m p t io n  h a s  in c r e a s e d  

c o n t in u o u s ly ,  d u e  to  th e  p o l ic y  o f  a l te r n a t iv e  e n e r g y  d e v e lo p m e n t  is  t a r g e te d  to  u p  
m o re  a l t e rn a t iv e  e n e r g y  c o n s u m p t io n  in  a ll s e c to rs ,  e s p e c ia l ly  a l t e r n a t iv e  e n e rg y  
w h ic h  c a n  b e  p r o d u c e d  in  th e  c o u n t r y  c o m p r is in g  s o la r  e n e r g y ,  w in d  e n e r g y ,  s m a ll  
h y d ro  p o w e r , b io m a s s ,  g a rb a g e , b io g a s  a n d  b io f u e ls  ( b io e th a n o l  a n d  b io d ie s e l ) .  T o  
c o n s u m e  m o re  a l t e r n a t iv e  e n e r g y ,  to  a f f e c t  th e  d e c r e a s e  o f  f o s s i l  e n e r g y  c o n s u m p t io n  
a n d  e n e r g y  im p o r ts .  T h a i la n d  c o n s u m e s  d o m e s t ic  a l t e r n a t iv e  e n e r g y  in  th e  f o rm  o f  
e le c t r ic i ty ,  h e a t  a n d  b io f u e ls ,  a s  w e l l  a s  d o m e s t ic  n a tu r a l  g a s  fo r  v e h ic l e s  (N G V ) . 
A l te r n a t iv e  a n d  r e n e w a b le  e n e r g y  s h a r e s  o f  T h a i la n d  f in a l  e n e r g y  c o n s u m p t io n  in  
2 0 1 2  a s  s h o w n  in  F ig u r e  2 .5  ( D E D E , 2 0 1 2 ) .

G e o g r a p h ic a l ly  s i t u a te d  in  th e  e q u a to r ,  T h a i la n d  a ls o  h a s  g r e a t  p o te n t ia l  
in  s o la r  w i th  a v e r a g e  r a d ia t io n  o f  1 8 .2  M J /m 2/d a y ;  a n d  in  s o m e  a re a s  w i th  w in d  s p e e d  
p o te n t ia l .  S u c h  a b u n d a n t  a l t e rn a t iv e  e n e r g y  s o u r c e s  c e r ta in ly  m a k e  T h a i la n d  th e  b e s t  
p o te n t ia l  o n  a l t e r n a t iv e  e n e r g y  d e v e lo p m e n t  a n d  c r e a te  o p p o r tu n i ty  to  s t r e n g th e n  
e n e r g y  s e c u r i ty  in  th e  fu tu re .  T h e  g o v e r n m e n t  o f  T h a i la n d  h a s  c u r r e n t ly  a s s ig n e d  th e  
M in is t ry  o f  E n e r g y  to  s e t  u p  th e  10 y e a r  A l te r n a t iv e  E n e r g y  D e v e lo p m e n t  P la n  
(A E D P )  a im in g  to  c r e a te  th e  f r a m e w o r k  a n d  d i r e c t io n  f o r  in c r e a s in g  a l t e r n a t iv e  e n e r g y  
c o n s u m p t io n ,  b y  2 5 %  in  2 0 2 1 . P e r f o r m a n c e  o n  a l te r n a t iv e  a n d  r e n e w a b le  e n e r g y  
p o l ic y  is  s h o w n  in  T a b le  2 .2  ( D E D E , 2 0 1 2 ) .
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Final Energy Consum ption Final A lternative Energy C onsum ption

(solar/bFomass/ 
msuü/blogas) 

Heat 6.7%

Qiofuels ไ.7%

า 0.5%

Small hydro 
pooler 0.04%

Fossil Fuels 77.4% Rlternotiv/e Energy & Traditional (solor/ujfnd/biomass/mSUJ/ 
b logasj pooler generation ไ.5%

Rlternatlue
Reneujable
Energy
9.9%

73,316 ktoe 7,294 ktoe

Figure 2 .5  A l te r n a t iv e  a n d  r e n e w a b le  e n e r g y  s h a r e s  o f  T h a i la n d  f in a l e n e r g y
c o n s u m p t io n  in  2 0 1 2 .

Table 2 .2  P e r f o r m a n c e  o n  a l t e rn a t iv e  a n d  r e n e w a b le  e n e r g y  p o l i c y  in  T h a i la n d
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2 .2  B io f u e ls

2 .2 .1  O v e r v ie w  B io fu e ls
T h e  b io f u e l s  p r o d u c e d  f ro m  th e  r e n e w a b le  r e s o u r c e s  c o u ld  h e lp  to  

m in im iz e  th e  fo s s i l  fu e l b u r n in g  a n d  C O 2 p r o d u c t io n .  B io f u e ls  p r o d u c e d  f ro m  b io m a s s  
s u c h  a s  p la n t s  o r  o r g a n ic  w a s te  c o u ld  h e lp  to  r e d u c e  b o th  th e  w o r l d ’s d e p e n d e n c e  o n
o il. T h e s e  b io f u e ls  h a v e  th e  p o te n t ia l  to  c u t  C O 2 e m is s io n  b e c a u s e  p la n ts  th e y  a re  
m a d e  f ro m  u s e  C O 2 a s  th e y  g ro w . B io f u e ls  a n d  b io - p r o d u c ts  p ro d u c e d  f ro m  p la n t  
b io m a s s  w o u ld  m i t ig a te  g lo b a l  w a r m in g . T h is  m a y  d u e  to  th e  C O 2 r e le a s e d  in  b u r n in g  
e q u a ls  th e  C O 2 t i e d  u p  b y  th e  p la n t  d u r in g  p h o to s y n th e s i s  a n d  th u s  d o e s  n o t  in c re a s e  
th e  n e t C O 2 in  th e  a tm o s p h e r e .

B io f u e ls  a r e  fu e ls  d e v e lo p e d  f ro m  o r g a n ic  m a tte r ,  m o s t  c o m m o n ly  f ro m  
fo re s t ry  a n d  a g r ic u l tu r a l  p ro d u c ts .  T h e  tw o  m a in  ty p e s  o f  l iq u id  b io f u e ls  in  u s e  a re  
b io e th a n o l  a n d  b io d ie s e l .  B io e th a n o l  is  u s e d  in  g a s o l in e  e n g in e s  a n d  is  d e r iv e d  f ro m  
g ra in s  a n d  s u g a r  c r o p s ,  w h e r e a s  b io d ie s e l  is  u s e d  in  d ie s e l  e n g in e s  a n d  is  d e r iv e d  f ro m  
o il  p r o d u c in g  c r o p s , s u c h  a s  o il p a lm  a n d  r a p e s e e d .  A n o th e r  d i s t in c t io n  in  ty p e s  o f  
b io f u e ls  is  b e tw e e n  f i r s t  g e n e ra t io n  b io f u e ls  a n d  a d v a n c e d  b io f u e ls  ( s o m e t im e s  
r e f e r r e d  to  a s  s e c o n d  o r  th i r d  g e n e ra t io n ) .  T h e  b io f u e l  p r o d u c t io n  p a th w a y s  fo r  v a r io u s  
b io m a s s  f e e d s to c k s  a s  s h o w n  in  F ig u re  2 .6 .

F i r s t  g e n e r a t io n  b io f u e ls  c o m e  f ro m  a g r ic u l tu ra l  c r o p s  a n d  p r o c e s s e s  
s u c h  a s  c o m , s u g a rc a n e ,- c a s s a v a ,  p a lm  o i l ,  e tc . I t c a n  o f f e r  s o m e  C O 2 b e n e f i ts  a n d  c a n  
h e lp  to  im p r o v e  d o m e s t ic  e n e rg y  s e c u r i ty .  F ir s t  g e n e r a t io n  b io f u e l s  a r e  c h a r a c te r iz e d  
e i th e r  b y  i ts  a b i l i ty  to  b e  b le n d e d  w i th  p e t r o le u m - b a s e d  fu e ls , c o m b u s te d  in  e x i s t in g  
in te rn a l  c o m b u s t io n  e n g in e s ,  a n d  d i s t r ib u te d  th r o u g h  e x i s t in g  in f r a s t r u c tu r e ,  o r  b y  th e  
u s e  in  e x i s t in g  a l t e r n a t iv e  v e h ic le  t e c h n o lo g y  l ik e  f le x ib le  fu e l v e h ic le  ( F F V s )  o r  
n a tu ra l  g a s  v e h ic le s .  H o w e v e r ,  th e  m a in  d i s a d v a n ta g e s  o f  f ir s t  g e n e r a t io n  b io f u e ls  a re  
b io d iv e r s i ty  a n d  la n d  u s e  a n d  c o m p e t i t io n  w i th  fo o d  c ro p s .

S e c o n d  g e n e r a t io n  b io f u e ls  c o m e  f ro m  n o n - fo o d  c r o p s  s u c h  a s  t r e e s  a n d  
g r a s s e s  o r  a g r ic u l tu ra l  r e s id u e s  s u c h  a s  r ic e  s t r a w , c o m  s to v e r ,  s u g a rc a n e  b a g a s s e ,  
c a s s a v a  r h iz o m e , e tc . P r o d u c t io n  p r o c e s s e s  f o r  s e c o n d  g e n e ra t io n  b io f u e ls  v a r y  f ro m  
la b o r a to ry  s c a le  to  c o m m e r c ia l  s c a le  p i lo ts .  A l th o u g h  s e c o n d  g e n e r a t io n  b io f u e ls  a re  
p r o m is in g  f o r  f u tu re  b io f u e l  p r o d u c t io n ,  a t  p r e s e n t  th e  p r o d u c t io n  p r o c e s s e s  n e e d  to  b e
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v a l id a te d  a t  c o m m e r c ia l  s c a le . M a n y  a d v a n ta g e s  a n d  d i s a d v a n ta g e s  o f  th e  f i r s t  
g e n e ra t io n  b io f u e ls  a n d  o b v io u s  a d v a n ta g e s  o f  s e c o n d  g e n e ra t io n  b io f u e ls  a s  s h o w n  in  
F ig u re  2 .7 , th e  a p p r o a c h e s  to  in te g ra l  u t i l i z a t io n  o f  b io m a s s  fo r  s u s ta in a b le  
d e v e lo p m e n t  a r e  m o re  r e a s o n a b le ,  w h e r e  a ll p a r ts  o f  th e  p la n t  s u c h  a s  le a v e s , s ta lk ,  
f ru i ts ,  r h iz o m e ,  b a g a s s e  a n d  s e e d s  c a n  b e  u t i l i z e d  to  u s e fu l  p r o d u c ts .

Sources of Biomass Feedstocks Conversion Process Products

Starches

Thermochemical

Conventional alcohol fermentation

Enzymatic hydrolysis and fermentation

Anaerobic digestion

Novel approaches

Pyrolysis
Hydrocarbons and 

natural oilร from which desired 
fuel can be produced*Catalysis tD Liquid fuels I

Fats and Oils

Starches

TransesterificationOilseedCrops Hydrotreating

Grains

AgriculturalResidues

First Generation Biofuels

Advanced Biofuels

Cellulose 
Hemicellulose 

and Ugnin

F i g u r e  2 .6  P a th w a y s  fo r  b io f u e l  p r o d u c t io n  f ro m  v a r io u s  b io m a s s  f e e d s to c k s  
(S o u rc e :  P e n a  a n d  S h e e h a n , 2 0 0 7 ) .
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Technology: EconomicalFeedstocks:
Crude petroleum Feedstock»: 

vegetable o2t lî. cornPro darts:
CNG, LPG, Diesel,Petrol, Een>!

&รฝ - Pro dotts:
FAME or biodiesel, corn ethanol, sugar ฝร»hoi

' r ' i ' :  . ■ ■Pro tie ms ะ
• Limited feedstock ([codVs fuel)
• Blended partly with conventional fuel

ร ุ^  . ..Enyirenmentally friendly, economic &3üdal security

Depletion/declining of petroleum reserve. 
Environmental pollution.
Economics and ecological problems

. ปี2to
S ç  ' ;  ’T  Advantages: 'โ.'

Igy stip under development to reduce thé cost »j conversion.c QTTV Cx îiQ i' *- --£1 'tunmen tallyis®
F i g u r e  2 .7  C o m p a r i s o n  o f  f i r s t ,  s e c o n d  g e n e r a t io n  b io fu e l  a n d  p e t r o le u m  fu e l 
( S o u r c e :  N a ik  et al, 2 0 1 0 ) .

2 .2 .2  B io f u e ls  S i tu a t io n  in  T h a i la n d
~ T h a i la n d  is  th e  le a d in g  p r o d u c e r  o f  b io f u e ls  in  S o u th e a s t  A s ia  a n d  th i r d  

o n ly  to  C h in a  a n d  I n d o n e s ia  in  A s ia . T h e  g o v e r n m e n t  in te n d s  to  m o v e  a w a y  f ro m  
c r u d e  o il d e p e n d e n c y ,  p a r t i c u la r ly  in  th e  t r a n s p o r ta t io n  s e c to r ,  a n d  th e  D e p a r tm e n t  o f  
A l te r n a t iv e  E n e r g y  D e v e lo p m e n t  a n d  E f f ic i e n c y  ( D E D E )  h a s  a c t iv e ly  p r o m o te d  th e  
u s e  o f  a l t e r n a t iv e  fu e ls  s u c h  a s  c o m p re s s e d  n a tu ra l  g a s ,  l iq u e f ie d  p e t r o le u m  g a s , 
b io d ie s e l ,  a n d  b io e th a n o l .  T h e  b io fu e ls  m a r k e t  in  T h a i la n d  h a s  g r o w n  s u b s ta n t ia l ly  
s in c e  2 0 0 4  w h e n  g lo b a l  o il p r ic e s  b e g a n  e s c a la t in g .  T h a i la n d 's  k e y  b io f u e l s  a re  e th a n o l  
f r o m  m o la s s e s  a n d  c a s s a v a , a n d  b io d ie s e l  f r o m  p a lm  o il p la n t s .  T h e  T h a i  g o v e r n m e n t  
c u r r e n t ly  s u b s id i z e s  g a s o h o l  c o n s u m p t io n  th r o u g h  its  S ta te  O il F u n d  a n d  a p p ro v e d  th e
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p h a s in g  o u t o f  O c ta n e  91 r e g u l a r  g a s o lin e  in  f a v o r  o f  e th a n o l  b le n d s  in  g a s o l in e  in  
2 0 1 2 . L ik e w is e ,  o n  th e  b io d ie s e l  f ro n t ,  th e  g o v e r n m e n t  is  in t r o d u c in g  p i lo t  p r o je c ts  fo r  
v a r io u s  b io d ie s e l  b le n d s  fo r  t r u c k s  a n d  b o a ts  a n d  e x p a n d in g  p r o d u c t io n  o f  p a lm  o il 
y ie ld s .

A l th o u g h  th e  p o r t io n  o f  b io f u e ls  is  a  f r a c t io n  o f  to ta l  o i l  p r o d u c t io n ,  
T h a i la n d 's  b io f u e ls  o u tp u t  w a s  a lm o s t  2 0 ,0 0 0  b b l /d a y  in  2 0 1 1 , r is in g  f ro m  a  m e re  
2 ,4 0 0  b b l /d a y  in - 2 0 0 6 .  In  2 0 1 1 ,  e th a n o l  c o n s u m p t io n  r o s e  to  8 ,9 6 0  b b l /d a y  a n d  h a s  
in c r e a s e d  a b o u t  f o u r - f o ld  in  th e  p a s t  f iv e  y e a r s .  T h e  d o m e s t ic  c o n s u m p t io n  w a s  6 ,3 7 5  
b b l /d a y ,  a n d  a s  p a r t  o f  T h a i la n d 's  n e w  1 0 -Y e a r  A l te r n a t iv e  D e v e lo p m e n t  P la n  in  2 0 1 2 -  
2 0 2 1 ,  th e  c o u n t r y  a n t ic ip a te s  c o n s u m p t io n  c l im b in g  to  5 6 ,6 0 0  b b l /d a y  b y  2 0 2 1 . 
T h a i la n d 's  e th a n o l  e x p o r ts  to  r e g io n a l  s o u r c e s  a c c o u n te d  f o r  a b o u t  2 7  p e r c e n t  o f  
p r o d u c t io n  a n d  ju m p e d  d r a m a t ic a l ly  in  2 0 1 1  a s  th e  P h i l ip p in e s  a n d  S in g a p o re  
im p o r t e d  m o re  f o r  g a s  b le n d in g .  T h a i la n d  a n t ic ip a te s  e x p o r ts  to  in c re a s e  to  r e g io n a l  
m a r k e t s  a n d  p la n s  to  d e s ig n a te  s o m e  e x p o r t- o n ly - e th a n o l  p la n ts .

T h a i la n d  is  th e  w o r ld 's  th i r d  l a r g e s t  p a lm  o il  p r o d u c e r  a n d  a  le a d in g  
b io d ie s e l  c o n s u m e r ,  u s in g  n e a r ly  1 1 ,0 0 0  b b l / d a y  in  2 0 1 1 . A l l  o f  th e  c o u n t ry 's  
p r o d u c t io n  f e e d s  c o n s u m p t io n ,  a n d  th e  g o v e r n m e n t  r e s t r i c t s  a ll e x p o r ts  o f  b io d ie s e l  
p r o d u c t s .  T h a i la n d 's  n e w  a l t e r n a t iv e  e n e r g y  d e v e lo p m e n t  p la n  in c re a s e d  th e  b io d ie s e l  
c o n s u m p t io n  ta r g e t  to  3 7 ,5 5 0  b b l /d a y  b y  2 0 2 1 . A  n e w  m a n d a te  o n  B 5  b io d ie s e l  b le n d  
w a s  in s ta l l e d  in  2 0 1 2 ,  a n d  b io d ie s e l  in ta k e  is  l i k e ly  to  in c re a s e  in  th e  n e x t  f e w  y e a rs . 
H o w e v e r ,  th e  g o v e r n m e n t  p r io r i t i z e s  p a lm  o i l  f o r  f o o d  o v e r  fu e l u s e ,  a n d  b io d ie s e l  
p r o d u c t io n  w ill  b e  s u b je c t  to  th e s e  d e m a n d s  a s  w e l l  a s  th e  a b i l i ty  to  b o o s t  c r o p s .

