
RESULTS AND DISCUSSION
CHAPTER IV

4.1 The Study of Compressed Biomethane Gas Production Process

A c c o r d in g  to  th e  C B G  p r o d u c t io n  p la n t  a t  M a e  T a e n g  d i s t r i c t ,  C h ia n g m a i ,  
T h a i la n d , b io g a s  w a s  c r e a te d  f ro m  c o n t in u o u s  s t i r r e d  ta n k  r e a c to r s  ( C S T R s )  w i th  th e  
p r o d u c t io n  ra te  o f  1 4 ,4 0 0  m 3/d a y  a n d  it c a n  b e  u p g r a d e d  to  C B G  w i th  th e  
p r o d u c t io n  r a te  o f  5 ,4 2 2 .4 6  k g /d a y . T h e  o v e ra l l  p r o c e s s  o f  C B G  p r o d u c t io n  is  s h o w n  
in  F ig u re  4 .1 .

Gas U pg ra d in g

Figure 4.1 O v e ra l l  p r o c e s s  o f  C B G  p r o d u c t io n .

4 .1 .1  N a p ie r  G r a s s  C u l t iv a t io n

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  I n 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  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  g ra s s  h a s  h ig h e s t  
y ie ld  c o m p a r in g  w ith  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
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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 ) .  T h e  P a k c h o n g  1 
n a p ie r  g ra s s  w a s  d e v e lo p e d  b y  D r. K ra i la s  K iy o th o n g ,  a n  a n im a l n u t r i t io n is t  a n d  
p la n t  b r e e d e r  f ro m  th 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  P a k c h o n g  d i s t r ic t ,  
N a k h o n  R a tc h a s im a  p r o v in c e  in  N o r th e a s te r n  T h a i la n d .  D r. K r a i l a s  K iy o th o n g  
c r o s s e d  th e  o r d in a r y  n a p ie r  g r a s s ,  Pennisetum purpureum, a n d  P e a r l  m i l l e t  w h ic h  is  
b o ta n ic a l ly  c a l l e d  Pennisetum glaucum.

F i g u r e  4 .2  N a p ie r  g ra s s  u s e d  a s  f e e d s to c k  in  th e  b io g a s  p r o d u c t io n  p r o c e s s .

4 .1 .1 .1  Land Preparation
• 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 la n t in g .
•  U s e  c h e m ic a l  f e r t i l iz e r  ( 1 5 - 1 5 -1 5 ) .

4 .1 .1 .2  Weeding
•  C le a r  u p  th e  u n w a n te d  f lo ra  a f te r  2 -3  w e e k  o f  p la n t in g  a n d  

e v e r y  t im e  a f te r  h a rv e s t in g .
4 .1 .1 .3  Fertilization

•  U s e  c h e m ic a l  f e r t i l i z e r  (4 6 - 0 - 0 )  e v e r y  t im e  a f te r  h a r v e s t in g .
4 .1 .1 .4  Watering
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•  N a p ie r  g r a s s  h a s  1 ,0 0 0  m m  o f  w a te r  p e r  y e a r  r e q u i r e m e n t .
4 .1 .1 .5  Harvest

• N a p ie r  g r a s s  is  r e a d y  fo r  h a r v e s t in g  in  2 -3  m o n th s  a f te r  
p la 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 .

4 .1 .2  B io g a s  P r o d u c t io n
4 .1 .2 .1  Raw Materials

T w o  m a in  r a w  m a te r ia ls  th a t  a re  u s e d  in  th is  p r o c e s s  a re  p ig  
m a n u r e  l iq u id s  a n d  n a p ie r  g ra s s .

1) Pig manure liquids f ro m  M o n g k o l  a n d  so n  f a rm  lim ite d  
c o m p a n y ,  M a e ta e n g  d is t r ic t ,  C h ia n g m a i ,  T h a i la n d .  T h e re  a r e  3 5 ,0 0 0  p ig s  w h ic h  c a n  
p r o d u c e  f re s h  a c t iv e  s u b s tr a te  ( p ig  l iq u id s )  o f  1 6 9 .4 8  m 3/d a y  to  fe e d  in to  b io g a s  
p r o d u c t io n  p r o c e s s .

2 ) Napier grass 2 1 2 .7 4  k g /d a y  o f  c h o p p e d  n a p ie r  g r a s s  f ro m
th e  p r e v io u s  s ta g e .

4 .1 .2 .2  Fermentation Tank System
T h e  p la n t  is  m a d e  u p  o f  3 c o n t in u o u s  s ti r re d  t a n k  r e a c to r s  

( C S T R s )  w h ic h  h a v e  to ta l  p r o d u c t io n  c a p a c i ty  o f  5 ,1 0 0  m 3. T h e  te m p e r a tu r e  is  s e t to  
m a in ta in  a t  4 0  d e g r e e  C e ls iu s  a s  s h o w n  in  F ig u r e  4 .3 .

