
CHAPTER III 
METHODOLOGY

3.1 Materials and Equipment

3 .1 .1  E q u ip m e n t  ’
•  L a p to p  ( C o re  i7 . R A M  4  G B , W in d o w  7 , a n d  M ic r o s o f t  O ffic e -

201  0 ).
3 .1 .2  S o f tw a r e

•  S im a P r o  v e r s io n  7.1

3.2 Experimental Procedures

3 .2 .1  P r e p a ra t io n
S tu d y  a n d  r e v ie w  th e  b a c k g r o u n d  o f  b io r e f in e r y  in c lu d in g  th e ir  

e n v i r o n m e n ta l  im p a c t  th ro u g h  L C A  te c h n iq u e  a n d  a ls o  p r e v io u s  th e s is .
3 .2 .2  G o a l .  S c o p e . F u n c t io n a l  U n it , a n d  S y s te m  B o u n d a ry

3.2.2.1 Formulate and Specify Goal and Scope Of Biore finery In
Thailand

T h e  g o a l o f  th is  L C A  s tu d y  w a s  to  a s s e s s  th e  e n e r g y  an d  
e n v i r o n m e n ta l  im p a c ts  o f  th e  b io r e f in e r y  m o d e l  w h ic h  p r o d u c e s  b io e th a n o l ,  
b io s u e c in ic  a c id  ( B S A ) .  la c t ic  a c id  (L A ) , e le c t r i c i ty ,  a n d  h e a t  u s in g  s u g a r c a n e  an d  
c a s s a v a  a s  f e e d s to c k s .  T h e  m e th o d o lo g y  u s e d  in  th is  s tu d y  w a s  b a s e d  o n  I S 0 1 4 0 4 0  
s e r ie s . T h e  in v e n to r y  d a ta  w e r e  c o l le c te d  s e c o n d a r y  d a ta  s o u r c e s  ( N a t io n a l  T h a i  L C I 
d a ta b a s e ,  p r e v io u s  w o r k s  o n  L C A  o f  b io f u e ls  a n d  b io c h e m ic a ls  p r o d u c t io n  in 
T h a i la n d ,  a n d  s e le c te d  r e f e r e n c e s )  a n d  c o m p ile d  b y  u s in g  c o m m e r c ia l  L C A  s o f tw a re . 
S im a P ro  7 .1 . w i th  E c o - I n d ic a to r  9 5  a n d  C M L  2 b a s e l in e  2 0 0 0  m e th o d s .  V a r io u s  
s c e n a r io s  w e r e  c r e a te d  b y  v a r y in g  r a t io  o f  f e e d s to c k s  a n d  p r o d u c t s  ( B S A  a n d  L A ). 
T h e  e n e r g y  r e s o u r c e ,  e n v i r o n m e n ta l  im p a c ts  a n d  g e n e ra te d  p r o f i t  o f  a ll  s c e n a r io s  
w e re  c o m p a re d .
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F o r  f e e d s to c k s  t r a n s p o r ta t io n  p h a s e ,  th e  lo c a t io n  o f  
b io r e f in e r y  p la n t  w a s  a s s u m e d  to  b e  in  N a k h o n  R a tc h a s im a  p ro v in c e . N a k h o n  
R a tc h a s im a  is  th e  f i r s t  c a s s a v a  p r o d u c e r ;  m o r e o v e r ,  th is  p r o v in c e  is  in  th e  to p  f iv e  
s u g a r c a n e  p r o d u c t io n  in  T h a ila n d . T h e  b io r e f in e r y  p la n t  w a s  a l s o  a s s u m e d  to  re c e iv e  
b io m a s s  f e e d s to c k s  ( s u g a r c a n e  a n d  c a s s a v a )  in  1 0 0  k m . a r o u n d  th e  p la n t  b y  u s in g  10- 
w h e e l t r u c k  a t fu ll lo a d  16 to n s .