2 .2 .3  B io e th a n o l  in  T h a i la n d
In  2 0 1 2 ,  th e  n u m b e r  o f  o p e r a t in g  e th a n o l  p la n t s  w ill  l ik e ly  in c re a s e  to  

21 p l a n t s  w i th  to ta l  p r o d u c t io n  c a p a c i ty  o f  3 .7 1 5  m i l l io n  l i te r s /d a y , u p  f ro m  19 p la n ts  
w i th  p r o d u c t io n  c a p a c i ty  o f  3 .0 6 5  m il l io n  l i t e r s /d a y  in  th e  p r e v io u s  y e a r  a s  s h o w n  in  
T a b le  2 .3 . T h e  n e w  e th a n o l  p l a n t s  w ill  b e  c a s s a v a - b a s e d  p la n ts .  T h e r e  a r e  s ix  n e w  
c a s s a v a - b a s e d  e th a n o l  p la n t s  d u e  (S o u rc e :  h t tp : / / g a in .f a s .u s d a .g o v ). T h e  g o v e r n m e n t  
p l a n  to  t e r m in a te  O c ta n e  91 r e g u l a r  g a s o l in e  s a le s  a n d  s h if t  i t  to  g a s o h o l  b y  O c to b e r  1, 
2 0 1 2 .

F o r  e th a n o l  c o n s u m p t io n ,  E 1 0  O c ta n e  91 g a s o h o l  c o n s u m p t io n  
in c r e a s e d  to  6 6 0  m i l l io n  l i te r s  ( 5 .5  m il l io n  l i te r s /d a y ) ,  u p  8 .2  p e r c e n t  f ro m  th e  p r e v io u s

http://gain.fas.usda.gov
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y e a r . A ls o ,  E 2 0  g a s o h o l  c o n s u m p t io n  in c re a s e d  to  9 0  m i l l io n  l i te r s  (0 .7  m il l io n  
l i te r s /d a y ) ,  u p  3 2 .4  p e r c e n t  f ro m  th e  p r e v io u s  y e a r  d u e  to  th e  g o v e r n m e n t  p r ic e  
s u b s id y  f o r  E 2 0  g a s o h o l  f ro m  th e  S ta te  O il F u n d ,  c a u s in g  E 2 0  g a s o h o l  to  b e  c h e a p e r  
th a n  r e g u la r  g a s o l in e  b y  1 7 .4  p e r c e n t .  C o n s u m p t io n  o f  E 2 0  g a s o h o l  a c c o u n te d  fo r  
a p p r o x im a te ly  7 .0  p e r c e n t  o f  to ta l  g a s o h o l  c o n s u m p t io n ,  u p  f ro m  a ro u n d  5 .0  p e r c e n t  in  
th e  p r e v io u s  y e a r .

Table 2.3 E th a n o l  p la n t s  in  T h a i la n d  (S o u rc e :  h t tp : / /w w w .d e d e .g o . th )

Ethanol plants Registered plants Under-construction plants1 On-line plants2
by feedstocks Capacity Capacity Capacity

Number o f (Million Number o f (Million Number o f (Million
plants liters/day) plants liters/day) plants liters/day)

Sugarcane (ร) 1 0.20 - - 1 0.20 '
Molasses (M) 15 2.69 - - 5 0.78
Cassava (C) 24 8.39 6 2.22 5 0.78
(M)/(S)/(C) 8 1.23 - - 8 1.31
Total 48 12.51 6 2.22 19 3.07
1 = As.of February 2012, 2= As of November 2011.

2.3 Biomass, Lignocellulosic Biomass and Agricultural Residues

2 .3 .1  B io m a s s
2.3.1.1 Biomass as Multiple Feedstocks for Biorefinery

B io m a s s  is  h a r v e s te d  a s  p a r t  o f  a  c o n s ta n t ly  r e p le n i s h e d  c ro p . 
T h is  m a in ta in s  a  c lo s e d  c a rb o n  c y c le  w i th  n o  n e t  in c re a s e  in  a tm o s p h e r ic  C O 2 le v e ls . 
T h e re  a r e  f iv e  b a s ic  c a te g o r ie s  o f  m a te r ia l ,  th a t  is , v i rg in  w o o d , fo re s t ry  m a te r ia ls ,  
m a te r ia ls  f ro m  a r b o r ic u l tu r a l  a c t iv i t i e s  o r  f ro m  w o o d  p r o c e s s in g ;  e n e r g y  c r o p s :  h ig h -  
y ie ld  c r o p s  g r o w n  s p e c i f i c a l ly  fo r  e n e r g y  a p p l i c a t io n s ;  a g r ic u l tu r a l  r e s id u e s :  r e s id u e s  
f ro m  a g r ic u l tu r e  h a r v e s t in g  o r  p r o c e s s in g ;  f o o d  w a s te ,  f ro m  f o o d  a n d  d r in k  
m a n u fa c tu r e ,  p r e p a r a t io n  a n d  p r o c e s s in g ,  a n d  p o s tc o n s u m e r  w a s te ;  in d u s t r i a l  w a s te  
a n d  c o p r o d u c ts  f ro m  m a n u f a c tu r in g  a n d  in d u s tr i a l  p r o c e s s e s .

http://www.dede.go.th
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F e e d s to c k s  th a t  a re  u s e d  d i r e c t ly  in  a  m a n n e r  th a t  is  g iv e n  to  US 
b y  n a tu r e  fa ll  u n d e r  th e  c a te g o r y  o f  n a tu ra l  f e e d s to c k s .  T h e  f i r s t  g e n e r a t io n  b io f u e ls  
u s e  th e  e d ib le  b io m a s s  fo r  p r o d u c in g  b io fu e ls .  S o m e  o f  th e m  a re  s u n f lo w e r  s e e d s , 
j o jo b a  o i l ,  s o y  b e a n  o i l ,  s a f f lo w e r  s e e d s  fo r  b io d ie s e l  p r o d u c t io n ,  a n d  c o r n ,  s u g a rc a n e  
a n d  c a s s a v a  fo r  p r o d u c in g  b io e th a n o l .  In  c o n t r a s t ,  th e  s e c o n d - g e n e r a t io n  b io f u e ls  a re  
p r o d u c e d  f ro m  n o n e d ib le  f e e d s to c k s  l ik e  l i g n o c e l lu lo s ic  b io m a s s  w h ic h  in c lu d e  
a g r ic u l tu ra l  r e s id u e s  ( s ta lk ,  h u s k , s to v e r ,  b a g a s s e ) ,  f o re s t  r e s id u e s  (b ra n c h , tw ig s ,-b a rk , 
le a v e s ) , a n d  s e v e ra l  o th e r s .  T h e  im p o r ta n t  r e n e w a b le  f e e d s to c k s  fo r  b io r e f in e r y  

i n d u s t r y  s h o w  in  F ig u r e  2 .8 .

Biomass น
Crops

Starch sugar crops

Aquatic plants

Oil seed plants

Woods

> Grass

Grain (nee, wheal) 
Sugar cane 

-  Potatoes 
Com

[- Sea weeds

Water hyacinth, algae

Palm, jatropha

-Switch grass. Allaita

Unused
Resource

A g r icu ltu ra l wastes

r~ Straw (Rice, barely, wheat)—, 
j — Bagasses
L  Com stover Cellulose

Ftii'dsi wastes
Saw dust 
Pulp waste 
Thinned wood

resources

Municipal wastes. 
Industrial wastes

F i g u r e  2 .8  B io m a s s  a s  r e n e w a b le  f e e d s to c k  fo r  b io r e f tn e r ie s  ( N a ik  et al, 2 0 1 0 ) .
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2.3.1.2 Biorefinery System
T h e  s u s ta in a b le  u s e  o f  b io - b a s e d  c a r b o n  s u g g e s ts  in te g r a te d  

m a n u f a c tu r in g  in  b io r e f in e r ie s  to  s e le c t iv e ly  t r a n s f o r m  th e  v a r ie ty  o f  m o le c u la r  
s t r u c tu r e s  a v a i la b le  in  b io m a s s  in to  a  ra n g e  o f  p r o d u c ts  in c lu d in g  t r a n s p o r ta t io n  
b io f u e ls ,  c h e m ic a ls ,  p o ly m e r s ,  p h a r m a c e u t ic a l s ,  p u lp  a n d  p a p e r ,  fo o d , o r  c a t t le  f e e d .

T h e  b io r e f in e r y  c o n c e p t  e m b r a c e s  a  w id e  r a n g e  o f  t e c h n o lo g ie s  
a b le  to  s e p a r a te  b io m a s s  r e s o u r c e s  (w o o d , s u g a rc a n e ,  c o m , e tc . )  in to  th e i r  b u i ld in g  
b lo c k s  ( c a r b o h y d r a te s ,  p r o te in s ,  f a ts ,  e tc .)  w h ic h  c a n  b e  c o n v e r te d  to  v a lu e - a d d e d  
p r o d u c ts ,  b io f u e ls ,  a n d  c h e m ic a ls ,. A  b io r e f in e r y  is  a  f a c i l i ty  ( o r  n e tw o r k  o f  f a c i l i t ie s )  
th a t  in te g r a te s  b io m a s s  c o n v e r s io n  p r o c e s s e s  a n d  e q u ip m e n t  to  p r o d u c e  t r a n s p o r ta t io n  
b io f u e ls ,  p o w e r ,  a n d  c h e m ic a ls  f ro m  b io m a s s . F ig u r e  2 .9  g iv e s  a n  o v e r v ie w  o f  th e  
p o s s ib le  c o n v e r s io n  p a th w a y s  to  p r o d u c e  th e  d e s i r e d  e n e r g y  a n d  m a te r ia l  p r o d u c ts  
f ro m  d i f f e r e n t  b io m a s s  f e e d s to c k s ,  th ro u g h  jo in t ly  a p p l ie d  te c h n o lo g ic a l  p r o c e s s e s  
( C h e r u b in i  et a l, 2 0 0 9 ) .  T h e  b io r e f m e r y  c o n c e p t  is  a n a lo g o u s  to  to d a y ’s p e t r o le u m  
r e f in e ry , w h ic h  p r o d u c e s  m u l t ip le  f u e ls  a n d  p r o d u c ts  f ro m  p e t ro le u m .

B io m a s s  is c o n s t i tu te d  o f  a n  e n o rm o u s  v a r ie ty  o f  p l a n t  s p e c ie s  
w i th  v a r y in g  m o r p h o lo g y  a n d  c h e m ic a l  c o m p o s i t io n .  F lo w e v e r , r e g a r d le s s  o f  th e  
p h e n o ty p e ,  f iv e  m a in  b io m a s s  c o m p o n e n ts  c a n  b e  id e n t i f i e d  w o r ld w id e :  l ip id s ,  s ta r c h , 
c e l lu lo s e , h e m ic e l lu lo s e s ,  l ig n in , a n d  p ro te in s .  T h e  a v e r a g e  b io m a s s  a v a i la b le  in  th e  
w o r ld  is  r e p o r te d  in  F ig u r e  2 .1 0  ( C h e r u b in i  a n d  S t r o m m a n  2 0 1 1 ) .  I t c le a r ly  a p p e a r s  
th a t  l i g n o c e l lu lo s ic  b io m a s s  c o m p o n e n ts  s u c h  a s  c e l lu lo s e ,  h e m ic e l lu lo s e s ,  a n d  l ig n in  
a r e  b y  f a r  th e  m o s t  a b u n d a n t .  S in c e  th e y  c a n  b e  e v e n  g a th e r e d  f ro m  w a s te  s t r e a m s  
( e .g . ,  c r o p  r e s id u e s ,  p a p e r  a n d  w o o d  in d u s tr ie s ) ,  o r  d i r e c t ly  h a r v e s te d  f ro m  f o r e s t s  o r  
b io m a s s  s ta n d s  th r o u g h  s u s ta in a b le  m a n a g e m e n t ,  th e i r  p r ic e  te n d  to  b e  lo w e r  th a n  
o th e r  b io m a s s  s o u rc e s  w h ic h  n e e d  a  d e d ic a te d  a g r ic u l tu r a l  p lo t . F o r  th is  r e a s o n ,  th is  
c h a p te r  h a s  a  s p e c ia l  f o c u s  o n  th e  p o s s ib i l i ty  to  p r o d u c e  c o m m o d i ty  c h e m ic a ls  f ro m  
l ig n o c e l lu lo s ic  s o u rc e s ,  w h ic h  h a v e  th e  la rg e s t  c h a n c e s  fo r  a  m a s s iv e  m a r k e t  
p e n e tr a t io n  in  th e  n e a r  f u tu re .
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F i g u r e  2 .9  M a in  c o n v e r s io n  ro u te s  f o r  p r o d u c t io n  o f  b io f u e ls ,  e n e r g y ,  a n d  c h e m ic a l  
f ro m  d i f f e re n t  b io m a s s  s o u rc e s  ( C h e r u b in i  et al., 2 0 0 9 ) .

F i g u r e  2 .1 0  W o r ld  a v e r a g e  c o m p o s i t io n  o f  th e  a b o v e  g r o u n d  s ta n d in g  b io m a s s  
( C h e r u b in i  a n d  S tr o m m a n  2 0 1 1 ) .
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2 .3 .2  L ig n o c e l lu lo s i c  B io m a s s
2 .3.2.1 Compostion o f Lignocellulosic Biomass

I t c o n s is t s  o f  th r e e  m a jo r  c o m p o n e n ts ,  th a t  is ,  c e l lu lo s e ,  
h e m ic e l lu lo s e ,  a n d  lig n in :

i) C e l lu lo s e :  It c o n ta in s  l in e a r  p o ly s a c c h a r id e s  in  th e  c e ll  w a l l s  
o f  w o o d  f ib e rs , c o n s is t in g  o f  D - g lu c o s e  m o le c u le s  b o u n d  to g e th e r  b y  b - 1 ,4 - g ly c o s id e  
l in k a g e s .  B io m a s s  c o m p r is e s  4 0 - 5 0 %  c e l lu lo s e .

ii)  H e m ic e l lu lo s e :  I t is  a n  a m o r p h o u s  a n d  h e te r o g e n e o u s  g r o u p  
o f  b r a n c h e d  p o ly s a c c h a r id e s  ( c o p o ly m e r  o f  a n y  o f  th e  m o n o m e r s  o f  g lu c o s e ,  
g a la c to s e ,  m a n n o s e ,  x y lo s e , a r a b in o s e ,  a n d  g lu c u ro n ic  a c id ) .  H e m ic e l lu lo s e  s u r ro u n d s  
th e  c e l lu lo s e  f ib e r s  a n d  is  a  l in k a g e  b e tw e e n  c e l lu lo s e  a n d  l ig n in  ( 1 5 - 3 0 % ) .  
H e m ic e l lu lo s e s  a r e  h e t e r o g e n e o u s  p o ly m e r s  o f  p e n to s e s  t e . g . ,  x y lo s e , a n d  a r a b in o s e ) ,  
h e x o s e s  (e .g ., m a n n o s e ,  g lu c o s e  a n d  g a la c to s e ) ,  a n d  s u g a r  a c id s .

ii i)  L ig n in :  It is  a  h ig h ly  c o m p le x  th r e e - d im e n s io n a l  p o ly m e r  o f  
d i f f e r e n t  p h e n y lp r o p a n e  u n i t s  b o u n d  to g e th e r  b y  e th e r  ( C 22O ) a n d  c a r b o n - c a r b o n  
( C 22C )  b o n d s . L ig n in  is  c o n c e n t r a te d  b e tw e e n  th e  o u te r  l a y e r s  o f  th e  f ib e r s ,  le a d in g  to  
s t r u c tu r a l  r ig id i ty  a n d  h o ld in g  th e  f ib e r s  o f  p o ly s a c c h a r id e s  to g e th e r  ( 1 5 - 3 0 % ) .  
G e n e ra l ly ,  s o f tw o o d s  c o n ta in  m o re  l ig n in  th a n  h a r d w o o d s .  L ig n in s  a r e  d iv id e d  in to  
tw o  c la s s e s , n a m e ly ,  g u a ia c y l  l ig n in s  a n d  g u a ia c y l - s y r in g y l  l ig n in s .  A l th o u g h  th e  
p r in c ip a l  s t r u c tu r a l  e le m e n ts  in  l ig n in  h a v e  b e e n  la r g e ly  c la r i f ie d , m a n y  a s p e c ts  o f  
th e i r  c h e m is t ry  r e m a in  u n c le a r .  T h e  c o n te n ts  o f  c e l lu lo s e , h e m ic e l lu lo s e s ,  a n d  l ig n in  in  
c o m m o n  l ig n o c e l lu lo s ic  m a te r ia ls  a re  s h o w n  in  T a b le  2 .4 .
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T a b l e  2 .4  C o n te n ts  o f  c e l lu lo s e ,  h e m ic e l lu lo s e ,  a n d  l ig n in  b a s e d  l ig n o c e l lu lo s ic  
m a te r ia ls

Lignocellulosic materials Cellulose ( % ) Hemicellulose (%) Lignin (%)
R ice s tra w 1 Yoswathana *' ๗' 20101 39 .50 2 3 .0 0 12.90
C o rn  s to v e rICha'k'angn’uang * ๗' 20111 48.93 20 .4 6 30.61
C a ssa v a  rh izo m e1* * ' 0' ' 20101 29.93 42 .73 23 .36
S u g a rcan e  b a g a sse |Buaban e,al-20101 45 .86 2 8 .84 23 .35
C o rn  C o b s IWo"ekasemj't el 20121 41 .27 4 6 .0 0 7 .40
O il pa lm  fro n d s[Wanrosli* '° '20071 47 35 15
O il pa lm  E F B (A๒ols* '° '20091 37 24 24

2.ร.2.2 Lignocelliilose Biomass Structure
L ig n o c e l lu lo s e  is  b y  f a r  th e  m a jo r  c o m p o n e n t  o f  b io m a s s , 

c o m p r i s in g  a r o u n d  h a l f  o f  th e  p la n t  m a t te r  p ro d u c e d  b y  p h o to s y n th e s i s  a n d  
r e p r e s e n t in g  th e  m o s t  a b u n d a n t  r e n e w a b le  o r g a n ic  r e s o u rc e  in  so i l . I t c o n s i s t s  o f  th re e  
ty p e s  o f  p o ly m e r s ,  c e l lu lo s e ,  h e m ic e l lu lo s e ,  a n d  l ig n in , th a t  a r e  s t r o n g ly  in te r m e s h e d  
a n d  c h e m ic a l ly  b o n d e d  b y  n o n - c o v a le n t  f o rc e s  a n d  b y  c o v a le n t  c r o s s - l in k a g e s  ( P e 'r e z  
et al., 2 0 0 2 ;  S a n c h e z ,  2 0 0 9 ) .  C o m p a r e d  w i th  s ta r c h y  b io m a s s ,  it  is  c o n s id e r e d  a s  a  
q u i te  r e c a lc i t r a n t  m a te r ia l  d u e  to  i ts  h ig h ly  l i g n i f i e d  a n d  c r y s ta l l in e  s tr u c tu r e .