Figure 4.3 CSTR fermentation tanks.
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T h e  a n a e r o b ic  d ig e s t io n  in v o lv e s  a  c o m p le x  m ic r o b io lo g ic a l  
p r o c e s s  th a t  c a n  b e  d e s c r ib e d  in  4  b a s ic  s te p s :  h y d r o ly s is ,  a c id o g e n e s is ,  a c e to g e n e s is  
a n d  m e th a n o g e n e s i s .

HYDROLYSIS

ACIDOGENESIS

ACETOGENESIS

METHANOGENESIS

F i g u r e  4 .4  B io g a s  p r o d u c t io n  p ro c e s s .

- In  th e  h y d r o ly s is ,  c o m p le x  o r g a n ic  m a te r ia ls , a re  b r o k e n  
d o w n  in to  th e i r  c o n s t i t u e n t  p a r ts .  T h is  is  c a ta ly z e d  b y  e n z y m e s _  r e le a s e d  b y  
h y d r o ly t ic  b a c te r ia .  T h e  r e s u l t  is  s o lu b le  m o n o m e r s .  W h ile  p r o te in s ,  s u g a rs  a n d  
s ta r c h  a re  e a s i ly  d e g ra d e d ,  c a r b o n  p o ly m e r s  a r e  m o re  d i f f ic u l t  to  d e g r a d e  a n d  l ig n in  
c a n n o t  b e  d e g r a d e d  a n a e ro b ic a l ly .

- D u r in g  th e  a c id o g e n e s is ,  s o lu b le  o r g a n ic  c o m p o u n d s ,  
in c lu d in g  th e  m o n o m e r s  p r o d u c e d  in  th e  h y d r o ly s is ,  a r e  f e rm e n te d  to  v a r io u s  
in te r m e d ia te  p r o d u c t s  s u c h  a s  v o la t i le  f a t ty  a c id s  a n d  a lc o h o ls  b y  a c id o g e n ic  
b a c te 'r ia , a s  w e l l  a s  to  t r a c e  a m o u n ts  o f  o th e r  b y p r o d u c ts .  A c id - f o r m in g  b a c te r ia  a r e  
f a s t - g r o w in g  w i th  a  m in im u m  d o u b l in g  t im e  o f  a b o u t  3 0  m in u te s .
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- In  th e  a c e to g e n e s is ,  m a n y  o f  th e  p r o d u c ts  c r e a te d  in  th e  
a c id o g e n e s is  a r e  c o n v e r te d  to  a c e t ic  a c id , C O 2 a n d  H 2 b y  a c e to g e n ic  b a c te r ia .  
A c e to g e n ic  b a c te r i a  g r o w  r a th e r  s lo w ly  w i th  a  m in im u m  d o u b l in g  t im e  o f  1 .5  to  4  
d a y s .

- T h e  m e th a n o g e n e s i s  c o n s t i t u t e s  th e  f in a l  s ta g e  o f  th e  
a n a e ro b ic  d ig e s t io n  in  w h ic h  m e th a n o g e n s  c r e a te  m e th a n e  f ro m  th e  f in a l  p r o d u c ts  o f  
th e  a c e to g e n e s is  a s  w e ll a s  f ro m  s o m e  o f  th e  in te r m e d ia t e  p r o d u c t s ' o f  th e  o th e r  
p h a s e s .  T h e r e  a r e  tw o  g e n e ra l  p a th w a y s ,  th e  c o n v e r s io n  o f  a c e t ic  a c id  in to  m e th a n e  
( a b o u t  6 0 -7 0 % ) ,  a n d  th e  c o n v e r s io n  o f  C O 2 a n d  แ 2 in to  m e th a n e . D i f f e r e n t  k in d s  o f  
m e th a n o g e n ic  b a c te r ia  a r e  in v o lv e d  in  th e s e  p a th w a y s .  T h e  o n e s  in v o lv e d  in  th e  
p r o d u c t io n  o f  m e th a n e  o u t  o f  a c e t ic  a c id  ( a c e to c la s t ic  b a c te r ia )  g r o w  v e ry  s lo w ly  
w i th  a  m in im u m  d o u b l in g  t im e  o f  2  to  3 d a y s  ( A llé g u é  a n d  H in g e , 2 0 1 2 ) .

4 .1 .3  B io g a s  U p g r a d in g
B io g a s  c a n  b e  u s e d  fo r  a ll  a p p l ic a t io n s  d e s ig n e d  f o r  n a tu r a l  g a s . In  

o r d e r  th a t  b io g a s  c a n  b e  u s e d  f o r  f e e d in g  in to  a  g a s  v e h ic le ,  th e  q u a l i ty  o f  b io g a s  h a s  
to  b e  im p ro v e d . T h e  m a in  p a r a m e te r  th a t  m a y  r e q u i r e  r e m o v a l  in  a n  u p g r a d in g  
s y s te m s  a re  H 2ร , w a te r , a n d  C O 2 .