3.2.2.2 Identify Functional Unit o f the Assessment
In th is  r e s e a rc h ,  th e  b io r e f in e r v  m o d e l  w a s  c r e a te d  w h i le  its 

p e r f o r m a n c e  w a s  e v a lu a te d  in  s e v e r a l  a s p e c ts ,  in c lu d in g  fu e l a n d  b io c h e m ic a ls  
p r o d u c t io n ,  r a w  m a te r ia l s  u se d , a n d  to ta l  p r o f i t  g e n e ra te d .

ร.2.2.3 Determine the System Boundary o f Biorefinery and Make 
Assumptions Based on the Goal Definition

9 9  5 % $ u E  9 9  5 % M o E  S u B S A  c ry s ta ls  C a B S A  c r y s ta ls  88%  S u L A  8 8 % C a L A  9 9  5%  R h E  9 9  5%  C a Eไ i I i i 1 I i
F ig u r e  3 .1  T h e  s y s te m  b o u n d a ry  o f  b io r e f in e r y  u n d e r  s tu d y .

T h e  s y s te m  b o u n d a r y  o f  b io r e f in e r y  c o v e r s  f e e d s to c k  
c u l t iv a t io n ,  f e e d s to c k  t r a n s p o r ta t io n ,  f e e d s to c k  p r o c e s s in g ,  e th a n o l  c o n v e r s io n ,  L A  
p r o d u c t io n  a n d  B S A  p r o d u c t io n  a s  i l lu s t r a te d  in  F ig u re  5 .1 . T h e  c a p a c i t i e s  o f  e th a n o l  
a re  1 6 0  to n /d a y  a n d  L A  a n d  B S A  p r o d u c t io n  is 3 0 0  to n /d a y .
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3.2.2.4 Scenario Analysis
In  th is  r e s e a rc h ,  5 d i f f e r e n t  s c e n a r io s  (S 1 -S 5 )  o f  b io r e f in e r y  

m o d e l  s h o w n  in T a b le  3.1 w e r e  c r e a te d  b y  v a r y in g  r a t io  o f  f e e d s to c k s  ( S I -S 3 )  a n d  
p r o d u c ts  - o n ly  B S A  a n d  L A  - (S 1 .S 4 ,  a n d  ร ร )  b a s e d  o n  f ix e d  b io r e f in e r y  p r o d u c t io n  
c a p a c i ty  ( e th a n o l  1 6 0  t/d  a n d  B S A  a n d  L A  3 0 0  t /d ) .  It w a s  a s s u m e d  th a t th e  
p r o d u c t io n  w a s  a lw a y s  a t  le a s t 7 0 %  o f  th e  to ta l  c a p a c i ty  in  a ll  s c e n a r io s ’ s tu d ie d . T h is  
c o r r e s p o n d s  to  o v e ra l l  p r o d u c t io n  o f  e th a n o l .  B S A  a n d  L A  o f  391 t /d  ( c o m b in e d )  
w h ic h  is a  ta r g e t  f o r  o p t im iz a t io n  b e tw e e n  e n v i r o n m e n t  a n d  p ro f i t .  F o r  p r o f i t  ( $ /d ) , it 
w a s  c a lc u la te d  b a s e d  o n  a v e r a g e  p r ic e  o f  th e  f e e d s to c k s ,  u t i l i t ie s  a n d  c h e m ic a ls ,  a n d  
p r o d u c ts  in  T h a i la n d  a n d  s e le c te d  re fe re n c e s .

A ll f iv e  s c e n a r io s  ( S 1 -S 5 )  o f  b io r e f in e r y  m o d e l ,  s h o w n  in 
T a b le  3 .1 . w e re  c r e a te d .  T h e y  w e r e  d iv id e d  in to  tw o  g r o u p s ;  G ro u p  1 ( S I .  S 2 . a n d  
S 3 )  w a s  o b ta in e d  b y  th e  v a r y in g  r a t io  o f  th e  tw o  f e e d s to c k s  ( s u g a r c a n e  a n d  c a s s a v a  
r o o ts )  w h ile  G r o u p  2 (S 4 , S I .  a n d  ร ร )  w a s  o b ta in e d  b y  v a r y in g  th e  r a t io  o f  th e  
p r o d u c ts  (B S A  a n d  L A )  b a s e d  o n  a s s u m p t io n s  b e lo w :
•  B io r e f in e r y  w i th  m a x  p r o d u c t io n  c a p a c ity :