C e l lu lo s e  a n d  h e m ic e l lu lo s e  a re  m a c r o m o le c u le s  c o n s t r u c te d  
f ro m  d i f f e r e n t  s u g a r s ,  w h e re a s  l ig n in  is  a n  a r o m a tic  p o ly m e r  s y n th e s i z e d  f ro m  
p h e n y lp r o p a n o id  p r e c u r s o r s  ( S a n c h e z ,  2 0 0 9 ) .

C e l lu lo s e  is  a  l in e a r  p o ly m e r  th a t is  c o m p o s e d  o f  D - g lu c o s e  
s u b u n i ts  l in k e d  b y  b - 1 ,4  g ly c o s id ic  b o n d s  f o r m in g  th e  d im m e r  c e l lo b io s e .  T h e s e  fo rm  
lo n g  c h a in s  (o r  e le m e n ta l  f ib r i ls )  l in k e d  to g e th e r  b y  h y d r o g e n  b o n d s  a n d  in tr a -  a n d  
in te r m o le c u la r  v a n  d e r  W a a ls  fo rc e s .  T h is  p o ly m e r  u s u a lly  is  p r e s e n t  a s  a  c r y s ta l l in e  
fo rm  a n d  a  s m a ll  a m o u n t  o f  n o n o r g a n iz e d  c e l lu lo s e  c h a in s  f o r m s  a m o r p h o u s  c e l lu lo s e . 
In  th e  la t te r  c o n f o r m a t io n ,  c e l lu lo s e  is  m o r e  s u s c e p t ib le  to  e n z y m a tic  d e g r a d a t io n  
( P e 'r e z  et ai, 2 0 0 2 ) .  C e l lu lo s e  a p p e a r s  in  n a tu r e  to  b e  a s s o c ia te d  w i th  o th e r  p la n t  
c o m p o u n d s ,  m a in ly  l ig n in ,  a n d  th is  a s s o c ia t io n  m a y  a f fe c t  its  b io d e g r a d a t io n .
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H e m ic e l lu lo s e  is  a  p o ly s a c c h a r id e  w i th  a  lo w e r  m o le c u la r  
w e ig h t  th a n  c e l lu lo s e .  I t  is  f o r m e d  f ro m  D - x y lo s e ,  D - m a n n o s e ,  D - g a la c to s e ,  D -  
g lu c o s e ,  L -a r a b in o s e ,  4 - O - m e th y l - g lu c u r o n ic ,  D - g a la c tu r o n ic ,  a n d  D - g lu c u r o n ic  a c id s ,  
d e p e n d in g  o n  th e  h e m ic e l lu lo s e  s o u rc e . S u g a r s  a re  l in k e d  to g e th e r  b y  b - 1 ,4 -  a n d  
s o m e t im e s  b y  b - l ,3 - g ly c o s id i c  b o n d s .

L ig n in  is  p r e s e n t  in  th e  c e l lu la r  w a ll  to  g iv e  s t r u c tu r a l  s u p p o r t ,  
im p e rm e a b i l i ty ,  a n d  r e s i s ta n c e  a g a in s t  m ic ro b ia l-  a t ta c k  a n d  o x id a t iv e  s t r e s s .  I t  is  a n  
a m o r p h o u s  h e te r o p o ly m e r ,  n o n  w a te r - s o lu b le ,  a n d  o p t ic a l ly  in a c t iv e  th a t  is  f o rm e d  
f ro m  p h e n y lp r o p a n e  u n i t s  jo in e d  to g e th e r  b y  n o n h y d r o ly z a b le  l i n k a g e s .  T h is  p o ly m e r  
is  s y n th e s iz e d  b y  th e  g e n e ra t io n  o f  f re e  r a d ic a l s ,  w h ic h  a re  r e le a s e d  in  th e  p e r o x id a s e -  
m e d ia te d  d e h y d r o g e n a t io n  o f  th r e e  p h e n y l  p r o p io n ic  a lc o h o ls :  c o n i f e r y l  a lc o h o l  
( g u a ia c y l  p r o p a n o l) ,  c o u m a ry l  a lc o h o l  ( p - h y d r o x y p h e n y l  p r o p a n o l ) ,  a n d  s in a p y l  
a lc o h o l  ( s y r in g y l  p r o p a n o l ) .  T h is  h e t e r o g e n e o u s  s t r u c tu r e  is  l in k e d  b y  C 22C  a n d  a ry l 
e th e r  l in k a g e s , w i th  a r y l- g ly c e r o l  b -a ry l  e th e r  b e in g  th e  p r e d o m in a n t  s t r u c tu r e  
( S a n c h e z ,  2 0 0 9 ) . D ia g r a m m a t ic  i l lu s t r a t io n  o f  th e  f r a m e w o r k  o f  l i g n o c e l lu lo s e  is  
s h o w n  in  F ig u re  2 .1 1 .

Cell wall structural organ ty. at ion Distribution of cellulose, hemicellulose «& lion in in Cell wall
( Cellulose"

เฝ52jÆvÆiæ
Hemicellulose )

''’'รรฟ้̂ ~i"~

F i g u r e  2 .1 1  D ia g r a m m a t ic  i l lu s t r a t io n  o f  th e  f r a m e w o r k  o f  l i g n o c e l lu lo s e s  
(M e n o n  a n d  R a o , 2 0 1 2 ) .
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2 .3 .3  P o te n t ia l  o f  A g r ic u l tu r a l  R e s id u e s  in  T h a i la n d
T h a i la n d  is  a g r ic u l tu ra l  c o u n t ry  a n d  h a s  a  lo t  p o te n t ia l  o f  a g r ic u l tu ra l  

g o o d s  a n d  a ls o  th e  c o u n t r y  is  o n e  o f  th e  l e a d in g  p r o d u c e r s  a n d  e x p o r te r s  in  th e  w o r ld  
m a rk e t .  E a c h  y e a r  th e  c o u n t ry  h a s  p r o d u c e s  a  lo t  o f  a g r ic u l tu ra l  p r o d u c ts  s u c h  a s  r ic e , 
c a s s a v a ,  s u g a r  c a n e  a n d  c o m . In  th e  s a m e  t im e  a  lo t o f  a g r ic u l tu r a l  r e s id u e s  a ls o  
p r o d u c e .  T h e  c o u n t r y  to ta l  a g r ic u l tu ra l  r e s id u e s  h a s  m o re  th a n  6 0  m i l l io n  to n  p e r  y e a r . 
F o c u s in g  o n  a g r ic u l tu ra l  r e s id u e s ,  it is  a  b ig  c h a l le n g e  fo r  c h a n g e  th a t  r e s id u e s  to  
e th a n o l  e s p e c ia l ly  f ro m  r ic e , s u g a rc a n e , a n d  c a s s a v a .  A ll o f  th e m  is  th e  m a jo r  c r o p s  
a n d  r e le a s e  a  lo t o f  r e s id u e s .  T h e  q u a n t i t i e s  o f  a g r ic u l tu r a l  r e s id u e s  a r e  c a lc u la t e d  f ro m  
a g r ic u l tu ra l  p r o d u c t  m u l t ip ly  b y  c r o p s  to  r e s id u e  r a t io  ( C R R ) ,  th is  r e s u l t  is  c a ll  to ta l  
a g r ic u l tu ra l  r e s id u e s .  H o w e v e r ,  s o m e  o f  a g r ic u l tu r a l  r e s id u e s  a r e  u s e d  in  o th e r  a c t iv i ty  
fo r  e x a m p le  f o d d e r  f o r  a n im a l .  T h e r e fo re ,  th e  p o te n t ia l  o f  a g r ic u l tu r a l  r e s id u e s  th a t  u s e  
fo r  e n e r g y  ( A v a i la b le  u n u s e d  r e s id u e s )  a re  c a lc u la t e d  f ro m  to ta l  a g r ic u l tu r a l  r e s id u e s  
m u l t ip ly  b y  s u r p lu s  a v a i la b le  f a c to r  (S A F ) . T h e s e  tw o  r a t io s  a r e  c o n v e r s io n  f a c to r .  T h e  
p o te n t ia l  o f  a g r ic u l tu ra l  r e s id u e s  in  T h a i la n d  is  s h o w n  in  T a b le  2 .5 .

T a b l e  2 .5  E n e rg y  p o te n t ia l  o f  a g r ic u l tu ra l  r e s id u e s  in  T h a i la n d  2 0 1 1  
(S o u rc e :  h t tp : / /w w w .d e d e .g o . th )

Products Productions
(Tons) Residues

Available unused 
residues for energy

(Tons)

Price of 
residues
(S/kg)

C assava 2 1 ,9 1 2 ,4 0 0 R hizom e 1,335 ,999 .02 0 .0 1 6 7 a

C oni 4 ,8 1 6 ,6 5 0 Stover 2 ,878 ,622 .71 0 .0 3 0 0 b

Sugarcane 9 5 ,9 5 0 ,4 0 0 B agasse 6 ,0 18 ,1 0 5 .0 4 0 .0100°

a: Jo n g p lu e n m p it i and T an g ch a ich it, 2012; b: h t tp ://w w w .d ld .g o .th /n sp k_ p kk /a c0 1 .h tm l; c: P a tta ra t ie ra sa ku l 2010 

1 d o lla r  = 30 baht.

http://www.dede.go.th
http://www.dld.go.th/nspk_pkk/ac01.html
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2.4 Bioethanol Production from Lignocellulosic Biomass

F o r  la r g e - s c a le  b io lo g ic a l  p r o d u c t io n  o f  fu e l e th a n o l ,  it is  d e s i r a b le  to  u s e  
c h e a p e r  a n d  m o re  a b u n d a n t  s u b s tr a te s .  L ig n o c e l lu lo s ic  b io m a s s  is  c o n s id e re d  a s  a n  
a t t r a c t iv e  f e e d s to c k  fu e l  e th a n o l  p r o d u c t io n  b e c a u s e  o f  i ts  a v a i la b i l i ty  in  la rg e  
q u a n t i t i e s  a t  lo w  c o s t  a n d  its  r e d u c e d  c o m p e t i t io n  w i th  fo o d  b u t  n o t  n e c e s s a r i ly  w ith  
fe e d . T o  in tr o d u c e  e th a n o l  a s  a  la r g e - s c a le  t r a n s p o r ta t io n  fu e l ,  th e  p r o d u c t io n  c o s t  
m u s t  b e  lo w e r e d  to  a b o u t  th e  s a m e  le v e l a s  o il a n d  d ie s e l . G e n e r ic  b lo c k  d ia g r a m  o f  
b io e th a n o l  p r o d u c t io n  f ro m  l ig n o c e l lu lo s e  m a te r ia ls  is  s h o w n  in  F ig u r e  2 .1 2  .

Figure 2.12 G e n e r ic  b lo c k  d ia g r a m  o f  b io e th a n o l  p r o d u c t io n  f ro m  l ig n o c e l lu lo s e  
b io m a s s  (C a rd o n a  A lz a te  a n d  S a n c h e z  T o r o  2 0 0 6 ) .

2 .4 .1  P r e t r e a tm e n t  T e c h n o lo g ie s  fo r  L ig n o c e l lu lo s ic  B io m a s s
L ig n o c e l lu lo s ic  b io m a s s ,  c o n s is t in g  m a in ly  o f  c e l lu lo s e ,  h e m ic e l lu lo s e ,  

a n d  l ig n in ,  n e e d  to  b e  h y d r o ly z e d  to  m o n o m e r ic  s u g a rs  b e f o r e  b e in g  u t i l i z e d  b y  
f e r m e n t in g  m ic r o o r g a n is m s .  T h e  p r e c e d in g  h y d r o ly s is  s te p  c a n  b e  p e r f o r m e d  th ro u g h  
a c id  o r  e n z y m a tic  c a ta ly s ts .  In  g e n e ra l ,  b io e th a n o l  p r o d u c t io n  p r o c e s s e s  f ro m  
l ig n o c e l lu lo s e  b a s e d  o n  e n z y m a tic  h y d r o ly s is  o f f e r  m a n y  m o r e  a d v a n ta g e s  th a n  
p r o c e s s e s  e m p lo y in g  a c id s .  W h ile  a c id  h y d r o ly s is  r e q u i r e s  r e la t iv e ly  h ig h  
te m p e r a tu r e s  a n d  im p l ie s  c o r r o s iv e  o p e ra t in g  c o n d i t io n s  a n d  g e n e r a t io n  o f  to x ic  
c o m p o u n d s ,  e n z y m a tic  h y d r o ly s is  is  a d v a n ta g e o u s  d u e  to  i ts  h ig h e r  c o n v e r s io n
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e f f ic ie n c y  a n d  lo w e r  p r o c e s s  e n e r g y  r e q u i r e m e n ts .  H o w e v e r ,  m a n y  p h y s ic o c h e m ic a l ,  
s t r u c tu r a l ,  a n d  c o m p o s i t io n a l  f a c to r s  m a k e  th e  n a t iv e  l ig n o c e l lu lo s ic  b io m a s s  
r e c a lc i t r a n t  a n d  d i f f ic u l t  to  h y d r o ly z e  b y  e n z y m e s  b e c a u s e  th e  e n z y m a t ic  d ig e s t ib i l i ty  
o f  n a t iv e  c e l lu lo s e  in  b io m a s s  is  u s u a l ly  le s s  th a n  2 0 %  u n le s s  e x t r e m e ly  e x c e s s iv e  
e n z y m e  d o s e  is  u s e d . T h u s ,  a  p r e v io u s  p r e t r e a tm e n t  s te p  is  n e c e s s a r y  to  o v e rc o m e  
th e s e  d r a w b a c k s  a n d  p e r f o r m  a n  e f f ic ie n t  e n z y m a t ic  h y d r o ly s is .  T h e  a im  o f  th e  
p r e t r e a tm e n t  is  to  b re a k  d o w n  th e  l ig n in  s t r u c tu r e  a n d  d is ru p t  th e  c r y s ta l l in e  s t r u c tu r e  
o f  c e l lu lo s e  to  in c re a s e  e n z y m e  a c c e s s ib i l i ty  ( M o s ie r  et al., 2 0 0 5 ) .  T h e  m e c h a n is m  fo r  
m a k in g  th e  c e l lu lo s e  m o r e  a c c e s s ib le  to  e n z y m e s  d e p e n d s  _ o n  th e  p r e t r e a tm e n t  
e m p lo y e d  a n d  n a tu re  o f  th e  ra w  m a te r ia l .

p r o c e s s e s ,  a n d  is  th e  s u b je c t  o f  th is  a r t ic le . P r e t r e a tm e n t  is  r e q u i r e d  to  a l t e r  th e  
s t r u c tu r e  o f  c e l lu lo s ic  b io m a s s  to  m a k e  c e l lu lo s e  m o r e  a c c e s s ib le  to  th e  e n z y m e s  th a t  
c o n v e r t  th e  c a r b o h y d r a te  p o ly m e r s  in to  f e r m e n ta b le  s u g a rs  a s  r e p r e s e n te d  in  th e  
s c h e m a t ic  d ia g r a m  o f  F ig u r e  2 .1 3 .

F i g u r e  2 .1 3  S c h e m a tic  o f  g o a ls  o f  p r e t r e a tm e n t  o n  l ig n o c e l lu lo s ic  b io m a s s  ( a d a p te d  
f ro m  H s u  et al. , 1 9 8 0 ).