Figure 4.5 Biogas upgrading process.
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B io g a s  u p g r a d in g  p r o c e s s  in  th is  s tu d y  c o n s i s t s  o f  3 s ta g e s  w h ic h  a re  
w a te r  re m o v a l b y  u s in g  m o le c u la r  s ie v e , h y d r o g e n  s u l f id e  r e m o v a l  b y  u s in g  th e  
a c t iv a te d  c a r b o n  ta n k ,  a n d  c a r b o n  d io x id e  re m o v a l  b y  u s in g  c a r b o n  d io x id e  
m e m b r a n e  s e p a r a t io n  te c h n o lo g y .

4 .1 .3 .1  Water Removal
R a w  b io g a s  is  s a tu r a te d  w i th  w a te r  v a p o r .  W a te r  is  p o te n t ia l ly  

d a m a g in g  to  n a tu r a l  g a s  p ip e l in e  e q u ip m e n t  a n d  e n g in e s .
T h e  w a te r  r e m o v a l  o f  b io g a s  in  th e  a n a ly z e d  p l a n t  p e r f o rm e d  

b y  m o le c u la r  s ie v e  m e th o d . T h is  s ta g e  c o n s i s t s  o f  tw o  m o le c u la r  s ie v e  ta n k s . T h e  
c a p a c i ty  is  3 .2  m 3 p e r  e a c h  ta n k . T h e  f u n c t io n  o f  th is  s ta g e  is  to  a b s o rb  w a te r  f ro m  
r a w  b io g a s .

4 .1 .3 .2  Hydrogen sulfide Removal
H y d r o g e n  s u l f id e  is  a  c o n ta m in a n t  p r e s e n t  in  b io g a s  p r o d u c e d  

d u r in g  th e  d ig e s t io n  p ro c e s s .  D e p e n d in g  o n  th e  b io m a s s  f e e d s to c k  a n d  b io g a s  
p r o d u c t io n  p r o c e s s ,  th e  H 2S c o n te n t  o f  th e  r a w  b io g a s  m a y  v a r y  f ro m  5 0  to  3 ,0 0 0  
p p m  o r  h ig h e r  ( C h e n  et al. , 2 0 1 0 ) .  H 2ร  s h o u ld  b e  r e m o v e d  f ro m  th e  g a s  s t r e a m  
b e c a u s e  o f  i t s  c o r r o s iv e  n a tu r e .  In  a d d i t io n ,  th e  r e le a s e  o f  th e  c o m p o u n d  in to  th e  
a tm o s p h e r e  is  c a r e f u l ly  r e g u la te d  a s  it is  e x t r e m e ly  to x ic  a n d  it c o n t r ib u te s  to  a ir  
p o l lu t io n .

Figure 4.6 The molecular sieve tank (left) and the activated carbon tank (right).
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In  th is  s ta g e ,  th e  a c t iv a te d  c a r b o n  ta n k  w h ic h  h a s  th e  c a p a c i ty  
o f  2  m 3 c a n  r e m o v e  แ 2ร  in  b io g a s  to  b e  le s s  th a n  1 p p m  b e f o r e  s e n d in g  it  to  b io g a s  
s to ra g e  w h ic h  h a s  c a p a c i ty  o f  2 0 0  m 3. T h e  p r e s s u r e  is  in c r e a s e d  to  2 0  b a r g  b y  g as  
c o m p r e s s o r  b e f o r e  e n te r in g  to  c a r b o n  d io x id e  r e m o v a l .

4 .1 .3 .3  Carbon dioxide Removal
R e d u c in g  th e  r e la t iv e  a m o u n t  o f  C O 2 in  th e  b io g a s  is  th e  m a in  

ta s k  o f  th e  b io g a s  u p g r a d in g  p r o c e s s .  S in c e  th e  m e th a n e  c o n te n t  o f  th e  g a s  is  d i re c t ly  
p r o p o r t io n a l  to  i t s  e n e r g y  c o n te n t ,  in c re a s in g  th e  r e la t iv e  m e th a n e  c o n te n t  b y  
r e m o v in g  C O 2 r e s u l t s  in  g a s j v i t h  a  h ig h e r  h e a t in g  ( c a lo r i f ic )  v a lu e .

In  o r d e r  to  r e d u c e  c a r b o n  d io x id e , th e  s e p a r a t io n  te c h n o lo g y  
f ro m  U O P  L L C ., U S A  w h ic h  c o n s i s t s  o f  f i l te r  c o a le s c e r s ,  e le c t r i c  h e a te r ,  g u a r d  b e d , 
p a r t ic a l  f i l t e r  a n d  C O 2 m e m b r a n e  (F ig u re  4 .7 )  is  u s e d  in  th is  s ta g e .