E th a n o l  =  1 6 0  t/d  ( f ro m  a v e r a g e  e th a n o l p la n t  c a p a c i ty  in  T h a i la n d ) .
B S A  a n d  L A  =  3 0 0  t/d  ( f r o m  c u r re n t  L A  p r o d u c t io n  in  T h a i la n d  a t  1 0 0  k t 
a n n u a l ly  w h ic h  c o u ld  b e  a p p ro x im a te d  to  2 7 4  t/d . B e c a u s e  B S A  w a s  a ls o  
p r o d u c e d ,  B S A  a n d  L A  c a p a c i ty  w a s  e s t im a te d  to  3 0 0  t /d ) .

•  F ix e d  ra n g e  o f  c a p a c i ty :
E th a n o l  =  1 1 2 -1 6 0  t/d
B S A  a n d  L A  =  2 1 0 - 3 0 0  t /d  (o p e ra te  a t le a s t  7 0 %  c a p a c i ty )  to  b e  c o n v e n ie n t  fo r  
v a r ia t io n s .

•  O v e ra l l  p r o d u c t io n  o f  e th a n o l .  B S A . a n d  L A  ( c o m b in e d )  a t 391  t/d  (8 5 %  
c a p a c i ty )  w h ic h  is  a ta r g e t  f o r  o p t im iz a t io n  b e tw e e n  e n v i r o n m e n t  a n d  p ro f it .

•  A ll s te a m  a n d  e le c t r i c i ty  p ro d u c t io n  f ro m  b io m a s s  ( b a g a s s e  a n d  b io g a s )  is u se d  
fo r  b i o re  f in e r y .

•  U s in g  h ig h  p r e s s u r e  b o i le r  fo r  e le c t r ic i ty  a n d  s te a m  g e n e ra t io n  to  m a x im iz e  th e  
b e n e f i ts  f ro m  th e  b y -p ro d u c t .
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•  P ro f i t  w a s  c a lc u la te d  in  b io r e f in e r y  b o u n d a r y  b a s e d  o n  a v e r a g e  p r ic e  o f  
f e e d s to c k s ,  u t i l i t ie s  a n d  c h e m ic a ls ,  a n d  p r o d u c t s  in  T h a i la n d  a n d  s e le c te d  
r e f e r e n c e s  (T a b le  3 .2 ) . T h e  in s ta l l a t io n  c o s t  is n e g l ig ib le .

•  B io r e f in e r y  p la n t  w a s  lo c a te d  in  N a k h o n  R a tc h a s im a .  T h e re  is  th e  f ir s t  c a s s a v a  
p r o d u c e r ;  m o r e o v e r ,  th is  p r o v in c e  is in  th e  to p  f iv e  s u g a r c a n e  p r o d u c t io n  in  
T h a i la n d .  L e g a l is s u e  is  n e g lig ib le .

•  D is ta n c e  o f  f e e d s to c k s  t r a n s p o r ta t io n  f ro m  c u l t iv a t io n  a re a  to  b io r e f in e r v  p la n t  
a b o u t  1 0 0  k m  b y  u s in g  1 0 -w h e e l t r u c k  a t  fu ll lo a d  16 to n s .

Table 3.1 S c e n a r io s  o f  b io r e f in e r y  u n d e r  s tu d y  ( S 1 - S 5 )

Scenario SI
(base case) S2 SJ S4 S5

Feedstock consumption
Sugarcane/C assava

wt.% 75/25 60/40 45/55 75/25 75/25
t/d 2.410/803 1.652/1.101 1.085/1,323 2.403/801 2.415/805

Products production
BSA LA

wt." 1. 50/50 50/50 50/50 25/75 75/25
t/d 127.5/127.5 127.5/127.5 127.5/127.5 64/191 192/63

