
BACKGROUND AND LITERATURE REVIEW
CHAPTER II

A s w e  k n o w  th a t  th e  e n e r g y  f ro m  fo s s i l  f u e ls  c a u s e s  h ig h  e n v i r o n m e n ta l  
im p a c ts .  E s p e c ia l ly ,  th e  a c c u m u la t io n  o f  c a r b o n  d io x id e  o r  g r e e n h o u s e  g a s e s  in  th e  
a tm o s p h e r e  c a u s e  g r e e n h o u s e  e f f e c t  a n d  c l im a te  c h a n g e . F u r th e r m o r e ,  f lu c tu a t io n  o f  
c r u d e  o i l  p r ic e s  in  th e  w o r ld  m a r k e t  a n d  th e  d e c r e a s e  o f  p r o v e d  r e s e r v e s  o f  fo s s il  
f u e ls  a r e  th e  f a c to r s  th a t  s t im u la te  th e  s tu d y  a n d  d e v e lo p m e n t  o f  a l t e r n a t iv e  e n e r g y  in  
o r d e r  to  r e d u c e  r e l ia n c e  o f  f o s s i l  fu e ls . T h e  im p o r ta n t  a l t e rn a t iv e  f u e ls  th a t  th e  -  
d e v e lo p m e n t  c o u n t r ie s  a re  p a y in g  a t te n t io n  to  a re  b io - h y d r o g e n  f u e l ,  s y n th e s is  
b io f u e ls ,  b io e th a n o l  f ro m  l ig n o c e l lu lo s e ,  e tc .

B io fu e ls  h a v e  b e e n  p r o p o s e d  as a h  e c o lo g ic a l ly  b e n ig n  a l t e r n a t iv e  to  fo s s il  
f u e ls .  T h e y  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 ;  s e c o n d  g e n e r a t io n  b io f u e ls ;  th ird  g e n e r a t io n  b io f u e ls ;  a n d  f o u r th  g e n e ra t io n  
b io f u e ls .

F ir s t  g e n e r a t io n  b io f u e ls  r e f e r  to  b io f u e l s  m a d e  f r o 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  t e c h n o lo g y .  T h e  f i r s t  g e n e r a t io n  b io fu e ls  
p r o d u c e d  f ro m  fo o d  c r o 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 re  l im i te d  in  th e ir  
a b i l i ty  to  a c h ie v e  ta r g e t s  fo 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 it ig a t io n ,  a n d  
e c o n o m ic  g ro 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 t e 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 r  c a n e . T h e  b a s ic  f e e d s to c k s  T or 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 l s  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 i e 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 i e ld  v e g e ta b le  o i l  th a t  c a n  b e  u s e d  in  b io d ie s e l .  T h 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 l 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 m  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 i l  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 re  
c o m m e r c ia l  m a r k 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 r e  ta rg e ts  a n d  in v e s tm e n t  
p l a n s  s u g g e s t  s t r o n g  g r o w th  w i l l  c o n t in u e  in  th e  n e a r  fu tu re .

S e c o n d  g e n e ra t io n  b io f u e l s  a re  s tu d ie d  in  f o re ig n  c o u n t r ie s  w id e ly .  T h e y  a re  
p r o d u c e d  f ro m  la r g e r  f e e d s to c k s  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 r e a l  s tr a w , 
f o r e s t  r e s id u e s ,  b a g a s s e ,  a n d  p u r p o s e - g r o w n  e n e r g y  c ro p s  s u c h  a s  v e g e ta t iv e  g ra 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 e c o n d  g e n e r a t io n  b io f u e ls  c o u ld  a v o id  m a n y  o f  th e
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c o n c e rn s  f a c in g  f i r s t  g e n e r a t io n  b io f u e ls  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 r m .  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 i r s t  g e n e ra t io n  
b io f u e l 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 f a c tu r e d  f ro m  
a g r ic u l tu r a l  a n d  f o r e s t  r e s id u e s  a n d  f ro m  n o n - f o o d  c ro p  f e e d s to c k s .  L o w - c o s t  c ro p  
a n d  f o re s t ,  w o o d  p r o 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 s e d  a s  l i g 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 r a t io n  b io fu e ls  
a re  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 rd  g e n e r a t io n  b io fu e l ,  is  a  b io f u e l  f r o 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  fo u r th  g e n e r a 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 e ta b le  o il a n d  b io d ie s e l  in to  b io g a s o l in e  using" m o s t  a d v a n c e d  te c h n o lo g y  
( D e m ir b a s ,  2 0 0 9 ) .  N o w a d a y s ,  th e re  is th e  a b u n d a n t  d e v e lo p m e n t  o f  s e c o n d  
g e n e r a t io n  b io f u e l  p r o d u c t io n  te c h n o lo g y .

2.1 Compressed Biomethane Gas (CBG)

B io m e th a n e  is  r e n e w a b le  n a tu ra l  g a s . I t  is  m a d e  b y  u p g r a d in g  b io g a s  th a t  is  
p r o d u c e d  b y  th e  c o n t r o l l e d  d e c o m p o s i t io n  o f  d a i r y  m a n u re  o r  s im ila r  w a s te  p ro d u c ts .  
( K r ic h  et al., 2 0 0 5 )

2 .1 .1  P r o d u c t io n  o f  B io g a s  b y  A n a e r o b ic  D ig e s t io n
A n a e r o b ic  d ig e s t io n  is  a  n a tu r a l ly  o c c u r r in g  p r o c e s s  o f  d e c o m p o s i t io n  

o f  o r g a n ic  m a t te r  b y  m ic r o b e s  in  a n  o x y g e n - f r e e  e n v ir o n m e n t .  A n a e r o b ic  d ig e s t io n  
h a s  b e e n  u s e d  th r o u g h o u t  th e  g lo b e  fo r  m a n y  y e a r s .  H o w e v e r ,  it  h a s  n o t  b e e n  a p p lie d  
w id e ly  fo r  p r o d u c t io n  o f  b io m e th a n e  a s  a  t r a n s p o r ta t io n  fu e l.

A n a e r o b ic  d ig e s t io n  is  a  c o m p le x  p r o c e s s  th a t  in v o lv e s  tw o  s ta g e s ,  a s  
s h o w n  in  th e  s im p l i f ie d  s c h e m a t ic  in  F ig u re  2 .1 .  In  th e  f i r s t  s ta g e , d e c o m p o s i t io n  is  
p e r f o r m e d  b y  f a s t - g r o w in g ,  a c id - f o m i in g  (acidogenic) b a c te r ia .  P ro te in ,
c a r b o h y d r a te ,  c e l lu lo s e ,  a n d  h e m ic e l lu lo s e  in  th e  m a n u re  a re  h y d r o ly z e d  a n d  
m e ta b o l i z e d  in to  m a in ly  s h o r t - c h a in  fa t ty  a c id s — a c e tic ,  p r o p io n ic ,  a n d  b u ty r ic —  
a lo n g  w i th  C O 2  a n d  h y d r o g e n  ( H 2 ) g a se s . A t  th i s  s ta g e  th e  d e c o m p o s i t io n  p r o d u c ts  

h a v e  n o t i c e a b le ,  d i s a g r e e a b le ,  e f f u s iv e  o d o r s  f r o m  th e  o r g a n ic  a c id s , H 2 S , a n d  o th e r  

m e ta b o l i c  p r o d u c ts .  In  th e  s e c o n d  s ta g e , m o s t  o f  th e  o r g a n ic  a c id s  a n d  a l l  o f  th e  H 2
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a re  m e ta b o l iz e d  b y  m e th a n o g e n ic  b a c te r ia ,  w i th  th e  e n d  r e s u l t  b e in g  p r o d u c t io n  o f  a  
m ix tu r e  o f  a p p r o x im a te ly  6 0 %  to  7 0 %  C H 4  a n d  3 0 %  to  4 0 %  C O 2 , c a l le d  b io g a s .

P r o t e i n
C a r b o h y d r a t e s
H e m i c e l l u l o s e

C e l l u l o s e

a c i d - f o r m i n g
b a c t e r i a

V o l a t i l e  O r g a n i c  
A c i d s

m e t h a n e - f o r m i n g
b a c t e r i a

B i o g a s  
( 6 0 - 7 0 %  C H 4, 
3 0 - 4 0 %  C O * )

Figure 2.1 S im p l i f ie d  p r o c e s s  o f  b io g a s  p r o d u c t io n .

T o  a u g m e n t  m e th a n e  p r o d u c t io n ,  m a n u r e  f ro m  d a i r y  c o w s  c a n  b e  c o ­
d ig e s te d  w i th  a d d i t io n a l  s u b s tr a te s  s u c h  a s  a g r ic u l tu r a l  r e s id u e s  a n d  f o o d - p r o c e s s in g  
w a s te . C o - d ig e s t io n  is  th e  s im u l ta n e o u s  d ig e s t io n  o f  a m ix tu r e  o f  tw o  o r  m o re  
f e e d s to c k s .  T h e  m o s t  c o m m o n  s i tu a t io n  is  w h e n  a  m a jo r  a m o u n t  o f  a  m a in  b a s ic  
f e e d s to c k  (e .g . ,  m a n u r e  o r  s e w a g e  s lu d g e )  is m ix e d  a n d  d ig e s te d  to g e th e r  w i th  m in o r  
a m o u n ts  o f  a  s in g le  o r  a  v a r ie ty  o f  a d d i t io n a l  f e e d s to c k s .  T h e  e x p r e s s io n  c o - d ig e s t io n  
is a p p l ie d  in d e p e n d e n t ly  to  th e  r a t io  o f  th e  r e s p e c t iv e  s u b s tr a te s  u s e d  s im u l ta n e o u s ly .

C h e n  et al. ( 2 0 1 0 )  p r o v id e d  a  h ig h  le v e l  e c o n o m ic  a n a ly s is  o f  b io g a s  
p r o d u c t io n  f ro m  a g r ic u l tu r a l  w a s te s  a n d  c o n v e r s io n  to  a  u s a b le  t r a n s p o r ta t io n  fu e l, 

- b io m e th a n e  o r  r e n e w a b le  n a tu ra l  g a s .  T h e y  f o u n d  th a t  in  t e r m s  o f  to ta l  p r o d u c t io n  
c o s t , b io m e th a n e  is  c o m p e t i t iv e  w i th  c o n v e n t io n a l  n a tu r a l  g a s . T h e  s c a le s  o f  
p r o d u c t io n  a re  im p o r t a n t  a n d  p r o d u c t io n  is  m u c h  m o r e  e c o n o m ic a l  a t  la r g e r
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f a c i l i t ie s .  B io m e th a n e  is  a  g o o d  a l t e rn a t iv e ,  e s p e c ia l ly  w h e n  p r o d u c e d  o n  a  la rg e r  
sc a le . T h e  im p le m e n ta t io n  o f  a  b io m e th a n e  f a c i l i ty  is  n o t  c u r r e n t ly  c o s t  e f f e c t iv e  fo r  
a  p r iv a te  d e v e lo p e r  w i th o u t  p u b l ic  f u n d in g  a s s is ta n c e ,  b e c a u s e  o f  is s u e s  o f  s c a le  a n d  
p r ic e  v o la t i l i ty .  I f  c a p i ta l  c o s ts  c a n  b e  c o v e r e d ,  h o w e v e r ,  th e  o p e r a t io n s  a n d  
m a in te n a n c e  c o s ts  a r e  m u c h  s m a l le r  a n d  a l lo w  r e a s o n a b le  p r o d u c t io n  c o s t  fo r  
p ip e l in e  q u a l i ty  b io m e th a n e .

T h e  c o m p le te  p r o c e s s  o f  b io g a s  p r o d u c t io n ,  c le a n u p  to  b io m e th a n e  
a n d  u s a g e  is  s u m m a r iz e d  a s  s h o w n  s c h e m a t ic a l ly  in  F ig u r e s  2 .2  a n d  2 .3 .

