
BACKGROUND AND LITERATURE REVIEW
CHAPTER II

2.1 Biorefinery

2.1.1 Biorefinery Concept
Among the several definitions of biorefinery, the perfect definition 

was defined by the International Energy Agency Biorefinery: “Biorefining is the 
processing of biomass into a spectrum of marketable products and energy”. 
Biorefinery is facility that integrates biomass conversion processes and equipments 
to convert biomass resources (e.g., sugarcane, wood, palm, etc.) into basic products 
like starch, oil, and cellulose, which can be transform to value added products, 
biofuels, chemicals, materials, and energy. This concept is analogous to today’s 
petroleum refinery that produces multiple fuels, chemicals, materials, and energy 
(Cherubini, 2010, Cherubini et a i, 2010). Figure 2.1 shows the biorefinery concept 
(Clark et al., 2012).

The purpose of biorefinery is to obtain high-cost products from low- 
cost feedstocks due to the potential use of resources and minimize wastes, 
consequently maximizing benefits and profitability (King et a i. 2010). The major 
challenge for biorefinery development seems to be the efficient and cost effective 
production of transportation biofuels. However, with the co-produced biomaterials 
and biochemicals, additional economic and environmental benefits can be gained. 
Thus, the two important concepts are (1 ) to take maximum advantage of intermediate 
and by-products to produce additional chemicals and materials and (2) to balance 
high-value/low-volume bio-based chemicals and materials with high-volume/low- 
value biofuels (Cherubini, 2010, King et ai, 2010).

Demirbas (2009) and King et al. (2010) indicated that a biorefinery 
might produce one or some low-volume, but high-value, chemical products and a 
low-value, but high-volume liquid transportation fuel, while generating electricity 
and process heat for its own use at the same time and perhaps enough for the sale of 
electricity. The high-value products enhance profitability, the high-volume fuel helps
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meet national energy needs, and the power production reduces costs and avoids GHG 
emissions (Demirbas, 2009, King et al, 2010).
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Figure 2.1 The biorefmery concept: from biomass to valuable products via low- 
environmental-impact valorization practices (Clark et al., 2012).

Around a dozen additional chemicals apart from syngas and fuels may 
currently be produced per refinery but, ultimately, the local market value for the final 
products will determine which products will be produced.

2.1.2 Biomass Feedstocks
Biomass feedstock refers to renewable carbon-based raw materials 

used in biorefmery. The biomass is synthesized by plants via the photosynthetic 
process that can convert atmospheric carbon dioxide and water into sugars. The sugar
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is  u s e d  b y  p l a n t s  to  s y n th e s iz e  th e  c o m p le x  m a te r ia ls  th a t  a re  g e n e r ic a l ly  n a m e d  
b io m a s s .  T w o  c a te g o r ie s  o f  b io m a s s  f e e d s to c k  d o m in a te  r e s e a rc h  a re  f ir s t  a n d  s e c o n d  
g e n e ra t io n .  F i r s t  g e n e ra t io n  p ro d u c ts  a re  p ro d u c e d  f ro m  e d ib le  b io m a s s  s u c h  a s  
s ta r c h - r ic h  o r  o i ly  p la n ts .  S e c o n d  g e n e ra t io n  p ro d u c ts  a r e  m a d e  f r o m  re s id u a l  n o n ­
f o o d  p a r ts  o f  c u r r e n t  c r o p s  o r  o th e r  n o n - fo o d  s o u rc e s ,  s u c h  a s  p e r e n n ia l  g ra s s e s  o r  
a lg a e  ( C h e r u b in i ,  2 0 1 0 , K in g  et ai. 2 0 1 0 ) .  F ig u re  2 .2  s h o w s  th e  w h o le  p la n t  
v a lo r iz a t io n  in  b io r e f in e r y  b a s e d  o n  th e  fu n c t io n  o f  p la n t  c o m p o n e n ts  u se d  a s  ra w  
m a te r ia l  ( O c ta v e  et al., 2 0 0 9 ) .
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Figure 2.2 W h o le  p la n t  v a lo r iz a t io n  in  b io r e f in e r y  b a s e d  o n  th e  f u n c t io n  o f  p la n t  
c o m p o n e n ts  u s e d  a s  r a w  m a te r ia l  (O c ta v e  et a l, 2 0 0 9 ) .

B io m a s s  f e e d s to c k  fo r  b io r e f in e r y  a re  p r o v id e d  f ro m  f o u r  d i f f e r e n t  
s e g m e n ts :  (1 )  a g r ic u l tu re  (d e d ic a te d  c ro p s  a n d  r e s id u e s ) ,  (2 )  f o re s t ry ,  (3 )  in d u s tr ie s
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(p ro c e s s  r e s id u e s  a n d  r e m n a n t)  a n d  h o u s e h o ld s  (m u n ic ip a l  s o l id  w a s te  a n d  
w a s te w a te r s ) ,  a n d  (4 )  a q u a c u l tu r e  ( a lg a e  a n d  s e a w e e d s )  ( C h e r u b in i ,  2 0 1 0 ) .

T h e  m a in  b io m a s s  f e e d s to c k  c a n  b e  g ro u p e d  in  3 w id e  c a te g o r ie s :  (1 ) 
c a r b o h y d r a t e s  a n d  l ig n in ,  (2 )  t r ig ly c e r id e s  ( l ip id s ) ,  a n d  (3 )  m ix e d  o rg a n ic  r e s id u e s  
( C h e r u b in i ,  2 0 1 0 ) .

2.1.2.1 Carbohydrates and Lignin
C a r b o h y d ra te s  th a t  p r o d u c e d  f ro m  s ta r c h ,  c e l lu lo s e ,  an d  

h e m ic e l lu lo s e s  a r e  th e  m o s t  c o m m o n  b io m a s s  c o m p o n e n t  f o u n d  in  p la n t  f e e d s to c k s . 
C a r b o h y d r a t e s  m u s t  b e  h y d r o ly z e d  to  fo rm  s u g a r  th a t  is  f e e d s to c k s  o f  f e rm e n ta t io n  
s ta g e  to  p r o d u c e  e th a n o l  ( C h e r u b in i ,  2 0 1 0 ) .

S ta r c h  is a  v e ry  la rg e  p o ly m e r  m o le c u le  c o n s is te d  o f  m a n y  
h u n d r e d s  o r  th o u s a n d s  o f  g lu c o s e  m o le c u le s  ( p o ly s a c c h a r id e s ) .  T h e  m o s t  w id e s p re a d  
s ta rc h  c r o p s  a re  w h e a t  a n d  c o rn . S ta rc h  m u s t  b e  b ro k e n  d o w n  in to  o n e  o r  tw o  
m o le c u le  p ie c e s ,  f o l lo w e d  b y  th e  m ic r o b ia l  f e r m e n ta t io n  s ta g e  to  p r o d u c e  b io e th a n o l .  
T h e  tw o  m o s t  im p o r t a n t  s u g a r  c r o p s  a r e  s u g a rc a n e  a n d  s u g a r  b e e t .  S u g a r  c r o p s  c a n  
b e  d i r e c t ly  f e rm e n te d  to  p r o d u c e  e th a n o l  ( C h e r u b in i ,  2 0 1 0 , K in g  et al. , 2 0 1 0 ) .

L ig n o c e l lu lo s e  is th e  m o s t  a b u n d a n t  b io m a s s  r e p r e s e n t in g  
n e a r  o f  7 0 %  o f  th e  to ta l  p la n t  b io m a s s . L ig n o c e l lu lo s e  h a s  th r e e  m a jo r  c o m p o n e n ts  
c o n ta in s  m ic r o f ib r i l s  o f  c e l lu lo s e  ( 3 0 - 5 0 %  o f  to ta l  l i g n o c e l lu lo s ic  d ry  m a tte r ) ,  
h e m ic e l lu lo s e s  (2 0 —4 0 %  o f  to ta l  l ig n o c e l lu lo s ic  d r y  m a t te r )  a n d  l ig n in  ( 1 5 - 2 5 %  o f  
to ta l  l i g n o c e l lu lo s ic  d r y  m a t te r ) .  L ig n o c e l lu lo s ic  b io m a s s  c a n  b e  p r o v id e d  e i th e r  a s  a 
c ro p  o r  a s  a  re s id u e .-  L a rg e  a m o u n ts  o f  c e l lu lo s ic  b io m a s s  c a n  b e  p ro d u c e d  v ia  
d e d ic a te d  crops_ l ik e _ p e r e n n ia l  h e r b a c e o u s  p la n t  s p e c ie s ,  o r  s h o r t  ro ta t io n  w o o d y  
c ro p s . O th e r  s o u rc e s  o f  l ig n o c e l lu lo s ic  b io m a s s  a r e  w a s te  a n d  r e s id u e s  s u c h  a s  s tra w  
f ro m  a g r ic u l tu r e ,  w o o d  w a s te  f ro m  th e  p u lp  a n d  p a p e r  in d u s try  a n d  fo re s t ry  r e s id u e s .  
L ig n o c e l lu lo s e  h a s  b e e n  s e le c te d  d u r in g  th e  e v o lu t io n  to  b e  th e  k e y  e le m e n t  o f  p la n t  
s t r u c tu r e  a n d  c o n s e q u e n t ly  to  b e  r e s is ta n t  to  b io t ic  a n d  a b io t ic  s tre s s e s . T h is  
c h a r a c te r i s t ic  in v o lv e d  s o m e  b o t t le n e c k  in  th e  in d u s tr ia l  p r o c e s s in g  o f  b io m a s s . 
S ta rc h  c a n  b e  e a s i ly  h y d r o ly z e d  b y  e n z y m e s  o r  a c id  a t ta c k  to  th e  s in g le  s u g a r  
m o n o m e r s ,  w h i le  c e l lu lo s e  is m u c h  m o re  d i f f i c u l t  to  h y d r o ly z e  a n d  s e t  f re e  
in d iv id u a l  g lu c o s e  m o n o m e r s .  H e m ic e l lu lo s e  is  a  r e la t iv e ly  a m o r p h o u s  c o m p o n e n t  
th a t  is  e a s i e r  to  b r e a k  d o w n  w ith  c h e m ic a ls  o r  h e a t  th a n  c e l lu lo s e .  L ig n in  is  th e
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la rg e s t  n o n - c a r b o h y d r a te  f ra c t io n  o f  l ig n o c e l lu lo s e s ,  b u t c a n  b e  u se d  a s  fu e l to  
p r o d u c e  h e a t .  M o r e o v e r ,  l ig n in  c a n  b e  in c o r p o ra te d  in  r e s in s  to  s u b s t i tu te  p h e n o ls  o r  
a c t in g  a s  a  c r o s s  l in k e r  in  e p o x y - r e s in s  (O c ta v e  et a l, 2 0 0 9 , C h e r u b in i ,  2 0 1 0 ) .

2.1.2.2 Triglycerides (L ipids)
O ils  a n d  f a ts  a re  t r ig ly c e r id e s  w h ic h  g e n e ra l ly  c o n s is t  o f  

g ly c e r in  a n d  s a tu ra te d  a n d  u n s a tu ra te d  fa t ty  a c id s .  T h e  s o u rc e s  o f  o i ls  a n d  fa ts  a r e  a  
v a r ie ty  o f  v e g e ta b le  -and a n im a l r a w  m a te r ia ls .  O i ls e e d s  a r e  c o m m o n ly  u s e d  to  
p r o d u c e  f a t ty  a c id s  a n d  p r o te in - r ic h  c a k e s  u se d  to  f e e d  a n im a ls .  O i ls e e d s  p r o v id e  a 
u n iq u e  o p p o r tu n i ty  f o r  th e  p r o d u c t io n  o f  b io fu e l  a n d  h ig h - v a lu e  f a t ty  ac id s’ th a t  c a n  
r e p la c e  p e t r o l  s o u rc e s  o f  s p e c ia l ty  c h e m ic a ls  a n d  o th e r  a p p l ic a t io n s  l ik e  lu b r ic a n ts ,  o r  
d e te rg e n ts .  N o w a d a y s ,  o i l s  f ro m  S u n f lo w e r ,  r a p e ,  s o y b e a n  o r  p a lm  a re  th e  m o s tly  
u se d  to  m a k e  b io d ie s e l  b y  t r a n s e s te r i f ic a t io n  p r o c e s s .  T r ig ly c e r id e s  a r e  r e a c te d  w ith  
p r im a r y  a lc o h o l  ( m a in ly  m e th a n o l )  to  g e t fa tty  a c id  m e th y l  e s te r  (F A M E )  u s e d  as 
b io fu e l  a n d  r e c e iv e  g ly c e r o l  a s  a  b y -p ro d u c t .  T h e  g ly c e r o l  c a n  b e  s y n th e s iz e d  to  b e  
v a lu a b le  p r o d u c t s  s u c h  a s  c o a t in g s , a d h e s iv e s ,  p l a s t i c i z e r s  a n d  o th e r  c h e m ic a ls .  O th e r  
s o u rc e s  o f  v e g e ta b le  o i l  f o r  b io fu e l  c o n v e r s io n  c a n  b e  fo u n d  in  w a s te  s tr e a m s  o f  fo o d  
in d u s try , w h e r e  w a s te  e d ib le  o il is  m a in ly  g e n e r a te d  f ro m  c o m m e r c ia l  s e rv ic e s  a n d  
fo o d  p r o c e s s in g  p la n t s  s u c h  a s  r e s ta u r a n t s ,  f a s t  f o o d  c h a in s  a n d  h o u s e h o ld s .  W a s te  
v e g e ta b le  o i l  c a n  a ls o  b e  c o n v e r te d  in to  b io d ie s e l ,  b u t  r e q u i re s  r e f in e m e n t  ( O c ta v e  et 
al, 2 0 0 9 ,  C h e r u b in i ,  2 0 1 0 ,  K in g  et a l, 2 0 1 0 ) .

2.1.2.3 Mixes Organic Residues
O r g a n ic  f r a c t io n  o f  th e  M u n ic ip a l  S o l id  W a s te  ( M S W ) , 

m a n u re ,  w i ld  f ru i ts  a n d  c r o p s , p r o te in s  a n d  r e s id u e s  f ro m  f r e s h  f ru i t  a n d  v e g e ta b le  
in d u s t r i e s  a r e  b io m a s s  s o u r c e s  e x c lu d e d  f ro m  a b o v e  c a te g o r ie s .  T h e  p h y s ic a l  a n d  
c h e m ic a l  c h a r a c te r i s t i c s  o f  th is  w id e  s p e c t ru m  o f  b io m a s s  r e s o u r c e s  v a ry  la rg e ly . 
S o m e  s t r e a m s  s u c h  a s  s e w a g e  s lu d g e , m a n u re  f ro m  d a iry  a n d  s w in e  f a rm s  a n d  
r e s id u e s  f ro m  fo o d  p r o c e s s in g  a re  v e r y  w e t , w i th  m o is tu r e  c o n te n ts  o v e r  7 0 % . 
T h e r e f o r e ,  th e s e  f e e d s to c k s  a re  m o r e  s u i te d  fo r  a n  a n a e ro b ic  d ig e s t io n  p r o c e s s  to  
g e n e ra te  b io g a s ,  r a th e r  th a n  o th e r  f u e ls  o r  c h e m ic a ls .  O th e r  s t r e a m s ,  s u c h  a s  o r g a n ic  
M S W , m a y  b e  m o re  o r  le s s  c o n ta m in a te d  w ith  h e a v y  m e ta ls  o r  o th e r  e le m e n ts ,  b u t 
r e p r e s e n ts  a  h ig h  p o te n t ia l  fo r  e n e r g y  r e c o v e ry  ( C h e r u b in i  et a l,  2 0 0 8 ) .  O b v io u s ly ,
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th e  d i f f e r e n t  p r o p e r t i e s  a n d  c h a r a c te r i s t ic  o f  th e  b io m a s s  w a s te  r e q u i r e  th e  
a p p l ic a t io n  o f  d i f f e r e n t  c o n v e r s io n  te c h n o lo g ie s  ( C h e r u b in i ,  2 0 1 0 ) .

2 .1 .3  T e c h n o lo g ic a l  P ro c e s s e s  in  B io r e f in e ry
T h e  s u s ta in a b i l i ty  o f  a  b io r e f in e r y  d e p e n d s  o n  th e  c o m p r e h e n s iv e  

u t i l i z a t io n  o f  th e  b io m a s s  f e e d s to c k  in  o rd e r  to  p r o v id e  a  w id e  r a n g e  o f  p ro d u c ts .  
T h is  w o u ld  o n ly  b e  p o s s ib l e  w i th  a n  o p tim a l m ix  o f  p r o c e s s e s  ( G h a ta k ,  2 0 1 1 ) .  T h e  
p r o c e s s e s  u s e d  a re  b a s e d  o n  th e  f e e d s to c k  a n d  th e  d e s i r e d  o u tp u t  ( K in g  et al. , 2 0 1 0 ) .

Figure 2.3 T h e  m u l t ip le  s y n th e t ic  c o n v e r s io n  r o u te s  o f  m a jo r  b io f u e ls  p r o d u c e d  
f ro m  f ir s t  a n d  s e c o n d - g e n e r a t io n  b io m a s s  f e e d s to c k  (K in g  et al. , 2 0 1 0 ) .

B io r e f in e r y  p r o c e s s e s  c a n  b e  th e r m o c h e m ic a l ,  b io c h e m ic a l ,  c h e m ic a l ,  
o r  a  c o m b in a t io n  o f  th e m . A  fu ll  r e a l iz a t io n  o f  th e  u t i l i z a t io n  p o te n t ia l  o f  a n y  
b io m a s s  r e s o u r c e  o f te n  r e q u i r e s  a  c o m p le x  s e t  o f  o p e ra t io n s .  B e s id e s  th e  a c tu a l 
c h e m ic a l  t r a n s f o r m a t io n  s te p s , a  v a r ie ty  o f  p h y s ic a l  p r o c e s s e s  a r e  in v o lv e d  in  th e  ra w  
m a te r ia l  p r e t r e a tm e n t  a s  w e ll  a s  in  th e  s e p a r a t io n  o f  in te r m e d ia te s  a n d  p r o d u c ts  
( G h a ta k , 2 0 1 1 ) .  F ig u r e  2 .3  s h o w s  th e  m u l t ip le  s y n th e t ic  c o n v e r s io n  r o u te s  o f  m a jo r  
b io f u e ls  p r o d u c e d  f ro m  f ir s t  a n d  s e c o n d - g e n e r a t io n  b io m a s s  f e e d s to c k  ( K in g  et al,
2 0 1 0 ) .
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2.1.3.1 Thermochemical Processes
•  G a s i f ic a t io n :  F o r m a t io n  o f  S y n g a s

G a s i f i c a t io n  o f  b io m a s s  a l lo w s  th e  b r e a k d o w n  o f  
c a r b o n a c e o u s  m a te r ia ls  in to  th e i r  s y n th e s is  g a s  c o m p o u n d s  th a t  is  to  s a y  H 2 a n d  C O  
a re  k n o w n  a s  s y n g a s .  G a s i f i c a t io n  c a n  b e  c o m p le te d  b y  th e r m a l  d e c o m p o s i t io n  in  th e  
p r e s e n c e  o f  a  l im i te d  a m o u n t  o f  o x y g e n . T h e  r e s u l ta n t  m ix tu r e  o f  h y d r o g e n  a n d  
c a r b o n  m o n o x id e  is  th e n  c o n v e r te d  by  p a r t ia l  o x id a t io n  a t  e le v a te d  te m p e r a tu r e  o r  
v ia  a  F is c h e r - T r o p s c h  r e a c t io n  in to  th e  m o le c u le s  o f  c h o ic e  ( B r id g w a te r ,  1 9 9 5 ).

•  F a s t  P y r o ly s is
S im i la r  to  th e  f o r m a t io n  o f  s y n g a s ,  p y r o ly s i s  is  th e  

th e rm a l  d e c o m p o s i t io n  o f  th e  b io m a s s  in to  a  l iq u id  b io - o i l  c o n ta in in g  v a r io u s  
h y d r o c a r b o n s  a n d  a n  o x y g e n  c o n te n t  o f  3 5 -4 0 % , w h ic h  c a n  b e  c o n v e r te d  v ia  
h y d r o g e n a t io n  o r  v i a  g a s i f i c a t io n  in to  th e  ta r g e t  h y d r o c a r b o n .  T h e  u s e  o f  p y ro ly s is  
a n d  th e  p r o p e r t ie s  o f  th e  b io - o i l  p ro d u c e d  a re  s t i l l  in  d e v e lo p m e n t ,  b u t  it is  th o u g h t  
th a t it c a n  r e d u c e  th e  c o s ts  o f  g a s i f ic a t io n  c o m p a r e d  w i th  f e e d in g  s o l id  b io m a s s  
d i r e c t ly  in to  th e  g a s i f i e r  ( B r id g w a te r .  19 95 ).

2.1.3.2 Biochemical Processes
•  F e r m e n ta t io n  o f  S u g a r /S ta r c h  C r o p s

T h e  f e rm e n ta t io n  o f  s u g a r  s o lu t io n s  o r ig in a t in g  f ro m  
e i th e r  s ta r c h  c r o p s  o r  l i g n o c e l lu lo s ic  m a te r ia l  r e q u i r e s  p r e t r e a tm e n t  o f  th e  f e e d s to c k  
to  r e le a s e  th e  s u g a r s  f ro m  th e  p la n t m a te r ia l .  S ta r c h  is  u s u a l ly  h y d r o ly z e d  
e n z y m a t ic a l ly  to  d e l iv e r  s u g a r  s o lu t io n s ,  f o l lo w e d  b y  th e  m ic r o b ia l  f e r m e n ta t io n  
s ta g e  to  p r o d u c e  b io e th a n o l .  S u g a r  c ro p s  s u c h  a s  s u g a r  c a n e  c a n  b e  d ire c t ly  
f e rm e n te d  to  p r o d u c e  e th a n o l  ( C o r m a  et al. , 2 0 0 7 ) .

•  F e rm e n ta t io n  o f  L ig n o c e l lu lo s i c  B io m a s s
W h e n  u s in g  l i g n o c e l lu lo s ic  b io m a s s ,  f e e d s to c k  

p r o c e s s in g  n e e d s  to  s e p a r a te  th e  c e l lu lo s ic  a n d  h e m ic e l lu lo s i c  m a te r ia l  f ro m  th e  n o n -  
f e r m e n ta b le  l ig n in , w h ic h  is  s t r o n g ly  b o n d e d  b y  c o v a le n t  c r o s s - l in k s  ( K in g  et al. ,
2 0 1 0 ) .  T h is  is  u s u a l ly  d o n e  m e c h a n ic a l ly ,  f o l lo w e d  b y  a c id ,  a lk a l i ,  a n d /o r  s te a m  
t r e a tm e n t .  W h ile  th e  l ig n in  is  c u r r e n t ly  m o s t ly  c o m b u s te d  to  d e l iv e r  e n e r g y ,  th e  
c e l lu lo s ic  a n d  h e m ic e l lu lo s i c  c o m p o n e n ts  a re  h y d r o ly z e d  e n z y m a t ic a l ly  to ' d e l iv e r
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s u g a r  s o lu t io n s ,  f o l lo w e d  b y  f e rm e n ta t io n .  A s  o p p o s e d  to  th e  f e rm e n ta t io n  o f  p u re  
C 6  s u g a r s  (a s  in  s ta r c h  o r  s a c c h a r o s e ) ,  f e rm e n ta t io n  o f  b r o k e n - d o w n  h e m ic e l lu lo s e  
a ls o  r e q u i r e s  s p e c ia l  f e r m e n ta t io n  o r g a n is m s  c a p a b le  o f  c o n v e r t in g  C 5  s u g a r s  s u c h  a s  
x y lo s e  ( O ls s o n  et al, 1 9 9 6 ) . A t p re s e n t ,  th e re  is  a  n e e d  fo r  m o r e  e f f ic ie n t  a n d  r o b u s t  
m ic r o o r g a n is m s  th a t  c a n  w i th s ta n d  h ig h e r  te m p e r a tu r e s  a n d  p r e s s u r e s  to  d e l iv e r  th e  
f e r m e n ta t io n  p r o d u c t  f o r  b o th  o f  th e  a b o v e  b io m a s s  f e e d s to c k s .