Sugarcane based ethanol. SuE t/d 75 50 32 75 75
Molasses based ethanol, MoE t d 10 7 5 10 10
Sugarcane based BSA. SuBSA t/d 64 44 31 32 103
Cassava based BSA. CaBSA t/d 64 83 97 31 88
Sugarcane based LA, SnLA t/d 61 42 28 92 22
Cassava based LA. CaLA Id 67 85 99 100 42
Cassava based ethanol, CaE t d 19 35 47 19 19
Cassava rhizome based ethanol, RhE 1 d 32 44 52 32 32
Steam t/d -131 -586 -930 -245 -IS
Electricity MWh/d -123 -182 -226 -14 -230
Profit ฿ d 15.870.422 15.504.861 15.223.488- 10,886.959 20.839.428

S I w a s  s e le c te d  a s  b a s e  c a s e  f o r  th is  s tu d y  b e c a u s e  S I  w a s  
c r e a te d  b a s e d  o n  c u r r e n t  f e e d s to c k s  e x p o r t  in  T h a i la n d  in  2 0 1 2 -2 0 1 3  (6 2 .5 2  m il l io n  
to n s  fo r  s u g a r c a n e  a n d  2 0 .2 7  m il l io n  to n s  fo r  c a s s a v a )  ( O f f ic e  o f  A g r ic u l tu r a l  
E c o n o m ic s ,  2 0 1 3 )  a n d  a c tu a l  c u r r e n t  b io r e f in e r y  p r o d u c t io n  c a p a c i ty  ( e th a n o l  16 0  t/d  
a n d  B S A  a n d  L A  3 0 0  t /d ) .  T h u s , th e  r a w  m a te r ia ls  r a t io  b e tw e e n  s u g a rc a n e  a n d  
c a s s a v a  o f  b a s e  c a s e  ( S I )  w o u ld  be  7 5 /2 5  w t. % . a n d  th e  p r o d u c t io n  r a t io  b e tw e e n  
B S A  a n d  L A  o f  b a s e  c a s e  ( S I )  w o u ld  b e  5 0 /5 0  w t. % .
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Table 3 .2  A v e ra g e  p r ic e  o f  th e  f e e d s to c k s ,  u t i l i t ie s  a n d  c h e m ic a ls ,  a n d  p r o d u c ts  fo r  
p ro f i t  c a lc u la t io n

F e e d s to c k s ,  
u t i l i t ie s  a n d  

c h e m ic a ls ,  a n d  
p r o d u c ts

A v e r a g e  
p r ic e  (฿/k g  
o r  ฿/k W h )

R e f e re n c e s

Feedstock
S u g a rc a n e 0 .9 1 w w w .o c s b .g o . th  ( 2 0 1 3 )
C a s s a v a  r o o t 2 .11 w w w .o a e .g o .th  ( 2 0 1 3 )

Utilities and chemicals
S te a m 0 .7 3 C h in n a w o r n r u n g s e e  R . (2 0 1 3 )
E le c t r ic i ty 2 .6 5 w w w .e g a t .c o . th  ( 2 0 1 3 )
W a te r 0 .0 3 w w w .p w a .c o .th  ( 2 0 1 3 )
D ie s e l 3 6 .0 5 w w w .e p p o .g o .th  ( 2 0 1 3 )
F u e l o il 2 3 .1 1 w w w .e p p o .g o .th  ( 2 0 1 3 )  ~
S u l fu r ic  a c id 8 .1 3 w w w .a l ib a b a .c o m  ( 2 0 1 3 )
H y d r o c h lo r ic

a c id 6 .4 5 W W W.a lib a b a .c o m  ( 2 0 1 3 )

L im e 7 .2 8 w w w .a l ib a b a .c o m  ( 2 0 1 3 )
S u lfu r 7 .6 2 w w w .a l ib a b a .c o m  ( 2 0 1 3 )
C o rn  s te e p  

l iq u o r 1 3 .1 0 w w w .a l ib a b a .c o m  ( 2 0 1 3 )

S o d iu m
h y d r o x id e 13 .81 w w w .a l ib a b a .c o m  ( 2 0 1 3 )