B i o g a s  U s a g e

I p— ►

Biom ass 
Feedstock ร 
----------- ► Anaerob ic

D igester

R aw
B iogas

Burner

G en -Se t

B iogas
Eng ine

Heat

Heat
Electricity

_ Mechanical'1 Work

i  t B i o m e t h a n e  P r o d u c t i o n

แ 2ร
Rem ova l

0 ๐ 2
Rem ova l

แ2๐
Rem ova l

Biometha « ๏

Figure 2.2 S c h e m a tic  d ia g r a m  o f  b io g a s  a n d  b io m e th a n e  p r o d u c t io n  a n d  u t i l i z a t io n  
(P a r t  1).
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Figure 2 .3  S c h e m a tic  d ia g r a m  o f  b io m e th a n e  d i s t r ib u t io n  a n d  u t i l i z a t io n  ( P a r t  2 ) .

2 .1 .2  U p g r a d in g  B io g a s  to  B io m e th a n e

B io g a s  c o n s is t s  p r im a r i ly  o f  m e th a n e  ( C H 4 ) a n d  c a r b o n  d io x id e  ( C O 2 ), 

t r a c e  a m o u n ts  o f  h y d r o g e n  s u l f id e  ( บ 2 ร )  a n d  o th e r  c o m p o n e n ts .  T h e  e x a c t

c o m p o s i t io n  o f  b io g a s  d e p e n d s  o n  th e  c o m p o s i t io n  o f  th e  s ta r t in g  f e e d s to c k  a n d  
d ig e s t io n  p ro c e s s .  B io g a s  p r o d u c e d  o n  a g r ic u l tu ra l  f a c i l i t ie s  ty p ic a l ly  c o n ta in s  
b e tw e e n  6 0  to  7 0 %  m e th a n e  a n d  3 0  to  4 0 %  c a r b o n  d io x id e  b y  v o lu m e .  In  
c o m p a r i s o n ,  n a tu ra l  g a s  c o n ta in s  c lo s e  to  9 0 %  m e th a n e  a n d  h a s  a  c o r r e s p o n d in g  
h ig h e r  h e a t in g  v a lu e .

B y  r e m o v in g  h y d r o g e n  su lf id e , m o is tu r e ,  a n d  c a r b o n  d io x id e ,  d a i ry  
b io g a s  c a n  b e  u p g r a d e d  to  b io m e th a n e ,  a  p r o d u c t  e q u iv a le n t  to  n a tu ra l  g a s ,  w h ic h  
ty p ic a l ly  c o n ta in s  m o r e  th a n  9 5 %  m e th a n e .  T h e  p r o c e s s  c a n  T e  c o n t r o l le d  to  p r o d u c e  
b io m e th a n e  th a t  m e e ts  a  p r e - d e te r m in e d  s ta n d a rd  o f  q u a l i ty .  B io m e th a n e  c a n  b e  u s e d  
in te r c h a n g e a b ly  w i th  n a tu ra l  g a s , w h e th e r  fo r  e le c t r i c a l  g e n e ra t io n ,  h e a t in g ,  c o o l in g ,
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p u m p in g ,  o r  a s  a  v e h ic le  fu e l. B io m e th a n e  c a n  a ls o  b e  p u m p e d  in to  th e  n a tu ra l  g a s  
s u p p ly  p ip e l in e .  H ig h  p r e s s u r e s  c a n  b e  u s e d  to  s to re  a n d  t r a n s p o r t  b io m e th a n e  a s  
c o m p r e s s e d  b io m e th a n e ,  w h ic h  is  a n a lo g o u s  to  C N G , o r  v e r y  lo w  te m p e r a tu r e s  c a n  
b e  u s e d  to  p r o d u c e  l iq u e f ie d  b io m e th a n e ,  w h ic h  is  a n a lo g o u s  to  L N G .

M a r g a r e ta  ( 2 0 0 3 )  s tu d ie d  f o u r  d i f f e r e n t  t e c h n iq u e s  f o r  u p g r a d in g  o f  
b io g a s .  T h e  te c h n iq u e s  a re  w a t e r  w a s h , P r e s s u r e  S w in g  A d s o r p t io n  ( P S A ) ,  S e le x o l  
a n d  a b s o rp t io n  b y  c h e m ic a l  r e a c t io n .  T h e  a im  w a s  to  e v a lu a te  th e  te c h n iq u e s  in  a s  
m a n y  a s p e c ts  a s  p o s s ib le .  T h e y  fo u n d  th a t  P S A , S e le x o l o r  a b s o r p t io n  b y  c h e m ic a l  
r e a c t io n  h a v e  h ig h  s e c u r i ty  a g a in s t  s u lp h u r  a n d  w a te r  c o n te n t  in  th e  u p g r a d e d  g a s . 
A n  a d v a n ta g e  w i th  a b s o r p t io n  w i th  c h e m ic a l  r e a c t io n  is  th a t  it  h a s  lo w  m e th a n e  
lo s s e s  a n d  lo w  u s e  o f  e le c t r i c i ty .  A  d i s a d v a n ta g e  is  la r g e  d e m a n d  o f  h e a t  fo r  

’  r e g e n e r a t io n .  G e n e ra l  c o n c lu s io n s  fo r  u p g r a d in g  b io g a s  a r e  th a t  th e  u p g r a d in g  c o s t  
d e p e n d s  a  g r e a t  d e a l  o f  th e  s iz e  o f  th e  p la n t . T h e  u p g r a d in g  c o s t  fo r  p l a n t s  le s s  th a n  
1 0 0  m n3/h  r a w  g a s  a re  0 .3 0 - 0 .4 0  S E K fk W h  u p g r a d e d  g a s , w h i le  i ts  o n ly  0 .1 0 -0 .1 5  
S E K /k W h  u p g r a d e d  g a s  fo r  p l a n t s  b e tw e e n  2 0 0  a n d  3 0 0  m „ 3/h  r a w  g a s .  A n o th e r  
c o n c lu s io n  is  th a t  th e  e le c t r i c i ty  d e m a n d  f o r  u p g r a d in g  g a s  c o r r e s p o n d s  to  3 to  6 %  o f  
th e  e n e r g y  c o n te n t  in  th e  u p g r a d e d  g as .

W a te r  s c ru b b in g  is  a  w e l l - e s ta b l i s h e d  a n d  s im p le  t e c h n o lo g y  th a t  c a n  
b e  u s e d  to  r e m o v e  b o th  H 2S a n d  C 0 2 f ro m  b io g a s ,  b e c a u s e  b o th  o f  th e s e  g a s e s  a re  

m o r e  s o lu b le  in  w a te r  th a n  m e th a n e  is. L ik e w is e ,  H 2S c a n  b e  s e le c t iv e ly  r e m o v e d  b y  
th is  p r o c e s s  b e c a u s e  it is  m o r e  s 'o lu b le  in  w a te r  th a n  c a r b o n  d io x id e . H o w e v e r ,  th e  
H 2ร  d e s o rb e d  a f te r  c o n ta c t in g  c a n  r e s u lt  in  f u g i t iv e  e m is s io n s  a n d  o d o r  p r o b le m s .  
P r e - r e m o v a l  o f  H 2S (e .g .,  u s in g  iro n  s p o n g e  te c h n o lo g y )  is  a  m o re  p r a c t ic a l  a n d  
e n v i r o n m e n ta l ly  f r ie n d ly  a p p ro a c h .

W a te r  s c ru b b in g  is  th e  m o s t  a p p l ic a b le  C 0 2 s c ru b b in g  p r o c e s s  b e c a u s e  

o f  its  s im p l ic i ty  a n d  lo w  c o s t . A n o th e r  a d v a n ta g e  o f  w a te r  s c ru b b in g  o v e r  s o m e  o th e r  
p r o c e s s e s  is  th a t  w a te r  is  f a i r ly  e a s y  to  d i s p o s e  o f  w h e re a s  th e  c h e m ic a ls  u s e d  in  
s o m e  o f  th e  o th e r  p r o c e s s e s  m a y  r e q u i r e  s p e c ia l  h a n d l in g  a n d  d is p o s a l  w h e n  sp e n t. 
T h e  d i s a d v a n ta g e  o f  w a te r  s c r u b b in g  is  th a t  i t  is  le s s  e f f ic ie n t  th a n  o th e r  p r o c e s s e s ,  
b o th  in  te rm s  o f  C H 4 lo s s  a n d  e n e rg y . H o w e v e r ,  s o m e  o f  th e  e n e r g y  in e f f ic i e n c y  o f
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th e  p r o c e s s  m a y  b e  o f f s e t  b y  th e  u s e  o f  a  s in g le - p a s s  w a te r  s c r u b b in g  s y s te m , s in c e  
o th e r  p r o c e s s e s  r e q u i r e  a  r e g e n e r a t io n  s ta g e  ( K r ic h  et al., 2 0 0 5 ) .

W h e n  w a te r  s c ru b b in g  is  u s e d  f o r  C 0 2 r e m o v a l ,  b io g a s  is  p r e s s u r iz e d ,  

ty p ic a l ly  to  1 5 0  to  3 0 0  p o u n d s  p e r  s q u a re  in c h , g a u g e  ( p s ig )  w i th  a  tw o - s ta g e  
c o m p re s s o r ,  a n d  th e n  in t r o d u c e d  in to  th e  b o t to m  o f  a  ta l l  v e r t i c a l  c o lu m n . T h e  r a w  
b io g a s  is  in t r o d u c e d  a t  th e  b o t to m  o f  th e  c o lu m n  a n d  f lo w s  u p w a r d ,  w h ile  f r e s h  w a te r  
is  in t r o d u c e d  a t  th e  to p  o f  th e  c o lu m n , f lo w in g  d o w n w a r d  o v e r  a  p a c k e d  b e d . T h e  
p a c k e d  b e d  ( ty p ic a l ly  a  h ig h - s u r f a c e - a r e a  p l a s t ic  m e d ia )  a l lo w s  f o r  e f f ic ie n t  c o n ta c t  
b e tw e e n  th e  w a te r  a n d  g a s  p h a s e s  in  a  c o u n te r c u r r e n t  a b s o rp tio n , r e g im e . W a te r  o f te n  
p o o ls  a t  th e  b o t to m  o f  th e  c o n ta c t  c o lu m n  a n d  th e  b io g a s  f i r s t  p a s s e s  th r o u g h  th is  
w a te r  la y e r  in  th e  f o rm  o f  b u b b le s .  T h e  C 0 2- s a tu r a te d  w a t e r  is  c o n t in u o u s ly  

w i th d r a w n  f ro m  th e  B o tto m  o f  th e  c o lu m n  a n d  th e  c le a n e d  g a s  e x i t s  f ro m  th e  to p .
A  w a te r  s c ru b b in g  s y s te m  p r e c e d e d  b y  F F S  r e m o v a l  w o u ld  b e  a  

p r a c t ic a l ,  lo w - c o s t  p r o c e s s  fo r  u p g r a d in g  d a iry  b io g a s  to  b io m e th a n e .  I t is  im p o r ta n t  
th a t  th e  แ 2ร  b e  r e m o v e d  p r io r  to  th e  r e m o v a l  o f  th e  C 0 2, a s  H fS  is  h ig h ly  c o r r o s iv e  

a n d  w o u ld  r e s u l t  in  d e c r e a s e d  l i fe  a n d  h ig h e r  m a in te n a n c e  o f  th e  s u b s e q u e n t  
c o m p r e s s o r s  r e q u i r e d  in  th e  C 0 2- re m o v a l  s te p .