P r e t r e a tm e n t  is  a n  im p o r ta n t  to o l  f o r  p r a c t ic a l  c e l lu lo s e  c o n v e r s io n

E f f e c t  o f  P r e t r e a t m e n t
Cellulose

In  p r in c ip le ,  a n  e f f e c t iv e  p r e t r e a tm e n t  is  c h a r a c te r iz e d  b y  s e v e ra l  
c r i te r ia :  h ig h  y ie ld s  f r o m  m u l t ip le  c r o p s ,  s i te  a g e s  a n d  h a r v e s t in g  t im e s ,  s o l id  f r a c t io n
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h ig h ly  d ig e s t ib le ,  n o  r e q u i r e m e n t  o f  s iz e  r e d u c t io n ,  p r e s e r v in g  h e m ic e l lu lo s e  f r a c t io n s ,  
l im i t in g  f o r m a t io n  o f  in h ib i to r s  d u e  to  d e g r a d a t io n  p r o d u c ts ,  m in im iz in g  h e a t  a n d  
p o w e r  r e q u i r e m e n ts ,  a n d  b e in g  c o s t - e f f e c t iv e .  E x c e p t  f o r  th e s e  c r i te r ia ,  s e v e r a l  o th e r  
f a c to r s  a re  a ls o  n e e d e d  to  b e  c o n s id e re d ,  in c lu d in g  r e c o v e r y  o f  h ig h  v a lu e - a d d e d  c o ­
p r o d u c ts  ( e .g . ,  l ig n in  a n d  p r o te in ) ,  p r e t r e a tm e n t  c a ta ly s t ,  c a ta ly s t  r e c y c l in g ,  a n d  w a s te  
t r e a tm e n t .  W h e n  c o m p a r in g  v a r io u s  p r e t r e a tm e n t  o p t io n s ,  a ll th e  m e n t io n e d  c r i te r ia  
s h o u ld  b e  c o m p r e h e n s iv e ly  c o n s id e r e d  a s  a  b a s is .

D u r in g  th e  la s t  d e c a d e s , a  la rg e  n u m b e r  o f  d iv e r s e  p r e t r e a tm e n t  
te c h n o lo g ie s  h a v e  b e e n  s u g g e s te d .  T h o s e  m e th o d s  a r e  u s u a l ly  c la s s i f ie d  in to  p h y s ic a l ,  
p h y s i c o c h e m ic a l ,  c h e m ic a l ,  a n d  b io lo g ic a l  p r e t r e a tm e n ts .

2.4.1.1 Physical Pretreatments
•  Mechanical Comminution

M il l in g  ( c u t t in g  th e  l ig n o c e l lu lo s ic  b io m a s s  in to  s m a l le r  
p ie c e s )  is  a  m e c h a n ic a l  p r e t r e a tm e n t  o f  th e  l ig n o c e l lu lo s ic  b io m a s s . T h e  o b je c t iv e  o f  a  
m e c h a n ic a l  p r e t r e a tm e n t  is  a  r e d u c t io n  o f  p a r t ic le  s iz e  a n d  c r y s ta l l in i ty .  T h e  r e d u c t io n  
in  p a r t i c le  s iz e  le a d s  to  a n  in c re a s e  o f  a v a i la b le  s p e c i f ic  s u r fa c e  a n d  a  r e d u c t io n  o f  th e  
d e g re e  o f  p o ly m e r iz a t io n  ( D P ) . T h e  in c re a s e  in  s p e c i f ic  s u r fa c e  a r e a , r e d u c t io n  o f  D P , 
a n d  th e  s h e a r in g  a re  a l l  f a c to r s  th a t  in c re a s e  th e  to ta l  h y d r o ly s is  y ie ld  o f  th e  
l i g n o c e l lu lo s e  in  m o s t  c a s e s  b y  5 -2 5 %  ( d e p e n d s  o n  k in d  o f  b io m a s s ,  k in d  o f  m il l in g ,  
a n d  d u r a t io n  o f  th e  m il l in g ) ,  b u t  a lso  r e d u c e s  th e  t e c h n ic a l  d ig e s t io n  t im e  b y  2 3 - 5 9 %  
( th u s  a n  in c r e a s e  in  h y d r o ly s is  r a te )  ( C h a n g  a n d  H o l tz a p p le ,  2 0 0 0 )  s u c h  a s  b a l l  m i l l in g  
h a v e  b e e n  in te g r a te d  in  S S F  p r o c e s s e s  f o r  e th a n o l  p r o d u c t io n  f ro m  s u g a rc a n e  b a g a s s e  
w i th  P ie h ia - s t ip i t i s  ( B u a b a n , I n o u e  et al, 2 0 1 0 ) . A s  n o  in h ib i to r s  ( l ik e  f u r f u r a l  a n d  
H M F  ( h y d r o x y m e th y l f u r f u r a l ) )  a re  p r o d u c e d ,  m i l l in g  is  s u i te d  fo r  e th a n o l  p r o d u c t io n .  
I t  h a s ,  h o w e v e r ,  a  h ig h - e n e r g y  r e q u i r e m e n t  a n d  w a s  f o u n d  th e re f o r e  n o t  e c o n o m ic a l ly  
f e a s ib le  a s  p r e t r e a tm e n t .  T a k in g  in to  a c c o u n t  th e  h ig h - e n e r g y  r e q u i r e m e n ts  o f  m i l l in g  
a n d  th e  c o n t in u o u s  r is e  o f  th e  e n e rg y  p r ic e s ,  it  is  l ik e ly  th a t  m i l l in g  is  s t i l l  n o t  
e c o n o m ic a l ly  f e a s ib le .

•  Extrusion
E x t r u s io n  p r o c e s s  is  a  n o v e l  a n d  p r o m is in g  p h y s ic a l  

p r e t r e a tm e n t  m e th o d  fo r  b io m a s s  c o n v e r s io n  to  e th a n o l  p r o d u c t io n .  I n  e x t r u s io n ,  th e  
m a te r ia ls  a r e  s u b je c te d  to  h e a t in g ,  m ix in g  a n d  s h e a r in g ,  r e s u l t in g  in  p h y s ic a l  a n d
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c h e m ic a l  m o d i f i c a t io n s  d u r in g  th e  p a s s a g e  th r o u g h  th e  e x t ru d e r .  S c r e w  s p e e d  a n d  
b a r r e l  t e m p e r a tu r e  a re  b e l ie v e d  to  d i s r u p t  th e  l i g n o c e l lu lo s e  s t r u c tu r e  c a u s in g  
d e f ib r i l la t io n ,  f ib r i l l a t io n  a n d  s h o r te n in g  o f  th e  f ib e r s ,  a n d , in  th e  e n d , in c re a s in g  
a c c e s s ib i l i ty  o f  c a r b o h y d r a te s  to  e n z y m a t ic  a tta c k . In  r e c e n t  s tu d ie s  a p p l ic a t io n  o f  
e n z y m e s  d u r in g  e x t r u s io n  p r o c e s s  is  b e in g  c o n s id e r e d  a s  a  p r o m is in g  te c h n o lo g y  f o r  
e th a n o l  p r o d u c t io n .  I t h a s  b e e n  r e c e n t ly  e m p lo y e d  fo r  in c re a s in g  th e  e n z y m a tic  
h y d r o ly s is  y i e ld s  o f  c o m  s to v e r  ( K a r u n a n i th y  a n d  M u th u k u m a ra p p a n ,  2 0 1 0 b ) .

2.4.1.2 Physicochemical Pretreatments
• Steam Pretreatment/Steam Explosion

D u r in g  s te a m  p r e t r e a tm e n t ,  th e  b io m a s s  is  p u t  in  a  la r g e  
v e s s e l  a n d  s te a m e d  a t  a  h ig h  te m p e r a tu r e ,  ( te m p e r a tu r e s  u p  to  2 4 0  ° C )  a n d  p r e s s u r e  is  
a p p l ie d  fo r  a  f e w  m in u te s .  A f te r  a  s e t  t im e ,  th e  s te a m  is  r e le a s e d  a n d  th e  b io m a s s  is  
q u ic k ly  c o o le d .  T h e  o b je c t iv e  o f  a  s te a m  p r e t r e a tm e n t /s te a m  e x p lo s io n  is  to  s o lu b i l i z e  
th e  h e m ic e l lu lo s e  a n d  th e n  to  m a k e  th e  c e l lu lo s e  b e t te r  a c c e s s ib le  f o r  e n z y m a t ic  
h y d r o ly s is  w h i le  fo rm a t io n  o f  in h ib i to r s  is  a v o id e d . T h e  d i f f e re n c e  b e tw e e n  “ s te a m ” 
p r e t r e a tm e n t  a n d  “ s te a m  e x p lo s io n ”  p r e t r e a tm e n t  is  th e  q u ic k  d e p r e s s u r i z a t io n  a n d  
c o o l in g  d o w n  o f  th e  b io m a s s  a t  th e  e n d  o f  th e  s te a m  e x p lo s io n  p r e t r e a tm e n t ,  w h ic h  
c a u s e s  th e  w a t e r  in  th e  b io m a s s  to  “ e x p lo d e .”  D u r in g  s te a m  p r e t r e a tm e n t ,  p a r ts  o f  th e  
h e m ic e l lu lo s e  h y d r o ly z e  a n d  f o rm  a c id s ,  w h ic h  c o u ld  c a ta ly z e  th e  f u r th e r  h y d r o ly s is  
o f  th e  h e m ic e l lu lo s e .  H o w e v e r ,  th e  ro le  o f  th e  a c id s  is  p r o b a b ly  n o t  to  c a ta ly z e  th e  
s o lu b i l i z a t io n  o f  th e  h e m ic e l lu lo s e ,  b u t  to  c a ta ly z e  th e  h y d ro ly s is  o f  th e  s o lu b le  
h e m ic e l lu lo s e  o l ig o m e r s  ( M o k  a n d  A n ta l ,  1 9 9 2 ). D u r in g  s te a m  p r e t r e a tm e n t ,  th e  
m o i s tu r e  c o n te n t  o f  th e  b io m a s s  in f lu e n c e s  th e  n e e d e d  p r e t r e a tm e n t  t im e .  T h e  h ig h e r  
th e  m o is tu r e  c o n te n t ,  th e  lo n g e r  th e  o p t im u m  s te a m  p r e t r e a tm e n t  t im e s  ( B ro w n e l l  et 
al., 1 9 8 6 ). T h e  p o s i t iv e  e f f e c t  o f  s te a m  p r e t r e a tm e n t  is  m o s t ly  d u e  to  r e m o v a l  o f  a  
la r g e  p a r t  o f  th e  h e m ic e l lu lo s e ,  c a u s in g  a n  in c re a s e  in  c e l lu lo s e  f ib e r  r e a c t iv i ty .

S te a m  e x p lo s io n  is  th e  m o s t  c o m m o n ly  u s e d  m e th o d  fo r  th e  
p r e t r e a tm e n t  o f  l i g n o c e l lu lo s ic  m a te r ia ls .  S in c e  c o s t  r e d u c t io n  a n d  lo w - e n e r g y  
c o n s u m p t io n  a re  r e q u i r e d  f o r  a n  e f f e c t iv e  p r e t r e a tm e n t ,  h ig h  p a r t ic le  s iz e s  a s  w e l l  a s  
n o n a c id  a d d i t io n  w o u ld  b e  d e s i r a b le  to  o p t im iz e  th e  e f f e c t iv e n e s s  o f  th e  p r o c e s s  
( B a l le s te r o s  et al., 2 0 0 2 ; H a m e l in c k  et al., 2 0 0 5 ) .  T h is  p r e t r e a tm e n t  h a s  b e e n  s c a le d -  
u p  a n d  o p e r a te d  a t  th e  p i lo t - p la n t  s c a le  a t  th e  Io g e n  d e m o n s t r a t io n  p l a n t  in  C a n a d a .
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•  Liquid Hot Water
L iq u id  h o t  w a te r  ( L H W )  is  u s e d  in s te a d  o f  s te a m . T h e  

o b je c t iv e  o f  th e  l iq u id  h o t  w a te r  is  to  s o lu b i l i z e  m a in ly  th e  h e m ic e l lu lo s e  to  m a k e  th e  
c e l lu lo s e  b e t te r  a c c e s s ib le  a n d  to  a v o id  th e  fo rm a t io n  o f  in h ib i to r s .  T o  a v o id  th e  
f o rm a t io n  o f  in h ib i to r s ,  th e  p H  s h o u ld  b e  k e p t  b e tw e e n  4  a n d  7 d u r in g  th e  p r e t r e a tm e n t  
( M o s ie r  et al., 2 0 0 5 b )  I f  c a ta ly t ic  d e g r a d a t io n  o f  s u g a r s  o c c u r s ,  it  r e s u l t s  in  a  s e r ie s  o f  
r e a c t io n s  th a t  a r e  d i f f ic u l t  to  c o n t r o l  a n d  r e s u l t  in  u n d e s i r a b le  s id e  p r o d u c ts .  A  
d i f f e r e n c e  b e tw e e n  th e  L H W  a n d  s te a m  p r e t r e a tm e n t  is  th e  a m o u n t  a n d  c o n c e n t r a t io n  
o f  s o lu b i l i z e d  p r o d u c ts .  In  a  L H W  p r e t r e a tm e n t ,  th e  a m o u n t  o f  s o lu b i l i z e d  p r o d u c ts  is  
h ig h e r ,  w h ile  th e  c o n c e n t r a t io n  o f  th e s e  p r o d u c ts  is  lo w e r  c o m p a re d  to  s te a m  
p r e t r e a tm e n t  ( B o b le te r ,  1 9 9 4 ). T h is  is  p r o b a b ly  c a u s e d  b y  th e  h ig h e r  w a t e r  in p u t  in  
L H W  p r e t r e a tm e n t  c o m p a re d  to  s te a m  p r e tr e a tm e n t .  T h e  y ie ld  o f  s o lu b i l i z e d  
( m o n o m e r ic )  x y la n  is  g e n e ra l ly  a ls o  h ig h e r  fo r  L H W  p r e t r e a tm e n t ;  th o u g h  th i s  r e s u lt  
d im in i s h e s  w h e n  th e  s o l id  c o n c e n t r a t io n  in c r e a s e s ,  b e c a u s e  ( m o n o m e r ic )  x y la n  is" th e n  
f u r th e r  d e g ra d e d  b y  h y d r o ly t ic  r e a c t io n s  to  x y lo s e  a n d  f u r f u r a l  ( L a s e r  et ah, 2 0 0 2 ) .  A t  
lo w e r  c o n c e n t r a t io n s ,  th e  r i s k  o n  d e g r a d a t io n  p r o d u c ts  l ik e  f u r f u r a l  a n d  th e  
c o n d e n s a t io n  a n d  p r e c ip i ta t io n  o f  l ig n in  c o m p o u n d s  is  r e d u c e d .  I t h a s  b e e n  s h o w n  to  
r e m o v e  u p  to  8 0 %  o f  th e  h e m ic e l lu lo s e  a n d  to  e n l1 a n c e  th e  e n z y m a tic  d ig e s t ib i l i t y  o f  
p r e t r e a te d  b io m a s s  m a te r ia ls  s u c h  a s  c o m  s to v e r  ( M o s ie r  et al., 2 0 0 1 )  a n d  s u g a rc a n e  
b a g a s s e  ( L a s e r  et al., 2 0 0 2 ) .  L H W  r e d u c e s  th e  n e e d  fo r  n e u t r a l iz a t io n  o f  l i q u id  s tr e a m s  
a n d  c o n d i t io n in g  c h e m ic a ls  s in c e  a c id  is  n o t  a d d e d  ( M o s ie r  et al., 2 0 0 5 ) .

In  g e n e r a l ,  L H W  p r e t r e a tm e n t  is  a t t r a c t iv e  f r o m  a '  c o s t-  
s a v in g s  p o te n t ia l :  n o  c a ta ly s t  r e q u i r e m e n t  a n d  lo w - c o s t  r e a c to r  c o n s t r u c t io n  -due  to  
lo w - c o r ro s io n  p o te n t ia l .  I t h a s  a ls o  th e  m a jo r  a d v a n ta g e  th a t  th e  s o lu b i l i z e d  
h e m ic e l lu lo s e  a n d  l ig n in  p r o d u c ts  a r e  p r e s e n t  in  lo w e r  c o n c e n t r a t io n ,  d u e  to  h ig h e r  
w a te r  in p u t ,  a n d  s u b s e q u e n t ly  c o n c e n t r a t io n  o f  d e g r a d a t io n  p r o d u c ts  is  r e d u c e d .  In  
c o m p a r i s o n  to  s te a m  e x p lo s io n ,  h ig h e r  p e n to s e  r e c o v e r y  a n d  lo w e r  f o r m a t io n  o f  
in h ib i to r s  a re  o b ta in e d ,  h o w e v e r ,  w a te r  d e m a n d in g  in  th e  p ro c e s s  a n d  e n e r g e t ic  
r e q u i r e m e n t  a re  h ig h e r  a n d  it is  n o t  d e v e lo p e d  a t  c o m m e r c ia l  s c a le .