A m m o n ia 2 0 .3 3 v v w w .a lib a b a .c o m  ( 2 0 1 3 )
Product

E th a n o l 3 3 .5 4
C h in n a w o r n r u n g s e e  R . (2 0 1 3 )  
w w w .o a e .g o .th  ( 2 0 1 3 )  
w w w .a l ib a b a .c o m  ( 2 0 1 3 )

B S A 1 0 4 .6 5
P T T M C C  (2 0 1 3 )  
w w w .n n f c c .c o .u k  ( 2 0 1 3 )  
w w w .a l ib a b a .c o m  ( 2 0 1 3 )

L A 4 0 .9 3 w w w .n n f c c .c o .u k  ( 2 0 1 3 )  
w w w .a l ib a b a .c o m  ( 2 0 1 3 )

V in a s s e 0 .2 5 S a le s  r e p r e s e n ta t iv e  ( i l y o u l (ร)h o tm a i l .c o m )  ( 2 0 1 3 )
Y e a s t  r e s id u e 5 6 .8 2 C h in n a w o r n r u n g s e e  R . ( 2 0 1 3 )
C a s s a v a  p e e l 0 .4 K h o n g s ir i  ร . (2 0 0 8  )
S a n d 0 .3 K h o n g s ir i  ร . ( 2 0 0 8 )

G y p s u m 1 9 .9 3

C h in n a w o r n r u n g s e e  R . ( 2 0 1 3 )  
w w w .y c p ly w o o d .c o m  ( 2 0 1 3 )  
w w w .th a ic a r p e n te r .c o m  ( 2 0 1 3 )  
w w w .k a s e to n l in e .c o m  (2 0 1 3 )  
w w w .t th a r d w a r e .c o m  ( 2 0 1 3 )

D D G S 5 C h in n a w o r n r u n g s e e  R . (2 0 1 3 )

http://www.ocsb.go.th
http://www.oae.go.th
http://www.egat.co.th
http://www.pwa.co.th
http://www.eppo.go.th
http://www.eppo.go.th
http://www.alibaba.com
http://WWW.alibaba.com
http://www.alibaba.com
http://www.alibaba.com
http://www.alibaba.com
http://www.alibaba.com
http://www.oae.go.th
http://www.alibaba.com
http://www.nnfcc.co.uk
http://www.alibaba.com
http://www.nnfcc.co.uk
http://www.alibaba.com
http://www.ycplywood.com
http://www.thaicarpenter.com
http://www.kasetonline.com
http://www.tthardware.com
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3 .2 .3 . I n v e n to ry  A n a ly s is
3.2.3.1 Collecting Information

C o l le c t in g  in fo rm a t io n  o f  b io r e f in e r y  in  T h a i la n d  re la te d  to  
e n v i r o n m e n t  a n d  te c h n ic a l  q u a n t i t i e s  w i th in  th e  s y s te m  b o u n d a r ie s  f o r  a ll r e le v a n t  
in p u t-o u tp u t  d a t a  in c lu d in g  r a w  m a te r ia ls  c o n s u m p t io n ,  e n e r g y  c o n s u m p t io n ,  u t i l i t ie s  
c o n s u m p t io n ,  p r o d u c t  g e n e r a t io n ,  a i r /w a te r  e m is s io n s ,  a n d  w a s te  g e n e ra t io n s .  T h e  
s o u rc e s  o f  in p u t - o u tp u t  d a ta  w i th in  th e  s y s te m  b o u n d a r y  f o r  e a c h  p h a s e  in  th e  life  
c y c le  o f  b io r e f i n e r y  p r o d u c t s  a re  s h o w n  in  T a b le  3 .3 . T h e  d e ta i l s  o f  life  c y c le  
in v e n to r y  (L C T ) a re  s h o w n  in  a p p e n d ix  A .

3.2.3.2 Quantification
Q u a n t i f y  h o w  m u c h  e n e r g y  a n d  r a w  m a te r ia ls  a r e  u s e d , a n d  

h o w  m u c h  s o l id ,  l iq u id , a n d  g a s e o u s  w a s te  is g e n e r a te d  o f  e a c h  s ta g e  o f  th e  
p r o d u c t io n .