In  2 0 1 2 , S c h o lz  et al. s tu d ie d  m e m b r a n e - b a s e d  b io g a s  u p g r a d in g  
p r o c e s s e s .  T h e y  in v e s t ig a te d  m e m b ra n e  m a te r ia ls ,  g a s  p e r m e a t io n  m o d u le s  a n d  th e i r  
r e s p e c t iv e  o p e ra t io n  a s  w e l l  a s  g a s  p e r m e a t io n  p r o c e s s e s  fo r  b io g a s  u p g r a d in g .  T h e  
b io g a s  u p g r a d in g  p r o c e s s  a s  w e ll a s  c o n v e n t io n a l  u p g r a d in g  p r o c e s s e s  a n d  th e i r  
c h a r a c te r i s t ic s  a r e  p r e s e n te d  a s  a  b e n c h m a r k  fo r  th e  m e m b r a n e  p r o c e s s .

T h e i r  s tu d y  p r e s e n ts  th e  b a s ic  f lo w s h e e t  o f  th e  m e m b r a n e - b a s e d  b io g a s  
u p g r a d in g  p r o c e s s  a n d  th e  r e q u i re d  u n i t  o p e ra t io n s  w h e n  g a s  p e r m e a t io n  m e m b r a n e s  
a re  a p p l ie d  ( F ig u re  2 .4 ) .  T h e  r a w  g a s  is  c o m p r e s s e d  to  th e  r e q u i r e d  p ip e l in e  p r e s s u r e .  
T h e  p r e s s u r e  is  s l ig h t ly  h ig h e r  th a n  th e  p ip e l in e  p r e s s u r e  in  o r d e r  to  o v e r c o m e  th e  
p r e s s u r e  lo s s e s  in  th e  u p g r a d in g  e q u ip m e n t  a n d  th e  p ip in g  s y s te m . S u b s e q u e n t  to  th e  
c o m p r e s s io n ,  th e  g a s  f lo w s  to  a  h e a t  e x c h a n g e r  to  c o n t r o l  th e  g a s  t e m p e r a tu r e  a n d  to  
a v o id  h ig h  te m p e r a tu r e s  in  th e  m e m b r a n e  s y s te m . T h e n  th e  g a s  e n te r s  th e  m e m b r a n e  
s y s te m  to  p u r i fy  th e  g a s .  A  f in e  d e s u l f u r iz a t io n  u n i t  lo w e r s  th e  h y d r o g e n  s u l f id e  le v e l
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w h e n  th e  m e m b r a n e  s y s te m  is  n o t  a b le  to  a c h ie v e  th e  r e q u i r e d  h y d r o g e n  s u l f id e  
le v e l. F in a l ly ,  th e  p u r i f i e d  m e th a n e  r e a c h e s  th e  n a tu r a l  g a s  g r id .

Figure 2.4 T h e  p r o c e s s  e q u ip m e n t  f o r  a  m e m b r a n e - b a s e d  u p g r a d in g  p r o c e s s .

T h e y  a ls o  fo u n d  th a t  g a s  p e r m e a t io n  p r o c e s s e s  h a v e  o u ts ta n d in g  
p r o p e r t ie s  w h ic h  m a k e  th e m  s u p e r io r  to  c o n v e n t io n a l  g a s  s e p a r a t io n  e q u ip m e n t  in  
b io g a s  u p g r a d in g .  H o w e v e r ,  s in g le  s ta g e  m e m b ra n e  p r o c e s s e s  a r e  n o t  a b le  to  u p g r a d e  
th e  r a w  b io g a s  e c o n o m ic a l ly  a n d  l im i ts  o f  th e  g a s  p e r m e a t io n  p r o c e s s  a r e  d i s c u s s e d  
in  d e ta i l .  N e v e r th e le s s ,  th e  ty p ic a l t r a d e o f f  b e tw e e n  p r o d u c t  g a s  p u r i ty  a n d  m e th a n e  
r e c o v e r y  c a n  b e  d i s m a n t l e d  b y  a p p ly in g  m u l t i s ta g e  g a s  p e r m e a t io n  n e tw o rk s .

2.2 Napier Grass

Pennisetum purpureum a l s o  k n o w n  a s  N a p ie r  g r a s s ,  e le p h a n t  g r a s s  o r  
U g a n d a n  g ra s s ,  is  a  m o n o c o t  C 4  p e r e n n ia l  g r a s s  in  th e  P o a c e a e  f a m ily  ( K h a n  et al, 
2 0 0 7 ) .  I t is  a  s p e c ie s  o f  p e re n n ia l  t r o p ic a l  g r a s s  n a t iv e  to  th e  A f r ic a n  g r a s s la n d s  
(F a r re l l  et a l, 2 0 0 2 ) .  I t h a s  lo w  w a te r  a n d  n u t r ie n t  r e q u i r e m e n ts ,  a n d  th e r e f o r e  c a n  
m a k e  u s e  o f  o th e r w is e  u n c u l t iv a te d  la n d s . H is to r ic a l ly ,  th is  w i ld  s p e c ie s  h a s  b e e n  
u s e d  p r im a r i ly  f o r  g r a z in g ;  r e c e n t ly ,  h o w e v e r ,  it h a s  b e e n  in c o r p o ra te d  in to  a  p e s t
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m a n a g e m e n t  s t r a te g y . T h is  te c h n iq u e  in v o lv e s  th e  d e s i re d  c r o p  b e in g  p la n te d  
a lo n g s id e  a  ‘p u s h ’ p la n , w h ic h  r e p e ls  p e s t s ,  in  c o m b in a t io n  w ith  a  ‘p u l l ’ c ro p  a r o u n d  
th e  p e r im e te r  o f  th e  p lo t , w h ic h  d r a w  in s e c ts  o u t o f  th e  p lo t .  N a p ie r  g r a s s  h a s  s h o w n  
p o te n t ia l  a t  a t t r a c t in g  s te m b o r e r  m o th s  (a  m a in  c a u s e  o f  y ie ld  lo s s  in  A f r ic a )  a w a y  
f ro m  m a iz e  a n d  h e n c e  is  th e  “ p u l l ” c r o p .  T h is  s t r a te g y  is  m u c h  m o r e  s u s ta in a b le ,  
s e rv e s  m o r e  p u r p o s e s  a n d  is  m o re  a f fo rd a b le  fo r  f a r m e r s  th a n  in s e c t ic id e  u s e . In  

- a d d i t io n  to  th is ,  N a p ie r  g r a s s e s  im p ro v e  s o i l  f e r t i l i ty ,  a n d  p ro te c t  a r id  la n d  f ro m  so il 
e ro s io n . It is  a ls o  u t i l i z e d  f o r  f i r e b re a k s ,  w in d b r e a k s ,  in  p a p e r  p u lp  p r o d u c t io n  a n d  
m o s t  r e c e n t ly  to  p r o d u c e  b io - o i l ,  b io g a s  a n d  c h a rc o a l"

I t  is  a  f a s t  g r o w in g ,  d e e p ly  r o o te d  g ra s s  g r o w in g  u p  to  4  m e tr e s  ta l l  th a t  c a n  
s p re a d  b y  u n d e r g r o u n d  s te m s  to  fo rm  th ic k  g r o u n d  c o v e r .  N a p ie r  is  e a s y  to  e s ta b l i s h  
a n d  p e r s is te n t ;  d r o u g h t  to le r a n t ;  s u i ta b le  f o r  c u t t in g  a n d  v e r y  g o o d  f o r  s i te g e  m a k in g .  
N a p ie r  g r a s s  is  a  h ig h  y i e ld in g  f o d d e r  c r o p  w ith  g o o d  p a la ta b i l i ty ,  h ig h ly  n u t r i t io u s  
e s p e c ia l ly  w h e n  y o u n g , d a r k  g re e n  le a v e s  a n d  le s s  th a n  1 m e tr e  ta ll .

It is  a ls o  u s e d  a s  a  s o i l  s t a b i l i z e r  in  so i l c o n s e rv a t io n  m e th o d s  a n d  c a n  b e  
in te r c r o p p e d  w i th  v a r io u s  f o r a g e  le g u m e s .

N a p ie r  g ra s s  is  n o t  s u i ta b le  fo r  d i r e c t  g r a z in g  s in c e  s tu m p in g  r e s u l t s  in  p o o r  
r e g e n e r a t io n .  I t  is  v u ln e r a b le  to  d is e a s e  a n d  p e s t  a t ta c k s .  I t ta k e s  u p  a  lo t  o f  n u t r ie n t s  
f ro m  th e  s o i l s  a n d  is  h ig h ly  d e m a n d in g  o n  n u tr ie n t  r e c y c l in g / f e r t i l iz e r  a p p l ic a t io n .
I t  c a n  b e  g r o w n  a t a l t i tu d e s  r a n g in g  f ro m  s e a  le v e l to  2 ,0 0 0  m  a b o v e  s e a  le v e l. W h e n  
g r o w n  a t a l t i tu d e s  a b o v e  2 0 0 0  m , g r o w th  a n d  r e g e n e r a t io n  a f te r  c u t t in g  is  s lo w  a n d  it 
m a y  d ie  d u e  to  f ro s t .  I t d o e s  b e s t  in  h ig h  r a in f a l l  a r e a s ,  o v e r  15 0 0  m m  p e r  y e a r .

N a p ie r  g ra s s  c a n  g r o w  in  a lm o s t  a n y  s o i ls ;  b u t  d o e s  b e s t  in  d e e p , f e r t i le ,  
w e l l  d r a in in g  s o i ls .  N a p ie r  c a n  b e  p r o p a g a te d  th r o u g h  se e d s , h o w e v e r  a s  s e e d  
p r o d u c t io n  is  in c o n s is te n t ,  c o l le c t io n  is  d i f f ic u l t .  A l te r n a t iv e ly ,  it c a n  b e  p l a n te d  
th ro u g h  s te m  c u t t in g s  o f  th e  s to lo n s .  T h e  c u t t in g s  c a n  b e  p la n te d  b y  in s e r t in g  th e m  
a lo n g  f u r r o w s  7 5  c m  a p a r t ,  b o th  a lo n g  a n d  b e tw e e n  r o w s  (A m in a h  et al., 1 9 9 7 ).

T h e  D e p a r tm e n t  o f  L iv e s to c k  D e v e lo p m e n t  in  T h a i la n d  c a l l s  a  n e w  h y b r id  
N a p ie r  g r a s s  “ P a k c h o n g  1 N a p ie r ”  b u t  i t  m ig h t  a s  w e l l  b e  c a lle d  “ S u p e r  N a p ie r ” . I t  is  
v e r y  f a s t  g r o w in g  a n d  h ig h -y ie ld in g .  O n e  ra i o r  1 ,6 0 0  s q u a re  m e te r s  c a n  y ie ld  2 0  
to n s  o f  h e r b a g e  p e r  h a rv e s t .  T h e r e  is  6 0  to n s  p e r  ra i  p e r  y e a r . T h e  s tu d y  o f  E n e r g y  
R e s e a r c h  a n d  D e v e lo p m e n t  In s t i tu te  ( N a k o rn p in g ) ,  C h ia n g m a i U n iv e r s i ty  a n d
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E n e r g y  P o l ic y  a n d  P la n n in g  O f f ic e ,  T h a i la n d  M in is t r y  o f  E n e r g y  m e n t io n e d  th a t  
P a k c h o n g  1 N a p ie r  h a s  h ig h e s t  y i e ld  c o m p a r in g  w i th  o th e r  ty p e s  o f  g r a s s e s  
( D e p a r tm e n t  o f  A l te r n a t iv e  E n e r g y  D e v e lo p m e n t  a n d  E f f ic ie n c y ,  T h a i la n d  M in is t ry
o f  E n e r g y ,  2 0 1 3 ) .

N a p ie r  g ra s s  c u l t iv a t io n  s ta g e  c o n s is t s  o f :
2 .2 .1  L a n d  P r e p a r a t io n

- P lo u g h  a n d  h a r r o w  th e  f ie ld  w e l l  b e fo re  p l a n t in g  ( i.e . s e e d b e d  
s h o u ld  b e  a s  g o o d  a s  th a t  f o r  p la n t in g  m a iz e ) .