•  _ A n a e ro b ic  D ig e s t io n
S N G  p r o d u c t io n  c a n  a ls o  in v o lv e  th e  c o n v e r s io n  o f  

b io d e g r a d a b le  w a s te  o r  e n e r g y  c ro p s  in to  a  g a s e o u s  fu e l c a l l e d  b io g a s ,  m a d e  u p  
la rg e ly  o f  5 0 % +  m e th a n e  a n d  c a rb o n  d io x id e . C o m m e r c ia l  c o n v e r s io n  p r o c e s s e s  
ty p ic a l ly  ru n  v ia  a n a e r o b ic  d ig e s t io n  o r  f e rm e n ta t io n  b y  a n a e ro b e s .  T h is  b io lo g ic a l  
p r o c e s s  is  u s e d  a s  a  r e n e w a b le  s u b s t i tu te  f o r  c o m m e r c ia l  n a tu ra l  g a s  a n d  is  e s t im a te d  
to  h a v e  a  c o n v e r s io n  e f f i c i e n c y  o f  7 0 %  ( D r i f t ,  2 0 0 8 ) .

2 .1.3.3 Mechanical Processes
M e c h a n ic a l  p r o c e s s e s  a re  p r o c e s s e s  w h ic h  d o  n o t  c h a n g e  th e  

s ta te  o r  th e  c o m p o s i t io n  o f  b io m a s s , b u t  o n ly  p e r f o rm  a  s iz e  r e d u c t io n  o r  a s e p a r a t io n  
o f  f e e d s to c k  c o m p o n e n ts .  In  a  b io r e f in e r y  p a th w a y , th e y  a re  u s u a l ly  a p p l ie d  f ir s t ,  
b e c a u s e  th e  f o l lo w in g  b io m a s s  u t i l i z a t io n  r e q u ire s  r e d u c t io n  o f  th e  m a te r ia l  s iz e  
w i th in  s p e c i f i c  r a n g e s ,  d e p e n d in g  o n  f e e d s to c k  s p e c ie ,  h a n d l in g  a n d  f u r th e r  
c o n v e r s io n  p r o c e s s e s .  B io m a s s  s iz e  r e d u c t io n  is  a  m e c h a n ic a l  t r e a tm e n t  th a t  r e f e r s  to  

'  e i th e r  c u t t in g  o r  c o m m u t in g  p r o c e s s e s  th a t  s ig n i f ic a n t ly  c h a n g e  th e  p a r t i c le s  s iz e ,  
s h a p e , a n d  b u lk  d e n s i ty  o f  b io m a s s . S e p a r a t io n  p r o c e s s e s  in v o lv e  th e  s e p a r a t io n  o f  
th e  s u b s t r a te  in to  its  c o m p o n e n ts ,  w h ile  w i th  e x t r a c t io n  m e th o d s  v a lu a b le  c o m p o u n d s  
a re  e x t r a c te d  a n d  c o n c e n t r a t e d  f ro m  a  b u lk  a n d  in h o m o g e n e o u s  s u b s t r a te  ( H u a n g  et 
al, 2 0 0 8 ) .  L ig n o c e l lu lo s i c  p r e - t r e a tm e n t  m e th o d s  ( e .g . th e  s p l i t  o f  l ig n o c e l lu lo s ic  
b io m a s s  in to  c e l lu lo s e ,  h e m ic e l lu lo s e s ,  a n d  lig n in )  fa l l  w i th in  th is  c a te g o r y ,  e v e n  i f  
s o m e  o f  h e m ic e l lu lo s e s  a r e  a ls o  h y d r o ly z e d  to  s in g le  s u g a r s  ( C h e r u b in i ,  2 0 1 0 ) .

2.1.3.4 Chemical Processes
• T ra n s e s te r i f i c a t io n  o f  T r ig ly c e r id e s  

T ra n s e s te r i f i c a t io n  o f  p l a n t  o r  a lg a l o i l  is  a s ta n d a r d iz e d
p r o c e s s  b y  w h ic h  t r ig ly c e r id e s  a re  r e a c te d  w ith  m e th a n o l  in  th e  p r e s e n c e  o f  a  c a ta ly s t  
to  d e l iv e r  f a t ty  a c id  m e th y l  e s te r s  (F A M E )  a n d  g ly c e r o l .  W a s te  v e g e ta b le  o il c a n  a ls o



b e  c o n v e r te d ,  b u t  r e q u i r e s  r e f in e m e n t .  B o th  a c id  a n d  a lk a li  c a ta ly s ts  c a n  b e  u s e d , 
a l th o u g h  th e  a lk a l i  c a ta ly z e d  r e a c t io n  p r o c e e d s  4 ,0 0 0  t im e s  f a s te r  th a n  th e  s a m e  
r e a c t io n  w i th  a c id . T h e  m a in  p r o b le m s  a s s o c ia te d  w ith  u s in g  t r ig ly c e r id e s  a s  a  d ie s e l 
r e p la c e m e n t  te n d  to  b e  h ig h  v is c o s i ty ,  lo w  v o la t i l i ty ,  a n d  p o ly u n s a tu r a te d  c h a r a c te r .  
T r a n s e s te r i f i c a t io n  is  a  m e th o d  o f  r e d u c in g  th e  v is c o s i ty  o f  th e  t r ig ly c e r id e s  a n d  
e n h a n c in g  th e  p h y s ic a l  p r o p e r t ie s  o f  th e  fu e l. A s  a  r e s u l t ,  F A M E  b io d ie s e l  is  th e  
m o s t  c o m m o n  f o rm  o f  b io d ie s e l  u s e d  to d a y  ( F u k u d a  et al. , 2 0 0 1 ) .

•  H y d r o g e n a t io n
A  m o r e  e n e r g y - e f f ic ie n t  a l t e r n a t iv e  o f  p r o d u c in g  

s y n th e t ic  b io f u e l ,  in v o lv in g  h y d ro  t r e a tm e n t  o f  b io - o i l s  to  p r o d u c e  h y d ro  tre a te d  
r e n e w a b le  j e t  f u e ls  ( H R J ) .  H y d r o g e n a t io n  r e m o v e s  o x y g e n  a n d  o th e r  im p u r i t ie s  f ro m  
o rg a n ic  o i ls .  T h e s e  o i l s  c a n  b e  e x t r a c te d  d i r e c t ly  f ro m  f e e d s to c k s  w ith  h ig h  o il 
c o n te n t ,  s u c h  a s  j a t r o p h a ,  c a m e l in a  o r  a lg a e , o r  p r o d u c e d  th ro u g h  p y ro ly s is .  
H y d r o t r e a t in g  b io - o i l s  w i th  h y d ro g e n  a t  m e d iu m  to  h ig h  te m p e r a tu r e s  c o n v e r t  b io ­
o i ls  to  h y d r o c a r b o n  f u e ls ,  s u c h  a s  H R J . T h e  - r e s u l ta n t  fu e ls  a r e  p u re  h y d r o c a r b o n  
a n d  h a v e  in d i s t in g u i s h a b le  p h y s ic a l p r o p e r t ie s  f ro m  f o s s i l - b a s e d  fu e ls . H R J  fu e ls  
te n d  to  h a v e  b e t te r  c o m b u s t io n  p e r f o r m a n c e  a n d  h ig h e r  e n e r g y  c o n te n t ,  s im i l a r  to  
F is c h e r - T r o p s c h  f u e ls  a n d , m o s t im p o r ta n t ly ,  h a v e  g o o d  lo w - te m p e r a tu r e  s ta b i l i ty ,  
m a k in g  th e m  id e a l a s  a  r e n e w a b le  s o u rc e  o f  j e t  fu e l. In  D e c e m b e r  2 0 0 9 , th e  f irs t  
a v ia t io n  te s t  f l ig h t  p o w e r e d  b y  b io f u e l  s o u rc e d  f ro m  ja t r o p h a  o i l  w a s  u n d e r ta k e n  b y  
A ir  N e w  Z e a la n d  ( K in g  etal., 2 0 1 0 ) .

•  F is h e r - T r o p s c h  S y n th e s is
T h e  c o n v e r s io n  o f  s y n g a s  v ia  th e  F is c h e r - T r o p s c h  

p r o c e s s  in to  s y n th e t ic  fu e l in v o lv e s  th e  c a ta ly t ic  c o n v e r s io n  o f  s y n g a s  in to  liq u id  
h y d r o c a r b o n s  r a n g in g  f ro m  C l  to  C 5 0 . A  s e le c t iv e  d i s t r ib u t io n  o f  p r o d u c t s  is 
a c h ie v a b le  w i th  c o n t r o l  o v e r  te m p e ra tu re ,  p r e s s u r e ,  a n d  th e  ty p e  o f  c a ta ly s t  ( K in g  et 
al, 2 0 1 0 ) .  A l th o u g h  th is  p ro c e s s  is  w id e ly  r e c o g n iz e d ,  th e r e  is  a  p o s s ib i l i ty  o f  
c a ta ly s t  s h o r ta g e s  in  la r g e - s c a le  p r o d u c t io n s  i f  c a ta ly s t  r e g e n e r a t io n  is  n o t im p ro v e d . 
T h is  t e c h n o lo g y  is  c o m m o n ly  fo u n d  in  th e  c o m m e r c ia l  g e n e r a t io n  o f  e le c t r i c i ty  a n d  
s y n th e t ic  f u e ls  f ro m  c o n v e n t io n a l  f o s s i l  fu e ls . H o w e v e r ,  th e  s a m e  p r in c ip le s  c a n  b e  
a p p l ie d  to  b io m a s s  a n d  b io f u e ls  p r o d u c t io n ;  it is  th e r e f o r e  c o m m o n ly  r e f e r r e d  to  a s  
b io m a s s - to - l iq u id  ( B T L ) . G a s i f ic a t io n  o f  b io m a s s  h a s  h a d  l i t t le  c o m m e r c ia l  im p a c t
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o w in g  to  c o m p e t i t io n  f ro m  o th e r  c o n v e r s io n  te c h n iq u e s .  T h e re  h a s  b e e n  r e n e w e d  
in te r e s t  in  th is  p r o c e s s .  E c o n o m ic a l ly  v ia b le  e x a m p le s  a re  ra re  ( B r id g w a te r ,  1 9 9 5 )

•  C o n v e r s io n  o f  S y n g a s  to  M e th a n e
M e th a n e  c a n  b e  p r o d u c e d  f ro m  s y n g a s  a s  a  r e s u l t  o f  

th e rm a l g a s i f i c a t io n  a n d  a  v a r ia t io n  o f  th e  F is c h e r - T r o p s c h  r e a c t io n .  It c a n  a ls o  be  
fo u n d  a s  a  b y - p r o d u c t  o f  F is c h e r - T r o p s c h  b io fu e l  s y n th e s is .  S y n th e t ic  n a tu ra l  g a s  
(S N G )  is  a  s u b s t i tu te  f o r  n a tu ra l  g a s  th a t  c a n  b e  fe d  d ire c t ly  in to  th e  n a t io n a l  g r id , 
a n d  u s e d  a s  a  t r a n s p o r t  fu e l  i f  l iq u e f ie d  (K in g  et a l, 2 0 1 0 ) .

2 .1 .4  B io r e f in e r y  P ro d u c ts
T h e  p r o d u c t s  o f  b io r e f in e r y  s y s te m s  c a n  b e  g r o u p e d  in  tw o  b ro a d  

c a te g o r ie s :  (1 )  m a te r ia l  p ro d u c ts  a n d  (2 )  e n e rg y  p r o d u c ts  w h ic h  a re  s h o w n  in  T a b le
2.1 ( G h a ta k ,  2 0 1 1 ) .  E n e r g y  p ro d u c ts  a re  th o s e  p r o d u c ts  w h ic h  a re  u se d  b e c a u s e  o f  
th e ir  e n e r g y  c o n te n t ,  p r o v id in g  e le c t r ic i ty ,  h e a t  o r  t r a n s p o r ta t io n  s e rv ic e . O n  th e  
o th e r  h a n d ,  m a te r ia l  p r o d u c ts  a re  n o t  u s e d  fo r  a n  e n e r g y  g e n e r a t io n  p u rp o s e  b u t fo r  
th e ir  c h e m ic a l  o r  p h y s ic a l  p r o p e r t ie s .  In  s o m e  c a s e s ,  a  f u r th e r  d i s t in c t io n  fo r  th e  
c h a r a c te r iz a t io n  o f  p r o d u c t s  is  n e e d e d  b e c a u s e  s o m e  p ro d u c ts  l ik e  b io h y d r o g e n  o r

Table 2.1 B io r e fm e ry  p r o d u c ts  ( G h a ta k ,  2 0 1 1 )

B lo re  f in e ry

E n e rg y  p ro d u c ts B io c h e m ic a l M e th a n o l • A lc o h o ls  and  heat a te  t r a d it io n a l p ro d u c ts  f ro m  b io m a s s
F t h a n o 1 • B io m a s s  d e r iv e d  e n e rg y  o f t e n  su ite d  to  d e c e n tr a liz e d  a p p lic a t io n s
H ig h e r  a lco h o ls • E le c t r ic it y  f ro m  w a s te  b io m a s s  m a y  be e c o n o m ic a lly  c o m p e t i t iv e  พ 5th tha t f ro m  fo s s ils
B iog a s • P ro d u c ts  l ik e  D M โ., FT d ie s e l,  SN G . and  h fC ro g e n  s t i l;  to  f in e  w id e  a c ce p tan ce

Chem ;.: ■ว; B io d ie s e l 
D M  F  
ก '  th e se î 
B toc ru de

I h e rm o c h e m ic a i H ea l
E le c t r ic it y
S vn g ss
S N C
H y d ro g e n
M e th a n e

ร: 0 ทา a te r ia ls C e l lu lo s e  based P a p e r  and  p a p e rb o a rd • C e l lu lo s e  based  p ro d u c ts  h a v e  w e l l  e s ta b lis h e d  m a rk e ts
R ayo n • D e v e lo p m e n t  and  u t i l i z a t io n  of l ig n in  based  p ro d u c ts  o u t s id e  o f  e n e rg y  re a lm  IS i d l l  no r 

so  W id e sp re ad
C e llo p h a n e
A d so rb e n ts

H e m ic e l lu lo s e  based F u r fu ra l
L ig n in  based A d h e s iv e s

D isp e rsa n ts
E m u ls if ie r s
A d so rb e n ts
V a n i l l in
S o il c o n d it io n e rs

M is c e l la n e o u s P a r t ic le  boa rd  
C a rb o n  p ro d u c ts  
A n im a l teed
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b io e th a n o l  m ig h t  b e  u s e d  e i th e r  a s  fu e ls  o r  a s  c h e m ic a l  c o m p o u n d  in  c h e m ic a l  
s y n th e s is .  In  th e s e  c a s e s , it is  n e c e s s a ry  to  id e n t ify  th e  a d d r e s s e d  m a rk e ts ,  fo r  
in s ta n c e  th e  t r a n s p o r ta t io n  s e c to r  fo r  FI 2 a n d  b io e th a n o l .  T h e  p r o d u c ts  o f  a 
b io r e f in e r y  m u s t  b e  a b le  to  r e p la c e  fo s s i l  b a s e d  fu e l  p r o d u c ts  c o m in g  f ro m  o il 
r e f in e ry , b o th  c h e m ic a ls  a n d  e n e r g y  e a r n e r s  ( C h e r u b in i ,  2 0 1 0 ) .

2.1.4.1 Energy Products
T h e  m o s t  im p o r ta n t  e n e rg y  p r o d u c t s  w h ic h  c a n  b e  p ro d u c e d  

in  b io r e f in e r ie s  a r e  b io f u e ls .  C o n c e r n in g  th e  fu e ls ,  a  b io r e f in e r y  m u s t  r e p la c e  
c o n v e n t io n a l  f o s s i l  f u e ls  " (m ain ly  g a s o lin e , d ie s e l ,  h e a v y  o i l ,  c o a l , a n d  n a tu ra l  g a s )  
w i th  b io f u e ls  c o m in g  f ro m  b io m a s s  u p g r a d in g  ( C h e r u b in i ,  2 0 1 0 ) .  T h e  te r m  b io fu e l is 
r e f e r r e d  to  a s  s o l id ,  l iq u id , o r  g a s e o u s  f u e ls  th a t  a re  p r e d o m in a n t ly  p r o d u c e d  f ro m  
b io r e n e w a b le  f e e d s to c k s .  T h e r e  a re  tw o  g lo b a l  b io r e n e w a b le  l iq u id  t r a n s p o r ta t io n  
f u e ls  th a t  m ig h t  r e p la c e  g a s o l in e  a n d  d ie s e l  fu e l. T h e s e  a r e  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  g o o d  a l t e rn a te  fu e l th a t  is  p r o d u c e d  a lm o s t  e n t ir e ly  f ro m  fo o d  c ro p s . 
B io d ie s e l  h a s  b e c o m e  m o re  a t t r a c t iv e  r e c e n t ly  b e c a u s e  o f  its  e n v i r o n m e n ta l  b e n e f i ts .  
B io f u e ls  c a n  b e  c la s s i f ie d  b a s e d  o n  th e ir  p r o d u c t io n  te c h n o lo g ie s :  f i r s t  g e n e ra t io n  
b io f u e ls  ( F G B s ) ;  s e c o n d  g e n e ra t io n  b io f u e ls  ( S G B s ) ;  th i r d  g e n e r a t io n  b io f u e ls  
( T G B s ) ;  a n d  f o u r th  g e n e ra t io n  b io fu e ls .

F ir s t  g e n e ra t io n  b io f u e ls  ( F G B s )  r e f e r  to  b io f u e ls  m a d e  f ro m  
s u g a r ,  s ta r c h , v e g e ta b le  o i ls ,  o r  a n im a l f a ts  u s in g  c o n v e n t io n a l  te c h n o lo g y .  F G B s  
p ro d u c e d  f ro m  f o o d  c ro p s  s u c h  a s  g ra in s , s u g a r  b e e t, a n d  o i l  s e e d s  a r e  l im i te d  in t h e i r  
a b i l i ty  to  a c h i e v e  ta rg e ts  f o r  o i l - p r o d u c t  s u b s t i tu t io n ,  c l im a te  c h a n g e  m i t ig a t io n ,  a n d  
e c o n o m ic  g r o w th .  A  p o s s ib le  e x c e p t io n  th a t  a p p e a r s  to  m e e t  m a n y  o f  th e  a c c e p ta b le  
c r i te r ia  is  b io e th a n o l  p r o d u c e d  f ro m  s u g a rc a n e . T h e  b a s ic  f e e d s to c k s  fo r  th e  
p r o d u c t io n  o f  f i r s t  g e n e ra t io n  b io f u e ls  a re  o f te n  s e e d s  o r  g r a in s  s u c h  a s  w h e a t ,  w h ic h  
y ie ld s  s ta r c h  th a t  is  f e rm e n te d  in to  b io e th a n o l ,  o r  s u n f lo w e r  s e e d s , w h ic h  a re  p re s s e d  
to  y ie ld  v e g e ta b le  o il th a t , c a n  b e  u se d  in  b io d ie s e l .  T h e  p r o d u c t io n  o f  F G B s  s u c h  a s  
s u g a rc a n e  e th a n o l  in  B r a z i l ,  c o r n  e th a n o l in  U S , o i l s e e d  r a p e  b io d ie s e l  in  G e r m a n y , 
a n d  p a lm  o il  b io d ie s e l  in  M a la y s ia  is c h a r a c te r iz e d  b y  m a tu r e  c o m m e r c ia l  m a rk e ts  
a n d  w e ll  u n d e r s to o d  te c h n o lo g ie s .  F u tu re  ta r g e ts  a n d  in v e s tm e n t  p la n s  s u g g e s t  s tro n g  
g r o w th  w ill c o n t i n u e  in  th e  n e a r  fu tu re .
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S e c o n d  g e n e ra t io n  b io f u e ls  ( S G B s )  p r o d u c e d  f ro m  
l ig n o c e l lu lo s ic  m a te r ia l s  in c lu d e  c e re a l s t r a w , fo re s t  r e s id u e s ,  b a g a s s e , a n d  p u rp o s e -  
g r o w n  e n e rg y  c r o p s  s u c h  a s  v e g e ta t iv e  g r a s s e s  a n d  s h o r t  r o ta t io n  fo re s ts . T h e  S G B s  
c o u ld  a v o id  m a n y  o f  th e  c o n c e r n s  f a c in g  F G B s  a n d  p o te n t ia l ly  o f f e r  g r e a te r  c o s t  
r e d u c t io n  p o te n t ia l  in  th e  lo n g e r  te rm . M a n y  o f  p r o b le m s  a s s o c ia te d  w i th  F G B s  c a n  
b e  a d d re s s e d  b y  th e  p r o d u c t io n  o f  b io f u e ls  m a n u fa c tu r e d  f ro m  a g r ic u l tu ra l  a n d  fo re s t  
r e s id u e s  a n d  f ro m  n o n - f o o d  c r o p  f e e d s to c k s . L o w -c o s t  c r o p  a n d  fo re s t ,  w o o d  p ro c e s s  
w a s te s ,  a n d  th e  o r g a n ic  f r a c t io n  o f  m u n ic ip a l  s o l id  w a s te s  c a n  a ll b e  u se d  a s  
l ig n o c e l lu lo s ic  f e e d s to c k s .  S e c o n d  a n d  th i r d  g e n e ra t io n  b io f u e ls  a r e  a ls o  c a l le d  
a d v a n c e d  b io f u e ls .  T h i r d  g e n e ra t io n  b io f u e l ,  is  a  b io fu e l f ro m  a lg a e . O n  th e  o th e r  
h a n d , a n  a p p e a r in g  f o u r th  g e n e ra t io n  is  b a s e d  in  th e  c o n v e r s io n  o f  v e g o il a n d  
b io d ie s e l  in to  b io g a s o l in e  u s in g  m o s t  a d v a n c e d  te c h n o lo g y  (D e rrr irb a s , 2 0 0 9 ) .

2.1.4.2 Chemical and Material Products
- B io re f in e ry  c a n  p r o v id e  a n  a r ra y  o f  c h e m ic a ls  l ik e  a d h e s iv e s ,  

c le a n in g  c o m p o u n d s ,  d e te rg e n ts ,  d ie le c t r ic  f lu id s ,  d y e s ,  h y d r a u l ic  f lu id s ,  in k s , 
lu b r ic a n ts ,  p a c k a g in g  m a te r ia ls ,  p a in ts  a n d  c o a t in g s ,  p a p e r  a n d  b o x  b o a rd ,  p la s tic  
f i l le r s ,  p o ly m e r s ,  s o lv e n ts ,  a n d  s o rb e n ts .  C o n c e r n in g  th e  c h e m ic a ls ,  th is  o b je c t iv e  c a n  
b e  m e t b y  p r o d u c in g  th e  s a m e  c h e m ic a l  s p e c ie s  f ro m  b io m a s s  in s te a d  o f  f ro m  fo s s i ls  
( e .g .  p h e n o ls ) ,  o r  p r o d u c in g  a  m o le c u le  h a v in g  a  d i f f e re n t  s t r u c tu r e  b u t  a n  e q u iv a le n t  
f u n c t io n  ( C h e r u b in i ,  2 0 1 0 ) .