Figure 4.7 CO2  removal unit and CO2  membrane.
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T h e  m e m b ra n e  is  a  p o ro u s  m a te r ia l  th a t  le t  s o m e  g a s e s  
p e r m e a te  th r o u g h  its  s t r u c tu r e .  C O 2 a n d  o th e r  c o m p o n e n ts  a s  H 2O , แ 2ร  a n d  N H 3 a re  
t r a n s p o r te d  th r o u g h  a  th in  m e m b ra n e  in  m o r e  o r  le s s  e x te n t  w h ile  C H 4 is  r e ta in in g , 
d u e  to  d i f f e r e n c e  in  p a r t i c le  s iz e  a n d  a f f in i ty .  T h e  d r iv in g  f o rc e  b e h in d  th is  p ro c e s s  is 
a  d i f f e r e n c e  in  p a r t ia l  p r e s s u r e s .  T h e  p r o p e r t i e s  o f  th is  s e p a r a t io n  te c h n iq u e  a re  
h ig h ly  d e p e n d e n t  o n  th e  ty p e  o f  m e m b ra n e  u s e d  ( A l lé g u é  a n d  H in g e , 2 0 1 2 ) .

B ro g as  l = >

Membrane
(Polyimide),

c z j>  M e th a n e

d£> C02-rich Permeate

Figure 4 .8  M e m b r a n e  s e p a r a t io n  p r in c ip le  ( P e r s s o n ,  2 0 0 3 ) .

4 .1 .4  C o m p r e s s io n
T o  c o m p re s s  th e  u p g r a d e d  b io g a s ,  b o o s te r  c o m p r e s s o r  is  u se  to  

c o m p r e s s  th e  u p g r a d e d  b io g a s  in to  g r o u n d  s to ra g e  a t  th e  p r e s s u r e  o f  2 5 0  b a rg , 
v o lu m e t r ic  f lo w  ra te  o f  3 3 0  m 3/h r . T h e n , th e  u p g r a d e d  is  s e n t  to  C B G  d e c a n t  p a n e l  
a n d  s o ld  a s  C B G  in  P T T  g a s  s ta t io n s  in  C h ia n g m a i  p ro v in c e .

Figure 4.9 G as c o m p re sso r  an d  b o o s te r  co m p re sso r.
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4 .1 .5  E f f ic ie n c y  o f  S y s te m
C H 4, C O 2, O 2 a n d  H 2S c o n te n t  b e fo re  u p g r a d in g  a re  6 1 .8 9 % , 3 4 .1 2 % , 

0 .1 0 %  b y  v o lu m e  a n d  1 ,5 7 8  m g /m 3 r e s p e c t iv e ly .  A f te r  p a s s in g  th r o u g h  th e  b io g a s  
u p g r a d in g  p r o c e s s ,  C H 4, C O 2 a n d  O 2 c o n te n t  a re  8 7 .4 9 % , 1 2 .3 1 % , 0 .0 2 %  b y  v o lu m e  
r e s p e c t iv e ly  a n d  H 2S c o n te n t  is  le s s  th a n  0 .01  p p m  w h ic h  d o e s  n o t  e x c e e d  th e  
s ta n d a r d  o f  th e  D e p a r tm e n t  o f  E n e rg y  B u s in e s s  o f  T h a i la n d .

Table 4.1 T h e  e f f ic ie n c y  o f  b io g a s  u p g r a d in g  p r o c e s s  ( d a ta  f ro m  th e  a n a ly z e d  p la n t )

Component■ V 3.' ■ '
Results from the analysis

Before upgrading After upgrading Efficiency
C H 4 (%  v o l .) 61*89 8 7 .4 9 -
C 0 2 (%  v o l .) 3 4 .1 2 12 .31 6 3 .9 2

0 2 (%  v o l .) 0 . 1 0 0 .0 2 80
แ 2ร ( m g /m 3) 1 ,5 7 8 <  0 .0 4 6 10 0

4.2 Life Cycle Inventory

T h e  in v e n to r y  d a ta  o f  th is  s tu d y  w e r e  f ro m  C B G  p r o d u c t io n  s y s te m  a s  
s h o w n  in  th is  F ig u re .

Farming---- » Pig liquids r

r r Napier grass 
cultivation

‘ Biogas production process 
* Napier grass -------- i  (CSTRs)

(Anaerobic Digestion)

Gas Upgrading.
» Molecular sieve

Activated carbon

CO, membrane

ท
\ I 1 1

Combustion Gas station
!! Transportation

1
* ; » CompressionI t : น  !

Mae Taeng case General case

Figure 4.10 T h e  C B G  p ro d u c tio n  sy stem  fo r  co lle c tin g  in v en to ry  d a ta .
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A ll a c t iv i t ie s  b a s e d  o n  th e  s y s te m  b o u n d a r y  c o n c e rn in g  a b o u t  a ll e n e r g y  
in p u ts ,  r a w  m a te r ia ls ,  c h e m ic a ls ,  u t i l i t ie s ,  a n d  e m is s io n s  in  e a c h  s ta g e  a re  d e s c r ib e d  
in  th is  s e c t io n .  T h e  in v e n to r y  d a ta  a r e  s u m m a r iz e d  in  T a b le  4 .2 .  D e ta i l s  o f  th e  
c o n d i t io n s  a n d  d a ta  u s e d  f o r  e a c h  s ta g e  a r e  g iv e n  in  th e  f o l lo w in g  s u b s e c t io n s .