2 .2 .2  H o w  T o  P la n t
T w o  m e th o d s  m a y  b e  u s e d ,  n a m e ly :

2 .2 .2 .1  Conventional Method
- D ig  u p  a  w id th  o f  1 5 -2 0  c m  a n d  a  d e p th  o f  1 5 -2 0  c m  a t 

a  s p a c in g  o f  3 fe e t (9 0  c m )  b e tw e e n  r o w s  X 2 f e e t  (6 0  c m )  b e tw e e n  p la n ts .
- In  e a c h  h o le  a p p ly  o n e  o r  tw o  h a n d f u l s  o f  f a rm  y a rd  

m a n u re  ( 10 to n s /h a  F Y M )  o r  (2 0  to  4 0  K g  p 205/h a )
- P la c e  a  3 - n o d e  c a n e  a t  a  s la n t in g  p o s i t i o n  in  th e  so i l , 

e n s u r in g  th a t  tw o  n o d e s  a r e  c o v e re d  b y  th e  so il.
- P la c e  th e  r o o t  s p l i ts  in to  th e  p la n t in g  h o le s  a n d  c o v e r

w ith  s o i l .
2 .2 .2 .2  Tumbukiza Method

T h is  m e th o d  g iv e s  h ig h e r  h e r b a g e  y ie ld s  e v e n  d u r in g  th e  
d ry  s e a s o n  th a n  th e  c o n v e n t io n a l  m e th o d .  T h e re  a r e  tw o  ty p e s  o f  t u m b u k iz a ,  n a m e ly  
th e  r o u n d  p i t  ty p e  a n d  th e  r e c ta n g u la r  p i t  ty p e .

For round pits :
- D ig  u p  a  d ia m e te r  o f  6 0  c m  a n d  a  d e p th  o f  6 0  c m . T h e  

r o w s  o f  p i ts  s h o u ld  b e  6 0  c m  a p a r t .
For rectangular pits:
- D ig  p i t s  6 0  c m  d e e p  b y  6 0 -9 0  c m  w id e .
- T h e  le n g th  o f  th e  p i t  c a n  v a ry  d e p e n d in g  o n  a v a i la b le

la n d .
- T h e  p i t s  s h o u ld  b e  9 0  c m  a p a r t .
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For both round and rectangular pit type:
- S e p a r a te  to p  s o i l  f ro m  s u b  so il.
- M ix  1 d e b e  o f  to p  s o i l  w i th  1 to  2 d e b e s  o f  f a rm  y a rd  

m a n u r e  a n d  p u t in to  th e  p i ts .
- L e a v e  a b o u t  15 c m  u n f i l le d  s p a c e  a t  th e  to p  o f  e a c h  p it.
- P la n t  5 -1 0  c a n e  c u t t in g s  o r  s in g le  ro o t  s p l i ts  in  ro u n d

p i ts .
- In  r e c ta n g u la r  p i t s ,  p l a n t  5 - 1 0  c u t t in g s  o r  s in g le  ro o t  

s p l i ts  f o r  e v e ry  9 0  c m  le n g th .
2 .2 .3  M a n a g e m e n t

- H a n d  w e e d  a f te r  e v e r y  c u t t in g /h a r v e s t in g  i f  th e r e  a re  w e e d s .
- A p p ly  fa rm  y a r d  m a n u r e  a t  th e  r a te  o f  5 to  10  to n  h a '1 o r  s lu r r y  a f te r  

e v e r y  4  to  6  h a rv e s ts .
- I n o r g a n ic  n i t r o g e n  f e r t i l iz e r s  c a n  a ls o  b e  u s e d  a t  th e  r a te  o f  6 0 -9 0  k g  - 

N  h a '1 (5  to  8 b a g s  o f  C A N  f e r t i l iz e r ) .
2 .2 .4  H a r v e s t in g

N a p ie r  g ra s s  is  r e a d y  f o r  h a r v e s t in g  2 -3  m o n th s  a f te r  p l a n t in g  a n d  
h a r v e s t in g  c a n  c o n t in u e  a t  a n  in te r v a l  o f  6 -8  w e e k s .

2.3 Life Cycle Assessment (LCA)

A c h ie v in g  s u s ta in a b le  d e v e lo p m e n t  r e q u i r e s  m e th o d s  a n d  to o l s  to  q u a n t i f y - 
a n d  c o m p a r e  th e  e n v i r o n m e n ta l  im p a c ts  o f  e a c h  p ro d u c t .  E v e r y  p r o d u c t  h a s  a  l i fe ,,  
s ta r t in g  w i th  d e s ig n  o r  d e v e lo p m e n t  o f  th e  p r o d u c t ,  f o l lo w e d  b y  p r o d u c t io n  a n d  
c o n s u m p t io n ,  a n d  f in a l ly  e n d - o f - l i f e  a c t iv i t ie s  in c lu d in g  c o l le c t io n ,  w a s te  d is p o s a l ,  
r e u s e , a n d  r e c y c lin g  ( R e b i tz e r  et al., 2 0 0 4 ) .  A l l  o f  th e  p r o c e s s e s  th r o u g h o u t  th e  
p r o d u c t ’s li fe  r e s u l t  in  th e  e n v i r o n m e n ta l  im p a c ts  d u e  to  c o n s u m p t io n  o f  r e s o u r c e s ,  
g e n e r a t io n  o f  w a s te s ,  a n d  e m is s io n s  o f  s u b s ta n c e s .  F ig u re  2 .5  s h o w s  a  s im p l i f ie d  
s c h e m e  o f  th e  p r o d u c t  l i f e  c o n c e p t  w h ic h  is  u s u a l ly  r e f e r r e d  to  a s  a  “ l i fe  c y c le ” .
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Figure 2.5 S c h e m a t ic  r e p r e s e n ta t io n  o f  a  g e n e r ic  l i fe  c y c le  o f  a  p r o d u c t  
( R e b i tz e r  et al. , 2 0 0 4 ) .

2 .3 .1  H is to r y  o f  L C A
L ife  c y c le  a s s e s s m e n t  (L C A )  w a s  d e v e lo p e d  a ro u n d  th e  la te  1 9 6 0 s  

a n d  e a r ly  1 9 7 0 s , a  p e r io d  in  w h ic h  o il c r i s i s  a n d  e n v i r o n m e n ta l  i s s u e  b e c a m e  a  
b r o a d ly  p u b l ic  c o n c e r n  ( R u s s e l l  et al, 2 0 0 5 ) .  I t b e c a m e  o b v io u s  th a t  th e  p e t ro le u m  
r e s o u r c e  w ill  la s t  f o re v e r  a n d  th e  e x p o n e n t ia l  e c o n o m ic  g r o w th  m ig h t  r e s u l t  in  b o th  
e n v i r o n m e n ta l  a n d  s o c ia l d is a s te r .  T h e r e f o r e ,  th e  c o n c e p t  o f  e n e r g y  a n d  
e n v i r o n m e n ta l  a n a ly s is ,  w h ic h  h a d  b e e n  c o n d u c te d  fo r  s e v e ra l  y e a r s ,  w a s  la te r  
b r o a d e n e d  to  e n c o m p a s s  r e s o u r c e  - r e q u i r e m e n t ,  w a s te  g e n e ra t io n ,  a n d  e m is s io n  
lo a d in g .

- Decades of Conception (1970-1990)
D e c a d e s  o f  c o n c e p t io n  a re  th e  b e g in n in g  p e r io d  o f  L C A  w i th  w id e ly  

d iv e r g in g  a p p ro a c h e s ,  t e r m in o lo g ie s ,  a n d  r e s u l t s .  L C A  w a s  p e r f o r m e d  b y  u s in g  
d i f f e r e n t  m e th o d s  a n d  w i th o u t  a  c o m m o n  th e o r e t ic a l  f r a m e w o r k  in  th i s  p e r io d . In  
1 9 6 9 , th e  f ir s t  L C A  s tu d y  w a s  c o n d u c te d  b y  M id w e s t  R e s e a r c h  In s t i tu te  (M R I )  in  th e  
U n i te d  S ta te s  f o r  th e  C o c a  C o la  C o m p a n y  a b o u t  d i f f e r e n t  b e v e ra g e  c o n ta in e r s
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( G u in é e  et al, 2 0 1 0 ) .  In  E u ro p e , e a r ly  L C A - l ik e  w o rk  s ta r te d  s o o n  a f te r w a r d s  in  
G e rm a n y , E n g la n d ,  S w i tz e r la n d , a n d  S w e d e n  ( K lô p f fe r ,  1 9 9 7 ) . T h e  m a in  to p ic  w a s  
th e  c o m p a ra t iv e  a n a ly s is  o f  p a c k a g in g  u n d e r  e n v ir o n m e n ta l  a s p e c t s ,  e s p e c ia l ly  w ith  
re g a rd  to  r e s o u r c e  c o n s e rv a t io n  a n d  e n e rg y  s a v in g . T h e  S w is s  F e d e ra l  L a b o ra to r ie s  
fo r  M a te r ia ls  T e s t in g  a n d  R e s e a r c h  ( E M P A )  p u b l is h e d  a  r e p o r t  th a t  p r e s e n te d  a  
c o m p re h e n s iv e  l i s t  o f  th e  d a ta  n e e d e d  fo r  L C A  s tu d y  in  1 9 8 4  ( G u in é e  et al. , 2 0 1 0 ) . 
In  th e  la te  1 9 8 0 s , n o t  o n ly  p a c k a g in g ,  b u t  a ls o  m a n y  o th e r  s y s te m s  w e r e  g r a d u a l ly  
s tu d ie d  a n d  a n a ly z e d  f ro m  “ c r a d le  to  g r a v e ” ( K lô p f fe r ,  1 9 9 7 ). T h e n  a  s h i f t  c a n  b e  
o b s e rv e d  f ro m  c o m p a r a t iv e  s tu d ie s  to w a r d  s y s te m  o p t im iz a t io n  a n d  b e n c h m a r k in g .  It 
h a s  b e e n  r e c o g n iz e d  th a t  a  la rg e  s h a re  o f  th e  e n v i r o n m e n ta l  im p a c ts  o f  m a n y  
p r o d u c ts  is  n o t  in  th e  u t i l iz a t io n  o f  th e  p r o d u c t ,  b u t  in  its  p r o d u c t io n ,  t r a n s p o r ta t io n ,  
a n d  d i s p o s a l  p r o c e s s .

- Decade of Standardization (1990-2000)
T h e  n u m b e r  o f  L C A  r e s e a rc h  w o rk s  a n d  h a n d b o o k s  h a s  b e e n  

p r o d u c e d  s in c e  th e  b e g in n in g  o f  th e  1 9 9 0 s  ( R u s s e l l  et a l, 2 0 0 5 ) .  M a n y  s c ie n t i f ic  
jo u r n a l  p a p e r s  h a v e  a ls o  b e e n  p u b l is h e d .  In  th e  e a r ly  1 9 9 0 s , th ro u g h  i t s  N o r th  
A m e r ic a n  a n d  E u r o p e a n  b ra n c h e s , th e  S o c ie ty  o f  E n v ir o n m e n ta l  T o x ic o lo g y  a n d  
C h e m is tr y  ( S E T A C )  s h a p e d  th e  d e v e lo p m e n t  o f  L C A  in  a  s e r ie s  o f  im p o r ta n t  
w o rk s h o p  r e s u l t in g  in  th e  “ C o d e  o f  P r a c t ic e ” in  19 9 3  ( P e r r im a n ,  1 9 9 3 ; E k v a l l ,  2 0 0 5 ) . 
T h is  d o c u m e n t  d e s c r ib e s  a  p r o c e d u r a l  f r a m e w o rk  fo r  L C A  a n d  a ls o  in c lu d e s  s o m e  

-  m e th o d o lo g ic a l  r e c o m m e n d a t io n s .  N e x t  to  S E T A C , th e  I n te r n a t io n a l  O r g a n iz a t io n  o f  
S ta n d a r d iz a t io n  ( I S O )  h a s  b e e n  in v o lv e d  in  L C A  s in c e  1 9 9 4  in  o r d e r  to  s ta r t  a  
s ta n d a r d iz in g  p r o c e s s  ( A rv a n i to y a n n is ,  2 0 0 8 ) .  T h e r e fo re ,  th is  p e r io d  c a n  b e  
c h a r a c te r iz e d  a s  a  p e r io d  o f  c o n v e r g e n c e  b e tw e e n  S E T A C ’s c o o r d in a t io n  a n d  I S O ’s 
s ta n d a r d iz in g  a c t iv i ty .