2.2 Potential Feedstocks for Biorefinery in Thailand

T h a i la n d  is  k n o w n  a s  a n  a g r o - in d u s t r i a l  b a s e d  c o u n try . In  2 0 0 7 , th e  
a g r ic u l tu r a l  a r e a s  in  T h a i la n d  w e r e  a b o u t  2 0 .8 5  m il l io n  h e c ta r e s  c o n t r ib u t in g  4 0 %  o f  
th e  to ta l  a r e a  o f  T h a i la n d  (5 1 .3 1  m il l io n  h e c ta re s ) .  T h e  th r e e  m a jo r  g r o u p s  in  th e  
a g r ic u l tu r a l  s e c to r  a r e  r ic e , f a r m in g  p la n ts  ( s u c h  a s  c a s s a v a ,  s u g a rc a n e )  a n d  f ru i ts , 
a n d  s ta n d in g  t i m b e r  c o n s is t  o f  4 8 % , 2 1 %  a n d  2 2 %  o f  th e  to ta l  a g r ic u l tu ra l  a re a , 
r e s p e c t iv e ly .  T h e  a g r ic u l tu ra l  p r o d u c t io n  s ta t i s t i c s  o f  im p o r ta n t  c r o p s  o f  T h a i la n d  is  
s h o w n  in  T a b le  2 .2  ( J o n g s k u l ,  2 0 1 3 ) .  T h e s e  c r o p s  c a n  b e  u s e d  a s  b io m a s s  f e e d s to c k s  
f o r - b io r e f in e r y  a s  s h o w n  in  T a b le  2 .3  ( D E D E , 2 0 0 9 ) . T h e  b io r e f in e r y  m o d e l  u n d e r  
s tu d y  u s e  s u g a r c a n e  a n d  c a s s a v a  a s  f e e d s to c k s .
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Table 2.2 T h e  a g r ic u l tu r a l  p r o d u c t io n  s ta t i s t i c s  o f  im p o r ta n t  c r o p s  o f  T h a i la n d  
( J o n g s k u l ,  2 0 1 3 ) .

Year Production (1,000 tons)
Sugarcane Rice Maize Oil Palm Cassava Para Rubber

2003 - 29 ,823 4 ,2 4 9 4 ,903 - 2 ,860
2004 64 ,99 6 28 ,873 4,341 5 ,182 2 1 ,4 4 0 3 ,007
2005 4 9 ,5 8 6 30 ,649 4 ,094 5 ,003 16 ,938 2 ,980
2006 47 ,65 8 29 ,994 3 ,918 6 ,715 22 ,5 8 4 3,071
2007 64 ,365 32 ,482 3 ,890 6 ,3 9 0 2 6 ,9 1 6 3 ,022
2008 73 ,50 2 32 ,02 0 4 ,249 9,271 2 5 ,1 5 6 3 ,167
2009 66 ,81 6 32 ,39 6 4 ,616 8 ,163 3 0 ,0 8 8 3 ,0 9 0
2010 58 ,808 36 ,004 4,861 8 ,223 2 2 ,0 0 6 3 ,052
2011 95 ,9 5 0 38,091 5,022 10 ,777 2 1 ,9 1 2 3 ,3 4 9
2012 98 ,4 0 0 36 ,854 4,965 11 ,327 2 9 ,4 1 0 3 ,625
2013 99 ,5 9 7 - - - 27 ,1 3 5 -

Table 2.3 E n e r g 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 0 9  ( D E D E , 2 0 0 9 ) .

Products Production Residue
Available 

unused 
residue for 

energy
Heating

value Energy potential

(Tons) (Tons) (MJ/kg) (TJ) (ktoe)
S ug arcan e 6 6 ,8 1 6 ,4 4 6 B agasse 4 ,190 ,794 .31 14.4 60 ,34 7 .44 1,428.54

T op  &  trash 13,439,727 .21 17.39 2 3 3 ,7 1 6 .8 6 5,532 .52
P add y 3 1 ,5 0 8 ,3 6 4 H u sk 3 ,5 1 0 ,5 9 8 .9 0 14.27 50 ,096 .25 1,185.87

S traw 2 5 ,6 4 6 ,5 4 7 .9 6 10.24 26 2 ,6 20 .65 6,216 .73
S oybean 190 ,480 S talk ,

leaves, shell 170 ,383 .17 19.44 3 ,312 .35 78.41

M aize 4 ,6 1 6 .1 1 9 C orn  co b 58 4 ,539 .15 18.04 10 ,545.09 249 .62
S talk 2 ,7 5 8 ,7 7 7 .3 6 18.04 49 ,7 6 8 .3 4 1,178.11

E m pty
bu nch es 1 ,024 ,868 .34 17.86 18,304.15 433 .29

O il palm 8 ,1 6 2 ,3 7 9 F ib er 162 ,970 .06 17.62 2 ,871 .53 67 .97
Shell 38 ,9 5 9 .0 4 18.46 719.18 17.02
S haft 2 ,20 3 ,7 4 0 9.83 21 ,8 2 4 .2 4 516.62

C assav a 3 0 ,0 8 8 ,0 2 5 S talk 2 ,4 3 9 ,2 3 6 .1 9 18.42 44 ,930 .73 1,063.60
R h izom e 1 ,834 ,466 .88 18.42 33 ,7 9 0 .8 8 799 .89

S haft 6 2 89 90 .82 15.4 9686 .46 229.3
C o co n u t 1 ,380 ,980 S pathe 4 6 42 50 .95 16.23 7534 .79 178.36

S hell 128936 .58 17.93 2311 .83 54.73
H ev ea
w o o d 3 ,0 9 0 ,2 8 0 B ran c h /S h a ft 31 2 ,1 1 8 .2 8 14.98 4 ,675 .53 110.68
Total 145,853,073 59,539,905.20 504,339.40 11,938.60
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2 .2 .1  S u g a rc a n e
S u g a r c a n e  is  o n e  o f  th e  m o s t  im p o r ta n t  f e e d s to c k  fo r  b io e th a n o l  

p r o d u c t io n  b e c a u s e  c a n e  j u i c e  c o n ta in s  s u c r o s e ,  a  f e r m e n ta b le  s u g a r  th a t  c a n  b e  
d i r e c t ly  f e rm e n te d  b y  y e a s t  to  p ro d u c e  e th a n o l .  T h e  ty p ic a l  c o n v e r s io n  f a c to r  ra n g e s  
b e tw e e n  1 2 .5 -1 4 .3  k g  s u g a r c a n e /L  e th a n o l . T h a i la n d  r a n k e d  a s  th e  w o r l d ’s s e c o n d  
le a d in g  s u g a r  e x p o r t e r  a f te r  B r a z i l  w h ic h  is  th e  o u t s ta n d in g  s u g a rc a n e  p r o d u c e r .  T h is  
s u g a r  is  m a in ly  p r o d u c e d  f ro m  su g ar-can e  w h ic h  g r o w s  w e l l  in  th e  tro p ic a l  a n d  
s u b t r o p ic a l  c l im a te .  T h e  c r o p  is  u s u a lly  p l a n te d  e i th e r  b e f o r e  o r  a f te r  th e  r a in y  s e a s o n  
a n d  c a n  b e  h a r v e s t e d  a r o u n d  1 0 -1 2  m o n th s  a f te r  c u l t iv a t io n .  T h e  h a r v e s t  s e a s o n  o f  
s u g a r c a n e  is  ty p ic a l ly  s h o r t ;  o n ly  4 -5  m o n th s  e a c h  y e a r  ( D e c e m b e r -M a rc h ) .  
S u g a rc a n e  p l a n ta t io n s  in  T h a i la n d  o c c u p y  a n  a r e a  o f  a b o u t  o n e  m i l l io n  h e c ta re s  
m a in ly  c o n c e n t r a t e d  o v e r  4 7  p r o v in c e s  in  th e  N o r th e a s te r n ,  C e n tr a l  a n d  N o r th e rn  
r e g io n s  o f  T h a i la n d  c o n t r ib u t in g  3 8 % , 3 5 % , a n d  2 7 %  o f  th e  to ta l  p la n te d  a re a s , 
r e s p e c t iv e ly .  T h e  g r o w th  is s p u r re d  b y  s e v e r a l  f a c to r s  in c lu d in g  r i s in g  in  b o th  
d o m e s t ic  a n d  in te r n a t io n a l  d e m a n d , th e  a t t r a c t iv e n e s s  o f  s u g a rc a n e  p r ic e s ,  a n d  th e  
r e c e n t  c r e a t io n  o f  n e w  b io e th a n o l  s e c to r  ( S i la le r t r u k s a  et al. , 2 0 1 0 ) .  T h e  a n n u a l 
a v e r a g e  y ie ld  f r o m  2 0 1 1 /1 2  to  2 0 1 3 /1 4  is s h o w n  in  T a b le  2 .4  ( B o n g s u n u n ,  2 0 1 3 ) .

T a b l e  2 .4  F o r e c a s t in g  r e s u l t  o f  s u g a rc a n e  b y  w h o le  k in g d o m  y e a r  2 0 1 3  (B o n g s u n u n , 
2 0 1 3 ) .

C r o p  y e a r P la n te d  a r e a  (M  h a ) P r o d u c t io n s  (M  to n ) P r o d u c t io n /A r e a  ( t /h a )
2 0 1 1 /1 2 1 .3 3 1 0 2 .0 9 7 6 .8 1
2 0 1 2 /1 3 1 .3 4 1 0 3 .3 7 7 6 .9 8
2 0 1 3 /1 4 1 .3 5 1 0 5 .3 7 7 7 .9 8

2 .2 .2  C a s s a v a
T h e  c a s s a v a  p l a n t  is  c u l t iv a te d  in  m o s t  e q u a to r ia l  r e g io n s  an d  is  

k n o w n  b y  m a n y  n a m e s  a s  s h o w n  in  T a b le  2 .5 .  T h e  p la n t  g r o w s  to  a  h e ig h t  o f  1 -  3 m  
a n d  s e v e ra l  r o o t s  m a y  b e  f o u n d  o n  e a c h  p la n t .  M a n io c  p r e f e r s  a  f e r t i le  s a n d y -c la y  
so i l . I t p o u n d s  w e l l .  A  ty p ic a l  c o m p o s i t io n  o f  th e  r o o t  is  p r e s e n te d  in  T a b le  2 .6 .
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Table 2.5 V a r io u s  n a m e s  o f  c a s s a v a  in d i f f e r e n t  r e g io n .

Region Name
I n d o n e s ia U b i k e t te l l a ,  K a s p e

S o u th  A m e r ic a M a n io c a , Y u c c a , M a n d io c a ,  A ip im
A f r ic a M a n io c ,  C a s s a v a
I n d ia T a p io c a

T h a i la n d C a s s a v a

Table 2.6 C o m p o s i t io n  o f  c a s s a v a .

Content % weight
M o is tu re 7 0

S ta rc h 2 4
F ib e r 2

P ro te in 1
O th e r 3

* S ta rc h  c o n te n t  m a y  b e  a s  h ig h  as 3 2 % .

C a s s a v a , a  s ta r c h - a c c u m u la t in g  c ro p , is  c la s s i f ie d  in to  ‘ ‘s w e e t”  a n d  
‘ ‘b i t t e r ”  v a r ie t ie s .  S w e e t  c a s s a v a  c a n  b e  d i r e c t ly  e a te n  b e c a u s e  it h a s  a  lo w  le v e l o f  
h y d r o c y a n ic  a c id  a s - c o m p a r e d  to  th e  b i t te r  ty p e . H o w e v e r ,  th e  s w e e t  c a s s a v a  h a s  n o  
la r g e - s c a le  p la n ta t io n  in  T h a i la n d  b e c a u s e  th e  m a r k e t  is  l im i te d . It is c o m m o n ly  
g r o w n  a n d  u s e d  f o r  h o u s e h o ld  a n d  so ld  in  l im i te d  q u a n t i t i e s  in  lo c a l m a rk e ts .  It is  th e  
o p p o s i te  to  th e  b i t te r  ty p e ,  a ls o  c a lle d  in d u s tr i a l  c a s s a v a  th a t  is  w id e ly  g ro w n . B i t te r  
c a s s a v a  is  u n s u i ta b le  f o r  d i r e c t ly  e a t in g  b e c a u s e  o f  to x ic i ty  f ro m  a  h ig h  le v e l o f  
h y d r o c y a n ic  a c id  b u t  it a ls o  c o n ta in s  a  h ig h  le v e l o f  s ta r c h  th a t  c a n  b e  c o n v e r te d  to  
f e rm e n ta b le  s u g a r  i.e . g lu c o s e  b ÿ  th e  e n z y m e  o r  a c id  p r o c e s s .  In  th e  p a s t , c a s s a v a  
w a s  v e ry  w e l l  u t i l i z e d  in  s e v e r a l  in d u s tr ie s  i.e . s ta r c h  a n d  s ta r c h  d e r iv a t iv e s  s u c h  a s  
m o d if ie d  s ta r c h  a n d  s w e e te n e r s  a n d  c h ip /p e l l e t  in d u s try .  H o w e v e r ,  to d a y ,  c a s s a v a  is  
b e in g  p r o m o te d  a s  a  f e e d s to c k  fo r  e th a n o l  p r o d u c t io n  in  T h a i la n d  d u e  to  its  s e v e ra l  
a d v a n ta g e s  i.e . c a s s a v a  is  a b le  to  g ro w  w i th  m in im a l  in p u ts ,  p o s s ib i l i t y  fo r  a ll y e a r  
r o u n d  p la n ta t io n  a n d  h a r v e s t ,  h ig h  r o o t  p r o d u c t iv i ty  a n d  h ig h - q u a n t i ty  o f  
c a r b o h y d ra te .  A l th o u g h  b o th  c a s s a v a  f r e s h  ro o ts  a n d  d r ie d  c h ip s  c a n  b e  p u t in  th e  
e th a n o l  c o n v e r s io n  p r o c e s s ,  d r ie d  c h ip s  a r e  r e c o m m e n d e d .  T h e  a d v a n ta g e s  o f  u s in g
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d r ie d  c h ip s  o v e r  f re s h  r o o ts  a re  c h ip s  c a n  b e  p r o d u c e d  b y  f a r m e r s  d u r in g  th e  p e a k  o f  
h a r v e s t in g  s e a s o n  ( w h e n  ro o t  p r ic e  is  a t th e  lo w e s t)  a n d  s to re d  f o r  u s e  w h e n  r o o ts  a re  
n o t h a r v e s te d .  T h e  c h ip s  c a n  b e  u s e d  to  p r o d u c e  e th a n o l  b y  a d v a n c e d  p r o c e s s e s  su c h  
a s  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 rm e n ta t io n  (S S F )  a n d  u s e d  w i th  g r a in s  to  
m in im iz e  p r o d u c t io n  c o s t .  T h e  ty p ic a l  c o n v e r s io n  ra t io  r a n g e s  b e tw e e n  5 .5 - 6  k g  o f  
c a s s a v a  r o o ts  ( b a s e d  o n  2 5 %  s ta rc h  c o n te n t)  p e r  l i te r  o f  e th a n o l .  T h a i la n d  is  k n o w n  
a s  o n e  o f  th e  w o r l d ’s la r g e s t  c a s s a v a  p r o d u c e r  a n d  e x p o r te r  c o n t r ib u t in g  a b o u t  7 0 %  
w o r ld  m a r k e t  s h a re .  In  2 0 0 8 , th e  c u l t iv a te d  a r e a  o f  c a s s a v a  w a s  1 .2 4  m i l l io n  h e c ta re s ,  
y i e ld in g  2 5 .6  m i l l io n  to n s  f re s h  r o o ts  (y ie ld s  =  3 .5  to n  r o o ts / r a i )  ( S i la le r t r u k s a  et al, 
2 0 1 0 ) .  In  2 0 1 2 , c a s s a v a  y ie ld  is 2 4 .7 8  m il l io n  to n s  f re sh  r o o ts .  T h e  a n n u a l  a v e r a g e  
y ie ld  f ro m  2 0 1 1 /1 2  to  2 0 1 3 /1 4  is s h o w n  in  T a b le  2 .7 . •

Table 2.7 F o r e c a s t in g  re s u l t  o f  c a s s a v a  b y  w h o le  k in g d o m  y e a r  2 0 1 3  (B o n g s u n u n ,  
2 0 1 3 ) .

C r o p  y e a r P la n te d  a re a  ( M  h a ) P r o d u c t io n s  (M  to n ) Y ie ld  ( t /h a )
2 0 1 1 /1 2 1 .2 7 2 6 .6 0 21 01
2 0 1 2 /1 3 1 .2 6 2 7 .5 5 2 1 .7 8
2 0 1 3 /1 4 1 .2 6 2 9 .0 6 2 3 .1 3

•  C a s s a v a  R h iz o m e
C a s s a v a  R h iz o m e  is  a n  a t t r a c t iv e  l i g n o c e l lu lo s ic  m a te r ia l  fo r  

e th a n o l  p r o d u c t io n ,  m o s t  o f  w h ic h  c o m e s  f ro m  a g r ic u l tu ra l  r e s id u e s .  T h e  r h iz o m e  is  
a lso  n o n - e d ib le .  C a s s a v a  p r o d u c t io n  in  T h a i la n d  is  a b o u t 2 9  m i l l io n  to n s  p e r  y e a r , 
T h a i la n d  w a s  r a n k e d  f i r s t  a s  p r o d u c e r  o f  c a s s a v a  in  S o u th e a s t  A s i a  a n d  th ird  in  w o rld . 
E v e r y  k i lo g r a m  o f  c a s s a v a  p r o d u c e s  0 .0 6 - 0 .0 9  k g  o f  r h iz o m e s ,  a r o u n d  1 .5 -2 .6  
m i l l io n  to n s  o f  r h iz o m e s  is  e x p e c te d  to  b e  p r o d u c e d  p e r  y e a r ,  a n d  m o s t  o f  it w ill  b e  
u s e d  a s  f i r e w o o d , w h i l e  th e  r e s t  g o  to  w a s te . R h iz o m e  h a s  m a n y  c h a r a c te r i s t ic s  th a t  
m a k e  it a  s ta p le  in  h ig h  d e m a n d  f o r  p r o d u c t io n  o f  e th a n o l .  I t h a s  a  h ig h  c e l lu lo s e  a n d  
h e m ic e l lu lo s e  c o n te n t  th a t  c a n  b e  e a s i ly  .h y d r o ly z e d  in to  s u g a r s  th a t  c a n  b e  d ig e s te d . 
B u t it a l s o  h a s  r o o t s  h ig h  l ig n in  c o n te n t ,  w h ic h  is  a  d r a w b a c k  in  its  u s e  fo r  th e  
p r o d u c t io n  o f  e th a n o l  ( M a n g n im i t  et a i, 2 0 1 3 ) .
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•  F r e s h  C a s s a v a  P u lp
F re s h  c a s s a v a  p u lp  is  g e n e r a te d  a p p r o x im a te ly  5 .2  M t a n n u a l ly  

f ro m  th e  p r o d u c t io n  o f  c a s s a v a  s ta r c h  in  T h a i la n d  ( P a n ic h n u m s in  et al. , 2 0 1 0 ) . E v e ry  
to n n e  o f  c a s s a v a  s ta r c h  p r o d u c e s  4 6 0  k g  o f  c a s s a v a  p u lp  ( C h in n a w o m r u n g s e e  et al. ,
2 0 1 3 ) . C a s s a v a  p u lp  c o n ta in in g  h ig h  s ta r c h  is  r e g a r d e d  a s  a  n ic e  p o te n t ia l  s u b s tr a te  
fo r  b io g a s  ( R a t ta n a c h o m s r i  et al, 2 0 0 9 ) .  F u r th e r m o r e ,  to  u t i l iz e  th e  c a s s a v a  p u lp ,  a n  
a p p ro a c h  c a n  a ls o  c o n v e r t  i t s  c o m p o n e n ts  to  e th a n o l  (K o s u g i  et a l, 2 0 0 9 ) .

A c c o r d in g  to  D r. T ic o  C o h e n ln ,  e n v i r o n m e n ta l  b io te c h n o lo g is t  
in  N e w  Z e a la n d ,  f u tu re  p r o je c ts  w i l l ,  in  a d d i t io n  to  th e  w a s te w a te r ,  a ls o  in c o r p o ra te  
th e  a n a e r o b ic  d ig e s t io n  o f  c a s s a v a  p u lp . P i lo t  s c a le  r e s e a r c h  d o n e  b y  W a s te  S o lu t io n s  
h a s  in d ic a te d  th a t  th is  m a te r ia l  h a s  a  v e ry  h ig h  p o te n tia l  f o r  b io g a s  g e n e ra t io n  
( R a jg o r ,  2 0 0 4 ) .  T h e  P r o je c t  w ill  a c c e p t  1 ,5 0 0  to n s  o f  c a s s a v a  p u lp  a n d  w i th  
s p e c ia l iz e d  p r e t r e a tm e n t  a n d  d ig e s t io n ,  c o n v e r t  in to  v a lu a b le  b io g a s  e n e r g y . 1 0 0 %  o f  
th e  b io g a s  e n e r g y  th u s  p r o d u c e d  w il l  b e  c o n v e r te d  to  e le c t r ic a l  e n e r g y .  T h e  p r o p o s e d  
b io g a s  e n e r g y  p la n t  w i l l  d ig e s t  m o re  th a n  4 5 0 ,0 0 0  to n s  o f  p u lp  a n n u a l ly  g e n e ra t in g  
4 3 ,0 0 0 ,0 0 0  m 3 b io g a s  e n e r g y  a n n u a l ly ,  w h ic h  w ill  b e  c o n v e r te d  to  9 4 ,0 0 0 ,0 0 0  k W h  
( i f  3 0 0  d a y s )  o f  e le c t r ic a l  e n e r g y  a n n u a l ly  a s  s h o w n  in  F ig u re  2 .4  ( G o d s o n ,  2 0 1 2 ) .

T h e  b io e n e r g y  te c h n o lo g y  c o n v e r t in g  c a s s a v a  p u lp  in to  b io g a s  
f ro m  A s ia  B io g a s  M a n a g e m e n t  C o ., L td  w a s  d e s c r ib e d  a s  f o l lo w in g  p r o c e d u r e s .

C a s s a v a  p u lp  is  d i lu te d  in  s lu r r y  p o n d  b y  w a s te  w a te r  f ro m  
b io g a s  s y s te m . T h e n 'w a s t e  w a te r  f ro m  b io g a s  s y s te m  s ta r ts  u p  in  a n a e ro b ic  b a f f le d  
r e a c to r  ( A B R ) .  N o rm a l ly ,  b a s ic  c h e m ic a l  su c h  a s  l im e  is  a d d e d  to  a d ju s t  p H  in  
m ix in g  p o n d  a n d  a d ju s t in g  a m o u n t  d e p e n d s  o n  pF l o f  e a c h  c o n d i t io n .  E le c t r ic i ty  
c o n s u m p t io n  is  f ro m  a n y  p u m p s  in  th is  s y s te m  s u c h  a s  in  m ix in g  p o n d . B io g a s  
g e n e ra te d  d e p e n d s  o n  c a s s a v a  p u lp  u s e d . G e n e r a l ly ,  c a s s a v a  p u lp  1 to n  d a i ly  
p r o d u c e s  b io g a s  a b o u t  6 0 -6 9  m 3 b a s e d  o n  3 0 0  d a y s  p la n t  c a p a c i ty ;  m e th a n e  
c o n c e n t r a t io n  is  a b o u t  5 5 -6 0 % . E x c e s s  s lu d g e  is n o r m a l ly  d r ie d  o n  y a rd  to  p r o d u c e  
f e r t i l iz e r .  It c a n  b e  d e g r a d e d  u p  to  9 0 % . H o w e v e r ,  s o m e  d a ta  is  n o t  d i s c lo s e d  d u e  to  
c o n f id e n t ia l i ty  a g r e e m e n t  a n d  s o m e  d a ta  is  n o t  n e c e s s a r y  d u e  to  n e u tra l  
e n v i r o n m e n ta l  im p a c t.
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•  S u g a r
S u g a r  is  o n e  o f  th e  m a in  p r o d u c ts  in  T h a i la n d . 