•  Ammonia Fiber Explosion
In  th e  A m m o n ia  f ib e r  e x p lo s io n  ( A F E X )  p r e t r e a tm e n t ,  

b io m a s s  is  t r e a te d  w i th  l iq u id  a n h y d r o u s  a m m o n ia  a t  t e m p e r a tu r e s  b e tw e e n  6 0  a n d  10 0
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°c a n d  h ig h  p r e s s u r e  fo r  a  v a r ia b le  p e r io d  o f  t im e . A f te r  th e  r e s id e n c e  t im e  th e  
p r e s s u r e  is r e le a s e d , v a p o r iz in g  th e  a m m o n ia  a n d  a l lo w in g  its  r e c o v e r y  a n d  r e c y c l in g .  
T h e  a m m o n ia  h a s  a  m a rk e d  e f f e c t  o n  l ig n o c e l lu lo s e  c a u s in g  s w e l l in g  a n d  p h y s ic a l  
d is r u p t io n  o f  b io m a s s  f ib e r s ,  p a r t i a l  d e c r y s ta l l i z a t io n  o f  c e l lu lo s e ,  a n d  b r e a k d o w n  o f  
l ig n in - c a r b o h y d r a te s  l in k a g e s .

A F E X  p r o d u c e s  a  s o l id  p r e t r e a te d  m a te r ia l  b e c a u s e  d u r in g  
th e  p r e t r e a tm e n t  o n ly  a  s m a ll  a m o u n t  o f  th e  m a te r ia l  is  s o lu b i l i z e d  a n d  m o s t  o f  th e  
b io m a s s  c o m p o n e n ts  r e m a in  in  th e  s o l id  f ra c t io n . T h u s ,  s in c e  c o n s id e r a b le  
h e m ic e l lu lo s e  is  r e ta in e d  in  th e  p r e t r e a te d  m a te r ia l ,  b o th  c e l lu la s e s  a n d  h e m ic e l lu la s e s  
w ill  b e  r e q u i re d  in  e n z y m a tic  h y d r o ly s is  p r o c e s s .  T h e  A F E X  p r o c e s s  d e m o n s t r a te s  
a t t r a c t iv e  e c o n o m ic s  c o m p a re d  to  s e v e r a l  le a d in g  p r e t r e a tm e n t  te c h n o lo g ie s  b a s e d  o n  a  
r e c e n t  e c o n o m ic  m o d e l  fo r  b io e th a n o l  f ro m  c o m  s to v e r  ( T e y m o u r i  et al., 2 0 0 5 ) .

A n  a d v a n ta g e  o f  A F E X  is  th a t  th e  a m m o n ia  u s e d  d u r in g  th e  
p r o c e s s  c a n  b e  r e c o v e r e d  a n d  r e u s e d .  A ls o , th e  d o w n s t r e a m  p r o c e s s in g  is  le s s  c o m p le x  
c o m p a re d  to  o th e r  p r e t r e a tm e n t  p r o c e s s e s .  O v e r  9 0 %  h y d r o ly s is  o f  c e l lu lo s e  a n d  
h e m ic e l lu lo s e  w a s  o b ta in e d  a f te r  A F E X  p r e t r e a tm e n t  o f  b a g a s s e  ( 1 5 %  lig n in ) .  
F lo w e v e r , th e  A F E X  w o rk s  o n ly  m o d e r a te ly  a n d  is  n o t  a t t r a c t iv e  fo r  th e  b io m a s s  w ith  
h ig h  l ig n in  c o n te n t  s u c h  a s  h a r d w o o d , s o f tw o o d  a n d  n e w s p a p e r  ( T a h e r z a d e h  et al., 
2 0 0 8 ) .  F u r th e rm o r e , a m m o n ia  m u s t  b e  r e c y c le d  a f te r  th e  p r e t r e a tm e n t  to  r e d u c e  th e  
c o s t  a n d  p ro te c t  th e  e n v ir o n m e n t .  B o th  th e  a m m o n ia  c o s t  a n d  th e  c o s t  o f  r e c o v e r y  
p r o c e s s e s  d r iv e  u p  th e  c o s t  o f  th e  A F E X  p r e tr e a tm e n t .

R e c e n tly ,  v a r io u s  r e s e a r c h  g ro u p s  h a v e  d o n e  a  s ig n i f ic a n t  
a m o u n t  o f  r e s e a rc h  to  d e te rm in e  th e  o p t im u m  c o n d i t io n s  fo r  a m m o n ia  p r e t r e a tm e n t  o f  
l ig n o c e l lu lo s ic s  b o im a s s .  ( T e y m o u r o  et al., 2 0 0 4 )  e v a lu a te d  th e  o p t im u m  p r o c e s s  
c o n d i t io n s  a n d  p a r a m e te r s ,  n a m e ly ,  a m m o n ia  lo a d in g , m o i s tu r e  c o n te n t  o f  b io m a s s ,  
te m p e r a tu r e ,  a n d  r e s id e n c e  t im e , n e c e s s a r y  f o r  m a x im u m  e f f e c t iv e n e s s  o f  th e  
a m m o n ia  f ib e r  e x p lo s io n  p ro c e s s  o n  c o m  s to v e r .

•  Microwave Pretreatment
M ic r o w a v e - b a s e d  p r e t r e a tm e n t  c o m b in e s  b o th  th e r m a l  a n d  

n o n th e r m a l  e f fe c ts  g e n e ra te d  in  a q u e o u s  e n v ir o n m e n t .  T h e  m o v e m e n t  o f  io n s  a n d  th e  
v ib r a t io n  o f  p o la r  m o le c u le s  g iv e  r i s e  to  h e a t  a n d  e x te n s iv e  in te r m o le c u la r  c o l l i s io n s  
w h ic h  a c c e le r a te  c h e m ic a l ,  p h y s i c a l , - a n d  b io lo g ic a l  p r o c e s s e s .  M ic r o w a v e  u s e s  th e
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a b i l i ty  o f  d i r e c t  in te r a c t io n  b e tw e e n  a  h e a te d  o b je c t  a n d  a n  a p p l ie d  e le c t r o m a g n e t ic  
f ie ld  to  in c re a s e  h e a t .  S o m e  o f  th e  a d v a n ta g e s  o f  e m p lo y in g  m ic r o w a v e  h e a t in g  o v e r  
c o n v e n t io n a l  h e a t in g  in c lu d e  r e d u c t io n  o f  p r o c e s s  e n e rg y  r e q u i r e m e n ts ,  u n i f o r m  a n d  
s e le c t iv e  p r o c e s s in g  a n d  c a p a c ity  o f  s ta r t in g  a n d  s to p p in g  th e  p r o c e s s  in s ta n ta n e o u s ly .  
F u r th e rm o r e ,  s in c e  th e  h e a t  is g e n e ra te d  in te r n a l ly  v ia  d i re c t  in te r a c t io n  b e tw e e n  th e  
e le c t ro m a g n e t ic  f ie ld  a n d  c o m p o n e n ts  o f  th e  h e a te d  m a te r ia l ,  th e  h e a t in g  is  a  f a s te r  
p ro c e s s .  W h e n  m ic r o w a v e  is  u s e d  to  p r e t r e a t  l ig n o c e l lu lo s e , i t  s e le c t iv e ly  h e a t s  th e  
m o re  p o la r  p a r t  a n d  th is  u n iq u e  h e a t in g  f e a tu re  r e s u l t s  in  a n  im p r o v e d  d i s r u p t io n  o f  th e  
r e c a lc i t r a n t  s t r u c tu r e s  o f  l ig n o c e l lu lo s e .  R e g a rd in g  n o n th e r m a l  e f f e c ts ,  th e  
e le c t ro m a g n e t ic  f ie ld  h e lp s  to  a c c e le r a te  th e  d e s t ru c t io n  o f  c r y s ta l l in e  s t r u c tu r e s  a n d  
c h a n g e s  th e  s u p e r  m o le c u la r  s t r u c tu r e  o f  l ig n o c e l lu lo s ic  b io m a s s  im p r o v in g  its  
r e a c t iv i ty .

T h e  s h o r t  le n g th  o f  th e  p r o c e s s  a s  w e l l  a s  th e  lo w  in h ib i to r  
p r o d u c t io n  is  r e f le c te d  in  h ig h  c o s t  e f f e c t iv e n e s s .  H o w e v e r ,  th e  f e a s ib i l i ty  o f  u s in g  a  
p r e t r e a tm e n t  m e th o d  th a t  in v o lv e s  m ic r o w a v e  i r r a d ia t io n  a n d  c h e m ic a ls  in  c o m m e r c ia l  
s c a le  is  u n k n o w n , a n d  it w o u ld  b e  n e c e s s a r y  to  s tu d y  th e  p o s s ib i l i t ie s  fo r  p e r f o r m in g  
th e  m e th o d  in  th e  f u tu re .

•  Wet Oxidation
W e t o x id a t io n  is  an  o x id a t iv e  p r e t r e a tm e n t  m e th o d  w h ic h  

e m p lo y s  o x y g e n  o r  a i r  a s  c a ta ly s t .  W h e n  o x y g e n  is  n o t  a d d e d , th e  p r o c e s s  is  s im i l a r  to  
a  h y d r o th e r m a l  p r e t r e a tm e n t  a n d  c o m p a r a b le  to  th e  w e l l - k n o w n  s te a m  e x p lo s io n  
p r e tr e a tm e n t .  I t a l lo w s  r e a c to r  o p e r a t io n  a t r e la t iv e ly  lo w  te m p e r a tu r e s  a n d  s h o r t  
r e a c to r  t im e s . T h e  o x id a t io n  is  p e r f o r m e d  fo r  1 0 -1 5  m in  a t t e m p e r a tu r e s  f ro m  17 0  to  
2 0 0  ° c  a n d  a t p r e s s u r e s  f ro m  10 to  12 b a r  O 2 ( O ls s o n  et al., 2 0 0 5 ) .  T h e  a d d i t io n  o f  
o x y g e n  a t  t e m p e r a tu r e s  a b o v e  17 0  ° c  m a k e s  th e  p r o c e s s  e x o th e r m ic  r e d u c in g  th e  to ta l  
e n e r g y  d e m a n d . I t h a s  b e e n  p r o v e n  to  b e  a n  e f f ic ie n t  m e th o d  fo r  s o lu b i l i z a t io n  o f  
h e m ic e l lu lo s e s  a n d  l ig n in . H o w e v e r ,  w e t  o x id a t io n  d o e s  n o t c a ta ly z e  th e  h y d r o ly s i s  o f  
s o lu b i l i z e d  h e m ic e l lu lo s e .  In  s te a m  e x p lo s io n  a n d  d i lu te  a c id  p r e t r e a tm e n t s  s u g a r  
m o n o m e r s  a re  p r o d u c e d ,  w h ile  in  w e t  o x id a t io n  s o lu b le  s u g a rs  f ro m  h e m ic e l ly lo s e  a re  
o l ig o m e rs  ( K lin k e  e t  al., 2 0 0 3 ) .  R e g a rd in g  to x ic  p r o d u c ts  g e n e ra te d  d u r in g  
p r e t r e a tm e n t ,  p h e n o l ic  c o m p o u n d s  a r e  n o t  e n d  p r o d u c ts  d u r in g  w e t  o x id a t io n  b e c a u s e  
th e y  a r e  f u r th e r  d e g r a d e d  to  c a r b o x y l ic  a c id s ,  fo rm ic  a n d  a c e t i c  b e in g  th e  m a jo r
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d e g r a d a t io n  p r o d u c ts .  F u r th e rm o r e ,  f u r f u r a l  a n d  H M F  p r o d u c t io n  is  lo w e r  d u r in g  w e t  
o x id a t io n  w h e n  c o m p a r e d  to  s te a m  e x p lo s io n  o r  L H W  m e th o d s .

N a 2C 0 3  a d d i t io n  h a s  b e e n  s h o w n  to  d e c r e a s e  f o r m a t io n  o f  
to x ic  p r o d u c ts  b y  m a in ta in in g  p H  in  th e  n e u tr a l  to  a lk a l in e  r a n g e .  H ig h  e n z y m a t ic  
h y d r o ly s is  y ie ld s  h a v e  b e e n  a ls o  o b ta in e d  a f te r  w e t  o x id a t io n  p r e t r e a tm e n t  o f  c o m  
s to v e r  ( P a lo n e n  et al., 2 0 0 4 ) .  T h is  te c h n o lo g y  h a s  b e e n  w id e ly  u s e d  fo r  e th a n o l  
p r o d u c t io n  f o l lo w e d  b y  s im u l ta n e o u s  s a c c h a r i f ic a t io n  a n d  f e r m e n ta t io n  (S S F )  f ro m , 
c o m  s to v e r  ( V a r g a  et al., 2 0 0 4 ) ;  h o w e v e r ,  c o s t  o f  o x y g e n  a n d  c a ta ly s t s  a re  c o n s id e r e d  
o n e  o f  th e  m a in  d i s a d v a n ta g e s  fo r  w e t  o x id a t io n  d e v e lo p m e n t  te c h n o lo g ie s .

•  CO2 Explosion
T h e  s u p e rc r i t ic a l  f lu id s  a re  c o m p o u n d s  th a t  a r e  in  a  g a s e o u s  

f o rm  b u t  a r e  c o m p r e s s e d  a t  te m p e r a tu r e s  a b o v e  th e i r  c r i t ic a l  p o in t  to  a  l iq u id  l ik e  
d e n s i ty  a n d  it  h a s  b e e n  c o n s id e re d  a s  a n  e x t r a c t io n  s o lv e n t  f o r  n o n - e x t r a c t iv e  
p u rp o s e s ,  d u e  to  s e v e ra l  a d v a n ta g e s  s u c h  a s  a v a i la b i l i ty  a t r e la t iv e ly  lo w  c o s t ,  n o n ­
to x ic i ty ,  n o n - f la m m a b i l i ty ,  e a s y  r e c o v e r y  a f te r  e x t r a c t io n ,  a n d  e n v i r o n m e n ta l  
a c c e p ta b i l i ty .  S u p e rc r i t i c a l  p r e t r e a tm e n t  c o n d i t io n s  c a n  e f f e c t iv e ly  r e m o v e  l ig n in  
in c re a s in g  s u b s tr a te  d ig e s t ib i l i ty ;  th u s ,  d e l ig n i f ic a t io n  h a s  b e e n  s tu d ie d  b y  u s in g  
s u p e rc r i t ic a l  f lu id s  to  p r e t r e a t  l ig n o c e l lu lo s ic  b io m a s s .  F u r th e rm o r e ,  th e  a d d i t io n  o f  c o ­
s o lv e n ts  s u c h  e th a n o l  e n h a n c e s  d e l ig n if ic a t io n .

T h e  c o m p a re d  C 0 2 e x p lo s io n  w ith  s te a m  a n d  a m m o n ia  e x p lo s io n  f o r  
p r e t r e a tm e n t  o f  r e c y c le d  p a p e r  m ix , s u g a rc a n e  b a g a s s e ,  a n d  f o u n d  th a t  C O 2 e x p lo s io n  
w a s  m o re  c o s t - e f f e c t iv e  th a n  a m m o n ia  e x p lo s io n . F u r th e r ,  it  d id  n o t  c a u s e  th e  
fo rm a t io n  o f  in h ib i to r y  c o m p o u n d s  th a t  c o u ld  o c c u r  in  s te a m  e x p lo s io n .  A n  in c r e a s e  in  
p r e s s u r e  f a c i l i ta te d  f a s te r  p e n e t r a t io n  o f  C 0 2 m o le c u le s  in to  th e  c r y s ta l l in e  s t r u c tu r e s ,  
p r o d u c in g  m o r e  g lu c o s e  a f te r  th e  e x p lo s io n .  B e c a u s e  C 0 2 e x p lo s io n  is  o p e ra te d  a t  lo w  
te m p e r a tu r e s ,  i t  d o e s  n o t  c a u s e  d e g r a d a t io n  o f  s u g a r s  s u c h  a s  th e  d e g r a d a t io n  o f  s u g a r s  
o b s e r v e d  w i th  s te a m  e x p lo s io n  d u e  to  th e  h ig h  te m p e ra tu re  in v o lv e d .  H o w e v e r ,  
c u r r e n t  e f fo r ts  to  d e v e lo p  th e s e  m e th o d s  d o  n o t  g u a ra n te e  e c o n o m ic  v ia b i l i ty  y e t .  A  
v e r y  h ig h  p r e s s u r e  r e q u i r e m e n t  is  s p e c ia l ly  a  c o n c e r n in g  is s u e . O n  th e  o th e r  h a n d ,  C O 2 

u t i l i z a t io n  c o u ld  b e  a n  a t t r a c t iv e  a l t e rn a t iv e  to  r e d u c e  c o s t s  b e c a u s e  o f  its  c o p r o d u c t io n  
d u r in g  e th a n o l  f e rm e n ta t io n .
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2.4.1.3 Chemical Pretreatments 
• Acid Pretreatment

A c id  p r e t r e a tm e n ts  e m p lo y  a c id s  a s  c a ta ly s ts  w h ic h  h a v e  
s t r o n g e r  e f f e c t  o n  h e m ic e l lu lo s e  a n d  l ig n in  th a n  o n  c r y s ta l l in e  c e l lu lo s e . T h e  m a in  
o b je c t iv e  o f  th e  a c id  p r e t r e a tm e n t s  i s  to  s o lu b i l iz e  th e  h e m ic e l lu lo s ic  f r a c t io n  o f  th e  
b io m a s s  a n d  to  m a k e  th e  c e l lu lo s e  m o re  a c c e s s ib le  to  e n z y m e s .  T h is  ty p e  o f  
p r e t r e a tm e n ts  c a n  b e  p e r f o r m e d  w i th  c o n c e n t r a te d  o r  d i lu te d  a c id  b u t  u t i l i z a t io n  o f  
c o n c e n t r a te d  a c id  is  le s s  a t t r a c t iv e  f o r  e th a n o l  p r o d u c t io n  d u e  to  th e  f o r m a t io n  o f  
in h ib i t in g  c o m p o u n d s .  F u r th e rm o r e ,  e q u ip m e n t  c o r r o s io n  p r o b le m s  a n d  a c id  r e c o v e r y  
a re  im p o r ta n t  d r a w b a c k s  w h e n  u s in g  c o n c e n t r a te d  a c id  p r e t r e a tm e n ts .  T h e  h ig h  
o p e ra t io n a l  a n d  m a in te n a n c e  c o s ts  r e d u c e  th e  in te r e s t  o f  a p p ly in g  th e  c o n c e n t r a te d  
a c id  p r e t r e a tm e n t  a t c o m m e r c ia l  s c a le  ( W y m a n , 1 9 9 6 ).