N o w a d a y s ,  L C A  b e c o m e s  in c re a s in g ly  im p o r ta n t  d u e  to  a w a r e n e s s  o f  th e  
e n v i r o n m e n ta l  im p a c ts  c a u s e d  b y  p r o d u c ts .  G o v e r n m e n ts  a n d  c o r p o r a t io n s  a ll  o v e r  
th e  w o r ld  a ls o  e n c o u r a g e d  th e  u s e  o f  L C A  ( R e a p  et al, 2 0 0 8 ) .  A s  a  r e s u l t ,  L C A  h a s  
b e c o m e  a  c o re  e le m e n t  in  e n v ir o n m e n ta l  p o l ic y  a s  w e l l  a s  v o lu n ta r y  a c tio n .

2 .3 .2  D e f in i t i o n  o f  L C A
T w o  o f  th e  m o s t  w id e ly  a c c e p te d  d e f in i t io n s  o f  L C A  a re  p r e s e n te d  

b e lo w  a s  th e y  h a v e  b e e n  c h r o n o lo g ic a l ly  f o r m u la te d  to  d a te .
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- Definition of LCA by SETAC
"The life cycle assessment is an objective process to evaluate the 

environmental burdens associated with a product, process or activity by identifying 
and quantifying energy and materials used and wastes released to the environment; 
to assess the impact o f those energy and material uses and releases to the 
environment; and to identify and evaluate opportunities to effect environmental 
improvements. The assessment includes the entire life cycle o f the product, process 
or activity, encompassing extracting and processing raw materials; manufacturing; 
transportation and distribution; use, re-use, maintenance; recycling; and final 
disposal. ”

- Definition of LCA by ISO 14040
“LCA is a technique for assessing the environmental aspects and 

potential impacts associated with a product by;
1. Compiling an inventory o f relevant inputs and outputs o f a product

system;
2. Evaluating the potential environmental impacts associated with 

those inputs and outputs;
3. Interpreting the results o f the inventory analysis and impact 

assessment phases in relation to the objectives o f the study.
LCA studies the environmental aspects and potential impacts 

throughout the'product's life (i.e. cradle to grave) from raw materials acquisition 
through production, use and disposal. The general categories o f environmental 
impacts needing consideration include resource use, human health, and ecological 
consequences”.

2 .3 .3  L C A  M e th o d o lo g y
T h e  S o c ie ty  o f  E n v ir o n m e n ta l  T o x ic o lo g y  a n d  C h e m is t r y ’s ( S E T A C )  

“ C o d e  o f  P ra c t ic e ” , w h ic h  c a n  b e  i l lu s t r a te d  b y  th e  f a m o u s  S E T A C  t r ia n g le  a s  
s h o w n  in  F ig u re  2 .6 , o r ig in a l ly  d i s t in g u is h e d  f o u r  m e th o d o lo g ic a l  c o m p o n e n ts  w i th in  
L C A : g o a l  a n d  s c o p e  d e f in i t io n ,  in v e n to r y  a n a ly s is ,  im p a c t  a s s e s s m e n t ,  a n d  
im p r o v e m e n t  a s s e s s m e n t  ( R e b i tz e r  et al, 2 0 0 4 ) .
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Figure 2 .6  S E T A C  t r ia n g le  ( K lô p f fe r ,  1 9 9 7 ).

A c c o r d in g  to  IS O  1 4 0 4 0 , im p ro v e m e n t  a s s e s s m e n t  is  n o  lo n g e r  
r e g a rd e d  a s  a  p h a s e  o n  i ts  o w n , b u t  r a th e r  a s  h a v in g  a n  in f lu e n c e  th r o u g h o u t  th e  
w h o le  L C A  m e th o d o lo g y  ( R e b i tz e r  et al. , 2 0 0 4 ) . M o re o v e r ,  in te r p r e ta t io n  w h ic h  is  a  
p h a s e  th a t  in te r a c ts  w i t h 'a l l  o th e r  p h a s e s  in  th e  L C A  h a s  b e e n  in t r o d u c e d  a s  
i l lu s t ra te d  in  F ig u re  2 .7 .  In  p r a c t ic e ,  a n  L C A  is  o f te n  c o n d u c te d  i te ra t iv e ly , r e p e a t in g  
s o m e  o f  th e  p h a s e s  s e v e ra l  t im e s  in  o r d e r  to  e l im in a te  u n c e r ta in t ie s  ( W id h e d e n  a n d  
R in g s t ro m , 2 0 0 7 ) .

Figure 2 .7  G e n e ra l  m e th o d o lo g ic a l  f r a m e w o r k  o f  L C A .
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2 .3 .3 .1  Goal and Scope Definition
T h e  g o a l a n d  s c o p e  d e f in i t io n  p h a s e  in  th e  L C A  is  th e  

p la n n in g  p h a s e  w h ic h  a t t e m p ts  to  s e t  th e  e x te n t  o f  th e  in q u iry  a n d  p r o v id e s  th e  
fo l lo w in g  d e s c r ip t io n s  o f  th e  p r o d u c t  s y s te m  ( W id h e d e n  a n d  R in g s t rô m , 2 0 0 7 ):

• Objectives
T h e  IS O  1 4 0 4 0  s ta n d a rd  s ta te s  th a t  th e  g o a l d e f in i t io n  “ 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 ic a t io n ,  th e  r e a s o n  fo r  c a r ry 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 ” .

• System Boundaries
T h e  s c o p e  d e f in e s  th e  b o u n d a r ie s  o f  th e  s tu d y , in c lu d in g  th e  

p ro d u c ts  a n d  u n i t  p r o c e s s e s  f o r  w h ic h  d a ta  a re  to  b e  c o l le c te d ,  a n d  th e  g e o g r a p h ic a l  
lo c a t io n s  a n d  te c h n o lo g ic a l  le v e ls ~ o f  th e s e  p r o c e s s e s ,  r e s u l t in g  in  a  s tr a te g y  f o r  d a ta  
c o l le c t io n .

• Functional Unit
T h e  f u n c t io n a l  u n i t ,  w h ic h  is  th e  b a s is  f o r  th e  c a lc u la t io n ,  is  

a  m e a s u re  o f  th e  p e r f o rm a n c e  th a t  th e  s y s te m  d e l iv e r s  a n d  a ls o  e n a b le s  a l t e r n a t iv e  
p r o d u c ts  to  b e  c o m p a re d  a n d  a n a ly z e d .

• Assumptions and Limitations
T h e  a s s u m p t io n s  a n d  l im i ta t io n s  a re  v e ry  im p o r ta n t  to  e a c h  

L C A  in  c a s e  o f  th e  in te rn a l  c o n s is te n c y  o f  th e  s tu d y .
• Allocation Methods

T h e  a l lo c a t io n  m e th o d s  a r e  u s e d  to  p a r t i t io n  th e  
e n v i r o n m e n ta l  lo a d  o f  a  p r o c e s s  w h e n  s e v e r a l  p r o d u c ts  o r  fu n c t io n s  s h a r e  th e  s a m e  
p ro c e s s .

• Impact Categories
T h e  im p a c t  c a te g o r ie s  r e p r e s e n t  e n v ir o n m e n ta l  is s u e s  o f  

c o n c e rn  to  w h ic h  L C I r e s u l t s  m a y  b e  a s s ig n e d . T h e  im p a c t  c a ta g o r ie s  w h ic h  a re  
s e le c te d  in  e a c h  L C A  s tu d y  h a v e  to  b e  a b le  to  d e s c r ib e  th e  im p a c ts  c a u s e d  b y  th e  
p r o d u c ts  b e in g  c o n s id e re d  o r  th e  p r o d u c t  s y s te m  b e in g  a n a ly z e d .
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2 .3 .3 .2  Inventory Analysis
L ife  c y c le  in v e n to r y  (L C I)  is  a  m e th o d o lo g y  f o r  q u a n t i fy in g  

th e  f lo w  o f  m a te r ia l  a n d  e n e r g y  a t t r ib u ta b le  to  a  p r o d u c t ’s li fe  c y c le  ( R e b i tz e r  et a l, 
2 0 0 4 ;  R e a p  et al., 2 0 0 8 ) .  T h e  im p l ic a t io n  o f  th e  in v e n to r y  a n a ly s is  is  th a t  a ll  
a c t iv i t ie s  r e la te d  to  th e  p r o d u c t io n  o f  o n e  fu n c t io n a l  u n i t  h a v e  to  b e  a n a ly z e d  
c o n c e rn in g  a b o u t  r a w  m a te r ia l ,  in te r m e d ia te ,  p ro d u c t ,  u s a g e , a n d  w a s te  r e m o v a l  
( K lô p f fe r ,  1 9 9 7 ) . A n  L C I  a n a ly s is  in c lu d e s  ( W id h e d e n  a n d  R in g s t ro m , 2 0 0 7 ) :

•  C o n s t r u c t io n  o f  a  f lo w c h a r t  r e p r e s e n t in g  th e  p r o d u c t  s y s te m  
a c c o rd in g  to  th e  s y s te m  b o u n d a r ie s  d e c id e d  in  th e  g o a l a n d  s c o p e  d e f in i t io n .

o  A ll m a te r ia l  f lo w s  a re  t r a c e d  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  to  th e i r  r e le a s e  in to  th e  e n v ir o n m e n t .

o  A ll t r a n s p o r t  o p e ra t io n s  a r e  a ls o  in c lu d e d .
•  D a ta  c o l le c t io n  fo r  a ll a c t iv i t ie s  in  th e  p r o d u c t  s y s te m , 

f o l lo w e d  b y  d a ta  q u a l i ty - a s s e s s m e n t  a n d  d o c u m e n ta t io n  o f  th e  c o l le c te d  d a ta . B o th  
n u m e r ic a l  a n d  q u a l i ta t iv e /d e s c r ip t iv e  d a ta  n e e d  to  b e  c o l le c te d .  T h e  n u m e r ic a l  d a t a  
in c lu d e s :

o  In p u ts :  r a w  m a te r ia ls ,  a u x i l ia ry  in p u ts  a n d  o th e r
p h y s ic a l  in p u ts .

๐ O u tp u ts :  p r o d u c ts  a n d  c o - p r o d u c ts .
๐ E m is s io n s  to  a ir  a n d  w a te r  a n d  w a s te .

T h e  q u a l i ta t iv e /d e s c r ip t iv e  d a ta  in c lu d e s :
o  D e s c r ip t io n s  o f  th e  te c h n o lo g y  o f  th e  p ro c e s s .
o  H o w  a n d  w h e n  e m is s io n s  w e re  m e a s u r e d  a n d  th e i r

u n c e r ta in ty .
๐ T h e  g e o g r a p h ic a l  lo c a t io n  o f  th e  p r o c e s s /a c t iv i ty .
ว  W h e re  in f lo w s  c o m e  f r o m  a n d  o u t f lo w s  g o  to .

•  C a lc u la t io n  o f  th e  e n v ir o n m e n ta l  lo a d s  o f  th e  s y s te m  in  
r e la t io n  to  th e  f u n c t io n a l  u n it .