F u r th e rm o r e ,  T h a i la n d  is  th e  4 th s u g a r  e x p o r te r  o f  th e  w o r ld  in 2 0 1 3  ( M a c L e o d ,
2 0 1 3 ) . A c c o r d in g  to  b io p la s t i c s  v a lu e  c h a in  in d u s tr ie s  a s  s h o w n  in  F ig u r e  2 .5 , s u g a r  
f ro m  b o th  s u g a r c a n e  a n d  c a s s a v a  c a n  b e  c o n v e r te d  in to  b io p la s t i c s  (N IA , 2 0 1 3 ) .  A ls o  
g lu c o s e  c a n  b e  c o n v e r te d  to  s u c c in ic  a c id  th ro u g h  e n z y m a t ic  h y d r o ly s is  (L e u n g  et a l, 
2 0 1 2 ) .  H o w e v e r  th e r e  is  n o  a n y  p r o c e s s e s  d i re c t ly  c o n v e r t in g  s u g a r  to  s u c c in ic  a c id  
s in c e  P T T M C C  B io C h e m  C o m p a n y  L im ite d  is  e s ta b l i s h in g  th e  f a c to r ie s  a s  th e  f ir s t  
o n e  in  th e  w o r ld  ( T h o u p h a n ,  2 0 1 1 ) .  U s in g  s u g a r  f ro m  s u g a rc a n e , a s  th e  r a w  m a te r ia l  
a n d  a  n e w  l a r g e - s c a le  la c t id e  p la n t  b e c a m e  o n  s tr e a m  a t P u r a c ’s s i te  in  T h a i la n d  in  
2 0 1 1 . T h e  b io p o ly m e r  P L A  is  m a d e  f ro m  la c t ic  a c id  th a t  c a n  b e  p r o d u c e d  f ro m  
s u g a r s  b y  f e r m e n ta t io n .  In  a d d i t io n ,  a c c o rd in g  to  P T T M C C  B io C h e m  C o m p a n y  
L im ite d , p r o d u c t s  p ro d u c e d  p o ly b u ty le n e  s u c c in a te  ( P B S ) ,  o n e  o f  f a m o u s  b io p la s t ic ,  
a re  f ro m  tw o  ty p e s  o f  m a te r ia l  i.e . S A  a n d  1,4  B u ta n e d io l  (B D O ). B o th  m a te r ia ls  c a n  
b e  p r o d u c e d  f r o m  p r e c u r s o r  is  r a w  s u g a r  ( T h o u p h a n ,  2 0 1 1 ) .

O ptiona l 
D ilution 

W aste  W ater

Inpu t. 1 T o n  C assava  W e t C a ke  ! 1____ ^
20% TS. 90% TS of VS 1 I r — 7v ->

Output'. 40  L ite r o f HFO E q u iv a le n t
or 132 kWh (with 30 % CH P  efficiency)

F ig u r e  2 .4  F lo w  c h a r t  o f  c a s s a v a  p u lp  b io d ig e s t io n  p r o c e s s  ( G o d s o n , 2 0 12 ).
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B a i  ร ! * ร ท  I
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Glucose Bio
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Figure 2.5 B io p la s t i c s  v a lu e  c h a in  in d u s tr ie s  ( N IA , 2 0 1 3 ) .

2.3 Current Status of Bioethanol Productions and Uses in Thailand

T h e  u s e  o f  g a s o h o l  in  T h a i la n d  is  n o t  c o m p u ls o r y  a n d  p r e m iu m  g a s o lin e  
( o c ta n e  95  g a s o l in e )  a n d  r e g u la r  g a s o l in e  ( o c ta n e  91 g a s o l in e )  a re  s ti ll  a v a i la b le  a t a 
p r ic e  1 0 - 1 5 %  a n d  2 2 - 2 6 %  lo w e r  r e s p e c t iv e ly  th a n  E 1 0  ( 1 0 %  e th a n o l  b le n d  w ith  
o c ta n e  91 g a s o l in e ) .  H e n c e , it is  a n t ic ip a te d  s o m e  c o n s u m e r s  m a y  n o t f in d  th e  p r ic e s  
a t t r a c t iv e  e n o u g h  to  s h if t  to  E 1 0 , p a r t ic u la r ly  th o s e  r u n n in g  o n  p r e m iu m  g a s o lin e . 
T h e  b io f u e l  p r o m o t io n  p o lic y  is  m e e t in g  a  c e r ta in  a m o u n t  o f  s u c c e s s  in  T h a i la n d , 
s h o w n  b y  th e  in c r e a s in g  tre n d  o f  g a s o h o l  c o n s u m p t io n  w h ic h  is  i l lu s t r a te d  in  T a b le
2 .8  ( E n e r g y S ta t i s t i c s ,  2 0 1 2 ) . A ls o  th e  g o v e r n m e n t  is  p r o v id in g  a  s e r ie s  o f  in c e n t iv e s  
to  s t im u la te  e th a n o l  p r o d u c t io n  a n d  c o n s u m p t io n ,  in c lu d in g ,  e x c i s e  ta x  e x e m p t io n  fo r  
e th a n o l  p r o d u c e r s  s e l l in g  e th a n o l  in  T h a i la n d , s u b s id ie s  u s in g  th e  S ta te  O il  F u n d  to  
r e d u c e  th e  s e l l in g  p r ic e  o f  g a s o h o l  a t  th e  p u m p  w h ic h  e n a b le s  r e f in e r ie s  to  lo w e r  th e  
re ta il  p r ic e  o f  g a s o h o l ,  a n d  m o r e  a d v a n ta g e o u s  e x c i s e  ta x  r e d u c t io n  fo r  c a r  
m a n u f a c tu r e s  o f  v e h ic l e s  r u n n in g  o n  E 8 5  ( G h e e w a la  et al. 2 0 1 1 ) .

C u r r e n t ly ,  m o la s s e s ,  c a s s a v a  a n d  s u g a rc a n e  ju i c e  a r e  th e  m a jo r  f e e d s to c k s  
b e in g  p r o m o te d  f o r  th e  c o m m e r c ia l  e th a n o l p la n t s  d u e  to  th e i r  s u r p lu s  a v a i la b i l i ty  
a n d  th e i r  e c o n o m ic  a n d  te c h n ic a l  f e a s ib i l i ty  ( S i la le r t r u k s a  et al. , 2 0 1 1 ) .  In  2 0 0 9 , 
e th a n o l  p r o d u c t io n  a m o u n te d  to  4 0 0 .7  m il l io n  l i te r s  o r  1.1 m i l l io n  l i te r s /d a y . T h e re  
a r e  c u r r e n t ly  19  e th a n o l  p la n ts  in  o p e ra t io n  w h ic h  a re  s h o w n  in  T a b le  2 .9  w ith  a 
p r o d u c t io n  c a p a c i ty  o f  2 .9  m i l l io n  to n s  p e r  d a y . A b o u t  5 0 %  o f  th e  p la n t s  a r e  f le x ib le  
f e e d s to c k  b a s e d  e th a n o l  p la n ts ;  6 0 - 7 0 %  o f  e th a n o l  p r o d u c t io n  is  m o la s s e s - b a s e d  
s in c e  7 0 %  o f  th e  e th a n o l  p la n ts  h a v e  s u g a r  m i l l s  a s  th e i r  c o r e  b u s in e s s  (S u ta b u tr ,
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2 0 1 0 ) . S c h e m a t ic  o f  th e  m o la s s e s  b a s e d  e th a n o l  p r o d u c t io n  f ro m  a  b io r e f in e r y  
c o m p le x  is  s h o w n  in  F ig u r e  2 .6 . T o  s a t i s fy  th e  g o v e r n m e n t  t a r g e t  o f  th re e  m il l io n  
l i te rs  p e r  d a y  b y  2 0 1 1 ,  th e  n u m b e r  o f  e th a n o l  p la n t s  in  T h a i la n d  w il l  in c re a s e  to  23 
p la n ts  in  2 0 1 1  w i th  a  to ta l  p r o d u c t io n  c a p a c i ty  o f  4 .6  m i l l io n  l i te r s  p e r  d a y . T a b le
2 .1 0  s h o w s  e th a n o l  p l a n t s  w h ic h  w e r e  p la n n e d  to  p r o d u c e  in  2 0 1 2  (S u ta b u tr ,  2 0 1 2 ) .

T a b l e  2 .8  G a s o h o l  c o n s u m p t io n  in  T h a i la n d  ( in c lu d in g  E 1 0  o c ta n e  9 1 , E 1 0  o c ta n e
9 5 , E 2 0 , a n d  E 8 5 )  ( E n e r g y S ta t i s t i c s ,  2 0 1 2 ) .

Year Million Liter Million Liter per Day % Change of 
Consumption per Day

2 0 0 8 3 , 3 9 2 9 . 2 9 -
2 0 0 9 4 , 4 7 0 1 2 . 2 5 3 1 . 7 8
2 0 1 0 4 , 3 8 2 1 2 . 0 1 - 1 . 9 7
2 0 1  1 4 , 2 1 3 1 1 . 5 4 - 3 . 8 6

2 0 , 2 ทnmary 4 , 6 0 9 1 2 . 6 3 9 . 4 0

Electricity

Water

Chemicals

EGAT/PEA

Air emissions

Bagasse power plant

Bagasse

5
6 
I

CO, Air emissions

- - . t z

steam

Sugar mill

Wastewater 
T reatment

Steam
J
Sugar
(Raiv/White/Refmed)-

Molasses 

Filter cake

Air emissions 
(70% open burning of cane trash;

Ethanol 
Fusel oil 
Sludge (yeast)

F i g u r e  2 .6  S c h e m a t ic  o f  th e  m o la s s e s  b a s e d  e th a n o l  p r o d u c t io n  f ro m  a  b io r e f in e r y  
c o m p le x  ( G h e e w a la  et a l,  2 0 1 1 )
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T a b l e  2 .9  C u r r e n t  e th a n o l  p l a n t s  in  T h a i la n d  (S u ta b u tr ,  2 0 1 0 ) .

N o P l a n t S i te C a p a c i t y
(1 /d ) F e e d s to c k

1 P o r n w ila i  I n te r n a t io n a l  G r o u p  
T ra d in g

A y u t th a y a 2 5 ,0 0 0 M o la s s e s  
C a s s a v a  ro o t

2 T h a i  A g ro  E n e r g y  C o ., L td . S u p h a n b u r i 1 5 0 ,0 0 0 M o la s s e s
3 T h a i  A lc o h o l  P u b l ic  C o 12 L td . N a k h o n

P a th o m 2 0 0 ,0 0 0 M o la s s e s

74 K h o n k a e n  A lc o h o l  C o ., L td . K h o n k a e n 1 5 0 ,0 0 0 M o la s s e s
S ta rc h

5 T h a i  N g u a n  E th a n o l  C o ., L td . K h o n k a e n 1 3 0 ,0 0 0 C a s s a v a  ro o t  
C a s s a v a  c h ip

6 T h a i  S u g a r  M i l l  C o ., L td . K a n ja n a b u r i 1 0 0 ,0 0 0 M o la s s e s
7 K I E th a n o l  C o . .  L td . N a k h o n

R a tc h a s im a 1 0 0 ,0 0 0 M o la s s e s

8 P e tro  G r e e n  C o .,  L td . ( K a la s in ) K a la s in 2 0 0 ,0 0 0 M o la s s e s
S u g a rc a n e

9 P e tro  G r e e n  C o .,  L td . 
( C h a iy a p h u m )

C h a iy a p h u m 2 0 0 ,0 0 0 M o la s s e s
S u g a rc a n e

10 E a k a r a tp a t ta n a  C o .. L td . N a k h o n
S a w a n 2 0 0 ,0 0 0 M o la s s e s

11 T h a i  R o o n g  R u a n g  S u g a r  
G ro u p  C o .. L td .

S a ra b u r i 1 2 0 ,0 0 0 M o la s s e s
B a g a s s e

12 R a c h a b u r i  E th a n o l  C o ., L td . R a c h a b u r i 1 5 0 ,0 0 0 C a s s a v a  c h ip  
M o la s s e s

13 E S  P o w e r  C o . ,  L td . S a k a e o 1 5 0 ,0 0 0 M o la s s e s  
C a s s a v a  c h ip

14 M a e  S o d  C le a n  E n e r g y  C o .. 
L td .

T a k 2 0 0 ,0 0 0 S u g a rc a n e

15 S a p th ip  C o . .  L td . L o p b u r i 2 0 0 ,0 0 0 C a s s a v a  c h ip
16 T h i P h in g  E th a n o l S a k a e o 1 5 0 ,0 0 0 C a s s a v a  ro o t 

C a s s a v a  c h ip
17 P S C  S ta rc h  P r o d u c t io n C h o n b u r i 1 5 0 ,0 0 0 C a s s a v a  ro o t 

C a s s a v a  c h ip
18 P e tr o  G re e n  C o .,  L td . 

( D a n c h a n g )
S u p h a n b u r i 2 0 0 ,0 0 0 M o la s s e s

S u g a rc a n e
19 K h o n k a e n  A lc o h o l  C o ., L td . 

( B o - P lo y )
K a n ja n a b u r i 1 5 0 ,0 0 0 M o la s s e s

S u g a rc a n e
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T a b l e  2 .1 0  E th a n o l  P la n ts  a s  O n - g o in g  P r o c e s s  in  2 0 1 2  ( S u ta b u t r ,  2 0 1 2 ) .

N o P l a n t S i te
C a p a c i t y

(1/d)
F e e d s t o c k

1 P T K  E th a n o l  - P h a s e  1 N a k o r n  R a tc h a s im a 3 4 0 ,0 0 0 C a s s a v a  C h ip s
P T K  E th a n o l  - P h a s e  2 ,3 N a k o r n  R a tc h a s im a 6 8 0 ,0 0 0 C a s s a v a  C h ip s

2 T h a i  A g ro  E n e r g y  
( D a n  C h a n g )  P h a s e  2

S u p h a n b u r i 2 0 0 ,0 0 0  ' C a s s a v a  C h ip s

3 D o u b le  A  E th a n o l P ra c h e e n b u r i 2 5 0 ,0 0 0 S ta rc h
4 S im a  In te r  P r o d u c ts C h a S h o e n g S a o 1 5 0 ,0 0 0 F re s h  C a s s a v a  T u b e r s
5 I m p r e s s  T e c h n o lo g y C h a S h o e n g S a o 2 0 0 ,0 0 0 F re s h  C a s s a v a  T u b e r s /  

C a s s a v a  C h ip s /M o la s s e s
6 U b o n  B io  E th a n o l U b o n  R a tc h a th a n i 4 0 0 ,0 0 0 C a s s a v a :

F re s h  T u b e r s /C h ip

2 .3 .1  S u g a rc a n e  B a s e d  E th a n o l  P r o d u c t io n
A s  s u g a r c a n e  b a s e d  e th a n o l  p l a n t  is  n o t e x i s t  in  T h a i la n d ,  s u g a rc a n e  

e th a n o l  c o n v e r s io n  d a ta  f ro m  B ra z i l  w a s  s tu d ie d  ( O m e tto  et al. , 2 0 0 9 ) . A  s im p le  
p r o c e s s  d ia g r a m  is  s h o w n  in  F ig u r e  2 .7 .

Sugarcane
Cultivation

~T~
Sugarcane transportation

Sugarcane Ethanol 
Conversion

— 1— —  

96% Ethanol

_ i  __
Sugarcane Ethanol 

Dehydration

-B a ga sse -

-V in a s s e -

99.5% Ethanol 
T

F i g u r e  2 .7  A  s im p le  p r o c e s s  d ia g r a m  o f  s u g a r c a n e  b a s e d  e th a n o l  p r o d u c t io n  
( O m e tto  et a l, 2 0 0 9 ) .
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2.3.1.1 Sugarcane Cultivation
S u g a rc a n e ,  th e  e s s e n t ia l  r a w  m a te r ia l  f o r  s u g a r  in d u s try  in  

T h a i la n d ,  is  fo u n d  a b u n d a n t ly  in  th e  c e n tra l  r e g io n  a c c o u n t in g  fo r  th e  h ig h e s t  
p e r c e n ta g e  o f  th e  n a t io n a l  s u g a rc a n e  p r o d u c t io n .  T h e  p r o c e s s  p r o c e d u r e  o f  s u g a rc a n e  
c u l t iv a t io n  in c lu d e , la n d  p r e p a r a t io n  a n d  p la n t in g ,  f e r t i l iz in g  a n d  w e e d in g ,  a n d  
h a r v e s t in g  is  s h o w n  in  F ig u r e  2 .8  ( N g u y e n  et al, 2 0 0 8 ) .

F i g u r e  2 .8  P r o c e s s  p r o c e d u r e  o f  s u g a rc a n e  c u l t iv a t io n  ( N g u y e n  et al., 2 0 0 8 ) .

2.3.1.2 Sugarcane Ethanol Conversion
T h e  in d u s tr ia l  t r a n s f o r m a t io n  in to  h y d ra te d  e th a n o l  b e g in s  

w ith  th e  w a s h in g  o f  s u g a rc a n e .  T h e  w a s h e d  s u g a r c a n e  is t r a n s p o r te d  b y  c o n v e y o r  
b e l ts  to  th e  m il l in g s ,  w h e r e  th e  s u g a rc a n e  ju i c e  is e x t ra c te d . T h e  p r o d u c ts  o f  th e  
s u g a rc a n e  m i l l in g  a re  j u i c e  a n d  b a g a s s e . T h e  j u i c e  is  u s e d  to  p r o d u c e  a lc o h o l  a n d  th e  
b a g a s s e  is  b u r n e d  to  g e n e r a te  s te a m  a n d  e le c t r i c i ty  in  c o g e n e r a t io n  p la n ts .  T h e  
e x t r a c te d  j u i c e  e n te r s  d e c a n te r s ,  w h e re  s o l id  m a te r ia l s  a re  s e p a r a te d  f ro m  th e  ju ic e .  
T h e n , th e  j u i c e  is in o c u la te d  b y  y e a s t  ( S a c c h a r o m y c e s ) ,  w h ic h  c o n v e r ts  s a c h a r o s e  
( C 12H 2 2 0 11 ) in to  e th a n o l  ( C 2H 5O H ) a n d  c a rb o n  d io x id e  (C O 2) b y  f e rm e n ta t io n  c u b s . 
T h e  f e r m e n ta t io n  p r o d u c t  is  t r a n s p o r te d  to  d i s t i l la t io n  c o lu m n s  to  e le v a te  th e  a lc o h o l  
c o n c e n t r a t io n .  T h e  p r o d u c t s  o f  d is t i l la t io n s  a re  h y d r a te d  e th a n o l  ( 9 6 %  e th a n o l)  a n d  
v in a s s e . R e le v a n t  in f o r m a t io n  o n  s u g a rc a n e  e th a n o l  c o n v e r s io n  p ro c e s s  w a s  
e x t r a c te d  f r o m  l i te r a tu r e  ( O m e tto  et a l. 2 0 0 9 ) .
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2 .3 .2  M o la s s e s  B a s e d  E th a n o l  P ro d u c t io n
M o la s s e s  b a s e d  e th a n o l  p r o d u c t io n  p r o c e s s  in c lu d e  s u g a rc a n e  

c u l t iv a t io n ,  s u g a rc a n e  m i l l in g ,  a n d  m o la s s e s  e th a n o l  c o n v e r s io n  p r o c e s s  is i l lu s t ra te d  
in  F ig u re  2 .9 . T h is  m o d e l  u s e s  b a g a s s e  a n d  b io g a s  a s  fu e ls  to  p r o d u c e  s te a m  a n d  
e le c t r ic i ty .

Sugarcane
Cultivation

Sugarcane
Y

Sugarcane M illing
~ r

Molasses
Y

M olasses Ethanol 
Conversion

-^Bagasse-

-Sugar-

Yeast residues

-----Biogas — ►

— Vinasse- ►

99.5% Ethanol 
Y

F ig u r e  2 .9  A  s im p le  p r o c e s s  d ia g r a m  o f  m o la s s e s  b a s e d  e th a n o l  p r o d u c t io n .

2.3.2.1 Sugarcane Milling
A c c o r d in g  to  s e c t io n  2 .3 .1 .1 ,  s u g a rc a n e  w a s  c u l t iv a te d  a n d  

th e n  t r a n s p o r te d  to  s u g a r c a n e  m i l l in g  w h ic h  is  a  p r o c e s s  to  p r o d u c e  s u g a r  fo r  
s u g a rc a n e  b a s e d  P L A  r e s in  p r o d u c t io n  p ro c e s s  a n d  to  p ro d u c e  m o la s s e s  fo r  m o la s s e s  
e th a n o l  c o n v e r s io n  p r o c e s s .  R a w  s u g a r  p r o d u c t io n  p r o c e s s  is  div id e d  in to  5 s te p s  as 
s h o w n  in  F ig u r e  2 .1 0  ( M T E C . 2 0 1 0 ) .

1) J u i c e  E x t r a c t io n :  s u g a rc a n e  p a s s  th r o u g h  a  s e r ie s  o f  f iv e  
c r u s h in g  m i l l  to  e x t r a c t  a s  m u c h  s u g a r  ju i c e  a s  p o s s ib le .  M o s t  o f  th e  c r u s h in g  m il ls  
a re  d r iv e n  b y  s te a m  tu r b in e s .

2 )  J u ic e  P u r i f ic a t io n :  T h e  s u g a r c a n e  ju i c e  w h ic h  is d e l iv e re d  
f ro m  th e  m i l l in g  t r a in  c o n ta in s  s o m e  so il a n d  o th e r  u n d e s i r a b le  im p u r i t ie s .  T o  
r e m o v e  th e s e ,  j u i c e  is  h e a te d  a n d  l im e  is  a d d e d  to  s e t t le  th e  u n w a n te d  m a te r ia l .  T h e  
im p u r i t ie s  s e t t le  o u t  in  th e  c la r i f ie r  a n d  th e n  g o  to  th e  r o ta r y  v a c u u m  f il te rs , w h ic h
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f i l te r  o u t a n y  r e m a in in g  ju i c e .  T h e  f i l t e r  m u d  f ro m  th e  v a c u u m  f i l t e r s  is  r ic h  in  
n u tr ie n ts  a n d  is  r e c y c le d  b a c k  to  c a n e  f ie ld s .

F i g u r e  2 .1 0  P r o c e s s  p r o c e d u r e  o f  s u g a r  m il l in g .

3 ) E v a p o r a t io n :  T h e  c la r if ie d  j u i c e  is  c o n c e n t r a te d  to  th ic k  
s y ru p  b y  b o i l in g  o f f  w a te r  in  th e  e v a p o r a to r s .  T h e  j u i c e  p a s s e s  c o n t in u o u s ly  f ro m  
v e s s e l  to  v e s s e l  u n t i l  it is  c o n c e n t r a te d  to  s y r u p  c o n ta in in g  a p p r o x im a te ly  7 0 %  s u g a r .

4 )  C r y s ta l l iz a t io n :  A t th is  s ta g e  th e  s y r u p  f ro m  th e
e v a p o r a to r s  is  c o n v e r te d  to  c r y s ta l  s u g a r . A  c h a rg e  o f  s y r u p  is ta k e n  in to  a  v a c u u m  
p a n  a n d  a g a in  b o i le d  u n d e r  a  v a c u u m . A  q u a n t i ty  o f  v e r y  f in e  “ s e e d ” c ry s ta l  is 
in tro d u c e d . A s  w a te r  is e v a p o r a te d  f re s h  s y r u p  is  a d d e d  a n d  s u g a r  is  d e p o s i te d  o n  th e  
s e e d  c ry s ta l .  T h i s  p ro c e s s  c o n t in u e s  u n ti l  th e  c r y s ta ls  h a v e  r e a c h e d  th e  d e s i re d  s iz e
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( a p p r o x .  1 m m  s q u a r e ) .  T h e  r e s u l t in g  se m i l iq u id  m a s s  o f  s u g a r  c r y s ta l s  a n d  m o la s s e s  
is  c a l l e d  m a s s e c u i te .

5 )  C e n tr i fu g a t io n :  S u g a r  c r y s ta ls  a re  s e p a r a te d  f ro m  th e  
s y r u p  in  th e  c e n t r i f u g a l s .  T h e  c e n t r i f u g a ls  a r e  p e r f o r a te d  m e ta l  b a s k e ts  s p u n  a t h ig h  
s p e e d  b y  an  e le c t r i c  m o to r .  W h ile  th e  s u g a r  is  s p in n in g  in  th e  b a s k e ts  it is g iv e n  a 
s h o r t  b u r s t  o f  h o t  w a t e r  to  h e lp  w a s h  th e  s t ic k y  m o la s s e s  o f f  th e  s u g a r  c r y s ta ls .

B a s e d  o n  F ig u re  2 .1 0 , r e s id u e  o f  th is  p r o c e s s  ( b a g a s s e )  c a n  
b e  u s e d  a s  fu e l to  g e n e r a t e  e le c t r i c i ty  a n d  s te a m .