3 .2 .4  Im p a c t  A s s e s s m e n t
3.2.4.1 Calculate Impact Potentials

C a lc u la t e  im p a c t  p o te n t ia l s  b a s e d  o n  th e  L C I  r e s u l t s  b y  u s in g  
s o f tw a re ,  S im a P r o  v e r s io n  7 .1 . w i th  E c o - in d ic a to r  9 5  a n d  C M L  2  b a s e l in e  2 0 0 0  
m e th o d s .

3.2.4.2 Analy'1 C and Compare
A n a ly z e  a n d  c o m p a r e  th e  im p a c ts  o n  h u m a n  h e a l th  a n d  th e  

e n v i r o n m e n ta l  b u rd e n s  a s s o c ia te d  w i th  r a w  m a te r ia l  a n d  e n e r g y  in p u ts  a n d  
e n v i r o n m e n ta l  r e le a s e s  q u a n t i f i e d  b y  th e  in v e n to r y .  R e le v a n t  im p a c t  c a te g o r ie s  
in c lu d e d  in  th is  s tu d y  a re .

•  G lo b a l  W a r m in g  P o te n tia l  ( G W P )
•  A c id i f ic a t io n  P o te n t ia l  (A P )
•  E u t r o p h ic a t io n  P o te n t ia l  ( E P )
•  E n e r g y  r e s o u rc e s

3 .2 .5  I n te r p r e ta t io n
T h is  s te p  in v o lv e s  th e  c o m b in a t io n  a n d  in te r p r e ta t io n  o f  th e  r e s u lt s  o f  

th e  in v e n to r y  a n d  im p a c t  a s s e s s m e n t  to  p r o v id 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  
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  o f  th e  s tu d y .



66

T a b l e  3 .3  S o u rc e s  o f  th e  in v e n to r y  d a ta  u s e d  in  th is  s tu d y

Phase Items Data source
Cassava cultivation1 Fertilizers, diesel, pesticides, 

lubricant oil, emission from 
fertilizing, etc.

Thailand LCI database, MTEC 
(2012).

Sugarcane
cultivation0

Fertilizers, pesticides, diesel, 
lubricant oil, emission from 
fertilizing, etc.

Transportation Diesel, emission to air Thailand ECI database, MTEC 
(2012).

Chips production Diesel, emission to air Silalertruksa and Gheewala 
(2011), Calculations and 
estimations.

Cassav a starch and 
sugar production

Energy, chemicals, emission to air, 
biogas generation

Thailand LCI database, MTEC 
(2012).

Sugarcane milling Energy, chemicals, water, 
emission to air, water, and soil

Cassva pulp biogas 
production

Cassava pulp, biogas generation Godson (2012). Asia biogas. 
Calculations and estimations.

Electrical energy 
cogeneration1’

Electricity and steam generation, 
diesel, water, emission to air and 
water. W'aste

Witayapairot (2010). 
Calculations and estimations.

BSA production Energy, water, chemicals, biogas 
generation, sludge

Cok et al. (2013), Calculations 
and estimations.

LA production Energy, water, chemicals, gypsum 
generation, water emission, sludge

Andreanne (2010). Calculations 
and estimations.

Cassava ethanol 
conversion

Energy, water, chemical, emission 
to air. w ater and soil. DDGS and 
biogas generation

Thailand database, KAPI 
(Kasetsart Agricultural and 
Agro-Industrial Product 
Improvement Institute, 2008)

Cassava rhizome 
ethanol
conversion

Energy, water, chemicals, gypsum 
generation, air emissions, water 
emissions, bio waste

Mangnimit et al. (2013)

Molasses ethanol 
conversion

Energy, water, chemical, emission 
to air. water and soil, biogas 
generation

Thailand database, KAPI (2008)

Sugarcane ethanol 
conversion

Energy, water, chemical, emission 
to water, vinasse generation

Ometto et al. (2010). 
Calculations and estimations.

0 E x c lu d e  C O 2 u p ta k e  
h H ig h  e f f ic ie n t  a n d  h ig li p r e s s u r e  b o ile r
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