๐ T h e  n u m e r ic a l  d a ta  f o r  th e  a c t iv i t ie s  h a v e  to  b e  
r e c a lc u la te d  to  f i t  th e  f u n c t io n a l  u n it  a n d  s u m m a r iz e d  in to  a  l is t  o f  p a r a m e te r s  
r e p r e s e n t in g  th e  e n t i r e  l i fe  c y c le  o f  th e  p r o d u c t .
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๐ T h e  r e s u l t  o f  th e  in v e n to r y  a n a ly s is  is  th e  in v e n to ry  
t a b le  w h ic h  is  a  l i s t  o f  a ll in p u ts  a n d  o u tp u ts  p e r  fu n c t io n a l  u n it .

2 .3 .3 .3  Impact Assessment
S in c e  l i fe  c y c le  in v e n to r y  (L C I)  p r o v id e s  h u n d re d s  o f  

p a r a m e te r s ,  i t  is  d i f f ic u l t  to  d r a w  a n y  c o n c lu s io n s  f ro m  L C I. T h e r e f o r e ,  a  fo rm a l 
im p a c t  a s s e s s m e n t  h a s  to  b e  p e r f o rm e d . L ife  c y c le  im p a c t  a s s e s s m e n t  (L C IA )  
p r o v id e s  in d ic a to r s  a n d  th e  b a s i s  fo r  a n a ly z in g  th e  p o te n t ia l  c o n t r ib u t io n s  o f  th e  
r e s o u r c e  c o n s u m p t io n s ,  w a s te  g e n e ra t io n s ,  a n d  e m is s io n s  in  a n  in v e n to r y  a n a ly s is  to  
a  n u m b e r  o f  p o te n t ia l  im p a c ts  ( R e b i tz e r  et al., 2 0 0 4 ) . T h e  r e s u l t  o f  th e  L C IA  is  a n  
e v a lu a t io n  o f  a  p r o d u c t  l i f e  c y c le ,  o n  a  f u n c t io n a l  u n i t  b a s is , in  t e r m s  o f  s e v e ra l  
im p a c t  c a te g o r ie s .  A c c o r d in g  to  th e  IS O  1 4 0 4 0  s ta n d a r d  fo r  L C IA , th e  fo l lo w in g  
s te p s  h a v e  to  b e  p e r f o r m e d  in  o rd e r  to  c o n v e r t  th e  in v e n to r y  d a ta  in to  the- 
e n v i r o n m e n ta l  im p a c t  e s t im a te s  ( W id h e d e n  a n d  R in g s t ro m , 2 0 0 7 ):

• Impact Category .Definition
S o m e  b a s e l in e  e x a m p le s  o f  im p a c t  c a te g o ry  c o n s id e re d  in  

m o s t  o f  th e  L C A  s tu d ie s  a r e  i l lu s t r a te d  in  T a b le  2 .1 .

• Classification
A s s ig n m e n t  o f  L C I  r e s u l t  p a r a m e te r s  to  th e i r  r e s p e c t iv e  

im p a c t  c a te g o r ie s ,  e .g ., c la s s i f y in g  C O 2 e m is s io n  to  g lo b a l  w a rm in g .

• Characterization
M o d e l in g  L C I im p a c ts  w i th in  im p a c t  c a te g o r ie s  u s in g  

s c ie n c e - b a s e d  c o n v e r s io n  f a c to r s ,  e .g ., m o d e l in g  th e  p o te n t ia l  im p a c t  o f  C O 2 a n d  
m e th a n e  o n  g lo b a l  w a r m in g .

• Normalization
R e la t in g  th e  c h a r a c te r iz a t io n  r e s u l t s  to  a  r e f e r e n c e  v a lu e  in  

o r d e r  to  b e  c o m p a r e d ,  e .g . r e la t in g  th e  im p a c ts  o f  th e  s tu d ie d  p r o d u c t  to  th e  im p a c ts  
o f  th e  to ta l  a m o u n t  o f  p o l lu ta n ts  e m it te d  in  a  r e g io n .



T a b l e  2 .1  B a s e l in e  e x a m p le s  o f  im p a c t  c a te g o r y  ( Iu g a , 2 0 0 9 )
1

Impact category Category indicator Characterization model Characterization factor
A b io t ic  d e p le t io n U l t im a te  r e s e rv e , a n n u a l  u s e G u in e e  a n d  H e i ju n g s  95 A D P 9
C l im a te  c h a n g e I n f r a r e d  r a d ia t iv e  f o r c in g IP C C  m o d e l1 2 3 G W P 1U
S tr a to s p h e r ic  o z o n e  d e p le t io n S tr a to s p h e r ic  o z o n e  b r e a k d o w n W M O  m o d e l4 O D P 11
H u m a n  to x ic i ty P D I /A D I 1 M u l t im e d ia  m o d e l ,  e .g . E U S E S 5, C a lT o x H T P 12
E c o to x ic i ty  ( a q u a t ic ,  te r r e s t r i a l ,  e tc ) P E C /P N E C 2 M u lt im e d ia  m o d e l ,  e .g . E U S E S , C a lT o x A E T P 1J, T E T P 14, e tc
P h o to - o x id a n t  f o rm a t io n T r o p o s p h e r ic  o z o n e  f o r m a t io n U N E C E 6 T r a je c to ry  m o d e l P O C P 15
A c id i f ic a t io n D e p o s i t io n  c r i t ic a l  lo a d R A I N S 7 A P 16
E u t ro p h ic a t io n N u tr ie n t  e n r ic h m e n t C A R M E N 8 9 E P 17

I
1 PDI/AD1 Predicted daily intake/Aceptable daily intake 10 GW P G lobal warm ing potential
2 PEC/PNEC Predicted environm ental concentrations/Predicted no-effects concentrations 11 O D P O zone depletion potential
3 IPCC Intergovernmental Panel on Climate Change 12 HTP Human toxicity potential
4 W M Ô W orld M eteorological Organization 13 A ETP Aquatic ecotox ic ity  potential
5 E U SE S European U nion System  for the Evaluation o f  Substances 14 TETP Terrestrial eco toxicity  potential
6 UN EC E United N ations Econom ic C om m ission  For Europe 15 POCP Photochem ical ozon e creation potential
7 RA IN S R egional A cid ification  Information and Sim ulation 16 AP A cid ification  potential
8 C A R M EN  Cause E ffect Relation M odel to Support Environmental N egotiation s 17 EP Eutrophication potential
9 A D P A b iotic depletion potential > 1 1
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• Grouping
S o r t in g  a n d  p o s s ib ly  r a n k in g  o f  th e  in d ic a to r s ,  e .g . s o r t in g  

a c c o r d in g  to  g lo b a l ,  r e g io n a l  o r  lo c a l im p a c t  o r  s o r t in g  a c c o r d in g  to  h ig h ,  m e d iu m  o r  
lo w  p r io r i ty .

• Weighting
A g g r e g a t io n  o f  c h a r a c te r iz a t io n  r e s u l t s  a c r o s s  im p a c t  

c a te g o r ie s  in to  o n e  to ta l  e n v ir o n m e n ta l  im p a c t  v a lu e  in  o r d e r  to  g e n e r a te  a  s in g le  
s c o r e  a n d  a ls o  e m p h a s iz in g  th e  m o s t  im p o r ta n t  p o te n t ia l  im p a c t .

2 .3 .3 .4  Interpretation
L ife  c y c le  in te r p r e ta t io n ,  w h ic h  o c c u r s  a t  e v e r y  s ta g e  in  a n  

L C A , is  a  p r o c e s s  o f  a s s e s s in g  r e s u lt s  in  o r d e r  to  d ra w  c o n c lu s io n s .  I t  is  a  c r i t ic a l  
e v a lu a t io n  o f  th e  w h o le  L C A  u s in g  m a th e m a t ic a l  to o l s u c h  a s  s e n s i t iv i ty  a n a ly s is  a n d  
d o m in a n c e  a n a ly s is  ( K lô p f fe r ,  1 9 9 7 ). F o r  e x a m p le ,  i f  tw o  p r o d u c t  a l t e r n a t iv e s  a re  
c o m p a r e d  a n d  o n e  a l t e rn a t iv e  s h o w s  h ig h e r  c o n s u m p t io n  o f  r e s o u r c e  a n d  e m is s io n  o f  
C O 2 , a n  in te r p r e ta t io n  p u re ly  b a s e d  o n  th e  L C I  a n d  L C IA  d a ta  c a n  b e  c o n c lu s iv e .  In  
o th e r  w o rd , th e  in te r p r e ta t io n  p h a s e  is d e s i r a b le  to  p r io r i t iz e  a r e a s  o f  c o n c e r n  w i th in  
a  s in g le  life  c y c le  s tu d y  ( R e b i tz e r  et ai, 2 0 0 4 ) .  M o re o v e r ,  it  a ls o  l in k s  th e  L C A  w i th  
th e  a p p l ic a t io n s  w h ic h  a re  n o t  p a r t  o f  L C A . T h 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  ( IS O )  h a s  d e f in e d  th e  f o l lo w in g  tw o  o b je c t iv e s  o f  life  c y c le  
in te r p r e ta t io n  ( พ id h e d e n  a n d  R in g s t ro m , 2 0 0 7 ) :

•  A n a ly z e  r e s u lts ,  r e a c h  c o n c lu s io n s ,  e x p la in  l im i ta t io n s  a n d  
p r o v id e  r e c o m m e n d a t io n s  b a s e d  o n  th e  f in d in g s  o f  th e  p r e c e d in g  p h a s e s  o f  th e  L C A  
a n d  th e n  r e p o r t  th e  r e s u lt s  o f  th e  l i fe  c y c le  in te r p r e ta t io n  in  a  t r a n s p a r e n t  m a n n e r .

•  P ro v id e  a  re a d ily  u n d e r s ta n d a b le ,  c o m p le te ,  a n d  c o n s is te n t  
p r e s e n ta t io n  o f  th e  r e s u lt s  o f  a n  L C A  s tu d y , in  a c c o rd a n c e  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 .

T h e  in te r p r e ta t io n  s h o u ld  in c lu d e :
•  I d e n t i f ic a t io n  o f  s ig n i f i c a n t  i s s u e s  b a s e d  o n  th e  r e s u l t s  o f  

th e  L C I  a n d  L C IA  o f  a n  L C A .
•  E v a lu a t io n  o f  th e  s tu d y  c o n s id e r in g  c o m p le te n e s s ,  

s e n s i t iv i ty  a n d  c o n s is te n c y  c h e c k in g .
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•  C o n c lu s io n s ,  l im i ta t io n s  a n d  r e c o m m e n d a t io n s .
2 .3 .4  A p p l ic a t io n  o f  L C A

A s  m e n t io n e d ,  L C A  is a  m e th o d  to  h e lp  q u a n t ify  a n d  e v a lu a te  th e  
p o te n t ia l  e n v ir o n m e n ta l  im p a c ts  o f  p ro d u c ts .  T h is  im p l ie s  th a t  L C A  c a n  b e  a p p lie d  to  
a n y  a p p l ic a t io n s  w h e re  th e  e n v ir o n m e n ta l  im p a c ts  o f  th e  c o m p le te  o r  p a r t  o f  th e  
p r o d u c t ’s life  c y c le  a re  o f  in te r e s t .  F o r  in s ta n c e ,  L C A  c a n  b e  u s e d  in  o r d e r  to  id e n t ify  
s ig n if ic a n t  e n v ir o n m e n ta l  a s p e c t s  a n d  a ls o  p r o v id e  a  b a s e l in e  fo r  d e c i s io n s  a b o u t  
p r o d u c t  im p ro v e m e n ts  in  p r o d u c t  d e v e lo p m e n t  p ro je c ts .