2 .3.2.2 Electrical Energy Cogeneration
C o g e n e ra t io n  s y s te m  is  th e  s y s te m  w h ic h  c a n  p ro d u c e  

e le c t r i c i ty  a n d  s te a m . It is  u s e d  in  in d u s tr ia ls  p la n t s  in  T h a i la n d  m o re  th a n  3 0  y e a rs  
s u c h  a s  s u g a r  m i l l in g  p la n t  a n d  p a lm  o il p l a n t  b e c a u s e  th is  k in d  o f  in d u s try  h a s  
b io m a s s  r e s id u e  f ro m  p ro d u c t io n  p r o c e s s  l ik e  b a g a s s e , e m p ty  f ru i t  b r a n c h ,  e tc . 
( T o s s a n a i t a d a  et a i , 2 0 0 9 ) .  N o w a d a y s ,  m o s t  o f  c o g e n e r a t io n  s y s te m  in  T h a i la n d  h a s  
lo w  e f f ic ie n c y  d u e  to  lo w  in le t  s te a m  p r e s s u r e  o f  tu rb in e  w e r e  in  r a n g e  o f  18 to  2 2  
B a r a. In  o r d e r  to  im p r o v e  th e  e f f ic ie n c y ,  th e  lo w  p r e s s u r e  s te a m  is  r e p la c e d  b y  h ig h e r  
p r e s s u r e  s te a m  a t  6 8  B a ra w h ic h  is  u s e d  in  E u ro p e  c o u n t r ie s .  T h e  d a ta  o f  
c o g e n e r a t io n  s y s te m  w a s  c o l le c te d  b y  th e s is  o f  S u ra n a re e  U n iv e r s i ty  o f  T e c h n o lo g y  
( W ita y a p a i r o t ,  2 0 1 0 ) .  M o re o v e r ,  a c c o rd in g  to  D e p a r tm e n t  o f  I n d u s tr ia l  P ro m o tio n , 
M in is t r y  o f  I n d u s t r y  (2 0 0 9 ) , b io g a s  1 m 3 c a n  p ro d u c e  e le c t r i c i ty  1 .2  k W h . C 0 2 
e m is s io n  f ro m  b io g a s  c o m b u s t io n ,  b e in g  o f  b io g e n ic  o r ig in , a r e  c o n s id e r e d  n e t  z e ro  
a s  a ls o  b a g a s s e  c o m b u s t io n .

2.3L2.3 Molasses Ethanol Conversion
A f te r  m o la s s e s  f ro m  s u g a r  m il l in g  w a s  p r o d u c e d ,  it w a s  

t r a n s p o r te d  to  th e  p r o c e s s  m a k in g  m o la s s e s  b a s e d  e th a n o l  c o n s is t s  o f  y e a s t  
p r e p a r a t io n ,  f e r m e n ta t io n ,  d i s t i l la t io n  a n d  d e h y d ra t io n ,  a s  s h o w n  in  F ig u r e  2 .11 
( K A P I ,  2 0 0 7 ) .

2 .3 .3  C a s s a v a  B a s e d  E th a n o l  P r o d u c t io n
C a s s a v a  b a s e d  e th a n o l  p r o d u c t io n  p r o c e s s  in c lu d e  c a s s a v a  

c u l t iv a t io n ,  c a s s a v a  c h ip s  p r o d u c t io n ,  a n d  c a s s a v a  e th a n o l  c o n v e r s io n  p ro c e s s  is 
s h o w n  in  F ig u r e  2 .1 2 ,  th is  m o d e l h a s  b io g a s  w h ic h  is fu e l to  p r o d u c e  e le c t r i c i ty  fo r
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th e  b io r e f in e r y  m o d e l .  M o re o v e r ,  d r ie d  d i s t i l l e r  g ra in  w i th  s o lu b le  ( D D G S )  w a s  
p r o d u c e d  in  c a s s a v a  e th a n o l  c o n v e r s io n  p r o c e s s .

F i g u r e  2 .1 1  F lo w  c h a r t  fo r  m o la s s e s  e th a n o l  c o n v e r s io n  p r o c e s s  ( K A P I , 2 0 0 7 ) .

99.5% Ethanol

F i g u r e  2 .1 2  A  s im p le  p r o c e s s  d ia g r a m  o f  c a s s a v a  b a s e d  e th a n o l  p r o d u c t io n .
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2.3.3.1 Cassava Cultivation
T h e  c a s s a v a  p r o d u c t io n  c a n  b e  i l lu s t r a te d  a s  s h o w n  in  F ig u re  

2 .1 3 . In  c a s s a v a  p r o d u c t io n  in c lu d e s  4  s u b - p r o c e s s e s  ( K h o n g s ir i ,  2 0 0 9 ) :
1 ) L a n d  p r e p a r a t io n  b e f o r e  p la n t in g  b y  s o il t i l la g e  to  

e l im in a te  th e  w e e d  a n d  c r e a te  th e  t r e n c h  fo r  c u l t iv a t io n .
2 )  P r e p a r a t io n  o f  b r e e d in g  a n d  c u l t iv a t io n ,  c a s s a v a  s tr a in s  

w e re  s e le c te d  a n d  c h o p p e d  to  a p p r o p r ia te  s iz e  fo r  c u l t iv a t io n .  T h e n  p la c e  th e m  in  th e  
tre n c h .

3 ) T h e  m a in te n a n c e :  C o n s is t s  o f  im p o r ta n t  e v e n ts  s u c h  as 
e l im in a te  th e  w e e d s  b y  t i l la g e  a n d  u se  c h e m ic a ls .  I n c lu d in g  p u t  th e  f e r t i l iz e r .  
F a rm e rs  te n d  to  u s e  b o th  m a n u re  a n d  c h e m ic a l  f e r t i l iz e r s

4 )  F la rv e s t in g  c a n  b e  d o n e  b y  u s in g  m a c h in e  h a r v e s t in g  o r
w o rk e rs .

F ig u r e  2 .1 3  T h e  p r o c e s s  p r o c e d u r e  o f  c a s s a v a  c u l t iv a t io n  in  r a in y  s e a s o n  w i th  w a te r  
(K h o n g s ir i ,  2 0 0 9 ) .
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2.3.3.2 Cassava Ethanol Conversion
T h e  c a s s a v a  e th a n o l  p la n t  in c lu d e s  f o u r  m a in  s u b -p ro c e s s e s

i .e .,  m il l in g  a n d  m ix in g ,  l iq u e fa c t io n ,  f e rm e n ta t io n ,  d i s t i l la t io n ,  a n d  m o le c u la r  s ie v e  
d e h y d ra t io n ,  a s  s h o w n  in  F ig u r e  2 .1 4 . B io g a s  is a  b y - p r o d u c t  th a t  u s e d  a s  fu e l fo r  
e le c t r i c i ty  g e n e r a t io n  ( K A P I ,  2 0 0 7 ) .  D u e  to  f e e d s to c k  o f  th is  p r o c e s s  is  c a s s a v a  c h ip s ,  
it n e e d  to  a d d  c a s s a v a  c h ip s  p r o d u c t io n  p r o c e s s  b e tw e e n  c a s s a v a  c u l t iv a t io n  a n d  
c a s s a v a  e th a n o l  p r o c e s s  ( S i la le r t r u k s a  et al. , 2 0 1 1 ) .

F i g u r e  2 .1 4  F lo w  c h a r t  f o r  c a s s a v a  e th a n o l  c o n v e r s io n  p r o c e s s  ( K A P I ,  2 0 0 7 , 
S i la le r t r u k s a  et al. . 2 0 1 1 ) .

2 .3 .4  C a s s a v a  R h iz o m e  B a se d  E th a n o l  P r o d u c t io n
A c tu a l ly  th e r e  is  n o  a n y  f a c to r y  to  p r o d u c e  e th a n o l  f ro m  c a s s a v a  

r h iz o m e  in  T h a i la n d .  A c c o r d in g  to  M a n g n im i t  e t  a l. ( 2 0 1 3 ) ,  s tu d y  s h o w s  r e s u l t s  f ro m  
a  s y s te m a t ic  m o d e l  b a s e d  a n a ly s is  in  o r d e r  to  p r o d u c e  b io e th a n o l  f ro m  p o te n tia l  
l ig n o c e l lu lo s ic  m a te r ia l s  in  T h a i la n d  g e n e ra l ly  a n d  c a s s a v a  rh iz o m e  p a r t ic u la r ly .
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T h e  s o u rc e s  o f  c a s s a v a  r h iz o m e  a re  b y - p r o d u c t  f ro m  h a r v e s t  a t  f ie ld , 
c a s s v a  c h ip  p r o d u c t io n  a n d  c a s s a v a  s ta r c h  p r o d u c t io n .  H o w e v e r ,  th e  m a in  s o u rc e  is 
f ro m  c a s s a v a  r e s id u e  a f te r  h a r v e s t .

ร . M a n g n im i t  e t  a l. h a d  s im u la te d  b io e th a n o l  p r o d u c t io n  f ro m  c a s s a v a  
rh iz o m e  a s  s h o w n  in  F ig  2 .1 5 .  C a s s a v a  r h iz o m e  is  m il l e d  a n d  s e n t  to  p r e - t r e a tm e n t  
z o n e . T h e n  c o n c e n t r a t e d  s u l f u r ic  a c id  is  a d d e d  to  th e  r e a c to r  to  h y d r o ly z e  c e l lu lo s e  
a n d  h e m ic e l lu lo s e  in to  C 6  a n d  C 5  su g a rs . T h e  h y d r o ly z a te  is  s e n t  to  d e to x i f ic a t io n  to  
e l im in a te  th e  c o n ta m in a n t s  s u c h  a s  fu r fu ra l  a n d  H M F . A f te r  th a t  d e to x if ie d  
h y d r o ly z a te  is  1 0 %  s e p a r a te d  fo r  y e a s t  ( s e e d )  p r o d u c t io n  a n d  th e  r e s t  is s e n t to  
f e rm e n ta t io n .  E v e n tu a l ly ,  th e  o u tp u t  f ro m  f e r m e n te r  is  s e n t  to  r e c o v e r y  s e c t io n  to  
o b ta in  9 9 .5  %  e th a n o l .

Treated cassava rhizome

-Su lfuric acid—
— — Water-----
— HP steam-------►

►  Prehydrolysis
►

Blowdown Tank
'

*1 Solid/Liquid Separation

Overl i 111 in g

Reacidification

-Waste gas—

-So lid  waste— ►

—C02 ► —Ammonia— ►

Gypsum 
' T

t
Anhydrous ethanol

I
Dehydration

Distillation

Waste gas-K

พ ภWaste water-^

SSCF Fermentation —Waste eas— ► 
-So lid  waste—►

F i g u r e  2 .1 5  F lo w  c h a r t  f o r  c a s s a v a  r h iz o m e  e th a n o l  c o n v e r s io n  p r o c e s s  ( M a n g n im i t  
et al, 2 0 1 3 ) .

2 .3 .5  C a s s a v a  P u lp  B a s e d  E th a n o l P ro d u c t io n
N e w  E n e r g y  a n d  In d u s tr ia l  T e c h n o lo g y  D e v e lo p m e n t  O r g a n iz a t io n  

( N E D O )  o f  J a p a n  h a s  s ig n e d  a  m e m o ra n d u m  o f  u n d e r s ta n d in g  w i th  th e  N a t io n a l  
In n o v a t io n  A g e n c y  ( N IA )  o f  T h a i la n d  to  s u p p o r t  b u d g e t  2 7 6  m i l l io n  b a h t  u n d e r  th e  
d e m o n s t r a t io n  p r o je c t  to  p r o d u c e  e th a n o l f ro m  c a s s a v a  p u lp . E ia m b u r a p a  E th a n o l  
C o m p a n y  L im i te d  is  a  p r iv a te  c o m p a n y  o f  T h a i la n d  h a s  b e e n  tr a n s f e r r e d  o f
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te c h n o lo g y  d u r in g  2 0 1 3 -2 0 1 6 .  T a rg e t  is to  t r a n s f e r  o f  r e s e a r c h  f ro m  th e  U n iv e r s i ty  o f  
J a p a n  a n d  e x p a n d  g lo b a l ly  ( S a e n g c h a n ,  2 0 1 2 ) .

H o w e v e r ,  th is  p r o c e s s  w a s  n o t  c h o s e n  fo r  s tu d y in g  d u e  to  th e  
d e f ic ie n c y  o f  L C I  d a ta .

2.4 Current Status of Biosuccinic Acid (BSA) Productions and Uses in Thailand

S u c c in ic  a c id  (S A ) , k n o w n  as  a m b e r  a c id  o r  b u ta n e d io ic  a c id , c a n  b e  u s e d  a s  
a  c h e m ic a l  p r e c u r s o r  in  m a n y  im p o r ta n t  in d u s tr i e s  in c lu d in g  a d ip ic  a c id , 1 ,4- 
b u ta n e d io l ,  t e t r a h y d r o f u r a n ,  N - m e th y l  p y r r o l id in o n e .  2 - p y r r o l id in o n e ,  s u c c in a te  s a lts , 
a n d  g a m m a - b u ty r o la c to n e  a s  s h o w n  in  F ig u re  2 .1 6  ( S o n g  et al. , 2 0 0 6 ) .

Figure 2.16 V a r io u s  c h e m ic a ls  a n d  p r o d u c ts  th a t  c a n  b e  s y n th e s iz e d  f ro m  s u c c in ic  
a c id  ( S o n g  et al. , 2 0 0 6 ) .

In  th e  y e a r  2 0 1 0 , S A  g lo b a l  d e m a n d  w a s  f o u n d  to  b e  4 3 ,0 0 0  to n s  a n d  w o u ld  
h a v e  g ro w n  u p  to  1 4 5 ,0 0 0  to n s  b y  th e  y e a r  2 0 2 5 , r e p r e s e n t in g  a  g r o w th  ra te  o f  8
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p e r c e n t  p e r  y e a r .  B io - b a s e d  S A  h a s  th e  a d v a n ta g e  o v e r  p e t r o le u m - b a s e d  S A  s in c e  
p r o d u c e d  f ro m  b io lo g ic a l  p r o c e s s e s  a n d  p r o d u c t io n  c o s t s  c a n  b e  c o m p e t i t iv e .  
A p p l ic a t io n s  o f  b o th  b io - b a s e d  a n d  p e t r o le u m - b a s e d  S A  a re  e q u iv a le n t  ( T h o u p h a n ,
2 0 1 1 ) .

O n  3 0 th M a r c h  2 0 1 1 , P T T  P u b lic  C o m p a n y  L im ite d  (P T T )  a n d  M its u b is h i  
C h e m ic a l  C o r p o r a t io n  ( M C C )  w e re  r e g is te r e d  a s  a  P T T M C C  B io C h e m  C o m p a n y  
L im ite d  to  e s ta b l i s h  m a n u f a c tu r in g  f a c i l i t ie s  o f  b io s u c c in ic  a c id  ( B S A )  3 6 ,0 0 0  to n s  
a n d  P B S  2 0 ,0 0 0  to n s  a n n u a l ly  f ro m  s u g a r  a s  th e  f irs t  o n e  in  th e  w o r ld  a s  s h o w n  in  
F ig u r e  2 .1 7 . B y  t r a d in g  o n  b o th  d o m e s t ic  a n d  in te r n a t io n a l  m a rk e ts  w i th  a  fo c u s  o n  
E u r o p e  a n d  A m e r ic a .  T h e  tw o  h ig h - te c h  f a c to r ie s  o f  M C C  is  e x p e c te d  to  s u b m it  a  
c o m m e r c ia l  o p e r a t io n  in  la te  2 0 1 4 . A s  a  s o u rc e  o f  r a w  m a te r ia ls ,  a g r ic u ltu ra l  
p o te n t ia l  s u c h  a s  s u g a rc a n e  a n d  c a s s a v a , T h a i la n d  is  a l s o  lo c a te d  n e a r  th e  s tr a te g ic  
im p o r ta n c e  o f  th e  p la s t ic  m a rk e t ,  in c lu d in g  C h in a , K o re a , J a p a n . H e n c e , th e  c o s t  o f  
t r a n s p o r ta t io n  a n d  t r a d e  h a s  th e  a d v a n ta g e  o v e r  o th e r  c o u n t r ie s  ( T h o u p h a n ,  2 0 1 1 ) .

55A _

Specialised catalyst
Q u a /i t>' 'c o n tr o l

Figure 2.17 S c h e m a tic  o f  reac tan ts  b io -su cc in ic  ac id  (B S A ) an d  b io p o ly m er
p o ly b u ty len e  su c c in a te  (P B S ) (T h o u p h an , 2 0 1 1 ).
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2 .4 .1  B S A  P ro d u c t io n
A  s im p le  p r o c e s s  d ia g r a m  o f  s u g a rc a n e  b a s e d  B S A  a n d  c a s s a v a  b a s e d  

B S A  p r o d u c t io n  is  s h o w n  in  F ig u r e  2 .1 8 .

;

Figure 2.18 A  s im p le  p r o c e s s  d ia g r a m  o f  s u g a r c a n e  b a s e d  B S A  a n d  c a s s a v a  b a s e d  
B S A  p r o d u c t io n .

2.4.1.1 Cassava Starch Production
A t p la n t ,  c a s s a v a  p r o d u c t io n  p r o c e s s  m a in ly  u s e  d e w a te r in g  

c e n t r i f u g a l  m e th o d  w h ic h  c o n s is t  o f  m a in  s te p  a s  fo l lo w s
A f te r  c a s s a v a  ro o ts  w e r e  c u l t iv a te d  a s  d e s c r ib e d  in  s e c tio n  

2 .3 .3 .1 ,  th e y  w e re  d e l iv e r e d  to  a  s a n d  r e m o v a l  d r u m . T h e n ,  th e y  a re  t r a n s f e r r e d  to  a 
r in s in g  g u t te r  fo r  c le a n s in g  a n d  p e e l  s e p a r a t io n . A f te r  w a s h in g ,  th e  c le a n  c a s s a v a  
r o o ts  a r e  s e n t  to  a  c h o p p e r  to  c h o p  in to  s m a ll  p i e c e s  ( a p p r o x im a te ly  2 0 -2 5  m m )  a n d  
th e n  ta k e n  to  a  r a s p e r .  D u r in g  r a s p in g ,  w a te r  is  a d d e d  to  f a c i l i ta te  th e  p r o c e s s .  T h e  
r e s u l t in g  s lu r ry , c o n s i s t in g  o f  s ta r c h , w a te r ,  f ib e r ,  a n d  im p u r i t ie s ,  is th e n  p u m p e d  in to  
th e  c e n t r i fu g e s  fo r  e x t r a c t io n  o f  th e  s ta rc h  f ro m  th e  f ib r o u s  r e s id u e  ( c e l lu lo s e ) .  T h e  
e x t r a c t io n  s y s te m  c o n s i s t s  o f  th re e  o r  fo u r  c e n t r i f u g e s  in  s e r ie s .  T h e r e  a r e  tw o  ty p e s  
o f  e x t r a c to r s :  a  c o a r s e  e x t r a c to r  w i th  a  p e r f o r a te d  b a s k e t  a n d  a  f in e  e x t r a c to r  w i th  a 
f i l te r  c lo th . S u i ta b le  a m o u n t  o f  w a te r  a n d  s u l f u r - c o n ta in in g  w a te r  a r e  c o n s ta n t ly  
a p p l ie d  to  th e  c e n t r i f u g e s  fo r  d i lu t io n  a n d  b le a c h in g  o f  th e  s ta r c h .
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Figure 2.19 F lo w  c h a r t  f o r  c a s s a v a  s ta r c h  p r o d u c t io n  w i th  b io g a s  p r o d u c t io n  lin e  
( K h o n g s i r i ,  2 0 0 9 ) .

T h e  s ta r c h  s lu r r y  is th e n  s e p a r a te d  in to  s ta r c h  m ilk  a n d  
f ib r o u s  r e s id u e .  T h e  c o a r s e  a n d  f in e  p u lp  is p a s s e d  to  a  p u lp  e x t r a c to r  to  r e c o v e r  th e  
r e m a in in g  s ta r c h  a n d  th e  e x t ra c te d  p u lp  is  t h e n  d e l iv e re d  to  a  s c re w  p r e s s  fo r  
d e w a te r in g .  T h e  d e w a te r e d  f ib ro u s  r e s id u e  is  s o ld  to  a  f e e d s to c k  m ill .  T h e  s ta rc h  
m ilk  f ro m  th e  f in e  e x t r a c to r  is  p u m p e d  in to  a  tw o - s ta g e  s e p a r a to r  fo r  im p u r i ty
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re m o v a l  f ro m  th e  p r o te in .  A f t e r  p a s s in g  to  a  s e c o n d  d e w a te r in g  m a c h in e ,  th e  s ta r c h  
m ilk  h a s  th e  s ta r c h  c o n te n t  u p  to  1 8 -2 0  B a u m e ' ( C h a v a lp a r i t  et a l, 2 0 0 9 ) .  T h e n , th e  
c o n c e n t r a te d  s ta r c h  m i lk  is  p u m p e d  in to  d e h y d r a t io n  h o r iz o n ta l  c e n t r i f u g e s  (D H C )  to  
re m o v e  w a te r  b e f o r e  d r y in g .  T h e  D H C  c o n s is t s  o f  f i l t e r  c lo th  p l a c e d  in s id e , r o ta t in g  
a t  a b o u t  1 0 0 0  rp m  to  r e m o v e  w a te r  f ro m  th e  s ta r c h  m i lk .  T h e  r e s u l t in g  s ta r c h  c a k e  
h a s  a  m o i s tu r e  c o n te n t  o f  3 5 -4 0 % . T h e  s ta r c h  c a k e  is  ta k e n  to  a  d r y in g  o v e n  
c o n s is t in g  o f  a  f i r in g  tu n n e l  a n d -d r ie r  s ta c k . D r y in g  is  e f f e c te d  b y  h o t  a i r  p r o d u c e d  b y  
o il b u rn e r s .  D u r in g  th e  d r y in g  p r o c e s s ,  th e  s ta r c h  is  b lo w n  f ro m  th e  b o t to m  to  th e  to p  
o f  th e  d r ie r  s ta c k  a n d  th e n  f a l le n  in to  a  s e r ie s  o f  tw o  c y c lo n e s  in  o r d e r  to  c o o l d o w n  
th e  s ta rc h . T h e  d r ie d  s ta r c h  w i th  a  m o is tu r e  c o n te n t  o f  le s s  th a n  1 2 %  is c o n v e y e d  
th ro u g h  a  s i f t e r  fo r  s iz e  s e p a r a t io n  a n d  f in a l ly  p a c k a g in g  ( K h o n g s ir i ,  2 0 0 9 ) .  A  s im p le  
p r o c e s s  d i a g r a m  o f  c a s s a v a  s ta r c h  p r o d u c t io n  w i th  b io g a s  is  s h o w n  in  F ig u re  2 .1 9 .

2.4.1.2 Cassava Sugar Production
G lu c o s e  s y ru p  p r o d u c t io n  f ro m  c a s s a v a  c a n  b e  s u b d iv id e d  

in to  th e  f o l l o w in g  p r o c e s s  a r e a s  o f  l iq u e fa c t io n ,  s a c c h a r i f ic a t io n ,  a n d  p u r i f ic a t io n .
N a t iv e  s ta r c h  c o n s is t s  o f  m ic r o s c o p ic  g r a n u le s  h a v in g  a 

c o m p le x  in te r n a l  s t r u c tu r e .  A t  ro o m  te m p e r a tu r e ,  th e s e  g r a n u le s  a r e  in s o lu b le  in  
w a te r . H o w e v e r ,  i f  s ta r c h  s lu r r y  is h e a te d  a b o v e  6 0  0 c .  th e  g r a n u le s  w ill sw e ll  a n d  
e v e n tu a l ly  r u p tu r e .  T h is  r e s u l t s  in  a  d r a m a t ic  in c re a s e  in  v is c o s i ty .  A t  th is  p o in t ,  th e  
s ta r c h  h a s  b e e n  " g e la t in i z e d ” . T h e  g e la t in iz e d  s ta r c h  is  n o w  s u s c e p t ib le  to  a t ta c k  b y  
a m y la s e  e n z y m e s .  In  p r a c t ic e ,  c a s s a v a  s ta r c h  in  g e l a t in iz e d  a n d  p a r t i a l ly  h y d r o ly z e d  
v e ry  r a p id ly  in  o n e  s te p  ( s e e  ( lo w  c h a r t)  b y  h e a t - s t a b le  a m y la s e . T h is  s te p  is  c a l le d  
l iq u e fa c t io n .  T h e  p a r t i a l ly  d e g r a d e d  s ta r c h  c h a in s  c a l l e d  d e x t r in s  a r e  s u i ta b le  s ta r t in g  
m a te r ia ls  f o r  th e  la te r  s te p s  in  s y ru p  p r o d u c t io n  ( M T E C , 2 0 1 0 ) .