Table 4 .2  S u m m a ry  o f  th e  in v e n to r y  d a t a  o f  C B G  p r o d u c t io n  p r o c e s s  in  th is  s tu d y

Stage Key parameter Ave. data Source
N a p ie r  g r a s s  

c u l t iv a t io n  a n d F e r t i l i z e r s 2 .2 6  k g /T o n  n a p ie r  g ra s s [1 ] ,[9 ]
f e e d s to c k

p r e p a r a t io n D ie s e l 1 .5 6 8  L /T o n  n a p ie r  g ra s s [1 ] ,[9 ]
B io g a s E le c t r ic i ty 0 .1 0 3  k W h /m n3 b io g a s -  [1]

p r o d u c t io n M e th a n e  lo s s e s 5 % [ 1 ]
E le c t r ic i ty 0 .3 2 0  k W h /m n3 b io g a s [2 ] , [4 ] ,[ 6 ] , [ 8 ]

B io g a s  u p g r a d in g

C o m p r e s s io n  a n d  
g a s  s ta t io n

M e th a n e  lo s s e s  

E le c t r ic i ty

2 %

0 .1 0 8  k W h /k g  C B G

O n s i te ,
[ 3 ] , [ 4 ] ,[ 5 ] ,[ 6] , [ 8] 

[ 1 ]
T r a n s p o r ta t io n D is ta n c e 5 k m O n s ite
fo r  n a p ie r  g r a s s D ie s e l  t ru c k 2 .3 9  T o n / t r ip O n s ite
T r a n s p o r ta t io n D is ta n c e 1 0 k m O n s ite

f o r  C B G D ie s e l  tru c k 8 .5  T o n / t r ip O n s ite
C o m b u s t io n F u e l  e c o n o m y 3 .7 5 4  M J /k m [V]

[ 1] Previous reports and studies by National Metal and Materials Technology Center (MTEC).
[2 ] Scholz M. et al. (2 0 1 2 ). Transform ing biogas into biomethane using membrane technology. Renewable and 

Sustainable Energy Reviews. 17 , 1 9 9 -2 12โ
[3 ] Stemovem. Committee for Green-Gas. From biogas to green gas. Upgrading techniques and suppliers. 

2 ETPNG0 8 4 0
[4 ] Jonsson ร. and Westman J. (2 0  U ). Cryogenic biogas upgrading using plate heat exchangers. M aster’s thesis 

within the Sustainable Energy System M aster’s programme. Chalmers University o f  Technology. Sweden.
[5 ] Allégué L.B. and Hinge J. (2 0 1 2 ). Biogas and bio-syngas upgrading report, Danish Technological Institute.
[6 ] UOP LLC.
[7 ] Emission and fuel consumption test results from PTT Public Company Limited.
[8 ] Deng L. and Hâgg M. (2 0 1 0 ). Techno-economic evaluation o f biogas upgrading process using COj facilitated 

transport membrane. International Journal o f Greenhouse Gas Control, 4 (4 ), 6 3 8 - 6 4 6 .
[9 ] Bureau o f  Animal Nutrition Development, Department o f Livestock Development. (2 0 1 1 ). หญ้าเนฟืย?ปาก !ๆอง 1 .

4 .2 .1  N a p ie r  G r a s s  C u l t iv a t io n  S ta g e
N a p ie r  g r a s s  w a s  u s e d  a s  o n e  o f  th e  f e e d s to c k  f o r  b io g a s  p r o d u c t io n  

p r o c e s s .  O n e  ra i  (1 ,6 0 0  m 2) o f  c u l t iv a t io n  y ie ld e d  6 0  to n s  p e r  y e a r  o f  n a p ie r  g ra s s .  
T h e  in v e n to r y  d a ta  f o r  n a p ie r  g ra s s  c u l t iv a t io n  w e r e  g a th e re d  a n d  a d a p te d  f ro m
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N a t io n a l  M e ta l  a n d  M a te r ia ls  T e c h n o lo g y  C e n te r  ( M T E C )  a n d  th e  n a p ie r  g ra s s  
p la n ta t io n  h a n d b o o k  o f  A n im a l  N u t r i t i o n  D iv i s io n ,  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 ,  T h a i la n d  M in is t r y  o f  A g r ic u l tu r e  a n d  C o o p e ra t iv e s .

T a b le  4 .3  s h o w s  th e  r e s u l t s  o f  in v e n to r y  a n a ly s is  o f  o n e  to n  o f  n a p ie r  
g r a s s  ( 7 0 - 8 0 %  o f  m o is tu r e )  p la n ta t io n  a n d  h a r v e s t in g .  T h is  s ta g e  in c lu d e d  th e  
p r e p a r a t io n  o f  n a p ie r  g ra s s  b e f o r e  th e  f e rm e n ta t io n .  N a p ie r  g ra s s  w a s  c h o p p e d  in to  
s m a ll  p ie c e s  ( 1 -2 - in c h )  a n d  th e n  p i le d  u p  f o r  o n e  w e e k  b e f o r e  e n te r in g  to  C S T R s .