G o v e r n m e n ta l  o r g a n iz a t io n s ,  n o n - g o v e r n m e n ta l  o r g a n iz a t io n s ,  a n d  
in d u s tr ie s  h a v e  a p p l ie d  L C A  in  a w id e  v a r ie ty  o f  s e c to r s ,  e i th e r  a u to n o m o u s ly  o r  
w i th  th e  h e lp  o f  r e s e a rc h  in s t i tu te s  o r  c o n s u l ta n t s  ( R e b i tz e r  et a l,  2 0 0 4 ) . F o r  
e x a m p le ,  L C A  c a n  b e  u s e d  f o r  id e n t ify in g  a n d  im p ro v in g  w a s te  t r e a tm e n t  s tr a te g y  in  
th e  n a t io n  le v e l. A n o th e r  a p p l i c a t io n  a re a  is  m a rk e t in g . T h e  L C A  r e s u l t s  c a n  b e  u s e d  
to  c o m m u n ic a te  th e  e n v i r o n m e n ta l  b e n e f i ts  o f  a  p r o d u c t  to  c u s to m e rs ,  e .g . ,  th ro u g h  
th e  L C A -b a s e d  c o m m u n ic a t io n  to o l e n v i r o n m e n ta l  p r o d u c t  d e c la r a t io n  (E P D )  
( W id h e d e n  a n d  R in g s t ro m , 2 0 0 7 ) .

W h ile  n o t in g  a  g re a t im p o r ta n c e  o f  L C A  in  m a n y  a p p l ic a t io n s ,  
a c t iv i t ie s  in  v a r io u s  in d u s t r i a l  s e c to rs  a n d  c h a n g e s  in  c o n s u m e r  b e h a v io r  a r e  
u l t im a te ly  th e  m o s t  c r u c ia l  f a c to r s  fo r  r e d u c in g  th e  e n v ir o n m e n ta l  im p a c ts  a s s o c ia te d  
w i th  p ro d u c ts .

2 .3 .5  L C A  a n d  R e la te d  S tu d ie s  o n  B io f u e ls
H s u  ( 2 0 1 1 )  p e r f o r m e d  a  L C A  o f  th e  p r o d u c t io n  o f  g a s o l in e  a n d  d ie s e l  

f ro m  fo re s t  r e s id u e s  v ia  f a s t  p y ro ly s is  a n d  h y d r o p r o c e s s in g ,  f ro m  p r o d u c t io n  o f  th e  
f e e d s to c k  to  e n d  u s e  o f  th e  fu e l  in  a  v e h ic le . T h e y  c o n c lu d e d  th a t  a l th o u g h  p y ro ly s is -  
d e r iv e d  g a s o l in e  a n d  d ie s e l  h a v e  lo w e r  G H G  e m is s io n s  a n d  h ig h e r  N E V  th a n  
c o n v e n t io n a l  g a s o l in e  in  2 0 0 5 ,  th e y  u n d e r p e r fo rm  e th a n o l  p r o d u c e d  v i a  g a s i f i c a t io n  
f ro m  th e  s a m e  f e e d s to c k .  G H G  e m is s io n s  fo r  p y ro ly s i s  c o u ld  b e  lo w e r e d  fu r th e r  i f  
e le c t r i c i ty  a n d  h y d r o g e n  a re  p r o d u c e d  f ro m  b io m a s s  in s te a d  o f  f ro m  f o s s i l  s o u rc e s ,  a s  
lo n g  a s  th e  fu e l y ie ld  d o e s  n o t  fa ll  to  o f f s e t  th e  G H G  s a v in g s . B a s e d  o n  a  p y r o ly s i s  
p r o c e s s  u s in g  b io m a s s - d e r iv e d  e le c t r ic i ty ,  th e  G H G  e m is s io n s  a re  6 2  g  k m '1 t r a v e le d  
f o r  d ie s e l  a n d  7 4  g  k m "1 t r a v e le d  fo r  g a s o lin e , a n d  th e  N E V  is  1.51 M J  k m '1 fo r  d ie s e l  
a n d  1 .8 0  M J  k m " 1 fo r  g a s o l in e .
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S e v e ra l  L C A  s tu d ie s  h a v e  a lso  e x a m in e d  l i fe  c y c le  im p a c ts  o n  la n d  
u se . R e q u e n a  et al. ( 2 0 1 0 )  p e r f o rm e d  th e  e n v ir o n m e n ta l  im p a c t  f ro m  th e  p r o d u c t io n  
o f  b io f u e ls  w h o s e  o r ig in  is  th e  o il o b ta in e d  f ro m  s u n f lo w e r ,  r a p e s e e d  a n d  s o y b e a n s  
b y  a p p ly in g  th e  m e th o d o lo g y  o f  L C A . T h e  c o m p a r i s o n  b e tw e e n  p r o d u c t io n  
p r o c e s s e s  a n d  w a s te  t r e a tm e n t ,  T h e y  n o te  th a t  th e  im p a c t  p r o d u c e d  b y  th e  p r o d u c t io n  
is  a lw a y s  g r e a te r  th a n  th e  im p a c t  o f  w a s te  t r e a tm e n t  in  e a c h  o f  th e  c a te g o r ie s  o f  
im p a c t. N o te  th e  c a te g o r y  o f  c l im a te  c h a n g e  w h e re  b o th  im p a c ts  a r e  v e ry  s im i la r .  In  
th is  c a s e , th e  im p a c t  o f  b io f u e ls  p r o d u c t io n  is  5 3 .7 2 %  a n d  th e  w a s te  t r e a tm e n t  
4 6 .2 7 % . I t a ls o  e m p h a s iz e s  th e  c a te g o r y  o f  c a r c in o g e n s ,  la n d  u s e  a n d  a c id i f ic a t io n  
a n d  e u t r o p h ic a t io n  w h e r e  th e  im p a c t  f ro m  th e  p r o d u c t io n  is  m u c h  h ig h e r ,  a n  o r d e r  o f  
7 5 % , th a n  th e  im p a c t  f o r  th e  t r e a tm e n t  o f  w a s te .

F ro m  th e  L C A  s tu d y , th e y  a ls o  c o n c lu d e d  th a t  th e  p r o c e s s  in  w h ic h  it 
s h o u ld  b e  m a d e  a  g r e a te r  e f fo r t  in  r e d u c in g  th e  e n v i r o n m e n ta l  im p a c t  o f  b io f u e l  
p r o d u c t io n  is  in  th e  p r o d u c t io n  o f  s e e d s . H ig h  im p a c t  v a lu e s  o n  la n d  u s e  o b s e r v e d  in  
th e  r e s u l t s  s e t  th e  g r o u n d  e x p lo d e d  d u r in g  th e  a g r ic u l tu ra l  p r o c e s s  a s  th e  w o r s t  o f  th e  
e n v ir o n m e n ta l  f a c to r s  a n a ly z e d .  M in im iz in g  th e  u s e  o f  f e r t i l iz e r s  a n d  s im p l i f y in g  th e  
la b o r  it  w i l l  b e  r e d u c e d  th e  d a m a g e  o n  th e  g ro u n d  d e r iv e d  f ro m  th e  p r o d u c t io n  o f  
se e d s .

B ô r je s s o n  a n d  T u f v e s s o n  ( 2 0 1 0 )  a n a ly s e d  b io f u e ls  f ro m  a g r ic u l tu ra l  
c ro p s  in  n o r th e r n  E u r o p e  r e g a r d in g  a r e a  a n d  e n e r g y  e f f ic ie n c y ,  g r e e n h o u s e  g a s e s  a n d  
e u t ro p h ic a t io n .  T h e y  c le a r ly  s h o w  th e  im p o r ta n c e  o f  in c lu d in g  d i re c t  la n d  u s e  
c h a n g e s  in  th e  L C A s  o f  b io fu e ls .  D e p e n d in g  o n  w h e th e r  t r a d i t io n a l  c r o p la n d  o r  
u n fe r t i l iz e d  g r a s s la n d  is  u s e d  fo r  th e  b io f u e l  p r o d u c t io n ,  th e  G H G  b a la n c e  m a y  v a r y  
b y  a  f a c to r  o f  tw o , w h e r e a s  th e  v a r ia t io n  in  th e  c o n t r ib u t io n  to  th e  e u t r o p h ic a t io n  
p o te n t ia l  w i l l  b e  e v e n  la r g e r .  T h is  is  d u e  to  c h a n g e s  in  th e  b io g e n ic  e m is s io n s  o f  C O 2 

a n d  N 20  f ro m  th e  s o i ls ,  a n d  le a k a g e  o f  n i t r a te  to  w a te r ,  r e s p e c t iv e ly .  I f  p e a t  s o i l s  a re  
u t i l iz e d , th e  b io g e n ic  e m is s io n s  o f  C 0 2 m a y  in c re a s e  1 0 -2 0  t im e s .

2.4 Land Use Change (LUC)

B io fu e l  l i f e c y c le  a n a ly s e s  t r a d i t io n a l ly  a s s u m e  th a t  n o  la n d  u s e  c h a n g e  h a s  
o c c u r r e d . A n a ly s e s  h a v e  b e e n  e x te n d e d  to  c o n s id e r  th e  im p a c ts  o f  la n d  u s e  c h a n g e .  -
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D e p e n d in g  o n  th e  lo c a t io n  a n d  ty p e  o f  la n d  c o n v e r te d ,  s ig n i f ic a n t  G H G  e m is s io n s  
m a y  r e s u l t .  L a n d  u s e  c h a n g e  ( L U C )  o c c u r s  a s  la n d s  a re  s h i f t e d  f ro m  o n e  u s e  to  
a n o th e r ,  f o r  e x a m p le , f o r  u r b a n iz a t io n  o r  e x p a n s io n  o f  a g r ic u l tu re .  L U C  c a u s e d  b y  
b io f u e ls  c a n  o c c u r  b o th  d i r e c t ly ,  a s  la n d  u s e  is  s h i f t e d  in to  b io fu e l  c r o p  p r o d u c t io n ,  
o r  in d i r e c t ly  th ro u g h  m a r k e t  r e s p o n s e s  to  s u p p ly  a n d  d e m a n d  c h a n g e s  o f  b io f u e l  
c ro p s  a n d  o th e r  r e la te d  a g r ic u l tu ra l  c o m m o d i t i e s .  R e s u l t in g  p r ic e  f lu c tu a t io n s  m a y  
in c e n t iv iz e  th e s e  in d i r e c t  la n d  u s e  c h a n g e s  ( I L U C )  e ls e w h e r e . T h e r e  is  g r o w in g  
c o n c e rn  a b o u t  th e  e f f e c ts  o f  IL U C  o n  b io fu e l  c a r b o n  in te n s i ty ,  d u e  to  th e  d i f f ic u l t i e s  
in  m e a s u r in g  its  d i r e c t  r e la t io n s h ip  to  in c re a s e d  b io fu e l  p r o d u c t io n  a n d  u s e , its  
p o te n t ia l ly  s ig n if ic a n t  im p a c ts ,  a n d  th e  u n c e r ta in t ie s  s u r ro u n d in g  m o d e l in g  p r a c t ic e s  
( B ro c h  et al., 2 0 1 3 ) .

S e v e ra l  s tu d ie s  e x c lu d e  b io g e n ic ,  s o i l - d e r iv e d  e m is s io n s  o f  n i t r o u s  g a s  
( N 20 ) ,  in d u c e d  b y  n i t r o g e n  f e r t i l iz a t io n .  D e p e n d in g  o n  w h ic h  la n d  u s e  r e f e r e n c e  

s y s te m  is  c h o s e n , th e  e m is s io n  o f  b io g e n ic  C O 2 a n d  N 20  w ill  h a v e  a  s ig n i f ic a n t  
im p a c t  o n  th e  G H G  b a la n c e s  o f  b io f u e ls .  T h e  is s u e  o f  n i t r o u s  o x id e  e m is s io n s  d u r in g  
th e  c u l t iv a t io n  o f  b io f u e l  f e e d s to c k  c r o p s  h a s  b e e n  d is c u s s e d  in te n s iv e ly  in  th e  
r e s e a rc h  c o m m u n ity  o v e r  r e c e n t  y e a r s .  T h e  m e th o d  d e v e lo p e d  b y  IP C C  is  o n e  o f  th e  
m o s t  u t i l i z e d  m e th o d s  f o r  c a lc u la t in g  b io g e n ic  N 20  e m is s io n s . I t is  b a s e d  o n  th e  
a s s u m p t io n  o f  a  l in e a r  r e la t io n s h ip  b e tw e e n  th e  in p u t  o f  n i tro g e n  a n d  N 20  e m is s io n s ,  
a lso  in c lu d in g  m in e r a l i s a t io n  o f  c r o p  r e s id u e s  a n d  in d i r e c t  e m is s io n s  f ro m  n i t r o g e n  
le a c h in g  a n d  a m m o n ia  lo s s e s .