•  L iq u e f a c t io n
S ta r c h  s lu r ry  is  m a d e  w i th  3 0 - 3 5 %  d r y  s o l id s  a n d  its  p H  

is  a d ju s te d  to  6 .0 - 6 .4 .  C a lc iu m  is  a d d e d  u s in g  c a lc iu m  h y d r o x id e  o r  c a lc iu m  c h lo r id e . 
C a lc iu m  io n s  s ta b i l i z e  th e  e n z y m e . A  h e a t - s ta b le  a - a m y la s e  ( N o v o 's  T e rm a m y l  12 0  
L )  is m ix e d  in to  th e  s lu r ry , a n d  th e n  th e  s lu r r y  is  in s ta n ta n e o u s ly  h e a te d  to  100  ° c  
a n d  h e ld  a t  th i s  t e m p e r a tu r e  f o r  10 m in  b e fo re  it  is  c o o le d  to  9 0  0 c .  T h i s  te m p e ra tu re  
is  m a in ta in e d  fo r  1-3 h  to  f u r th e r  h y d r o ly z e  th e  s ta r c h .  A t th e  e n d  o f  th is  s te p , th e  
s ta r c h  h a s  b e e n  c o n v e r te d  to  d e x tr in s  w i th  a  d e x tr o s e  e q u iv a le n t  ( D E )  b e tw e e n  8 a n d
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15. (T h e  p h y s ic a l  p r o p e r t ie s  o f  th e  s y r u p  v a r y  w i th  th e  D E  a n d  th e  m e th o d  o f  
m a n u f a c tu r e . )  D E  is th e  to ta l  r e d u c in g  s u g a r  in  th e  s y r u p  e x p re s s e d  a s  d e x t r o s e  o n  a  
d r y  w e ig h t  b a s is .

•  S a c c h a r i f ic a t io n
A f te r  l iq u e fa c t io n ,  th e  p H  is  r e d u c e d  to  b e tw e e n  4 .2  a n d

4 .5  a n d  th e  s o lu t io n  is  c o o le d  to  60 0 c . A  g lu c o m y la s e  ( N o v o ’s A M G  3 0 0 L )  is  
a d d e d  im m e d ia te ly .  T h e  r e a c t io n  t im e  fo r  s a c c h a r i f i c a t io n  is  นรนฟly  b e tw e e n  2 4 -4 8  h 
d e p e n d in g  o n  e n z y m e  d o s e . G lu c o a m v la s e  r e le a s e s  s in g le  g lu c o s e  u n i t s  f ro m  th e  
e n d s  o f  d e x t r in  m o le c u le .  S y r u p s  o f  9 5 %  g lu c o s e  o r  h ig h e r  a r e  m a n u f a c tu r e d ,  e .g . ,  a  
ty p ic a l  9 8  D E  s y r u p  c o u ld  h a v e  th e  s u g a r  p r o f i l e  a s  s h o w n  in  F ig u r e  2 .2 0 .

Dextrin ization

|S5*C. 1-3 hf

T
Dextrin syrup

[cM5% DEI

i
G lueoam ylase

I AMG 200L. 045%)\
Saccharifica tion

ISO «C pH 4.5. 48 h. 30% DS|

1
G lucose  syrup

|95-96% Glucose]

Evaporate

(40 45% OS)
I

Final adjustm ents

(55-6G «C. pH 7.5-? 8. 
ktagntBSiunr > 1 zppîrtj

Figure 2.20 F lo w  chart fo r g lu co se  sy ru p  p ro d u c tio n  fro m  c a ssa v a  (IC P , 2004).
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2.4.1.3 BSA Production
The s c h e m a t ic  o f  th e  B S A  p r o d u c t io n  is s h o w n  in  F ig u re  

2 .2 0 . F ro m  th is  d a ta ,  s u g a r  f ro m  s u g a rc a n e  ( s e c t io n  2 .3 .2 .1 )  a n d  s u g a r  f ro m  c a s s a v a  
( s e c t io n  2 .4 .1 .2 )  c o u ld  b e  u s e d  in  th e  s a m e  p r o c e s s  a n d  th e  s a m e  c o n d i t io n  b u t it 
s h o u ld  b e  s e p a r a te  p r o c e s s  in to  tw o  p a r ts  fo r  S u B S A  a n d  C a B S A  b e c a u s e  it m ig h t  b e  
r is k  f o r  r e a c t io n  o f  e a c h  o th e r .

Microorganism , Sugar, Nutrients, Water, N H 3

Sugar 
Ox\ gen 
พ nier 
Lim e

HC1-

n
--------------------- J ------------------

1 P ro p a g a t io n
11 r

-เ— ► F e rm e n ta t io n

ไ
1
1 S /L  S e p a r a t io n

ไr
ฯ E v a p o r a t io n

1
1 r
1 C r y s ta l l iz a t io n
1 ไโ
1
1 D is s o lu t io n

1โ
1
1

D e c o lo r iz a t io n  &  
Io n  e x c h a n g e

11 ไโ1
1 C r y s ta l l iz a t io n

1โ
1
1

D ry in g

!► Off-gas

T - =

► Biomass
Diluted

------► salt
effluent

► Water

Mother
liquor

Succinic acid

Figure 2.21 F lo w  c h a r t  fo r  B S A  p r o d u c t io n  p r o c e s s  (C o k  et a l. 2 0 1 3 ) .

T h e re  a r e  s e v e ra l  p r o d u c t io n s  o f  b io s u c c in ic  a c id  f ro m  C o k  e t 
a l. ( 2 0 1 3 ) ,  j o u r n a l  r e fe r re d . H o w e v e r ,  th e  lo w  p H  y e a s t  f e r m e n ta t io n  f o l lo w e d  b y
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d ire c t  c r y s ta l l i z a t io n  p r o c e s s  w a s  c h o s e n  d u e  to  th e  b e s t  e n v i r o n m e n ta l  p e r f o rm a n c e .  
U n f o r tu n a te ly ,  B S A  p r o c e s s  is q u i te  m o d e rn  s o  life  c y c le  in v e n to r y  c a n n o t  b e  
c o m p le te ly  d i s c lo s e d  o w in g  to  c o n f id e n t ia l i ty  a g r e e m e n t .  T h e  a m o u n ts  o f  s u g a r  a n d  
t i t r a n ts  c o n s u m e d  h a v e  to  b e  c a lc u la te d  c o r r e s p o n d in g  to  th e  r e la te d  r e f e r e n c e s ,  i.e ., 
D S M 's  jo u r n a l  ( T s i r o p o u lo s  et a l, 2 0 1 3 )  a n d  D S M 's  p a te n t  ( U S  2 0 1 2 0 2 3 8 7 2 2 A 1  ) 
(V a n  D e  G r a a f  et al., 2 0 1 2 ) .

In  th is  p r o c e s s ,  m ic r o o r g a n is m s  u s e d  c a n  p r o d u c e  B S A  at 
lo w  p H . T h e r e f o r e ,  l im e  c o n t r o l l in g  p H  is l i ttle  u s e d . Y e a s t  is  p r o p a g a te d  b y  a d d in g  
su g a r , n u t r ie n t s  N H 3 a n d  w a te r . T o  p r o d u c e  B S A . s u g a r , o x y g e n ,  w a te r  a n d  l im e  a re  
a d d e d  in to  a e r o b ic  f e rm e n te r .  HC1 is  a p p lie d  fo r  m ild  a c id i f ic a t io n  a n d  s o f te n in g .  F o r  
th e  e v a p o r a t io n  p r o c e s s ,  m e c h a n ic a l  v a p o r  r e c o m p r e s s io n  (M V R )  is u s e d  to  
c o n c e n t r a te  d i s s o lv e d  p r o d u c t  s t r e a m . F o r  th e  c r y s ta l l iz a t io n  p r o c e s s ,  B S A  c r y s ta ls  
a re  s p l i t  f ro m  m o th e r  l iq u o r . B io g a s  c a n  b e  p ro d u c e d  b y  m o th e r  l iq u o r  c o n ta in in g  7 %  
w t. B S A . F in a l ly ,  h ig h - g r a d e  B S A  is p u r i f ie d  b y  p o lis h  t r e a tm e n t ,  r e c r y s ta l l i z a t io n  
a n d  d r y in g  a s  i l lu s t r a te d  in  F ig u re  2 .2 1 .
M o re  d a ta  c o r r e s p o n d in g  to  d ire c t  c r y s ta l l iz a t io n  a re  n e e d e d  in  o r d e r  to  c a lc u la t e  L C I. 
D o w n s t r e a m  p r o c e s s  w i th  a c id i f ic a t io n  a t p H  le s s  th a n  2 .0  c a n  e a s i ly  c r y s ta l l iz e  B S A  
at te m p e r a tu r e  4 ° c  (L i et al. 2 0 1 0 , L in  et al. 2 0 1 0 ) .

2.5 Current Status of Lactic Acid (LA) Productions and Uses in Thailand

L a c t ic  a c id  is  a n  in te r m e d ia te  u s e d  in  a w id e  r a n g e  o f  fo o d  p r o c e s s in g  a n d  
in d u s tr ia l  a p p l ic a t io n s .  L a c tic  a c id  h a s  a  p o te n tia l  to  b e c o m e  th e  v e r y  la rg e  v o lu m e , 
c o m m o d i ty - c h e m ic a l  in te r m e d ia te  p ro d u c e d  f ro m  c a r b o h y d r a t e s  fo r  u s e d  a s  r a w  
m a te r ia ls  fo r  b io d e g r a d a b le  p o ly m e r s ,  o x y g e n a te d  c h e m ic a ls ,  p l a n t  g r o w th  r e g u la to r s ,  
e n v i r o n m e n ta l ly  f r ie n d ly  'g r e e n ' s o lv e n ts ,  a n d  s p e c ia l ty  c h e m ic a l  in te r m e d ia te s  
( D a tta  et a l.  1 9 9 5 ).

D e m a n d  fo r  la c t ic  a c id  h a s  in c re a s e d  s ig n i f ic a n t ly  d u e  to  a  v a r ie ty  o f  la c t ic  
a c id  a p p l ic a t io n s  e s p e c ia l ly  to  b e  th e  r a w  m a te r ia l  fo r  th e  p r o d u c t io n  o f  b io p o ly m e r  
p o ly la c t ic  a c id  (P L A ) .  It c a n  b e  p ro d u c e d  e i th e r  b y  c h e m ic a l  s y n th e s is  o r  b y  
m ic ro b ia l  f e rm e n ta t io n .  C u r re n t ly ,  a lm o s t  a ll o f  la c t ic  a c id  p r o d u c e d  w o r ld w id e  is 
m a n u f a c tu r e d  b y  th e  f e rm e n ta t io n  r o u te  ( A b d e l - R a h m a n  et a l. 2 0 1 1 ) .
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A t p r e s e n t ,  T h a i la n d  h a s  la c tic  a c id  (L A )  p r o d u c t io n  p la n t  w h ic h  b e lo n g s  to  
P u ra c  o f  th e  N e th e r la n d .  P u ra c  h a s  s ta r te d  u p  a  m o d e r n  lo w - c o s t  la c t ic  a c id  p la n t  
n e a r  R a y o n g  in  T h a i la n d .  U s in g  s u g a r  f ro m  s u g a rc a n e  a s  th e  r a w  m a te r ia l  a n d  a  n e w  
la r g e - s c a le  la c t id e  p la n t  b e c a m e  o n  s t r e a m  a t P u r a c ’ร s ite  in  T h a i la n d  in  2 0 1 1 . 
A l th o u g h  L A  c a n  be  u s e d  in  v a r io u s  a p p l ic a t io n ,  P u ra c  fo c u s e d  o n  p r o d u c t io n  o f  
b io p la s t ic  P L A  a s  s h o w n  in  T a b le  2 .1 1 .

A c c o r d in g  to  T h a i l a n d 's  N a t io n a l  B io p la s t ic s  R o a d m a p , th e  m a x im u m  
in v e s tm e n t  o f  b io p la s t i c s  in  T h a i la n d  is  P L A  a s  s h o w n  in  F ig u re  2 .2 2  (N IA . 2 0 1 3 ) .  
T h e  m a jo r  c o m p a n y  is P T T G C /N a tu re  W o rk . T h e  j o i n t  v e n tu r e  w ill a l lo w  th e  
c o m p a n y  to  h a v e  th e  t e c h n o lo g y  an d  th e  in c re a s e  in  r e v e n u e  s in c e  P L A  N a tu r e W o r k s  
L L C  h a s  p r o d u c t io n  o f  1.5 to n s /y e a r  in  th e  U n ite d  S ta te s  a n d  p l a n s  to  e x p a n d  its  
p la n t  in  th e  tw o  r e g io n s  in  S o u th e a s t  A s ia  a s  w e ll. T h a i la n d  h a s  th e  a d v a n ta g e  o f  r a w  
m a te r ia l  is  s u g a r  a n d  c a s s a v a  w h ic h  a re  th e  r a w  m a te r ia ls  fo r  th e  p r o d u c t io n  o f  
b io p la s t ic s  ( iB iz C h a n n e l ,  2 0 1 1 ) .

T h e  b io p o ly m e r  P L A  is m a d e  f ro m  la c t ic  a c id  th a t c a n  b e  p ro d u c e d  f ro m  
s u g a r s  b y  f e r m e n ta t io n .  L a c t ic  a c id  h a s  a  c a r b o x y l ic  a n d  h y d ro x y l  g r o u p  a n d  th ro u g h  
e s te r i f i c a t io n  P L A . c h a in s  o f  la c tic  a c id  m o ie t ie s ,  m a y  b e  f o rm e d . T h e  S c h e m a tic  o f  
th e  p r o d u c t io n  c h a in  f ro m  a g r ic u l tu re  to  L A  is  i l lu s t r a te d  in  F ig u r e  2 .2 3  (G ro o t  et al. , 
2 0 1 0 ) .

Capacity 2,000 tpa (PLA Non-woven) 

Capacity 20,000 tpa Capacity 500 tpa (Converters)

Investment 6.000 MB
Bioarnber Mstsui 
Capacity 36.000 tpa 

Investment 6,000 MB
PBS

PURAC:

Capacity 100.000 tpa 

Investment 4,800 MB

Thai Company; 
C a p a c i t y  1 0  t p a  

I n v e s t m e n t  2 0  M B

C a p a c i t y  7 5 , 0 0 0  t p a  

I n v e s t m e n t  2 ,0 0 0  M B

PTTGC/Nature Work .
Capacity  150.000 tpa (in USA) 

Investment 4.500 MB (share 50%)

Figure 2.22 C u r r e n t  b io p la s t i c s  in v e s tm e n t  in  T h a i la n d  (N IA , 2 0 1 3).
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Figure 2 .2 3  S c h e m a t i c 'o f  th e  p ro d u c t io n  c h a in  f ro m  a g r ic u l tu r e  to  L A  ( G ro o t  et a l, 
2010).

Table 2.11 C o m p a n ie s  w h ic h  a re  d o in g  b u s in e s s  w i th  b io p o ly m e r s  in T h a i la n d  
( N IA , 2 0 0 8 ) .

C om pany’s name Location Product Tech nology
i Advance Packing Co..Ltd. 

(Special Tech Group)
Ayutthaya Plastic bag - Made from corn starch.

- Import polym er from USA.
2 M .s .v . Trading Ltd.. Part Bangkok Food

container
J> Saha Kim Co..L id. (Bio Mat) Bangkok Bag, cup, 

straw
- Add plasticizer with 
conventional plastic in order to 
make bioplastic.

4 Bio Green W orld Co., Ltd. 
(BGW )

Samut-
Prakarn

Food
container

- Made from PLA.
- Import PLA from Taiwan.

5 BIOFOAM  Jazzy Creation 
Co.. Ltd

Bangkok Food
container

- Made from cassava starch.

6 Biodegradable Packaging for 
Environment Co.,Ltd. (BPE)

Bangkok Food
container

- Made from bagasse.

7 KU-GREEN: Biodegradable 
Package

Bangkok Food
container

- Made from cassava starch.

8 Thantawan Industry Public 
Co..Ltd.

Bangkok Plastic bag 
and plastic 
film

- Import polymer from USA 
and compounded polymer from 
Japan.

9 •PURAC Thailand Rayong Lactic acid - Made from sugar and cassava.
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2 .5 .1  L A  P r o d u c t io n
A  s im p le  p r o c e s s  d ia g r a m  o f  s u g a rc a n e  b a s e d  L A  a n d  c a s s a v a  b a s e d  

L A  p r o d u c t io n  is s h o w n  in  F ig u r e  2 .2 4 .

Lactic acid4

Figure 2.24 A  s im p le  p r o c e s s  d ia g r a m  o f  s u g a rc a n e  b a s e d  L A  a n d  c a s s a v a  b a s e d  
L A  p r o d u c t io n .

2.5.1.1 LA Production
T h e  s c h e m a t ic  o f  th e  L A  p r o d u c t io n  is  s h o w n  in  F ig u re  2 .2 4 . 

F ro m  th is  d a t a ,  s u g a r  f ro m  s u g a rc a n e  ( s e c t io n  2 .3 .2 .1 )  a n d  s u g a r  f ro m  c a s s a v a  
( s e c t io n  2 .4 .1 .2 )  c o u ld  b e  u s e d  in  th e  s a m e  p r o c e s s  a n d  th e  s a m e  c o n d i t io n  b u t it 
s h o u ld  b e  s e p a r a te  p r o c e s s  in to  tw o  p a r ts  fo r  S u L A  a n d  C a L A  b e c a u s e  it m ig h t  be  
r is k  fo r  r e a c t io n  o f  e a c h  o th e r .

F o r  la c t ic  a c id  p r o d u c t io n  f ro m  H . A n d r e a n n e  (2 0 1 0 ) ,  th e  
b a tc h  f e r m e n ta t io n  is a p p l i e d  b y  te m p e r a tu r e  4 5 ° c .  pF l 6 , t im e  7 2  h o u rs ;  y ie ld  
o b ta in e d  9 0 % . T h e r e  a r e  f o u r  m a jo r  s te p s :  m e d ia  p r e p a r a t io n ,  m e d ia  p r e - h e a t in g ,  
la c t ic  a c id  f e rm e n ta t io n ,  a n d  la c t ic  a c id  p u r i f i c a t io n  a s  s h o w n  in  F ig u r e  2 .2 5 .

1 ) M e d ia  p r e p a r a t io n  c o r r e s p o n d s  to  m ix in g  th e  s u b s tr a te  
b e f o r e  f e r m e n ta t io n  s u c h  a s  C S L . c h e m ic a ls ,  n u t r ie n t s  e tc .

2 )  M e d ia  p r e - h e a t in g  is h e a t in g  th e  m e d ia  to  th e  f e rm e n ta t io n
te m p e r a tu r e .
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3 )  F e r m e n ta t io n  in c lu d e s  a d d in g  c a lc iu m  h y d r o x id e  to  c o n tro l
pH .

4 )  P u r i f ic a t io n  c o n s is ts  o f  b io m a s s  f i l t r a t io n ,  th e  c a lc iu m  
la c ta te  d i s s o c ia t io n  b y  s u l fu r ic  a c id ,  th e  f i l t r a t io n  o f  g y p s u m  a n d  c o n c e n t r a t io n  o f  
la c tic  a c id  to  8 8 %  w t.

T o  r e m o v e  s o lu b le  im p u r i t ie s ,  u l t r a f i l t r a t io n  o r  c a rb o n  
t r e a tm e n t  c a n  b e  p e r f o r m e d .  T h e  e n v i r o n m e n ta l  im p a c ts  o f  th o s e  p r o c e s s e s  c a n  be  
n e g le c te d  s in c e  th e y  a r e  v e ry  lo w .

F ro m  th is  d a ta  s u g a r  f ro m  s u g a rc a n e  a n d  s u g a r  f ro m  c a s s a v a  
c a n  b e  u s e d  in  th e  s a m e  p r o c e s s  a n d  th e  s a m e  c o n d i t io n  b u t  p r o c e s s  s h o u ld  be  
s e p a r a te d  in to  tw o  p a r ts  fo r  S u L A  a n d  C a L A  b e c a u s e  it m ig h t  b e  r is k  fo r  r e a c t io n  o f  
e a c h  o th e r .

Sugar

Lactic  acid 88% wt

F i g u r e  2 .2 5  F lo w  c h a r t  fo r  L A  p r o d u c t io n  p r o c e s s  ( A n d r e a n n e ,  2 0 1 0 ) .

2 .6  L i f e  C y c le  A s s e s s m e n t  ( L C A )

2.6.1 OverView
T h e  h i s to r y  o f  L C A  g o e s  b a c k  a lm o s t  4 0  y e a rs  a n d  s ta r te d  w ith  e n e rg y  

a n d  m a te r ia l  b u d g e ts  to  w h ic h  c o m p le m e n ta r y  p o l lu t io n  a s p e c t s  w e r e  p r o g r e s s iv e ly
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a d d e d . W ith  th e  tw o  o il c r i s e s  in  th e  1 9 7 0 s . in te r e s t  in  L C A  w a s  b o o s te d ,  b u t m o s tly  
fo r  th e  e n e r g y  e f f ic ie n c y  p a r t .  W ith  th e  g r o w in g  s o l id - w a s te  i s s u e s  a t  th e  e n d  o f  th e  
1 9 8 0 s . th e  d e v e lo p m e n t  o f  th e  m e th o d o lo g y  a c c e le r a te d  a n d  in  1 9 9 2  th e  f ir s t  fo rm a l 
f r a m e w o rk  f o r  th e  im p a c t  a s s e s s m e n t  p h a s e  w a s  p r o p o s e d .  T h e  p u r p o s e  o f  th is  p h a s e , 
b a s e d  o n  s c ie n t i f ic  k n o w le d g e  a n d  m o d e ls ,  is to  c o n v e r t  in v e n to r y  d a ta  in to  p o te n tia l  
im p a c ts  o n  e c o s y s te m s  a n d  h u m a n  h e a l th .  T h e  r e f in in g  o f  th is  p h a s e  r e m a in s  o n e  o f  
th e  k e y  s c ie n t i f i c  c h a l le n g e s  o f  th e  m e th o d o lo g y  fo r  m a n y  r e s e a r c h  te a m s  a r o u n d  th e  
w o rld  ( M e n s  et al. 2 0 0 7 ) .

2 .6 .2  D e f in i t io n  o f  L C A
T ife  C y c le  A s s e s s m e n t  is a  p r o c e s s  to  e v a lu a te  th e  e n v ir o n m e n ta l  

b u rd e n s  a s s o c ia te d  w ith  a  p r o d u c t ,  p r o c e s s ,  o r  a c t iv i ty  b y  id e n t i f y in g  a n d  q u a n t i fy in g  
e n e r g y  a n d  m a te r ia ls  u s e d  a n d  w a s te s  r e le a s e d  to  th e  e n v i r o n m e n t ;  to  a s s e s s  th e  
im p a c t o f  th o s e  e n e rg y  a n d  m a te r ia ls  u s e d  a n d  r e le a s e s  to  th e  e n v i r o n m e n t ;  a n d  to  
id e n t ify  a n d  e v a lu a te  o p p o r tu n i t ie s  to  a f fe c t  e n v i r o n m e n ta l  im p ro v e m e n ts .  T h e  
a s s e s s m e n t  in c lu d e s  th e  e n t i r e  life  c y c le  o f  th e  p r o d u c t ,  p r o c e s s  o r  a c t iv i ty ,  
e n c o m p a s s in g ,  e x t r a c t in g  a n d  p r o c e s s in g  r a w  m a te r ia ls ;  m a n u fa c tu r in g ,  
t r a n s p o r ta t io n  a n d  d i s t r ib u t io n ;  u s e . r e -u s e , m a in te n a n c e ;  r e c y c l in g ,  a n d  f in a l 
d is p o s a l .  T h e  g e n e ra l c a te g o r ie s  o f  e n v ir o n m e n ta l  im p a c ts  n e e d in g  c o n s id e r a t io n  
in c lu d e  r e s o u r c e  u se . h u m a n  h e a l th ,  a n d  e c o lo g ic a l  c o n s e q u e n c e s  ( S E T A C . 1 9 9 3 ).