Table 4.3 R e s u l t s  o f  th e  in v e n to r y  a n a ly s is  o f  o n e  to n  o f  n a p ie r  g ra s s

4 .2 .2  B io g a s  P r o d u c t io n  P ro c e s s
F o r  o n e  d a y  o f  b io g a s  p r o d u c t io n  p r o c e s s ,  1 6 9 .4 8  m 3 o f  p ig  l iq u id s  

a n d  2 1 2 .7 4  k g  o f  n a p ie r  g r a s s  c a n  g e n e ra te  9 ,6 0 5 .3 6  m 3 o f  b io g a s  ( 3 9 . 3 6 ° c ,  1.01 
b a r ) .  T o  p r o d u c e  1 m 3 o f  b io g a s ,  0 .1 0 3  k W h  o f  e le c t r i c i ty  w a s  c o n s u m e d  fo r  th e  
b io g a s  p la n t  o p e r a t io n  ( P a p o n g  et al, 2 0 1 3 ) .  T h e  m e th a n e  lo s s  o f  b io g a s  p r o d u c t io n  
s ta g e  w a s  a s s u m e d  to  e m i t  to  th e  a tm o s p h e r e  u p  to  5 %  o f  b io g a s  y ie ld  
( P r a p a s p o n g s a ,  2 0 0 9 ) .  B io g a s  f ro m  a n a e r o b ic  d ig e s t io n  c o n ta in s  C H 4, C O 2, a n d  O 2 

c o n te n t  o f  6 1 .8 9 % , 3 4 .1 2 % , a n d  0 .1 0 %  b y  v o lu m e  r e s p e c t iv e ly  a n d  1 ,5 7 8  m g  แ 2ร 
p e r  1 m 3 o f  b io g a s .
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T h e  r e s u l t s  o f  in v e n to r y  a n a ly s i s  o f  th e  b io g a s  p r o d u c t io n  p r o c e s s  is  
s h o w n  in  T a b le  4 .4 .

Table 4.4 R e s u l ts  o f  th e  in v e n to r y  a n a ly s is  o f  o n e  c u b ic  m e te r  o f  b io g a s

4 .2 .3  B io g a s  U p g r a d in g  P ro c e s s
W h e n  C O 2 a n d  o th e r  im p u r i t ie s  a re  r e m o v e d  d u r in g  th e  u p g r a d in g  

p r o c e s s ,  th e  m e th a n e  c o n c e n t r a t io n  in c re a s e s  a n d  th u s  th e  r e s u l t in g  b io m e th a n e  c a n  
b e  u t i l i z e d  a s  a n  a l t e r n a t iv e  to  n a tu r a l  g as .

In  th i s  s tu d y , b io g a s  w a s  p a s s e d  th ro u g h  th e  m o le c u la r  s ie v e  s ta g e  
a n d  th e  a c t iv a te d  c a r b o n  ta n k  b e f o r e  e n te r in g  to  th e  m e m b r a n e  s e p a r a t io n  s y s te m . 
T h e  e n e r g y  r e q u i r e m e n t  f o r  w a te r  r e m o v a l  in  th e  m o le c u la r  s ie v e  t a n k s  a n d  แ 2ร  
r e m o v a l  in  th e  a c t iv a t e d  c a r b o n  ta n k  w e r e  f r o m  th e  e n e r g y  C o n s u m p tio n  o f  th e  a i r  
p u m p  a n d  th e  r e g e n e r a t io n  p r o c e s s .  A l th o u g h  a  m e m b r a n e - b a s e d  s e p a r a t io n  p la n t  is  
m a in ly  d e s ig n e d  to  r e m o v e  C O 2 f ro m  th e  C H 4 b u lk , it  c a n  c o n s id e r  th a t  th e  
m o le c u la r  s ie v e  t a n k s  a n d  th e  a c t iv a te d  c a r b o n  ta n k  a re  th e  p a r ts  o f  th is  u p g r a d in g  
p l a n t  ( E n e rg y  R e s e a r c h  a n d  D e v e lo p m e n t  I n s t i tu t e  ( N a k o m p in g ) ,  2 0 1 3 ;  S c h o lz  et ai, 
2 0 1 2 ) .  S o  th e  e n e r g y  c o n s u m p t io n  fo r  th e  a i r  p u m p  o f  w a te r  r e m o v a l  a n d  แ 2ร  
r e m o v a l  b e lo n g  to  th e  e n e r g y  c o n s u m p t io n  f o r  C O 2 r e m o v a l  in  th e  m e m b r a n e - b a s e d  
s e p a r a t io n  u p g r a d in g  s y s te m .
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Figure 4.11 V o lu m e  o f  g a s  in  e a c h  u p g r a d in g  s ta g e .