D i lu te d  a c id  p r e t r e a tm e n t  a p p e a rs  a s  m o r e  f a v o r a b le  m e th o d  
f o r  in d u s t r i a l  a p p l ic a t io n s  a n d  h a v e  b e e n  s tu d ie d  fo r  p r e t r e a t in g  w id e  r a n g e  o f  
l ig n o c e l lu lo s ic  b io m a s s .  H ig h  e n z y m a t ic  h y d r o ly s is  y ie ld s  h a v e  b e e n  r e p o r te d  w h e n  
p r e t r e a t in g  l ig n o c e l lu lo s ic  m a te r ia ls  w i th  d i lu te d  H 2S O 4 w h ic h  is  th e  m o s t  s tu d ie d  a c id  
a l th o u g h  H C l, H 3P O 4 a n d  H N O 3 h a v e  a ls o  b e e n  te s te d  ( M o s ie r  et ah, 2 0 0 5 ) .  I t c a n  b e  
p e r f o rm e d  a t  h ig h  te m p e r a tu r e  (e .g . 1 8 0  °C )  d u r in g  a  s h o r t  p e r io d  o f  t im e ;  o r  a t  lo w e r  
t e m p e r a tu r e  (e .g . 12 0  ° C )  fo r  lo n g e r  r e te n t io n  t im e  (3 0 -9 0  m in )  ( T a h e r z a d e h  a n d  
K a r im i ,  2 0 0 8 ) .  It p r e s e n t s  th e  a d v a n ta g e  o f  s o lu b i l i z in g  h e m ic e l lu lo s e ,  m a in ly  x y la n , 
b u t  a ls o  c o n v e r t in g  s o lu b i l i z e d  h e m ic e l lu lo s e  to  f e rm e n ta b le  s u g a r s .  H e m ic e l lu lo s e  is  
r e m o v e d  w h e n  H 2S O 4 is  a d d e d  a n d  th is  e n h a n c e s  d ig e s t ib i l i ty  o f  c e l lu lo s e  in  th e  
r e s id u a l  s o l id s .  N e v e r th e le s s ,  d e p e n d in g  o n  th e  p r o c e s s  t e m p e r a tu r e ,  s o m e  s u g a r  
d e g r a d a t io n  c o m p o u n d s  s u c h  a s  f u r f u r a l  a n d  H M F  a n d  a r o m a tic  l ig n in  d e g r a d a t io n  
c o m p o u n d s  a re  d e te c te d , a n d  a f fe c t  th e  m ic r o o r g a n is m  m e ta b o l i s m  in  th e  f e r m e n ta t io n  
s te p  ( S a h a  et al., 2 0 0 5 ) .  A n y h o w , th i s  p r e t r e a tm e n t  g e n e ra te s  lo w e r  d e g r a d a t io n  
p r o d u c ts  th a n  c o n c e n t r a te d  a c id  p r e t r e a tm e n ts .

T h e  m a jo r  a d v a n ta g e  o f  d i lu te  a c id  p r e t r e a tm e n t  o v e r  s te a m -  
e x p lo s io n  is  s ig n i f ic a n t ly  h ig h e r  x y lo s e  y ie ld . U s in g  b a tc h  d i lu te  s u l f u r ic  a c id  
p r e t r e a tm e n t  p ro c e s s ,  x y lo s e  y ie ld  w a s  s h o w e d  to  a p p ro a c h  8 0 % - 9 0 %  o f  th e o r e t ic a l  
v a lu e  ( G r o h m a n n  et al., 1 9 8 6  ; G r o h m a n m  et al., 1 9 9 2  ; T o r g e t  et al., 1 9 9 4 ). D i lu te  
s u l fu r ic  a c id  h a s  s o m e  im p o r ta n t  d i s a d v a n ta g e s  s u c h  a s  c o r r o s io n  th a t  m a n d a te s
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e x p e n s iv e  m a te r ia ls  o f  c o n s t r u c t io n ,  a c id ic  p r e h y d r o ly z a te s  m u s t  b e  n e u t r a l iz e d  b e f o r e  
th e  s u g a rs  p r o c e e d  to  f e rm e n ta t io n ,  g y p s u m  h a s  p r o b le m a t ic  r e v e r s e  s o lu b i l i ty  
c h a r a c te r i s t ic s  w h e n  n e u t r a l i z e d  w ith  in e x p e n s iv e  c a lc iu m  h y d r o x id e ,  f o rm a t io n  o f  
d e g r a d a t io n  p r o d u c t s  a n d  r e le a s e  o f  n a tu r a l  b io m a s s  f e r m e n ta t io n  in h ib i to r s  a re  o th e r  
c h a r a c te r i s t ic s  o f  a c id  p r e t r e a tm e n t ,  d i s p o s a l  o f  n e u t r a l iz a t io n  s a l t s  is  n e e d e d  a n d  
b io m a s s  p a r t i c le  s iz e  r e d u c t io n  is n e c e s s a r y .  P lu s ,  th e  c u r r e n t  s u l f u r ic  a c id  p r ic e  h a s  
in c r e a s e d  q u ic k ly  so  th a t  th e  e c o n o m ic a l ly  f e a s ib i l i ty  o f  d i lu te  a c id  p r e t r e a tm e n t  m ig h t  
n e e d  to  b e  r e c o n s id e r e d .

•  Alkali Pretreatment
A lk a l i  p r e t r e a tm e n t  r e fe r s  to  th e  a p p l i c a t io n  o f  a lk a l in e  

s o lu t io n s  s u c h  a s  N a O H , C a ( O H )2 ( l im e )  o r  a m m o n ia  to  in c re a s e  c e l lu lo s e  d ig e s t ib i l i ty  
a n d  th e y  a re  m o r e  e f f e c t iv e  fo r  l ig n in  s o lu b i l i z a t io n ,  e x h ib i t in g  m in o r  c e l lu lo s e  a n d  
h e m ic e l lu lo s e  s o lu b i l i z a t io n  th a n  a c id  o r  h y d r o th e r m a l  p r o c e s s e s  ( C a r v a lh e i r o  et al., 
2 0 0 8 ) .  It is  d e s c r ib e d  to  c a u s e  le s s  s u g a r  d e g r a d a t io n  th a n  a c id  p r e t r e a tm e n t ,  a n d  it  w a s  
s h o w n  to  b e  m o r e  e f f e c t iv e  o n  a g r ic u l tu r a l  r e s id u e s  th a n  o n  w o o d  m a te r ia ls .  
N e v e r th e le s s ,  p o s s ib le  lo s s  o f  f e rm e n ta b le  s u g a r s  a n d  s o m e  p r o d u c t io n  o f  in h ib i to r y  
c o m p o u n d s  m u s t  b e  t a k e n  in to  c o n s id e r a t io n  to  o p t im iz e  th e  p r e t r e a tm e n t  c o n d i t io n s .

S o d iu m , p o ta s s iu m , c a lc iu m  a n d  a m m o n iu m  h y d r o x id e s  a re  
s u i ta b le  a lk a l in e  p r e t r e a tm e n t s .  N a O H  c a u s e s  s w e l l in g , in c re a s in g  th e  in te r n a l  s u r f a c e  
o f  c e l lu lo s e  a n d  d e c r e a s in g  th e  d e g re e  o f  p o ly m e r iz a t io n  a n d  c r i s ta l l in i ty ,  w h ic h  
p r o v o k e s  l ig n in  s t r u c tu r e  d i s r u p t io n  ( T a h e r z a d e h  a n d  K a r im i ,  2 0 0 8 ) .  N a O H  h a s  b e e n  
r e p o r te d  to  in c re a s e  h a r d w o o d  d i g e s t i b i l i t y 'f r o m  1 4 %  to  5 5 %  b y  r e d u c in g  l ig n in  
c o n te n t  f ro m  2 4 - 5 5 %  to  2 0 %  ( K u m a r  et al., 2 0 0 9 ) .

C a ( O H ) 2, k n o w n  a s  l im e , a ls o  r e m o v e s  a c e ty l  g ro u p s  f ro m  
h e m ic e l lu lo s e  r e d u c in g  s te r ic  h in d r a n c e  o f  e n z y m e s  a n d  e n h a n c in g  c e l lu lo s e  
d ig e s t ib i l i ty  ( M o s ie r  et al., 2 0 0 5 ) .  T h is  e f f e c t  h a s  b e e n  o b s e r v e d  f o r  e n z y m a tic  
h y d r o ly s is  w i th  c o m  s to v e r  ( K im  a n d  H o l tz a p p le ,  2 0 0 6 )  in  w h ic h  l im e  h a s  b e e n  
p r o v e n  s u c c e s s f u l ly  a t  te m p e r a tu r e s  f ro m  85  to  15 0  ° c  a n d  fo r  3 -1 3  h . T o  p r o d u c e  
b io e th a n o l  w i th  l im e  p r e t r e a tm e n t ,  it  is  n e c e s s a r y  to  r e d u c e  p H  a s  w e l l  a s  to  s e p a r a te  
th e  s o l id  f r a c t io n  to  r e m o v e  th e  a lk a l i .  H o w e v e r ,  s o l id  f ra c t io n  s e p a r a t io n  is  n o t  
in te r e s t in g  o w in g  to  th e  s ig n i f i c a n t  a m o u n ts  o f  f e rm e n ta b le  s u g a rs  p r e s e n t  in  th e  l iq u id  
f ra c t io n .
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In  c o m p a r i s o n  w i th  o th e r  p r e t r e a tm e n t  t e c h n o lo g ie s ,  a lk a l i  
p r e t r e a tm e n t  u s u a l ly  u s e s  lo w e r  t e m p e r a tu r e s  a n d  p r e s s u r e s ,  e v e n  a m b ie n t  c o n d i t io n s .  
P r e t r e a tm e n t  t im e ,  h o w e v e r ,  is  r e c o r d e d  in  t e r m s  o f  h o u r s  o r  d a y s  w h ic h  a re  m u c h  
lo n g e r  th a n  o th e r  p r e t r e a tm e n t  p r o c e s s e s .  A  s ig n i f ic a n t  d i s a d v a n ta g e  o f  a lk a l in e  
p r e t r e a tm e n t  is  th e  c o n v e r s io n  o f  a lk a l i  in to  i r r e c o v e r a b le  s a l t s  a n d /o r  th e  
in c o r p o ra t io n  o f  s a l ts  in to  th e  b io m a s s  d u r in g  th e  p r e t r e a tm e n t  r e a c t io n s  s o  th a t  th e  
t r e a tm e n t  o f  a  la r g e  a m o u n t  o f  s a lts  b e c o m e s  a  c h a l le n g in g  i s s u e  fo r  a lk a l in e  
p r e tr e a tm e n t .

•  Ionic Liquid (ILs) Pretreatment
T h e  u s e  o f  IL s  a s  s o lv e n ts  f o r  p r e t r e a tm e n t  o f  c e l lu lo s ic  

b io m a s s  h a s  r e c e iv e d  m u c h  a t t e n t io n  d u r in g  th e  la s t  d e c a d e .  T h e y  a re  c a p a b le  to  b r e a k  
d o w n  th e  e x te n s iv e  h y d r o g e n - b o n d in g  n e tw o r k  in  th e  p o ly s a c c h a r id e s  a n d  p r o m o te  i ts  
s o lu b i l i z a t io n .  IL s  a re  s a l ts ,  ty p ic a l ly  c o m p o s e d  o f  la rg e  o r g a n ic  c a t io n s  a n d  s m a ll  
in o r g a n ic  a n io n s , w h ic h  e x i s t  a s  l iq u id s  a t  r e la t iv e ly  lo w  te m p e r a tu r e s ,  o f te n  a t 'r o o m  
te m p e r a tu r e .  T h e  n o ta b le  c h a r a c te r i s t ic s  o f  I L s  a r e  th e i r  th e r m a l  a n d  c h e m ic a l  s ta b i l i ty ,  
n o n - f la m m a b i l i ty ,  w id e  l iq u id  te m p e r a tu r e  r a n g e ,  a n d  g o o d  s o lv a t in g  p r o p e r t ie s  fo r  
v a r io u s  ty p e s  o f  m a te r ia ls  ( H a y e s ,  2 0 0 9 ) . T h e i r  s o lv e n t  p r o p e r t ie s  c a n  b e  v a r ie d  b y  
a d ju s t in g  th e  a n io n  a n d  th e  a lk y l  c o n s t i tu e n ts  o f  th e  c a t io n . S in c e  n o  to x i c  o r  e x p lo s iv e  
g a s e s  a r e  fo rm e d , IL s  a re  c a l l e d  “ g r e e n ”  s o lv e n ts .

A s  c e l lu lo s e  s o lv e n ts ,  I L s  p o s s e s s e s  s e v e ra l  a d v a n ta g e s  o v e r  
r e g u la r  v o la t i le  o r g a n ic  s o lv e n ts  o f  b io d e g r a d a b i l i ty ,  lo w  to x ic i ty ,  b r o a d  s e le c t io n  o f  
a n io n  a n d  c a t io n  c o m b in a t io n s ,  lo w  h y d r o p h o b ic i ty ,  lo w  v i s c o s i ty ,  e n h a n c e d  
e le c t r o c h e m ic a l  s ta b i l i ty ,  th e r m a l  s ta b i l i ty ,  h ig h  r e a c t io n  r a te s ,  lo w  v o la t i l i ty  w i th  
p o te n t ia l ly  m in im a l  e n v i r o n m e n ta l  im p a c t ,  a n d  n o n - f la m m a b le  p r o p e r ty .  T h e  
d i s s o lu t io n  m e c h a n is m  o f  c e l lu lo s e  in  IL s  in v o lv e s  th e  o x y g e n  a n d  h y d r o g e n  a to m s  o f  
c e l lu lo s e  h y d r o x y l  g r o u p s  in  th e  fo rm a t io n  o f  e le c t ro n  d o n o r - e le c t r o n  a c c e p to r  (E D A )  
c o m p le x e s  w h ic h  in te r a c t  w i th  th e  IL s . U p o n  in te r a c t io n  o f  th e  c e l lu lo s e - O H  a n d  IL s , 
th e  h y d r o g e n  b o n d s  a r e  b r o k e n ,  r e s u l t in g  in  o p e n in g  o f  th e  h y d r o g e n  b o n d s  b e tw e e n  
m o le c u la r  c h a in s  o f  th e  c e l lu lo s e .  T h e  in te r a c t io n  f in a l ly  r e s u l t s  in  th e  d i s s o lu t io n  o f  
c e l lu lo s e .  S o lu b i l iz e d  c e l lu lo s e  c a n  b e  r e c o v e r e d  b y  r a p id  p r e c ip i ta t io n  w i th  s o m e  a n t i ­
s o lv e n ts  s u c h  a s  w a te r ,  e th a n o l ,  m e th a n o l ,  o r  a c e to n e . T h e  r e c o v e r y  c e l lu lo s e  w a s  
f o u n d  to  h a v e  th e  s a m e  D P  a n d  p o ly d is p e r s i ty  a s  th e  in i t ia l  c e l lu lo s e ,  b u t  s ig n i f ic a n t ly
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H o w e v e r ,  th e r e  a re  s t i l l  m a n y  c h a l le n g e s  in  p u t t in g  th e s e  
p o te n t ia l  a p p l ic a t io n s  in to  p r a c t ic a l  u s e ,  fo r  e x a m p le ,  th e  h ig h  c o s t  o f  IL s , r e g e n e r a t io n  
r e q u i r e m e n t ,  la c k  o f  to x ic o lo g ic a l  d a t a  a n d  k n o w le d g e  a b o u t  b a s ic  p h y s ic o - c h e m ic a l  
c h a r a c te r is t ic s ,  a c t io n  m o d e  o n  h e m ic e l lu lo s e  a n d /o r  l ig n in  c o n te n ts  o f  l ig n o c e l lu lo s ic  
b io m a s s  a n d  in h ib i to r  g e n e ra t io n  i s s u e s .

•  Organosolv
T h e  o r g a n o s o lv  p r e t r e a tm e n t  u s e s  o r g a n ic  o r  a q u e o u s  

s o lv e n ts  ( e th a n o l ,  m e th a n o l ,  e th y le n e  g ly c o l , a c e to n e ,  g ly c e r o l ,  t e t r a h y d r o f u r f u r y l  
a lc o h o l ,  e tc . )  to  e x t r a c t  l ig n in  a n d  p r o v id e  m o r e  a c c e s s ib le  c e l lu lo s e .  T h e  o rg a n ic  
s o lv e n ts  u s e d  in  th e  o r g a n o s o lv  p r o c e s s  in c lu d e  m e th a n o l ,  e th a n o l ,  a c e to n e ,  e th y le n e  
g ly c o l , t r ie th y le n e  g ly c o l ,  t e t r a h y d ro f u r fu ry l  a lc o h o l ,  g ly c e r o l ,  a q u e o u s  p h e n o l ,  
a q u e o u s  ท- b u ta n o l .  T h e  o rg a n ic  s o lv e n t  is m ix e d  w ith  w a te r  in  v a r io u s  p o r t io n s ,  
a d d e d  to  th e  b io m a s s  a n d  th e n  h e a te d  to  t e m p e r a tu r e s  r a n g in g  1 0 0 -2 5 0  ๐c .  T y p ic a l ly ,  
a c id s  ( H C l ,  H2SO4, o x a l ic ,  o r  s a l i c y l ic )  c a n  a ls o  b e  a d d e d  a s  c a ta ly s ts  i f  th e  p r o c e s s  is  
c o n d u c te d  a t  t e m p e r a tu r e s  b e lo w  1 8 5 -2 1 0  ° c  ( N a h y u n  et ai, 2 0 1 0 ) .