L ife  C y c le  A s s e s s m e n t  ( L C A )  is u s e d  a s  a  to o l  to  a s s e s s  th e  
e n v i r o n m e n ta l  im p a c ts  o f  a  p ro d u c t , p r o c e s s  o r  a c t iv i ty  th r o u g h o u t  its  li fe  c y c le ;  
f ro m  th e  e x t r a c t io n  o f  r a w  m a te r ia ls  th ro u g h  to  p r o c e s s in g ,  t r a n s p o r t ,  u s e  a n d  
d is p o s a l .  In  its  e a r ly  d a y s  it w a s  p r im a r i ly  u s e d  fo r  p r o d u c t  c o m p a r i s o n s ,  fo r  e x a m p le  
to  c o m p a r e  th e  e n v ir o n m e n ta l  im p a c ts  o f  d i s p o s a b le  a n d  r e u s a b le  p r o d u c ts .  T o d a y  its  
a p p l i c a t io n s  in c lu d e  g o v e r n m e n t  p o l ic y ,  s tr a te g ic  p la n n in g ,  m a r k e t in g ,  c o n s u m e r  
e d u c a t io n ,  p r o c e s s  im p ro v e m e n t  a n d  p r o d u c t  d e s ig n . It is  a ls o  u s e d  a s  th e  b a s is  o f  
e c o - la b e l in g  a n d  c o n s u m e r  e d u c a t io n  p r o g r a m s  th r o u g h o u t  th e  w o r ld .

2 .6 .3  M e th o d o lo g y
A  f ra m e w o rk  fo r  L C A  h a s  b e e n  s ta n d a r d iz e d  b y  th e  I n te r n a t io n a l  

O r g a n iz a t io n  fo r  S ta n d a r d iz a t io n  ( I S O )  in  th e  I S O  1 4 0 4 0  s e r ie s .  It c o n s is ts  o f  4  
e le m e n ts :  G o a l  a n d  S c o p e  D e f in i t io n , I n v e n to ry  A n a ly s is ,  I m p a c t  A s s e s s m e n t ,  a n d  
I n te r p r e ta t io n  a s  i l lu s t ra te d  in  F ig u re  2 .2 6 .
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Life cycle assessment framework
Goal a n d  s c o p e  

d efin ition  
(ISO 1404 น

Direct applications: 
Product developm ent 
and im provem ent

- Strateg ic p lann ing
- Pub lic  p o licy  making
- Marketing 

Other

Interpretation 
(ISO 14043)

F i g u r e  2 .2 6  L i f e - c y c le  a s s e s s m e n t  f r a m e w o r k  a s  la id  d o w n  in  IS O  1 4 0 4 0 :19 9 7  
( M e n s  et ai. 2 0 0 7 ) .

7 .6 .3 . 1  G o a l  a n d  S c o p e  D e f i n i t i o n

G o a l a n d  s c o p e  d e f in i t io n  is th e  f i r s t  p h a s e  in  a life  c y c le  
a s s e s s m e n t  c o n ta in in g  th e  f o l lo w in g  m a in  i s s u e s  ( J e n s e n  et a l, 1 9 9 7 ):

•  G o a l
T h e  g o a l o f  a n  L C A  s tu d y  s h a l l  u n a m b ig u o u s ly  s ta te  th e  

in te n d e d  a p p l i c a t io n ,  in c lu d in g  th e  r e a s o n s  fo r  c a r r y in g  o u t  th e  s tu d y  a n d  th e  
in te n d e d  a u d ie n c e ,  i.e . to  w h o m  th e  r e s u l t s  o f  th e  s tu d y  a re  in te n d e d  to  b e  
c o m m u n ic a te d .

o f  th e  s tu d y . It is im p o r ta n t  to  d e f in e  a  fu n c t io n a l  u n it  a n d  th e  s y s te m  b o u n d a r ie s .  
T h e  d a ta  q u a l i ty  r e q u i r e m e n ts  s h o u ld  b e  c a r e fu l ly  s p e c if ie d .

•  F u n c t io n a l  U n it
O n e  o f  th e  m a in  p u rp o s e s  f o r  a  f u n c t io n a l  u n it  is  to  

p r o v id e  a r e f e r e n c e  to  w h ic h  th e  in p u t a n d  o u tp u t  d a ta  a r e  n o rm a l iz e d .  A  fu n c t io n a l

•  S c o p e
T h e  s c o p e  d e s c r ib e s  th e  b r e a d th ,  th e  d e p th  a n d  th e  d e ta i l
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u n it  o f  th e  s y s te m  s h a l l  b e  c le a r ly  d e f in e d  a n d  m e a s u r a b le .  T h e  re s u lt  o f  th e  
m e a s u r e m e n t  o f  th e  p e r f o r m a n c e  is th e  r e f e r e n c e  f lo w .

•  S y s te m  B o u n d a r ie s
T h e  in itia l s y s te m  b o u n d a r y  d e f in e s  th e  u n it  p r o c e s s e s  

w h ic h  w ill b e  in c lu d e d  in  th e  s y s te m  to  b e  m o d e le d . I d e a l ly ,  th e  p r o d u c t  s y s te m  
s h o u ld  b e  m o d e le d  in  s u c h  a  m a n n e r  th a t  th e  in p u ts  a n d  o u tp u ts  a t i ts  b o u n d a r y  a re  
e le m e n ta r y  f lo w s . H o w e v e r ,  a s  a  p r a c t ic a l  m a tte r ,  th e re  ty p ic a l ly  w ill n o t b e  
s u f f ic ie n t  t im e . d a ta ,  o r  r e s o u r c e s  to  c o n d u c t  su c h  a  c o m p r e h e n s iv e  s tu d y .  D e c is io n s  
m u s t  b e  m a d e  r e g a r d in g  w h ic h  u n it  p r o c e s s e s  w ill b e  m o d e le d  b y  th e  s tu d y  a n d  th e  
le v e l o f  d e ta i l  to  w h ic h  th e s e  u n it  p r o c e s s e s  w ill  be  s tu d ie d .

A n y  o m is s io n  o f  life  c y c le  s ta g e s ,  p r o c e s s e s  o r  d a ta  n e e d s  
s h o u ld  be  c le a r ly  s ta te d  a n d  ju s t i f ie d .  U l t im a te ly ,  th e  s o le  c r i te r io n  u s e d  in  s e t t in g  th e  
s y s te m  b o u n d a r ie s  is th e  d e g re e  o f  c o n f id e n c e  th a t th e  r e s u l t s  o f  th e  s tu d y  h a v e  n o t 
b e e n  c o m p r o m is e d  a n d  th a t  th e  g o a l o f  a  g iv e n  s tu d y  h a s  b e e n  m e t.

•  D a ta  Q u a l i ty
T h e  q u a li ty  o f  th e  d a ta  u s e d  in  th e  life  c y c le  in v e n to r y  is 

n a tu r a l ly  r e f le c t e d  in  th e  q u a l i fy  o f  th e  f in a l L C A . T h e  d a ta  q u a l i ty  c a n  b e  d e s c r ib e d  
a n d  a s s e s s e d  in  d i f f e r e n t  w a y s . It is im p o r ta n t  th a t th e  d a t a  q u a l i ty  is d e s c r ib e d  a n d  
a s s e s s e d  in  a  s y s te m a t ic  w a y  th a t  a l lo w s  o th e r s  to  u n d e r s ta n d  a n d  c o n tro l  fo r  th e  
a c tu a l  d a ta  q u a l i ty .

2.6.3.2 Invent on  ' A na lysis
L ife  C y c le  I n v e n to r y  ( L C I)  is th e  p h a s e  o f  th e  L C A  in v o lv in g  

th e  c o m p i la t io n  a n d  q u a n t i f i c a t io n  o f  in p u ts  a n d  o u tp u ts ;  it c o m p r is e s  d a ta  c o l le c t io n  
a n d  d a ta  c a lc u la t io n .  D a ta  c o l le c t io n  c o n s i s t s  o f  th e  id e n t i f i c a t io n  a n d  q u a n t i f i c a t io n  
o f  th e  r e le v a n t  in p u t  a n d  o u tp u t  f lo w s  fo r  th e  w h o le  life  c y c le  o f  a  p r o d u c t .

B a s ic a l ly  th re e  ty p e s  o f  f lo w s  c a n  b e  d i f f e r e n t ia te d :  
e le m e n ta r y  f lo w s  ( e m is s io n s ,  r e s o u r c e s )  th a t  a r e  e m i t te d  in to  th e  e n v i r o n m e n t  o r  
e x t ra c te d  f ro m  it. p r o d u c t  f lo w s  (g o o d s , s e rv ic e s ) ,  th a t  c o m e  f ro m  o r  g o  to  th e  te c h n o  
s p h e re ,  a n d  w a s te  f lo w s  (a  s u b - ty p e  o f  p r o d u c t  f lo w s ) . T h e  u s e  o f  r e s o u r c e s  a n d  th e  
u s e  o f  la n d , r a w  m a te r ia ls ,  f a b r ic a te d  p r o d u c ts ,  a u x i l ia r y  m a te r ia ls ,  e n e r g y  c a r r ie r s  
a n d  e le c t r i c i ty  a r e  r e c o r d e d  a s  in p u ts . E m is s io n s  to  a ir .  w a te r ,  a n d  la n d  a s  w e ll a s  
w a s te s  a n d  b y - p r o d u c ts  a re  o u tp u ts  in  a n  in v e n to r y  a n a ly s is .  In  th e  l a te r  s ta g e  o f  th e
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im p a c t  a s s e s s m e n t ,  th e  q u a n t i ta t iv e  in fo rm a t io n  o n  th e  p r o d u c t  s y s te m 's  e le m e n ta r y  
H o w s ( a n d  in  s o m e  m e th o d s  th e  w a s te  f lo w s )  is u s e d  to  a n a ly z e  th e  p r o d u c t 's  im p a c ts .

T h e  m o s t  im p o r ta n t  s te p s  o f  li fe  c y c le  in v e n to r y  w o rk  a re  
d e te r m in a t io n  o f  th e  r e f e r e n c e  q u a n t i ty  (e .g . f u n c t io n a l  u n i t ,  r e f e r e n c e  f lo w ) , 
d e s c r ip t io n  o f  s y s te m  in  f lo w  d ia g r a m s ,  id e n t i f i c a t io n  o f  u n i t  p r o c e s s e s  to  b e  
m o d e le d  s e p a r a te ly  in  LC 1 m o d e l , q u a l i ta t iv e  d e te r m in a t io n  o f  in p u ts  a n d  o u tp u ts ,  ’ 
q u a n t i ta t iv e  d e te r m in a t io n  o f  in p u ts  a n d  o u tp u ts ,  d o c u m e n ta t io n  o f  th e  ty p e  o f  d a ta  
s u rv e y , in v e n to r y  d a ta  c o l le c t io n , in v e n to r y  d a ta  c o l le c t io n  o f  t r a n s p o r t ,  a n d  

- C a lc u la t io n  o f  th e  in v e n to r y ,  in c lu d in g  a l lo c a t io n s  a n d  c o v e r in g  th e  in v e n to r ie s  o f  
th e  b a c k g r o u n d  d a ta  s e ts  ( J e n s e n  et al. , 1 9 9 7 ).

-.6.3.3 Impact Assessment
- T h e  im p a c t  a s s e s s m e n t  is c a r r ie d  o u t  o n  th e  b a s is  o f  th e  

in v e n to r y  a n a ly s i s  d a ta .  I t is  th e  th ird  p h a s e  in  a  life  c y c le  a s s e s s m e n t  c o n ta in in g  th e  
f o l lo w in g  m a in  is s u e s  ( B ia n c h i ,  2 0 0 8 ):

•  C a te g o r y  D e f in i t io n
T h e  im p a c t  a s s e s s m e n t  c a te g o r ie s  s h o u ld  l in k  th e  

p o te n t ia l  im p a c ts  a n d  e f f e c t s  o n  w h a t is  r e fe r re d  to  a s  th e  " a re a s  o f  p r o te c t io n "  o f  th e  
L C A . i.e . th e  e n t i t ie s  th a t  w e  w a n t to  p r o te c t  b y  p e r f o r m in g  a n d  u s in g  th e  L C A . 
T o d a y , th e re  is  a c c e p ta n c e  th a t  th e  p r o te c t io n  a re a s  o f  l i f e - c y c le  a s s e s s m e n t  a re :

๐ n a tu ra l  r e s o u r c e s  
o  n a tu ra l  e n v i r o n m e n t  
๐ h u m a n  h e a l th
o  a n d  o f te n  a ls o :  m a n - m a d e  e n v i r o n m e n t

•  C la s s i f i c a t io n
In  th e  c la s s i f ic a t io n  s te p  th e  in v e n to r y  d a ta  a re  a s s ig n e d  

to  c a te g o r ie s  a c c o rd in g  to  th e ir  im p a c t .  F o r  in s ta n c e ,  c a r b o n  d io x id e  e m is s io n s  
c o n t r ib u te  to  th e  g r e e n h o u s e  e f fe c t  a n d  a re  h e n c e  a s s ig n e d  to  th e  im p a c t  c a te g o r y  
C l im a te  c h a n g e .  I f  a  s u b s ta n c e  c o n t r ib u te s  to  s e v e ra l  im p a c t  c a te g o r ie s ,  it h a s  to  b e  
ta k e n  in to  a c c o u n t  in  a ll o f  th e s e  c a te g o r ie s .  S u c h  a  c a s e  is . f o r  e x a m p le ,  n i t r o g e n  
o x id e  th a t  c a u s e s  b o th  e u t r o p h ic a t io n  a n d  a c id if ic a t io n .
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•  C h a r a c te r iz a t io n
C la s s i f i c a t io n  is  fo l lo w e d  c lo s e ly  b y  c h a r a c te r iz a t io n .  

E v e r y  s i ib s ta n c e  is  a s s ig n e d  a  p o te n t ia l  im p a c t  in  th e  im p a c t  c a te g o r y  l in d e r  s tu d y . 
T h e  p o te n t ia l  im p a c t  o f  a  s u b s ta n c e  is  g iv e n  r e la t iv e  to  a  d o m in a n t  f a c to r  in  th e  
c a te g o r y ,  e .g . f o r  th e  C l im a te  c h a n g e  p o te n t ia l  th is  is ty p ic a l ly  1 k g  o f  c a r b o n  d io x id e  
e m is s io n s .  T h e s e  re la t iv e  im p a c ts  ( th e  c h a r a c te r iz a t io n  f a c to r s  o f  a  s u b s ta n c e )  a r e  
th a n  m u l t ip l ie d  w i th  th e  a m o u n t  o f  e a c h  e m is s io n  a n d  th e  r e s u l t in g  im p a c t  v a lu e s  a re  
s u m m e d  fo r  th e  r e s p e c t iv e  im p a c t  c a te g o ry .

L if e  C y c le  I m p a c t  A s s e s s m e n t  u s e s  g e n e ra l ly  th e
f o l lo w in g  c a te g o r ie s :

o  G r e e n h o u s e  e f f e c t  (o r  g lo b a l  w a r m in g  p o te n t ia l )
G lo b a l  w a r m in g  is  c a l l e d  th e  g r e e n h o u s e  e f fe c t  

b e c a u s e  th e  g a s e s  th a t  a re  g a th e r in g  a b o v e  th e  e a r th  m a k e  th e  p la n e t  c o m p a r a b le  to  a 
g r e e n h o u s e .  B y  t r a p p in g  h e a t  n e a r  th e  s u r f a c e  o f  th e  e a r th ,  th e  g r e e n h o u s e  e f fe c t  is 
w a r m in g  th e  p l a n e t  a n d  th r e a t e n in g  th e  e n v ir o n m e n t .  T h e  c l im a te  c h a n g e s  th a t  w ill 
r e s u lt  f ro m  g lo b a l  w a rm in g  a r e  e x t r e m e ly  d i f f ic u l t  to  p r e d ic t .  I f  te m p e r a tu r e s  d o  in ­
d e e d  r is e  s ig n i f ic a n t ly ,  th e  m o s t  im p o r ta n t  r e s u l t  w o u ld  b e  th a t  s o m e  p o r t io n  o f  th e  
p o la r  ic e c a p s  w o u ld  m e lt ,  r a i s in g  g lo b a l s e a  le v e ls . T h e  G lo b a l  W a r m in g  P o te n tia l  
( G W P )  is th e  p o te n t ia l  c o n t r ib u t io n  o f  a  s u b s ta n c e  to  th e  g r e e n h o u s e  e f fe c t. T h is  
v a lu e  h a s  b e e n  c a lc u la te d  fo r  a  n u m b e r  o f  s u b s ta n c e s  o v e r  p e r io d s  o f  2 0 , 10 0  a n d  5 0 0  
y e a r s  b e c a u s e  it is  c le a r  th a t  c e r ta in  s u b s ta n c e  g r a d u a l ly  d e c o m p o s e  a n d  w ill b e c o m e  
in a c t iv e  in th e  lo n g  run .

o  A c id i f ic a t io n
T h e  A c id i f ic a t io n  P o te n t ia l  ( A P )  is  e x p r e s s e d  r e la t iv e  

to  th e  a c id i f y in g  e f fe c t  o f  S O 2 . O th e r  k n o w n  a c id i f y in g  s u b s ta n c e s  a r e  n i t ro g e n  
o x id e s  ( N O x), s u l fu r ic  a c id  (P E S O -i) , a n d  h y d r o g e n  c h lo r id e  (H C 1).

o  E u t ro p h ic a t io n
E u tr o p h ic a t io n  is  a n  in c re a s e  in  th e  c o n c e n t r a t io n  o f  

c h e m ic a l  n u t r i e n t s  (n i t ro g e n  ( N )  a n d  p h o s p h o r u s  (P ) )  in  w a te r  b o d ie s ,  o f te n  le a d in g  
to  c h a n g e s  in  a n im a l  a n d  p l a n t  p o p u la t io n s  a n d  d e g r a d a t io n  o f  w a te r  a n d  h a b ita t  
q u a l i ty .  T h e  N u tr ip h ic a t io n  P o te n t ia l  ( N P )  is e x p re s s e d  a s  k g  p h o s p h a te  (P O .|3’)
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e q u iv a le n t s .  O th e r  e m is s io n s  a ls o  in f lu e n c e  e u t r o p h ic a t io n ,  n o ta b ly  n i t r o g e n  o x id e s  
a n d  a m m o n iu m .

2.6.3.4 Interpretation
W ith in  th e  f r a m e w o rk  o f  an  e v a lu a t io n ,  th e  r e s u l t s  f ro m  th e  

im p a c t  a s s e s s m e n t  a n d  th e  in v e n to r y  a n a ly s i s  a re  a n a ly z e d  a n d  c o n c lu s io n s  a n d  
r e c o m m e n d a t io n s  a re  e s ta b l i s h e d .  A  f u r th e r  a s p e c t  is  th e  t r a n s p a r e n t  p r e s e n ta t io n  o f  
th e  L C A  r e s u l t s .  T h e  IS O  s ta n d a r d s  c o m p r is e  th re e  in te r p r e ta t io n  e le m e n ts  ( B ia n c h i .
2 0 0 8 ) :

•  S ig n if ic a n t  I s s u e s
In  o r d e r  to  d e te rm in e  th e  s ig n if ic a n t  i s s u e s  th e  m a in  

c o n t r ib u t io n s  o f  e a c h  im p a c t  c a te g o r y  h a v e  to  b e  id e n t i f i e d  (w h ic h  e m is s io n s  a n d /o r  
w h ic h  p r o c e s s e s  a re  d o m in a n t  w i th in  e a c h  c a te g o r y ) .  T h e  r e le v a n t-  in v e n to r y  d a ta  
w h ic h  c a n n o t  b e  r e c o r d e d  th r o u g h  im p a c t  c a te g o r ie s  m u s t  a ls o  b e  in te g r a te d  in to  th e  
s tu d y . F o l lo w in g  th e  s c o p e  d e f in i t i o n ,  th e  m a in  c o n t r ib u t io n s  c a n  b e  g ro u p e d  b y  th e  
in d iv id u a l  p r o c e s s  s te p , in d iv id u a l  life  p h a s e s  a n d  th e  e n t i r e  life  c y c le .  T o g e th e r  w i th  
th e s e  r e s u l t s ,  th e  s ig n if ic a n t  i s s u e s  c a n  n o w  b e  e s ta b l i s h e d ,  s in c e  it is  n o w  a lso  c le a r  
w h ic h  p r o c e s s e s  o r  life  p h a s e s  a r e  d o m in a n t .

•  R e s u l t s  E v a lu a t io n
T o  e v a lu a te  th e  r e s u lts  a c c o r d in g  to  th e  I S O  s ta n d a rd , a  

c o m p le te n e s s  c h e c k .  ล s e n s i t iv i ty  c h e c k , a n d  a  c o n s i s te n c y  c h e c k  o f  th e  id e n t if ie d  
p r o c e s s e s  o r  l i fe  p h a s e s  m u s t  b e  c a r r ie d  o u t. C o m p le te n e s s  is  c h e c k e d  b y  e .g . a m a s s  
a n d  e n e r g y  d a t a  a n a l y s i s - a n d  c o n s id e r in g  e x p e r t s ' k n o w - h o w  o f  th e  m o d e le d  
p r o c e s s e s .  S e n s i t iv i ty ,  is d e te r m in e d  b y  c a lc u la t in g  s c e n a r io s  fo r  d i f f e r e n t  p ro c e s s e s  
o r  d i f f e r e n t  p a r a m e te r s  (e .g . v a r y in g  y ie ld  o f  p r o c e s s e s  a n d  e m is s io n  fa c to r s ) .  T h e  
e f f e c ts  o f  th e  d i f f e r e n t  a s s u m p t io n s  o n  th e  to ta l  r e s u lt  s h o w  th e  s e n s i t iv i ty .  It m u s t  b e  
e n s u re d  th a t  a ll  n e c e s s a r y  in f o r m a t io n  a n d  d a ta  r e le v a n t  to  th e  in te r p r e ta t io n  a re  
a v a i la b le  a n d  c o m p le te ;  f o r  c o n f id e n t ia l ly  n e e d s  o r  p r o c e s s  o p e r a to r s  th e  IS O  
s ta n d a r d s  f o r e s e e  to  e s ta b l is h  r e s p e c t iv e  a g r e e m e n ts .  It is  a ls o  im p o r ta n t  to  c h e c k  to  
w h a t  e x te n t  u n c e r ta in t ie s ,  fo r  e x a m p le  th r o u g h  th e  e s t im a t io n  o f  d a ta  d u e  to  d a ta  
g a p s , m a y  in f lu e n c e  th e  r e s u lt .  T h e  c o n s is te n c y  c h e c k  s h o u ld  e n s u r e  th a t th e  
p r o c e d u r e  is  c o n s is te n t  w i th  th e  g o a l a n d  s c o p e  d e f in i t i o n  a n d  th a t  th e  m e th o d o lo g y
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a n d  o th e r  r u le s  h a v e  b e e n  a c c u r a te ly  a n d  c o n s i s te n t ly  a p p l ie d  f o r  th e  w h o le  p ro d u c t
s y s te m .

•  C o n c lu s io n s  a n d  R e c o m m e n d a t io n s
T h e  a im  o f  th is  th i r d  s te p  o f  th e  in te r p r e ta t io n  is  to  re a c h  

c o n c lu s io n s  a n d  r e c o m m e n d a t io n s  fo r  th e  r e p o r t  o f  th e  L C A  s tu d y  o r  l i fe  c y c le  
in v e n to r y  s tu d y . T h is  s te p  is  im p o r ta n t  to  im p r o v e  th e  r e p o r t in g  a n d  th e  t r a n s p a re n c y  
o f  th e  s tu d y .  B o th  a r e  e s s e n t ia l  fo r  th e  r e a d e r s  o f  th e  L C A  r e p o r t .  T h e  r e s u l t s  o f  th e  
c r i t ic a l  r e v ie w  o f  th e  s tu d y  sh a ll a ls o  b e  in c lu d e d  w h e n  p r e s e n t in g  th e  c o n c lu s io n s  
a n d  r e c o m m e n d a t io n s .