Table 4.5 R e s u l ts  o f  th e  in v e n to r y  a n a ly s i s  o f  b io g a s  u p g r a d in g  p r o c e s s

T h e  in v e n to r y  d a ta  o f  b io g a s  u p g r a d in g  p r o c e s s  w e re  c o l le c t e d  b a s e d  o n  th e  
C B G  p r o d u c t io n  p la n t  in  M a e  T a e n g  d i s t r ic t ,  C h ia n g m a i  p r o v in c e  a n d  b a s e d  o n  th e  
s tu d ie s  a s  s h o w n  in  T a b le  4 .2 . S e e in g  th a t  th e  o p e r a t in g  p r e s s u r e  w a s  2 0  b a r g  a n d  th e  
te m p e ra tu re  o f  m e m b ra n e  s e p a r a t io n  s ta g e  w a s  a p p r o x im a te ly  4 2  ° c ,  th e  e n e r g y  
r e q u i r e m e n t  f o r  th is  p r o c e s s e s  w a s  a s s u m e d  to  b e  0 .2 7 7  k W h /m n3 o f  r a w  b io g a s  
( S c h o lz  et a i,  2 0 1 2 ; D e n g  a n d  H à g g ,  2 0 1 0 ) .  S in c e  th e  b io g a s  u p g r a d in g  p r o c e s s  
c o n s is te d  o f  n o t  o n ly  th e  m e m b r a n e  s e p a r a t io n  s ta g e  b u t  a ls o  th e  w a te r  r e m o v a l  s ta g e
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a n d  th e  H 2S  r e m o v a l  s ta g e ,  th e r e  w a s  th e  a d d i t io n a l  e n e r g y  r e q u i r e m e n t  fo r  th e  
r e g e n e r a t io n  o f  th e  m o le c u la r  s ie v e  ta n k s , a c c o u n t in g  f o r  0 .0 4 3 1  k W h /m n3 o f  r a w  
b io g a s  (U O P  L L C .) .  T h is  s tu d y  o m it te d  th e  e n e r g y  c o n s u m p t io n  f o r  th e  r e g e n e r a t io n  
o f  th e  a c t iv a te d  c a r b o n  a s  i t  w a s  th e  d i s p o s a b le  a p p a ra tu s  in  th is  p la n t .  F o r  th e  
m e th a n e  lo s s ,  th e  p e r c e n ta g e  o f  m e th a n e  r e m a in e d  in  w a s te  g a s , it  w a s  e v a lu a te d  a s  
2 %  w h ic h  w a s  c o n s id e r e d  a s  a i r  e m is s io n  a l th o u g h  th e  p l a n t  u s e d  th e  r e g e n e r a t io n  
p r o c e s s .  R e s u l ts  o f  th e  in v e n to r y  a n a ly s is  o f  th e  b io g a s  u p g r a d in g  p r o c e s s  f ro m  C 0 2  

m e m b r a n e - b a s e d  te c h n o lo g y  in  th is  s tu d y  is  s h o w n  in  T a b le  4 .5 .
4 .2 .4  C o m p r e s s io n  a n d  G a s  S ta t io n

T h e  c o m p r e s s io n  o f  b io m e th a n e  g a s  w a s  a s s u m e d  to  o c c u r  a t  th e  
C B G  p r o d u c t io n  p la n t  in  M a e  T a e n g , C h ia n g m a i .  I t  w a s  a s s u m e d  th a t  th e  g a s  s ta t io n  
r e c e iv e d  C B G  t r a n s p o r te d  b y  C B G  tr a i le r s  f ro m  th e  C B G  p r o d u c t io n  p la n t .  C B G  
p r o d u c ts  w e re  th e n  s o ld  in  u n i t  o f  k i lo g r a m  th ro u g h  d i s p e n s e r s .  H o w e v e r ,  th e  
in v e n to r y  d a ta  o f  th is  s ta g e  in  th is  s tu d y  w e r e  g a th e r e d  d a ta  f ro m  tw o  m o th e r  s ta t io n s  
f ro m  th e  p r e v io u s  s tu d y  o f  M T E C , w h ic h  c o m b in e d  th e  in v e n to r y  d a ta  o f  th e  
c o m p r e s s io n  s ta g e  a n d  g a s  s ta t io n  s ta g e  to g e th e r .  T h e  e n e r g y  c o n s u m p t io n  fo r  th e  
c o m p r e s s io n  p r o c e s s  a n d  th e  g a s  s ta t io n  w a s  e s t im a te d  to  b e  0 .1 0 8  k W h  p e r  k g  C B G .