F o r  e c o n o m ic  r e a s o n s , th e  u se  o f  lo w - m o le c u la r - w e ig h t  
a lc o h o ls  s u c h  a s  e th a n o l  a n d  m e th a n o l  h a s  b e e n  f a v o r e d  ( S id i r a s  a n d  K o u io s ,  2 0 0 4 ) .  
T h e  u s u a l  o p e ra t io n  te m p e ra tu re  o f  o r g a n o s o lv  is  in  th e  ra n g e  o f  1 5 0 - 2 0 0 ° c .  ( A z iz  a n d  
S a rk a n e n , 1 9 8 9 )  f o u n d  th a t  th e  a d d i t io n  o f  c a ta ly s t  w a s  u n n e c e s s a r y  fo r  s a t i s f a c to r y  
d e l ig n i f ic a t io n  w h e n  te m p e r a tu r e  is  h ig h e r  th a n  1 8 5 ° c . O rg a n ic  s o lv e n ts  a r e  c o s t ly  a n d  
th e ir  u s e  r e q u i r e s  h ig h -p re s s u r e  e q u ip m e n t  d u e  to  th e i r  h ig h  v o la t i l i ty .  T h e  u s e d  
s o lv e n ts  s h o u ld  b e  r e c o v e r e d  a n d  r e c y c le d  to  r e d u c e  th e  o p e r a t io n  c o s ts . R e m o v a l  o f  
s o lv e n ts  f ro m  th e  p r e tr e a te d  b io m a s s  is  n e c e s s a r y  b e c a u s e  th e  r e s id u a l  s o lv e n ts  m a y  b e  
in h ib i to r s  to  e n z y m a tic  h y d r o ly s is  a n d  f e rm e n ta t io n .  T h e  m a in  a d v a n ta g e  o f  
o r g a n o s o lv  o v e r  o th e r  c h e m ic a l  p r e t r e a tm e n t s  is  th a t  r e la t iv e ly  p u re ,  lo w  m o le c u la r  
w e ig h t  l ig n in  is  r e c o v e r e d  a s  a  b y - p r o d u c t  ( K a tz e n  R  et al., 1 9 9 5 ). T h e  o r g a n o s o lv  
p ro c e s s  is  s t i l l  to o  c o m p le x  a n d  e x p e n s iv e  to  a tR a c t  in d u s tr ia l  in te r e s ts .

different macro- and micro-structure, especially the decreased degree of crystallinity
(Zhu, 2008).
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• Ozonolysis
Ozone is a powerful oxidant that shows high delignification 

efficiency. Ozonolysis is usually performed at atmospheric conditions, room 
temperature, and normal pressure. Its effect is mainly limited to lignin, hemicellulose 
is slightly affected, and cellulose is not. Thus, the amount of degradation compounds 
derived from hemicellulose and cellulose is very low. Notwithstanding, ozone could 
react with lignin-based aromatic compounds generating some lignin-derived 
degradation products. Ozone has been used to pretreat numerous lignocellulosic raw 
materials such as bagasse, and poplar among others (Kumar et a l, 2009). Despite 
some interesting results, further research has to be performed regarding ethanol 
production from lignocellulosic materials pretreated with ozone. An important 
drawback to consider is the large amounts of ozone needed, which can make the 
process economically unviable.

2.4.1.4 Biological Pretreatments
Fungal pretreatment has been previously explored to upgrade 

lignocellulosic materials for feed and paper applications. Recently, this 
environmentally friendly approach has received renewed attention as a pretreatment 
method for enhancing enzymatic saccharification of lignocellulosic biomass in ethanol 
production processes. Biological pretreatment employs wood degrading 
microorganisms, including white-, brown-, soft-rot fungi, and bacteria to modify the 
chemical composition and/or structure of the lignocellulosic biomass so that the 
modified biomass is more amenable to enzyme digestion.

White rot fungi with selectivity to lignin degradation over 
cellulose can be successfully applied in microbial pretreatments. However, the patterns 
of cell wall deconstruction by white rot fungi vary among species and strains. Several 
white rot fungi such as Phanerochaete chrysosporium, Ceriporia lacerata, Cyathus 
stercolerus, Ceriporiopsis subvermispora, Pycnoporus cinnarbarinus, and Pleurotus 
ostreaus have been examined on different lignocellulosic biomass showing high 
delignification efficiency (Keller et al., 2003; Kumar et al., 2009; Shi et al., 2009).

(Wan and Li, 2010) found that c. subvermispora can 
effectively reduce recalcitrance of com stover with high selectivity of lignin, high 
degradation rate, and minimal cellulose loss. In this case, when 5 mm com stover was
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pretreated at 28 ๐c  with 75% moisture content, overall glucose yields of 57.7%, 
62.2%, and 66.6% were obtained after 18, 28, and 35 days of microbial pretreatment, 
respectively.

The biological pretreatment appears to be a promising 
technique and has very evident advantages, including no chemical requirement, low 
energy input, mild environmental conditions, and environmentally friendly working 
manner (รนท and Cheng, 2002). However, its disadvantages are as apparent as its - 
advantages since biological pretreatment is very slow and requires careful control of 
growth conditions and large amount of space to perform treatment. In addition, most 
lignolytic microorganisms solubilize/consume not only lignin but also hemicellulose 
and cellulose. Therefore, the biological pretreatment faces techno-economic 
challenges and is less attractive commercially.

2.4.1.5 Concluding Remarks o f Pretreatments
Different pretreatment methods to make the lignocellulose 

accessible to enzymes have been described and widely studied for improving ethanol 
production processes. The effects that some of the most studied pretreatments have on 
structure of lignocellulose are summarized in Table 2.6 and the most promising 
pretreatment categories that can be commercialized for biorefmery shown in Table 
2.7; however, none of those can be declared outstanding as each pretreatment has its 
intrinsic advantages and disadvantages. An effective pretreatment is characterized by 
several criteria: avoiding size reduction, preserving hemicellulose fractions, limiting 
formation of inhibitors due to degradation products, minimizing energy input, and 
being cost-effective. Except for these criteria, several other factors are also needed to 
be considered, including recovery of high value added co-products (e.g., lignin and 
protein), pretreatment catalyst, catalyst recycling, and waste treatment. When 
comparing various pretreatment options, all the above mentioned criteria should be 
comprehensively considered as a basis.
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Table 2.6 Effect of various pretreatment methods on the chemical composition and 
chemical/physical structure of lignocellulosic biomass (Menon and Rao, 2012; Tomâs- 
Pejô, Alvira et al, 2011)

Increases 
accessible 
surface area

Cellulose
Decrystallization

Hemicellulose
Solubilization

Lignin
removal

Lignin
structure
alteration

Generation 
of toxic 
compounds

Applicability 
of different 
feedstock’s

Mechanical H H 0 0 0 0 Yes
Extrusion H H '0 - - Yes

Steam H - H M H H Yes
explosion

LHV H H L M L
AFEX H M M L • H L -

Microwave H H L H H L -
Wet oxidation H - H M H L -
Co; explosion MH _ - M H M M -

Acid H - H M H H Yes
Alkali H H MH H H L Yes

Ionic liquids M H H MH H ML Yes
Organosolv M - H MH M ML Yes
Ozonolysis M M MH H M L -
Biological M 0 0 H - (XL -

H, high effect; M, moderate effect; L, low effect; 0, no effect.
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Table 2.7 Most promising pretreatment technologies (Adapted from Menon and Roa 
2012 ; Tomâs-Pejô, Alvira et al, 2011)

Sugar
yield

Inhibitor
formation

Success 
at pilot 
scale

Advantages Limitation & 
disadvantages

Mechanical L Nil Yes Reduce cellulose crystallinity and decrease particle size
High power and energy consumption

Steamexplosion H H Yes Hemicellulose solubilization and lignin transformation; cost-effective
Generation of toxic compounds and partial hemicellulose degradation

LHW H H Yes Partial hydrolysis of hemiceliuloses and requires no catalyst and low-cost reactor

Long residence time, less lignin removal, high water demanding and high energy requirements

AFEX H L Yes Increases accessible surface area, remove lignin and hemicellulose and low formation of inhibitors

No efficient for biomass with high lignin content and high cost of large amount of ammonia

Wetoxidation H/L Nil -
Removal of lignin, dissolves hemicellulose, causes cellulose decrystallization and minimizes the energy demand (exothermic)

High cost of oxygen and alkaline catalyst and only for low lignin

Co2explosion H L ■ Hemicellulose removal, cellulose decrystallization and cost-effective
Does not affect lignin and very high pressure requirements

Acid H H Yes Hydrolysis of cellulose and hemicellulose and alters lignin structure
Generation of degradation products and equipment corrosion

Alkali H L Yes Removal of lignin and -hemicellulose, increases accessible surface area
Long residence time and irrecoverable salts formed

Ionic liquids H/L L - Dissolution of cellulose and increased amenability to cellulose
Still in initial stages

Organosolv

Ozonolysis

H

H

H

L

Yes

No

Lignin and hemicellulose hydrolysis

Reduce lignin content and no toxic residues

Solvents need to be drained, evaporated, condensed and reused
Large amount of ozone required

Biological - - -
Degrades lignin and hemicellulose, less formation of inhibitors and low energy consumption

Very slow rate of hydrolysis and requires careful control of growth condition

1 9 ร 3 ฬ 0 ร 3



36

2.4.2 Saccharification
2.4.2.1 Enzymatic

Microbial degradation of lignocellulosic waste is accomplished 
by the action of several enzymes, the most important of which are the cellulases. Three 
major types of cellulose activities are recognized: Endoglucanases (1,4-b-D- 
glucanohydrolases), Exoglucanases, and b-Glucosidases (b-glucoside 
glucohydrolases). Endoglucanases cut at random the internal amorphous sites in the 
cellulose polysaccharide chain generating oligosaccharides of various lengths, and 
consequently shorter chains appear. Exoglucanases act, in a progressive manner, on 
the reducing and non-reducing ends of the cellulose chains liberating either glucose 
(glucanohydrolases) or cellobiose (cellobiohydrolase) as major products. 
Exoglucanases can also act on microcrystalline cellulose peeling the chains from the 
microcrystalline structure. b-Glucosidases hydrolyze soluble cellodextrins and 
cellobiose to glucose. The cellulase system of Trichoderma reesei consists of at least 
two exoglucanases, five endoglucanases, and two b-glucosidases.

In addition to three major groups of cellulase enzymes, there are 
also a number of ancillary enzymes that attack hemicellulose, such as glucuronidase, 
acetylesterase, xylanase, b-xylosidase, galactomannanase, and glucomannanase. The 
enzymatic hydrolysis of lignocellulose is limited by several factors: crystallinity of 
cellulose, degree of polymerization (DP), moisture, available surface area, and lignin 
content (Chang and Holtzapple, 2000; Koullas et al., 1992; Laureano-Perez et al., 
2005; Puri, 1984). (Caulfield and Moore, 1974) mentioned that decreasing particle size 
and increasing available surface rather than crystallinity affect the rate and extent-of 
the hydrolysis. Other researchers (Grethlein, 1985; Grous et al., 1986; Thompson et 
al., 1992) concluded that the pore size of the substrate in relation to the size of the 
enzymes is the main limiting factor in the enzymatic hydrolysis of lignocellulosic 
biomass. Removal of hemicellulose increases the mean pore size of the substrate and 
therefore increases the probability of the cellulose to get hydrolyzed. On the other 
hand, drying of pretreated lignocellulose can cause a collapse in pore structure, 
resulting in a decreased enzymatic hydrolyzability (Grous et al., 1986). (Zhang and 
Lynd, 2004) mention that cellulases can get trapped in the pores if the internal area is 
much larger than the external area, which is the case for many lignocellulosic
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biomasses. Lignin limits the rate and extent of enzymatic hydrolysis by acting as a 
shield, preventing the digestible parts of the substrate to be hydrolyzed.

2.4.2.2 Dilute Acid
The dilute acid hydrolysis process is one of the oldest, simplest, 

and most efficient methods of producing ethanol from biomass. Dilute acid is used to 
hydrolyze the biomass to sugars. The first stage uses 0.7% sulfuric acid at 190 °c to 
hydrolyze the hemicelluloses present in the biomass. The second stage is optimized to * 
yield the more resistant cellulose fraction. This is achieved by using 0.4% sulfuric acid 
at 215 ๐c. The liquid hydrolyzates are then neutralized and toxic compounds are 
removed before fermentation of sugar solution (Brennan et al., 1986).

2.4.3 Fermentation
2.4.3.1 Microorganisms

Fungi, bacteria, and yeast microorganisms can be used for 
fermentation, specific yeast (ร. cerevisiae also known as Baker’s yeast) is frequently 
used to ferment glucose to ethanol. Theoretically, 100 g of glucose will produce 51.4 g 
of ethanol and 48.8 g of carbon dioxide. Flowever, in practice, the microorganisms use 
some of the glucose for growth and the actual yield is less than 100%.

2.4.3.2 Bacteria
Ethanol-producing bacteria have attracted much attention in 

recent years because their growth rate is substantially higher than that of the 
'  Saccharomyces which is currently used for fuel ethanol production.With the recent 

advances in biotechnology, they have the potential to play a key role in making 
production of ethanol more economical (Dien et al., 2003). Among such ethanol- 
producing bacteria, z. mobilis is a well-known organism used historically in tropical 
areas to make alcoholic beverages from plant sap. The advantages of z. mobilis are its 
high growth rate and specific ethanol production; unfortunately, its fermentable 
carbohydrates are limited to glucose, fructose, and sucrose. On the other hand, the 
Gram-negative strain Zymobacter palmae, which was isolated by (Okamoto et al., 
1993) using a broad range of carbohydrate substrates, is a facultative anaerobe that 
ferments hexoses, a-linked di- and tri-saccharides, and sugar alcohols (fructose, 
galactose, glucose, mannose, maltose, melibiose, sucrose, raffinose, mannitol, and 
sorbitol). This strain produces approximately 2 mol of ethanol per mole of glucose
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without accumulation of byproducts and shows productivity similar to that of z. 
mobilis (Okamoto et al., 1993).

2.4.3.3 Yeasts
Metabolic pathway engineering is constrained by the 

thermodynamic and stoichiometric feasibility of enzymatic activities of introduced 
genes. Engineering of xylose metabolism in ร. cerevisiae has focused on introducing 
genes for the initial xylose assimilation steps from p. stipitis, a xylose-fermenting 
yeast, into ร. cerevisiae, a yeast traditionally used in ethanol production from hexose. 
However, recombinant ร. cerevisiae created in several laboratories have used xylose 
oxidatively rather than in the fermentative manner that this yeast metabolizes glucose 
(Jin and Jeffries, 2004). D-Xylose is a major component of the hydrolyzate of 
hemicellulose from biomass. Therefore, ethanol production from xylose is essential for 
successful utilization of lignocellulose. Many bacteria, yeast, and fungi assimilate 
xylose, but only a few metabolize it to ethanol (Skoog and Hahn-Hagerdal, 1988).

2.4.3.4 Fungi
The filamentous fungus Fusarium oxysporum is known for its 

ability to produce ethanol by simultaneous saccharification and fermentation (SSF) of 
cellulose. However, the conversion rate is low and significant amounts of acetic acid 
are produced as a byproduct (Panagiotou et al., 2005). A few microbial species such as 
Neurospora, Monilia, Paecilomyces, and Fusarium have been reported to hold the 
ability to ferment cellulose directly to ethanol (Singh et al., 1992). F. oxysporum 
produces a broad range of cellulases and xylanases, which has been characterized 
earlier (Christakopoulos et ai, 1996). Acetic acid was the major fermentation product 
of Neocallimastix sp., another ethanol-producing fungus (Dijkerman et a l, 1997).

2.4.4 Technological Configurations
The classic configuration employed for fermenting biomass 

hydrolyzates involves a sequential process where the hydrolysis of cellulose and the 
fermentation are carried out in different units. This configuration is known as separate 
hydrolysis and fermentation (SHF). In the alternative variant, the simultaneous 
saccharification and fermentation (SSF), the hydrolysis and fermentation are 
performed in a single unit. The most employed microorganismfor fermenting
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lignocellulosic hydrolyzates is ร. cerevisiae, which ferments the hexoses contained in 
the hydrolyzate but not the pentoses.

2.4.4.1 Separate Hydrolysis and Fermentation (SHF)
When sequential process is utilized, solid fraction of pretreated 

lignocellulosic material undergoes hydrolysis (saccharification). This fraction contains 
the cellulose in an accessible form to acids or enzymes. Once hydrolysis is completed, 
the resulting cellulose hydrolyzate is fermented and converted into ethanol. One of the 
main features of the SHF process is that each step can be performed at its optimal 
operating conditions. The most important factors to be taken into .account for 
saccharification step are reaction time, temperature, pH, enzyme dosage, and substrate 
load (Sa'nchez and Cardona, 2008).