2 .6 .4  A p p l ic a t io n s  o f  L C A
T h e  a p p l i c a t io n s  o f  L C A  c a n  b e  in c lu d e d  in to  d e c i s io n  m a k in g  in 

v a r io u s  f ie ld s ,  e x a m p le s  a re  ( B ia n c h i ,  2 0 0 8 ):
•  p r o d u c t  d e v e lo p m e n t  a n d  im p r o v e m e n t
•  p r o c e s s  a n d  s e rv ic e  o p e ra t io n
•  s t r a te g ic  p la n n in g
•  t e c h n o lo g ic a l  im p a c t  a s s e s s m e n t
•  p u b l ic  p o l ic y  m a k in g
•  m a r k e t in g
C o n c e r n in g  th e  s c ie n t i f ic  l i te r a tu r e  a b o u t  th e  a p p l ic a t io n  o f  L C A  

m e th o d o lo g y  to  b io r e f in e r v  s y s te m s ,  it is  n o w a d a y s  l im i te d ,  a n d  v e ry  f e w  c a se  
s tu d ie s  e x i s t .  S in c e  c l im a te  c h a n g e  m i t ig a t io n  a n d  e n e r g y  s e c u r i ty  a re  th e  tw o  m o s t  
im p o r ta n t  d r iv in g  f o r c e s  fo r  b io r e f in e r y  d e v e lo p m e n t .  T h u s . L C A  o f  b io r e f in e r y  h a s  
a s p e c ia l  f o c u s  o n  G H G  a n d  e n e r g y  b a la n c e s .- O th e r  e n v i r o n m e n ta l  im p a c t  c a te g o r ie s  
a re  in v e s t ig a te d  a c c o r d in g  to  th e  C e n tr u m  v o o r  M i l l i e u k u n d e  L e id e n  (C M L )  m e th o d  
( C h e r u b in i  et ai. 2 0 1 0 ) .

2.7 LCA and Related Studies on Biorefineries
In  2 0 1 0 , C h e r u b in i  a n d  U lg ia t i  s tu d ie d  a  b io r e f in e r v  c o n c e p t  w h ic h  

p r o d u c e s  b io e th a n o l ,  b io e n e r g y  a n d  b io c h e m ic a ls  f ro m  tw o  ty p e s  o f  a g r ic u ltu ra l  
r e s id u e s ,  c o r n  s to v e r  a n d  w h e a t  s tr a w . T h e s e  b io r e f in e r y  s y s t e m s  w a s  in v e s t ig a te d
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u s in g  a  L if e  C y c le  A s s e s s m e n t  ( L C A )  a p p ro a c h ,  w h ic h  ta k e s  in to  a c c o u n t  a ll  th e  
in p u t a n d  o u tp u t  f lo w s  o c c u r r in g  a lo n g  th e  p r o d u c t io n  c h a in .

F ig u r e  2 .2 7  C u m u la t iv e  p r im a ry  e n e r g y  d e m a n d  o f  th e  b io r e f in e r y  a n d  fo s s il  
r e fe re n c e  s y s t e m s  ( C h e r u b in i  et a l, 2 0 1 0 ) .

In  th is  a n a ly s is ,  e la b o r a te d  o n  la n d  u se  c h a n g e  a s p e c ts ,  i.e . th e  e f f e c t s  o f  
c ro p  r e s id u e  r e m o v a l  ( l ik e  d e c r e a s e  in  g ra in  y ie ld s ,  c h a n g e  in  s o i l  N tO  e m is s io n s  a n d  
d e c r e a s e  o f  so i l o r g a n ic  c a r b o n ) .  M o re o v e r ,  th e y  w e r e  c o m p a r in g  b e tw e e n  th e  
b io r e f in e r y  s y s te m s  a n d  th e  r e s p e c t iv e  fo s s i l  r e f e r e n c e  s y s te m s  p r o d u c in g  th e  s a m e  
a m o u n t o f  p r o d u c ts  s e r v ic e s  f ro m  f o s s i ls  in s te a d  o f  b io m a s s .  T h e  a s s e s s m e n t  f o c u s e s  
o n  g r e e n h o u s e  g a s  ( G H G )  e m is s io n s  a n d  c u m u la t iv e  p r im a r y  e n e r g y  d e m a n d . 
R e s u lts  s h o w  th a t  th e  u s e  o f  c ro p  r e s id u e s  in  a  b io r e f in e r y  s a v e s  G H G  e m is s io n s  a n d  
re d u c e s  f o s s i l  e n e r g y  d e m a n d . F o r  in s ta n c e . G H G  e m is s io n s  a r e  r e d u c e d  b y  a b o u t  
5 0 %  a n d  m o r e  th a n  8 0 %  o f  n o n r e n e w a b le  e n e r g y  is  s a v e d  a s  s e e n  in  F ig u re  2 .2 7 . 
L a n d  u s e  c h a n g e  e f f e c ts  h a v e  a  s t r o n g  in f lu e n c e  in  th e  f in a l G H G  b a la n c e  ( a b o u t  
5 0 % ).

In  2 0 0 9 .  O m e t te  a n d  H a u s c h i ld  p r e s e n te d  th e  l i fe  c y c le  a s s e s s m e n t  ( L C A )  
o f  fu e l e th a n o l ,  a s  1 0 0 %  o f  th e  v e h ic le  fu e l ,  f ro m  s u g a r c a n e  in  B r a z i l .  T h e  f u n c t io n a l  
u n it  is  1 0 ,0 0 0  ๒ท ru n  in  a n  u rb a n  a r e a  b y  a  c a r  w i th  a  1 ,6 0 0  c m 3 e n g in e  r u n n in g  o n  
fu e l h y d r a te d  e th a n o l ,  a n d  th e  r e s u l t in g  r e f e r e n c e  f lo w  is  1 ,0 0 0  k g  o f  e th a n o l .  T h e  
p r o d u c t  s y s te m  in c lu d e s  a g r ic u l tu r a l  a n d  in d u s t r i a l  a c t iv i t ie s ,  d i s t r ib u t io n ,  
c o g e n e r a t io n  o f  e le c t r i c i ty  a n d  s te a m , e th a n o l  u se  d u r in g  c a r  d r iv in g ,  a n d  in d u s tr i a l
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b y -p ro d u c ts  r e c y c l in g  to  i r r ig a te  s u g a r c a n e  f ie ld s . T h e  u s e  o f  s u g a r c a n e  b y  th e  
e th a n o l  a g r ib u s in e s s  is o n e  o f  th e  f o re m o s t  f in a n c ia l  r e s o u r c e s  fo r  th e  e c o n o m y  o f  th e  
B r a z i l ia n  ru ra l  a r e a ,  w h ic h  o c c u p ie s  e x te n s iv e  a r e a s  a n d  p r o v id e s  f a r  r e a c h in g  
p o te n t ia ls  fo r  r e n e w a b le  fu e l p r o d u c t io n .  B u t .  th e re  a r e  e n v i r o n m e n ta l  im p a c ts  d u r in g  
th e  fu e l e th a n o l  life  c y c le .  T h e  a f o r e m e n t io n e d  im p a c t  p o te n t ia l s  h a v e  b e e n  
n o rm a l iz e d  b y  th e  E D IP  m e th o d , u s in g  w o rld  a n d  E u r o p e a n  n o r m a l iz a t io n  
r e fe r e n c e s ,  w h ic h  r e p r e s e n t  th e  a n n u a l  a v e r a g e  im p a c t  f ro m  a n  a v e r a g e - c i t i z e n  a  
p e r s o n  e q u iv a le n t .  P E . T h e  n o rm a l iz a t io n  r e fe re n c e s  f o r  th e  g lo b a l  im p a c ts  a re  b a s e d  
o n  an  a v e ra g e  g lo b a l  c i t iz e n  a n d  fo r  th e  re g io n a l im p a c ts  a rc  b a s e d  o n  an  a v e r a g e  
E u ro p e a n  c i t iz e n  g iv e n  th a t  E D IP  n o rm a l iz a t io n  r e f e r e n c e s  h a v e  n o t y e t b e e n  
e s p e c ia l ly  th e  ru ra l  a c t iv i t ie s  o f  th e  s u g a rc a n e  c u l t iv a t io n ,  is h ig h ly  m e c h a n iz e d ,  w i th  
in te n s iv e  u s e  o f  p e s t ic id e s ,  n u tr ie n ts  a n d  d ie s e l .  T h e  in p u ts  o f  r e n e w a b le  r e s o u r c e s  
a re  h ig h  m a in ly  b e c a u s e  o f  th e  w a te r  c o n s u m p t io n  in  th e  in d u s t r i a l  p h a s e s ,  d u e  to  th e  
s u g a rc a n e  w a s h in g .  D u r in g  th e  l i f e c y c le  o f  a lc o h o l ,  th e r e  is ล s u r p lu s  o f  e le c tr ic ity  
d u e  to  th e  c o g e n e r a t io n  a c t iv i ty .  A n o th e r  fo c u s  p o in t  is  th e  q u a n t i ty  o f  a i r  e m is s io n s  
a n d  th e  d iv e r s i ty  o f  th e  s u b s ta n c e s  e m it te d ,  e s p e c ia l ly  d u r in g  th e  h a r v e s t in g ,  b e c a u s e  
o f  th e  s u g a rc a n e  b u rn in g  a n d  th e  h ig h  c o n s u m p t io n  o f  d ie s e l .  T h e  I .C IA  c o n c lu s io n s  
a r c  th a t th e  fu e l e th a n o l  l i f e c y c le  c o n t r ib u te s  to  a ll th e  im p a c ts  a n a ly z e d :  g lo b a l 
w a rm in g , o z o n e  f o rm a t io n ,  a c id if ic a t io n ,  n u tr ie n t  e n r ic h m e n t ,  e c o to x ic i ty .  a n d  
h u m a n  to x ic i ty . T h e  m a in  c a u s e  fo r  th e  b ig g e s t  im p a c t  p o te n t ia l  in d ic a te d  b y  th e  
n o rm a l iz a t io n  is th e  n u tr ie n t  a p p l ic a t io n ,  th e  b u rn in g  in  h a r v e s t in g ,  a n d  th e  u se  o f  
d ie s e l .  N o rm a l iz e d  im p a c t  p o te n t ia ls  fo r  fu e l e th a n o l  l i f e c y c le  a r e  g iv e n  in  F ig u re  
2 .2 8 .

เท 2 0 0 8 ,  N g u y e n  a n d  G h e e w a la  in v e s t ig a te d  th e  life  c y c le  a s s e s s m e n t  o f  
fu e l e th a n o l f ro m  c a s s a v a  in  T h a i la n d . In  th is  p a p e r  d iv id e d  th e  p r o c e s s  in to  f o u r  
m a in  u n it  p r o c e s s e s  o f  th e  c a s s a v a  b a s e d  E 1 0 /E 8 5  fu e l  s y s te m  fo r  th e  l i fe  c y c le  
in v e n to r y  ( L C I )  a r e  c a s s a v a  p r o d u c t io n ,  e th a n o l  c o n v e r s io n ,  t r a n s p o r ta t io n  a n d  fu e l 
c o m b u s t io n  in v e h ic le s  a s  g iv e n  in  F ig u re  2 .2 9 .

C a s s a v a  p r o d u c t io n  is a ls o  n o ta b le  fo r  its  c o n t r ib u t io n  to  a c id if ic a t io n ,  
n u t r i e n t  e n r ic h m e n t  a n d  P O C P . A c id i f ic a t io n  o r ig in a te s  p r in c ip a l ly  f ro m  S O 2 

e m is s io n  f ro m  th e  m a n u f a c tu r in g  o f  P  f e r t i l iz e r  a n d  N O x e m is s io n  ( d i r e c t .a n d  in d ire c t)
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F ig u r e  2 .2 8  N o r m a l iz e d  im p a c t  p o te n t ia l s  fo r  fu e l e th a n o l  l i f e c y c le  ( O m e t te  et al 
2 0 0 9 ) .

F ig u r e  2 .2 9  S y s te m  b o u n d a r y  o f  th e  c a s s a v a - b a s e d  E 1 0 /E 8 5  fu e l l i fe  c y c le  ( N g u y e n  
et al. , 2 0 0 8 ) .

f ro m  d ie s e l  u s e d  to  p o w e r  fa rm  tr a c to r s .  T h is  a m o u n t  o f  N O x a l s o  c o n t r ib u te s  to  
n u tr ie n t  e n r ic h m e n t .  H o w e v e r ,  th e  l a r g e s t  c o n t r ib u to r  to  n u t r ie n t  e n r ic h m e n t  f ro m  
c a s s a v a  p r o d u c t io n  is N i O  s o il e m is s io n s  f ro m  N  f e r t i l i z e r  a p p l ic a t io n ,  a s  s e e n  in  
F ig u re  2 .3 0 .
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F i g u r e  2 .3 0  C h a r a c te r i z a t io n  r e s u lt s  -  C o n tr ib u t io n s  to  th e  e n v i r o n m e n ta l  im p a c ts  
f ro m  e th a n o l  p r o d u c t io n  c y c le .

In  2 0 1 0 .  V in k  e t a l. d e m o n s t r a te d  th e  e c o - p r o f i l e  fo r  c u r r e n t  In g e o "  
p o ly la c t id e  p r o d u c t io n .  T h is  p a p e r  g a v e  th e  la te s t  life  c y c le  in v e n to r y  d a ta  b a s e d  o n  
n e w  la c t ic  a c id  p r o d u c t io n  te c h n o lo g y  th a t  w a s  im p le m e n t  in D e c e m b e r  2 0 0 8 . 
A l th o u g h  th e  o b je c t iv e  o f  th is  p a p e r  is to  p r o v id e  d e ta i le d  in v e n to r y  d a ta  s u f f ic ie n t  
fo r  u s e  b y  L C A  p r a c t i t io n e r s  in te r e s te d  in th e  u s e  o f  In g e o  r e s in  fo r  s p e c i f i c  p r o d u c ts ,  
p r o c e s s  i l lu s t r a te d  in  F ig u re  2 .3 1  c a n  b e  u s e d  a s  th e  la c t ic  a c id  p r o d u c t io n  s e c t io n  in  
th is  th e s is  (V in k  et ai. 2 0 1 0 ).

T h e  e c o - p r o f i l e  o f  c u r r e n t  a n d  n e a r - f u tu r e  N a tu r e  W o rk s "  p o ly la c t id e  ( P L A )  
p r o d u c t io n  r e p o r te d  b y  V in k  e t  al. ( 2 0 0 7 ) .  T h e y  p r o v id e  th e  c r a d l e - t o - p o l y m e r -  
f a c to r y - g a t e  li fe  c y c le  in v e n to r y  d a ta  ( e c o - p r o f i le s )  fo r  th e  2 0 0 6  a n d  th e  n e a r - fu tu r e  
P L A  p ro d u c t io n  s y s te m  a n d  e x p la in  th e  u s e  o f  R E C s  ( r e n e w a b le  e n e r g y  c e r t i f ic a t io n ) .  
T h e  c r a d l e - t o - f a c t o r y - g a t e  P L A  p r o d u c t io n  s y s te m  is  d iv id e d  in to  f iv e  m a jo r  s te p s  
( V in k  et ai. 2 0 0 7 ) :

•  C o r n  p r o d u c t io n  a n d  t r a n s p o r t  o f  c o rn  to  th e  c o r n  p r o c e s s in g  w e t m ill
•  C o r n  p r o c e s s in g  a n d  th e  c o n v e r s io n  o f  s ta r c h  in to  d e x t r o s e
•  C o n v e r s io n  o f  d e x t r o s e  in to  la c t ic  a c id
•  C o n v e r s io n  o f  la c t ic  a c id  in to  la c t id e
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•  P o ly m e r i z a t io n  o f  la c tic  in to  p o ly ia c t id e  p o ly m e r  p e l le ts  
L a c t ic  a c id  is p r o d u c e d  b y  f e rm e n ta t io n  o f  d e x t r o s e  r e c e iv e d  f ro m  th e  c o rn  

w e t  m ill . T h e  p r o c e s s  c o m b in e s  d e x t r o s e  a n d  o th e r  m e d ia ,  a d d s  a  m ic r o b ia l  
in o c u lu m , a n d  p r o d u c e s  c r u d e  la c t ic  a c id  w h o s e  p H  is  c o n t r o l le d  b y  th e  a d d i t io n  o f  
c a lc iu m  h y d r o x id e .  T h e  la c t ic  a c id  b ro th  is  th e n  a c id i f ie d  b y  a d d in g  s u lfu r ic  a c id , 
r e s u l t in g  in  th e  fo rm a t io n  a n d  p r e c ip i ta t io n  o f  g y p s u m . G y p s u m  is  r e m o v e d  b y  
f i l t r a t io n , a n d  th e  la c t ic  a c id  is  c o n c e n t r a te d  b y  e v a p o r a t io n .  A f te r  f in a l  p u r i f i c a t io n ,  
th e  la c t ic  a c id  e n te r s  th e  la c t id e /P L A  p r o c e s s .

- Dextrose ft 
media

Fermentation
►

►

T........
Acidulation

, > ^  Gypsum

Filtration

Purification

Pure

lactic acid

Recycled
condensate

T _
Evaporation

F i g u r e  2 .31  N a tu r e  W o rk s  la c t ic  a c id  p r o d u c t io n  p r o c e s s  (V in k  et a i,  2 0 1 0 ) .

In 2 0 1 3 ,  ร . M a n g n im i t  e t  al. s tu d ie d  o n  th e  d e s ig n  o f  s u s ta in a b le  p r o c e s s e s  
to  p r o d u c e  e th a n o l  f ro m  c a s s a v a  rh iz o m e  in c lu d e d  p r o c e s s  s im u la t io n ,  s u s ta in a b i l i ty  
a n a ly s is ,  e c o n o m ic  e v a lu a t io n  a n d  life  c y c le  a s s e s s m e n t  (L C 'A ).

•  A  s te a d y  s ta te  p r o c e s s  s im u la t io n  is  p e r f o r m e d  to  g e n e r a te d  b a s e  c a s e  to  
p r o d u c e  e th a n o l  u s in g  c a s s a v a  a s  f e e d s to c k  a s  i l lu s t r a te d  in  F ig u re  2 .3 2 .
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•  S u s ta in a b i l i ty  a n a ly s is  is p e r f o r m e d  to  a n a ly z e  r e le v a n t  in d ic a to r s  in 
s u s t a in a b i l i ty  m e tr ic s .

•  E c o n o m ic  a n a ly s is  is  p e r f o r m e d  to  a n a ly z e  p r o f i t a b i l i ty  a n d  
s u s ta in a b i l i ty .

•  L C A  is  p e r f o rm e d  to  a s s e s s  e n v ir o n m e n ta l  im p a c ts .

Treated Cassava 
Rhizome

Anhydrous
Ethanol

F i g u r e  2 .3 2  F lo w  c h a r t  fo r  b io e th a n o l  p r o d u c t io n  p ro c e s s  f ro m  c a s s a v a  rh iz o m e  
( M a n g n im i t  et a i.  2 0 1 3 ) .
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T h e  c h o ic e s  o f  c a n d id a te  w e r e  c o m p a re d  to  th e  b a s e  c a s e  in  te rm s  o f  
e c o n o m ic s ,  L C A , e n e r g y  c o n s u m p t io n ,  a n d  e n v i r o n m e n ta l  im p a c t  in  o r d e r  to  id e n t i fy  
th e  m o s t  s u s t a in a b le  d e s ig n  f o r  th e  p r o d u c t io n  o f  e th a n o l .  T h e  a b i l i t y  to  p r o d u c e  
e th a n o l  is 1 5 0 .0 0 0  l i te r s /d a y . w h ic h  is a b o u t  1 .3 %  o f  th e  to ta l  d e m a n d  o f  e th a n o l  in  
T h a i la n d .  L C A  in  b a s e  c a s e  p o in te d  to  th e  a m o u n t  o f  C O 2 e m is s io n s  a n d  C O  ( f ro m  
th e  c o m b u s t io n  e n g in e  t r a n s p o r ta t io n )  b io w a s te  a n d  w a s te  w a te r  is  r e le a s e d  f ro m  th e  
d i s t i l la t io n  c o lu m n ,  w h ic h  a f fe c ts  te r r e s t r i a l  e c o to x ic i ty .  A n a ly s i s  o f  s u s ta in a b le  
d e v e lo p m e n t  in  th e  b a s e  c a s e  p o in ts  to  th e  la rg e  w a s te  w a te r  a n d  l ig n in ,  w h ic h  a re  
th e n  ta rg e ts  f o r  p o te n t ia l  im p ro v e m e n t .
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F i g u r e  2 .3 3  S c h e m a t i c  d i a g r a m s  o f  tw o  r e c o v e r y  p r o c e s s e s  o f  s u c c in ic  a c id , (I)  
d i r e c t  c r y s ta l l i z a t io n ,  ( I I )  m o d if ie d  c a lc iu m  p r e c ip i ta t io n  (L i  et al.. 2 0 1 0 ) .
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In  2 0 1 0 .  L i e t a l. s tu d ie d  o n e  s te p  r e c o v e r y  o f  th e  d e s i r e d  p r o d u c t  s u c c in ic  
a c id  c ry s ta l  f ro m  th e  f e rm e n ta t io n  b r o th s  a s  th e  f i r s t  t im e . S in c e  d o w n s tr e a m  
r e c o v e r y  p r o c e s s  is  e s t im a te d  to  a c c o u n t  f o r  o v e r  6 0 %  o f  th e  o v e ra l l  p r o d u c t io n  c o s t .  
T h e  e x is t in g  s e p a r a t io n  m e th o d s  a re  u s u a l ly  n o t e a s i ly  o p e ra te d  to  s e p a r a te  ta r g e t  
a c id  f ro m  th e  c a r b o x y l ic  a c id  m ix tu r e  in  th e  f e r m e n ta t io n  b r o th s .  T r a d i t io n a l ly ,  
C a ( O H ) 2 is  u s u a l ly  a d d e d  to  n e u t r a l iz e  th e  f e r m e n ta t io n  b ro th  a n d  p r e c ip i ta te  
s u c c in a te .  C a lc iu m  s u c c in a te  is r e c o v e r e d  b y  f i l t r a t io n , a n d  f re e  a c id  is  r e le a s e d  f ro m  
th e  p r e c ip i ta te  b y  a d d in g  s u l fu r ic  a c id . H o w e v e r ,  la rg e  a m o u n t  o f  C a S C >4 a n d  s o m e  
C a lc iu m  la c ta te  c o u ld  b e  a c c u m u la te d .  T h e  r e a c t iv e  e x t r a c t io n  w i th  a m in e -b a s e d  
e x t r a c ta n t  is n e e d e d .  F ig u re  2 .3 3  s h o w s  2 d i f f e r e n t  r e c o v e r y  m e th o d s .

T h e  r e s u l t  s h o w e d  th a t  w h e n  th e  p H  v a lu e  o f  th e  f e r m e n ta t io n  b ro th  w a s  
c o n tr o l le d  le s s  th a n  2 .0 . c r y s ta l l iz a t io n  o f  s u c c in ic  a c id  c o u ld  b e  c a r r ie d  o u t  a t 4  c  
e a s i ly ,  w h ile  m a jo r  a c id  b y - p ro d u c ts  s u c h  a s  la c t ic  a c id ,  a c e t ic  a c id  a n d  fo rm ic  a c id s  
w e r e  m is c ib le  in  s o lu t io n . B y  th is  o n e  s te p  r e c o v e r y  m e th o d ,  s u c c in ic  a c id  y ie ld  w a s  
7 0 %  a n d  th e  p u r i ty  w a s  9 0 % . In  c o m p a r i s o n ,  fo r  t r a d i t io n a l  c a lc iu m  p r e c ip i ta t io n  
c o u p le d  io n - e x c h a n g e  a d s o rp t io n ,  th e  y ie ld  a n d  p u r i ty  w e r e  5 2 %  a n d  9 2 % , 
r e s p e c t iv e ly .
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