T h e r e  is  th e  im p o r ta n c e  o f  in d i r e c t  la n d  u s e  c h a n g e . G a l la g h e r  ( 2 0 0 8 )  
c o n c lu d e d  th a t  p o te n tia l  d is p la c e m e n t  o f  fo o d  a n d  f e e d  p r o d u c t io n  m a y  c o m p le te ly  
o f f s e t  th e  p o te n t ia l  r e d u c t io n  o f  G H G  e m is s io n s  o f  b io f u e ls .  H o w e v e r ,  a s s e s s m e n t  o f  
p o te n t ia l  in d i r e c t  la n d  u s e  c h a n g e  a n d  its  G H G  im p l ic a t io n s  is  a  v e r y  c o m p le x  a n d  
c o n te n t io u s  is s u e .

T h e  n e t  G H G  e m is s io n  a r is in g  f ro m  L U C  is  c a u s e d  by :
1) C h a n g e  in  a b o v e g r o u n d  v e g e ta t io n  a n d  a s s o c ia te d  r o o ts  a n d  d e a d  

o rg a n ic  m a t te r  ( fa l le n  le a v e s ,  b r a n c h e s ,  f ru i ts ,  e tc e te ra ) .  T h e  c h a n g e  in  th e  
a b o v e g r o u n d  v e g e ta t io n  c a n  b e  d e d u c te d  b y  c o m p a r in g  a n d  s u b t r a c t in g  th e  a m o u n t  
o f  c a r b o n  s to r e d  in  th e  s o y  a r e a  f ro m  th e  a m o u n ts  o f  c a r b o n  s to re d  in  th e  v e g e ta t io n
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o r ig in a l ly  p re s e n t .  M u l t ip ly in g  c h a n g e s  in  c a r b o n  s to c k s  w i th  4 4 /1 2  g iv e s  th e  
c o n c u r r e n t  C O 2 e m is s io n s .

2 )  C h a n g e  in  c a r b o n  s to c k s  in  s o i l .  C h a n g e  in  s o i l  c a r b o n  s to c k s  c a n  
b e  c a lc u la t e d  b y  m u l t ip ly in g  th e  c a r b o n  s to c k  o r ig in a l ly  p r e s e n t  w i th  th e  th re e  
c h a n g e  fa c to rs :

S O C 2 =  s o c ,  - f ia n d  u s e  ' f t i l la g e  ' f in p u t

T h e s e  f a c to r s  in d ic a te  th e  e f f e c ts  o f  d i f f e r e n t  m e c h a n is m s  o n  so il 
c a r b o n  c o n te n t .  T i l la g e  a n d  a n n u a l  c r o p p in g  m e a n  d i s tu r b a n c e  o f  th e  s o i l  s t r u c tu r e  
a n d  e x p o s u r e  o f  s o i l  o rg a n ic  m a t te r  to  o x y g e n  a n d  r e s u l t s  in  o x id a t io n  a n d  
d e g r a d a t io n  o f  th e  s o i l  o rg a n ic  m a t te r ,  r e le a s in g  th e  c a r b o n  s to re d  in  th e  o rg a n ic  
m a t te r  a s  C 0 2.

O n  th e  o th e r  h a n d  r e tu r n in g  c r o p  r e s id u e s  to  th e  so i l a n d  a p p l ic a t io n  
o f  m a n u r e  a n d  g r e e n  m a n u re  a ll m e a n  o rg a n ic  m a te r ia l  is  a d d e d  to  th e  s o i l  o rg a n ic  
m a t te r .  A  s m a ll p a r t  o f  th e  o r g a n ic  m a te r ia l  a d d e d  to  th e  s o i l  w i l l  n o t  b e  d e g ra d e d  
a n d  w i l l  in s te a d  a c c u m u la te  in  th e  s o i l ,  th u s  r e s u l t in g  in  so il g e n e ra t io n .

3 )  C h a n g e  in  N 20  e m is s io n s  f ro m  so il. C h a n g e s  in  v e g e ta t io n  w ill 
a ls o  r e s u l t  in  c h a n g e s  in  N 20  e m is s io n s .  A g r ic u l tu r a l  s o i ls  h a v e  a  d i f f e r e n t  so il 
h y d r o lo g y ,  r e c e iv e  d i f f e r e n t  a m o u n ts  o f  o rg a n ic  a n d  in o r g a n ic  n i t r o g e n  a n d  d i f f e r e n t  
a m o u n ts  o f  c a rb o n  m a te r ia l .  A s  a  r e s u l t  th e  s o i l  c h e m ic a l  r e a c t io n s  p r o d u c in g  N 20  
a ls o  o c c u r  w i th  d i f f e r e n t  r e a c t io n  r a te  a n d  v o lu m e  o f  p r o d u c e d  N 20  p e r  u n i t  o f  t im e .

T h e  n e t G H G  e m is s io n s  d u e  to  L U C  c a n  b e  v is u a l iz e d  a s  a  f u n c t io n  o f  th e  
n u m b e r  o f  y e a rs  o f  a l lo c a t io n  - th e  p e r io d  o f  t im e  th e  o n c e - o n ly  L U C  r e la te d  G H G  
e m is s io n s  a re  d iv id e d  b y  2 0  y e a r s  is  th e  s ta n d a r d  d e f in e d  b y  IP C C  ( C r o e z e n  a n d  
K a m p m a n ,  2 0 0 8 ) .

H o e fn a g e ls  et al. (2 0 1 0 )  s tu d ie d  th e  im p a c t  o f  d i f f e r e n t  a s s u m p t io n s  a n d  
m e th o d o lo g ic a l  c h o ic e s  o n  th e  l i f e - c y c le  G H G  p e r f o r m a n c e  o f  b io f u e ls  b y  p r o v id in g  
th e  r e s u l t s  fo r  d i f f e r e n t  k e y  p a r a m e te r s  o n  a  c o n s is te n t  b a s is .  T h e s e  in c lu d e  d i re c t  
l a n d - u s e  c h a n g e  e m is s io n s .  T h is  s tu d y  s h o w s  th a t  a  w id e  v a r ia t io n  in  p e r f o r m a n c e  
c a n  b e  fo u n d  fo r  th e  s a m e  b io fu e l  ty p e  d e p e n d in g  o n  r e f e r e n c e  la n d , lo c a t io n  o f  c ro p
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c u l t iv a t io n  a n d  r e la te d  y ie ld s  a n d  so i l N 20  e m is s io n s  a n d  u s e d  a l lo c a t io n  p r o c e d u r e  
f o r  c o - p r o d u c ts .

Logged over woodland (Bioshape) 

M iombo woodland (wet ) (Bioshape) 

Miombo wood! and ( dry ) ( Biosli ape) 

Cropland

พ oody Ccrrado and c erradào( Fargione) 

Degraded past lire 

Cropland (sov)

Tropical moist forest (IPCC) 

Tropical rain forest ( IPCC) 

Amazonian Rainforest (Fargione) 

Grassy cerrado (Fargione) 

Grassland (IPCC)

-140

Peat land T lopical Rainforest SE Asia ( Fargione et ลเ. 2008) 

Lowland Tropical Rainforest SE Asia(Fargioneet aJ. 2008) 

Peat land natural rain forest (W ickeet al. 2008) 

Natural rain forest (W ickeet al. 2008) 

Logged-over forest (Wicke et al. 2008) 

Degraded land (W ickeet al. 2008) 

Rubber plantation (CE)
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Figure 2 .8  N e t  G H G  e m is s io n s  d u e  to  la n d - u s e  c h a n g e  o f  v a r io u s  e n e r g y  p la n ts .

T h e y  in d ic a te d  th a t  th o s e  c a s e s  a r e  e x t r e m e  a n d  i l lu s t r a te  th e  im p a c t  o f  
s e le c te d  la n d -u s e  r e f e r e n c e  s y s te m s  r a th e r  th a n  r e a l is t ic  c a s e s .  N e t  G H G  e m is s io n s  
d u e  to  la n d -u s e  c h a n g e  o f  v a r io u s  e n e r g y  p l a n t s  a n d  G re e n h o u s e  g a s  e m is s io n s  f ro m
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p a lm  o il  b io d ie s e l  p r o d u c t io n  in c lu d in g  la n d - u s e  c h a n g e  e m is s io n s  f o r  d i f f e r e n t  la n d  
ty p e s  a r e  s h o w n  in  th e  F ig u r e  2 .8  a n d  F ig u r e  2 .9  r e s p e c t iv e ly .

600.0 1 -----------------

500.0 I -----------------

>1 400.0 -เ---------------

5  300.0 I ------------- --------------ç
V 200.0 T-------------------- —

-100.0 f
Degraded land Logged-over Natural rain Peat land natural Lowland No reference 
(W ic k e e ta l. forest (W ickeet forest (W ickeet ra in fo res t Trop ica l land

2008) al. 2008) al. 2008) (W ic k e e ta l. Rainforest SE
2008) Asia (Fargione 

et al. 2008)

■ LU C  emissions

■ Biofuel transport

■ Conversion

*  Feedstock transport

■ p re-treatment

ร Net N 20  emissions

* Cultivation

**” Net emissions

Figure 2 .9  G r e e n h o u s e  g a s  e m is s io n s  f ro m  p a lm  o il  b io d ie s e l  p r o d u c t io n  in c lu d in g  
la n d - u s e  c h a n g e  e m is s io n s  f o r  d i f f e r e n t  la n d  ty p e s .

R e q u e n a  et al. ( 2 0 1 0 )  c o m p a re d  th e  e n v ir o n m e n ta l  im p a c t  f ro m  th e  
p r o d u c t io n  o f  b io f u e ls  w h o s e  o r ig in  is  th e  o i l  o b ta in e d  f ro m  s u n f lo w e r ,  r a p e s e e d  a n d  
s o y b e a n s .  T h e y  f in d  th a t  th e  im p a c t  c a te g o r y  m o s t  a f f e c te d  is  th e  la n d  u s e . In  th e  
c o m p a r a t iv e  n o r m a l i z a t io n  b e tw e e n  th e  p r o d u c t io n  p r o c e s s  a n d  w a s te  t r e a tm e n t  
( F ig u r e  2 .1 0 ) ,  it  is  a l r e a d y  c le a r  th a t  th e  tw o  c a te g o r ie s  o f  im p a c t  w h e re  th e  im p a c t  is  
g r e a te r ,  la n d  u s e  a n d  fo s s i l  f u e ls ,  a g a in  th e  r e s u l t  o f  g r e a te r  im p a c t  is  p r o d u c e d  fo r  
p r o d u c t io n  th a n  f o r  w a s te  s c e n a r io .  In  th e  c a te g o r y  o f  la n d  u s e  b io f u e l  p ro d u c t io n  
r e p r e s e n ts  a  7 5 .0 7 %  o f  th e  to ta l  im p a c t  c o m p a r e d  to  2 4 .9 2 %  o f  th e  w a s te  s c e n a r io ,  
w h ic h  is  r e la te d  w i th  th e  g r e a te s t  im p a c t o c c u r r e d  in  th e  c a te g o r y  o f  e c o s y s te m  
q u a l i ty  d a m a g e .
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Eutrophication

Figure 2.10 N o r m a l iz a t io n  o f  th e  c o m p a r i s o n  b e tw e e n  th e  p r o d u c t io n  p r o c e s s  a n d  
th e  w a s te  t r e a tm e n t  b y  im p a c t  c a te g o r y .
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