2.4.4.2 Simultaneous Saccharification and Fermentation (SSF)
The SSF process has been extensively studied to reduce the 

inhibition of end products hydrolysis (Zheng et ah, 1998; Saxena et al., 1992). In the 
process, reducing sugars produced in cellulose hydrolysis or saccharification are 
simultaneously fermented to ethanol, which greatly reduces the product inhibition to 
the hydrolysis. However, the need of employing more dilute media to reach suitable 
rheological properties makes the final product concentration to be low. In addition, 
this process operates at non-optimal conditions for hydrolysis and requires higher 
enzyme dosage, which influences substrate conversion positively, but process costs 
negatively. Considering that enzymes account for an important part of production 
costs, it is necessary to find methods reducing the cellulases doses to be utilized 
(Sa'nchez and Cardona, 2008).

SSF has some advantages such as increase of hydrolysis rate 
by conversion of sugars that inhibit the cellulose activity, lower enzyme requirement, 
higher product yield, lower requirements for sterile conditions since glucose is 
removed immediately and ethanol is produced, shorter process time and less reactor 
volume because a single reactor is used. However, ethanol may also exhibit inhibition 
to the cellulase activity in the SSF process. Some disadvantages of this configuration 
include incompatible temperature of hydrolysis and fermentation, ethanol tolerance of 
microbes, and inhibition of enzymes by ethanol.
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2.4.4.3 Pentoses Fermentation
One of the main problems in bioethanol production from 

lignocellulosics is that ร. cerevisiae can ferment only certain mono- and disaccharides 
like glucose, fructose, maltose, and sucrose. This microorganism is not able to 
assimilate cellulose and hemicellulose directly. In addition, pentoses obtained during 
hemicellulose hydrolysis (mainly xylose) cannot be assimilated by this yeast. A way to 
overcome this obstacle is through recombinant DNA technology (genetic engineering). 
Other approach to this problem is the use of pentose-fermenting microorganisms such 
as some species of yeasts and bacteria. In'this case, configurations involving the 
separate fermentation of pentoses and hexoses have been proposed. Yeasts such as 
Pichia stipitis, Candida shehatae, and Pachysolen tannophilus can digest pentoses, but 
their ethanol production rate from glucose is at least five times less than that observed 
for ร. cerevisiae. Moreover, their culture requires oxygen and ethanol tolerance is 2-4 
times lower (Claassen e ta i, 1999). Pentose-fermenting yeasts require a careful control 
for maintaining low oxygen levels in the culture medium needed for their oxidative 
metabolism. Additionally, these yeasts successfully ferment pure xylose but not the 
aqueous hemicellulose streams generated during the biomass pretreatment, due to the 
presence of different inhibitors (Chandrakant and Bisaria, 1998).

2.4.4.4 Simultaneous Saccharification and Cofermentation (SSCF)
Other promising integration alternative is the inclusion of the

pentose fermentation in the SSF, process called simultaneous saccharification and 
cofermentation (SSCF). In this configuration, it is necessary that both fermenting 
microorganisms be compatible in terms of operating pH and temperature. 
(Chandrakant and Bisaria, 1998) suggest that a combination of c . shehatae and ร. 
cerevisiae is suitable for this kind of process. Similarly, a system including the 
isomerization of xylose and the fermentation with ร. cerevisiae in a simultaneous way 
can be utilized. Some drawbacks of this configuration are the high byproduct 
formation in the form of CO2 and xylitol, poor enzyme stability, incompatible pH and 
temperature (pH of 7.0 and 70 °c for the isomerization process), and the reversibility 
of the enzyme transformation (Chandrakant and Bisaria, 1998). Technological 
Configurations of each process are shown in Figure 2.14.
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Figure 2.14 Technological Configurations of each process 
(Source: http://dx.doi.org/!0.5772/55309).

2.5 Sustainable Development

2.5.1 Definition of Sustainable Development
Sustainable development (SD) is development that meets the needs of 

the present without compromising the ability of future generations to meet their own 
needs. In other words, development that meets the needs of current generation 
without compromising the needs of future generations is termed as sustainable 
development. Sustainable development has three components: environment, society, 
and economy. If you consider the three to be overlapping circles of the same size, the 
area of overlap in the center is human well-being - as shown in Figure 2.15. 
(http://www.det.wa.edu.au).

http://dx.doi.org/!0.5772/55309
http://www.det.wa.edu.au
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Figure 2.15 Sustainable development concept (Source: http://en.wikipedia.org).

2.5.2 Sustainable Energy for the Future
At present, the environmental problem is the main issue for the entire 

world to be interested. The major energy source is still the fossil fuels which are 
non-renewable and also impact to environmental. The energy that sustainable, 
renewable and. environmental friendly is now replacing fossil fuel.

Sustainable energy is the provision of energy that meets the needs of 
the present without compromising the ability of future generations to meet their needs. 
Sustainable energy sources are most often regarded as including all renewable energy 
sources, such as hydroelectricity, solar energy, wind energy, wave power, geothermal 
energy, bioenergy, and tidal power. It usually also includes technologies that 
improve energy efficiency.

Apart from the energy sources that have to sustain, the processes which 
producing these energy are also importance because the main part that influence 
environment problem are released from the processes. If the processes are designed to 
minimize waste and optimize the utility consumption, the environmental impact will 
decrease. The next topics will mention about the energy situation and the way to 
improve the energy usage for more sustainable in Thailand.

http://en.wikipedia.org
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2.6 Life Cycle Assessment (LCA)

As mention in the sustainable development topic, environmental issue is one 
of the importance parts that have to be analyzed. The efficiency of biofuel in terms of 
energy and environmental aspect can evaluate by the method call “Life Cycle 
Assessment (LCA)”.

2.6.1 Definition of LCA
Life cycle assessment (LCA) is a technique to assess environmental 

impacts associated with all the stages during its entire life cycle of a product, process 
or activity, encompassing, extracting and processing raw materials; manufacturing, 
transportation and distribution; use, re-use, maintenance; recycling, and final 
disposal by identifying and quantifying energy and materials used and wastes 
released to the environment; to assess the impact of those energy and materials used 
and releases to the environment; and to identify and evaluate opportunities to affect 
environmental improvements as shown in Figure 2.16 (SETAC, 1993).

Figure 2.16 Structure of the life cycle assessment 
(Source: http://www.scienceinthebox.com).

http://www.scienceinthebox.com
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In the case of petroleum-derived fuels, this means LCA includes 
everything from the time the oil is extracted from the ground, transported to the 
refinery, made into fuel and distributed to your local gas station. This is also known as 
a Well-to-Wheels Study because it starts at the oil well and ends at the wheels or more 
specifically the tailpipe of your car or truck.

For a crop like com ethanol, the LCA is much more complex. Tracking 
of the energy and emissions it takes to plant the com, and make the fuels, fertilizers, 
and pesticides to grow the com. Estimating whether growing the com increases or 
decreases carbon in the soil. Appraising how_much fuel it takes to get the com to the 
ethanol refinery and how much energy is consumed and the amount of emissions that 
are generated in the bioethanol plant. Com ethanol refineries typically make a co­
product called distillers grain, which is a high-protein feed for cattle. This 
production is counted as a credit in our accounting spreadsheet. It also includes the 
impact of getting ethanol to the service station by rail and truck.

2.6.2 Overview of LCA
In LCA substantially broader environmental aspects can be covered, 

ranging from GHG emissions and fossil resource depletion to acidification and 
toxicity aspects, hence it is a good tool for quantifying environmental impacts of a 
defined product system. However, LCA as it stands has its limitations such as the 
difficulties in data acquisition and validation, and the misleading results due to the 
choice of methodology especially on allocation issues. Figure 2.17 illustrates the life 
cycle of biofuels involving CO2 emission.
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Figure 2.17 Life cycle of biofuels (Source: http://peda.gov.in).

The objectives of LCA are to compare the full range of environmental 
effects assignable to products and services in order to improve processes, support 
policy, provide a sound basis for informed decisions and also increase environmental 
awareness on the part of the general public, industry and governments. The 
precursors of life cycle analysis and assessment (LCAs) were the global modeling 
studies and energy audits of the late 1960s and early 1970s. These attempted to 
assess the resource cost and environmental implications of different patterns of 
human behavior.

LCAs were an obvious extension, and became vital to support the 
development of eco-labeling schemes which are operating or planned in a number of 
countries around the world. In order for eco-labels to be granted to chosen products, 
the awarding authority needs to be able to evaluate the manufacturing processes 
involved, the energy consumption in manufacture and use, and the amount and type of 
waste generated. To accurately assess the burdens placed on the environment by the 
manufacture of an item, the following of a procedure or the use of a certain process,

http://peda.gov.in
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two main stages are involved. The first stage is the collection of data, and the second is 
the interpretation of that data.

2.6.3 Methodology of LCA
The LCA framework was standardized by the International 

Organization for Standardization (ISO). According to the ISO 14040 and 14044 
standards, a life cycle assessment is derived in four distinct phases consisting of:

2.6.3.1 Goal and Scope Definition
The first step is where the intention of the use of LCA is 

defined, and where the setting of the boundaries (what is and is not included in the 
study) for the product system takes place and assumptions based upon the goal. In this 
phase, formulate and specify the goal and scope of study in relation to the 
intended application are required. For the example of a packaging study might choose 
to define the functional unit as - packaging of 1,000 liters of milk in containers of 1 
liter. Taking this, the relevant significant comparison can be between 1,000 carton 
boxes and 40 returnable polycarbonate bottles, which can be used in average 25 times.

Usually what LCA does is compare different ways of obtaining 
the same function. Therefore in order to guarantee fairness and relevance it is crucial 
to be comparing between product systems that actually provide the same function, 
being this assured through carefully defining the functional unit. Finally, the goal and 
scope including a description of the method applied for assessing potential 
environmental impacts and which impact categories those are included.

2.6.3.2 Inventory Analysis (LCI)
_This_step is where all the necessary input and output data for 

the processes regarding the product system is gathered. The energy and raw material 
inputs and environmental releases associated with each stage of production are 
quantified. Other types of exchanges or interventions such as radiation or land use can 
also be included. These gathered data are related with the reference flow given by the 
functional unit. Typically the data for the different processes is combined over the life 
cycle and presented as the total emissions of a substance or total use of resource.

Finally, the results of the inventory which provides 
information about all inputs and outputs in the form of elementary flow to and from 
the environment from all the unit processes involved in the study are obtained.
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2.6.3.3 Impact Assessment (LCIA)
Analyze and compare the impacts on human health and the 

environment burdens associated with raw material and energy inputs and 
environmental releases quantified by the inventory. In this phase, “Life Cycle Impact 
Assessment” (LCIA) is aimed at evaluating the contribution to impact categories such 
as global warming, acidification, ozone depletion and etc.

The first step of LCIA is termed “characterization”. Here, 
impact potentials are calculated based on the LCI results. The next steps are 
“normalization” and “weighting”, but these are both voluntary according the ISO 
standard. Normalization provides a basis for comparing different types of 
environmental impact categories (all impacts get the same unit). Weighting implies 
assigning a weighting factor to each impact category depending on the relative 
importance.

2.6.3.4 Interpretation
Evaluate opportunities to reduce energy, material inputs, or 

environmental impacts at each stage of the product life-cycle. In this phase, 
“Interpretation” is the most important one. An analysis of major contributions, 
sensitivity analysis and uncertainty analysis leads to the conclusion whether the 
ambitions from the goal and scope can be met.

All conclusions are drafted during this phase. Sometimes an 
independent critical review is necessary, especially when comparisons are made that 
are used in the public domain. Finally, an improvement, in-which recommendations 
are made based on the results of the inventory and impact stages, is also analyzed. 
These may include modifying a production process, using different raw materials, or 
choosing one product over another (ISO 14040 and 14044, 2006).

To understand easily, the framework within which life cycle 
assessment is carried out is shown in Figure 2.18. Two main activities—inventory 
analysis and impact assessment—are preceded by a vitally important planning phase 
and followed by extended interpretation, which will normally involve checking the 
results both against the initial goals and for self-consistency.
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Life Cycle Assessment Framework
goal and scope definition

Inventoryanalysis

Impactassess­ment

Interpretation phase
1 Identification of significant issues

2 evaluation by:- completeness checl- sensitivity check- consistency check - other checks

conclusions, recommendations and reporting

direct applications:- product development and improvement- strategic planning » marketing- other

Figure 2.18 Life cycle assessment framework (Source: http://www.ami.ac.uk).

2.6.4 LCA studies on bioethanol
Bioethanol has become the new challenge on the reduction of fossil 

resource use and global warming concern. After that, many research teams have 
conducted the LCA on bioethanol in various materials including sugar, starchy, and 
lignocellulosic biomass.

(Searcy et al., 2008) compared the LCA emission renewable energy 
routes that convert straw/com stover into usable energy were examined. The 
conversion options studied were ethanol by fermentation, syndiesel by oxygen 
gasification followed by Fischer Tropsch synthesis, and electricity by either direct, 
combustion or biomass integrated gasification and combined cycle (BIGCC). The 
greenhouse gas (GHG) emissions were 830 g CO2 e/kWh for direct combustion, 839 g 
CO2 e/kWh for BIGCC, 2,060 g CO2 e/L for ethanol production, and 2,440 g CO2 e/L 
for FT synthesis of syndiesel. The comparison in unit per mega joules is shown in 
Table 2.8.

http://www.ami.ac.uk
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Table 2.8 Comparison of GHG emission from difference sources 
(Source: Searcy et al., 2008)

Method Emission (g CO2/MJ)
Direct Combustion 230.56
BIGCC 233.06
Fermented Ethanol 97.31
FT_รyndiesel 67.40

The result showed that bioethenol choice gave more attractive than 
those from electricity choices. However, syndiesel emitted the lowest emission with
67.40 g CO2 per mega joules. By this, it means that the use of lignocellulosic materials 
in conversion process to be ethanol is better than use it to generate electricity.

(Luo et al., 2009) worked on lifecycle assessment and life cycle costing 
of bioethanol from sugarcane two cases in Brazil. The two cases engaged were: base 
case—bioethanol production from sucrose, and heat and electricity generation from 
bagasses using the current technology (1); future case—bioethanol production from 
both sucrose and bagasses (2), and heat and electricity generation from wastes. His 
study performed LCA and compared gasoline with E10, E85 and Ethanol as well. The 
résultés shown in Figure 2.19.
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Fuel Type
Figure 2.19 Greenhouse gas emission of ethanol from sugarcane 
(Source: Luo et al., 2009).

When GHG emissions were concerned, burning bagasse for electricity 
generation (base case) was a much better option than converting bagasse to ethanol 
(future case). They also performed life cycle costing, the result indicated that driving 
with ethanol fuels was more economical than gasoline, and the future case was 
economically more attractive than the base case, which have been the driving force for 
the promotion of advanced technologies converting bagasse to ethanol.

(Gonzâlez-Garcia et al., 2009) studied on the life cycle assessment of 
flax shives in Spain. They compare the emission in difference allocation method, 
economic and mass. Three scenarios (EA1, EA2 and EA3) based on economic 
allocation were evaluated according to the large difference in the market prices (from 
15 to 36 €/ton regardless of their final destination). Mass allocation (scenario MA) was 
also assumed in order to estimate the effect of allocation. The comparison of global 
warming potential in difference allocation methods are shown in Figure 2.20.
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Figure 2.20 The comparison (between allocation factors) of CO2 equivalent emission 
for ethanol production and main process involved (Source: Gonzalez-Garcia et al., 
2009).

Activities related to the ethanol conversion plant, such as distillation 
and electricity production, are the main hot spots in this impact category. In addition, 
when mass allocation is assumed, there is a remarkable contribution from fossil fuel 
extraction due to a higher amount of diesel from agricultural machineries being 
allocated to the flax shives. Moreover, it is important to remark the positive effect of 
the carbon sequestered during crop growth (9.9 ton C02/ha), which contributes to 
offset the GHG emissions. This effect is more outstanding in the mass allocation 
(highest allocation factor) since more CO2 taken up during the crop growing is 
allocated to flax shives.

(Neupane et al., 2011) worked on the attributional life cycle assessment 
of woodchips for bioethanol production. An in-depth LCA of woodchips shows that 
harvesting and woodchips processing stage and transportation to the facility stage emit 
large amount of environmental pollutants compared to other life cycle stages of 
ethanol production as shown in Figure 2.21. Their analysis also found that fossil fuel 
consumption and respiratory inorganic effects are the two most critical environmental 
impact categories in woodchips production. They have used Eco-indicator 99 based 
cradle-to-gate LCA method with a functional unit of 4 m3 of dry hardwood chips 
production.
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Figure 2.21 The characterized impact factor for natural regeneration scenario 
(Source: Neupane et al., 2011).

In their work, they applied an LCA approach to analyze the 
environmental impacts of each process steps for woodchips production in view of the 
impending large scale bioethanol production in the บ.ร. Using an appropriate LCA 
method and following the ISO 14040 standards have allowed them to assess the 
different environmental impacts in each process step of woodchips production. The 
dominant environmental contributors are fossil consumptions and respiratory 
inorganics in the natural regeneration and the artificial regeneration scenarios. 
Transportation of woods from forest site to a facility has significant impact factor, 
followed by harvesting-and processing of woodchips. Since most of the impacts are 
due to the combustion of fossil fuels (diesel and gasoline) used for operating 
machineries, one option to reduce the life cycle impacts of woodchips production on 
the environment is to increase the fuel efficiency of equipment used in harvesting and 
processing and transportation. This could be done by balancing the size and power 
capacity of equipment with the tree size to be harvested. They also recommend 
establishing a prospective biorefinery at proximity to biomass area in order to 
minimize transportation distance and consequently cost. This however, might increase 
the transportation distance and costs for producing biomass-based end products.
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