Table 4.6 R e s u l ts  o f  th e  in v e n to r y  a n a ly s is  o f  c o m p r e s s io n  a n d  g a s  s ta t io n

Unit process: Compression and gas station
Input Output

Type Unit Quantity Type Unit Quantity
Substrate Product
B io m e th a n e m 3 0 .0 8 5 5 C o m p r e s s e d k g 1

( 2 5 ° c ,  1 8 0  p s ig ) b io m e th a n e  g a s  
( C B G )

Energy
E le c t r ic i ty k W h 0 .1 0 8 4 2 Emission to air

M e th a n e m g 5 3 2 .3 5
Chemical C a r b o n  d io x id e m g 2 0 6 .4 6
C o m p r e s s o r  o il L 3 .0 6 8 E -0 4

Liquid waste
W a s te  o il m g 1 8 8 .7 7
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4 .2 .5  T ra n s p o r ta t io n
In  th is  s tu d y ,  th e  t r a n s p o r ta t io n  w a s  d iv id e d  in  2 p a r ts :  t r a n s p o r ta t io n  

fo r  n a p ie r  g r a s s  a n d  t r a n s p o r ta t io n  f o r  C B G  d i s t r ib u t io n  in  M a e  T a e n g ,  C h ia n g m a i  
( se e  f ro m  T a b le  4 .7  to  T a b le  4 .1 0 ) .  T h e  in p u ts  o f  t r a n s p o r ta t io n  s ta g e  c o v e re d  in  fu e l 
c o n s u m p t io n  p e r  to n  p e r  k i lo m e te r  t r a n s p o r te d  ( tk m )  a n d  fu e l c o n s u m p t io n  f o r  t r u c k  
w ith  e m p ty  tr ip .  T h is  s ta g e  in c lu d e d  n o t  o n ly  th e  a c q u i r e m e n t  o f  d ie s e l  b u t  a ls o  th e  
d ie s e l  c o m b u s t io n  in  th e  t r a n s p o r ta t io n .

T h e  t r a n s p o r ta t io n  o f  n a p ie r  g ra s s  f ro m  th e  g la s s  p lo t s  to  th e  C B G  
p r o d u c t io n  p l a n t  w a s  a s s u m e d  to  b e  d o n e  b y  f o u r -w h e e l  t r u c k s .  T h e  a v e r a g e  
t r a v e l in g  d i s ta n c e  fo r  o n e - w a y  t r ip  w a s  5 k i lo m e te r s .

T h e  t r a n s p o r ta t io n  o f  C B G  fo r  d i s t r ib u t io n  f ro m  th e  C B G  p r o d u c t io n  
p la n t  to  g a s  s ta t io n s  w a s  a s s u m e d  to  b e  d o n e  b y  u s in g  8 .5  to n  t r a i l e r s .  T h e  a v e r a g e  
t r a v e l in g  d i s ta n c e  fo r  o n e - w a y  t r ip  w a s  a p p r o x im a te ly  1 0  k i lo m e te r s .
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Table 4.7 R e su lts  o f  T h e  in v en to ry  d a ta  o f  n ap ie r g ra ss  tra n sp o rta tio n  (fu ll lo ad )

Inventory of napier grass transportation (full load)
____________ Input Output

Type Amount Unit Type Amount Unit
Fuel Product
D ie s e l 7 .7 6 9 E -0 2 k g N a p ie r  g ra s s 3 1 8 .9 3 2 k g

EmissionTo Air
C a r b o n  d io x id e 2 .2 9 E + 0 2 g
C a r b o n  m o n o x id e 2 .8 4 E + 0 0 g
N i t r o g e n  o x id e s 6 .1 3 E -0 1 g
P a r t ic u la te  m a t te r 1 .9 1 E -0 2 g
H y d r o c a r b o n s 5 .3 0 E -0 1 g
M e th a n e 1 .2 8 E -0 2 g
B e n z e n e 1 .0 0 E -0 2 g
T o lu e n e 4 .3 1 E -0 3 g
X y le n e 4 .3 1 E - 0 3 g
N o n  -  m e th a n e  v o la t i le 2  7 6 E -0 1 g

o rg a n ic  c o m p o u n d s
S u lfu r  o x id e s 5 .2 5 E - 0 2 g
N i t r o u s  O x id e 9 .4 1 E -0 3 g

- C a d m iu m 7 .4 8 E - 0 7 g
C o p p e r 1 .2 7 E -0 4 g
C h ro m iu m 3 .7 5 E - 0 6 g
N ic k e l '  5 .2 5 E - 0 6 g
S e le n iu m 7 .4 8 E - 0 7 g
Z in c 7 .4 8 E -0 5 g
L e a d 8 .2 3 E - 0 9 g
M e r c u r y 1 .5 0 E -0 9 g



Table 4.8  R e su lts  o f  T h e  in v en to ry  d a ta  o f  n ap ie r g ra ss  tran sp o rta tio n  (n o -lo ad )

Inventory of napier grass transportation (no-load)
Input Output ; '■ (■ ร!?;:;

Type Amount Unit Type Amount Unit
Fuel Product
D ie s e l 5 .7 5 8 E -0 7 k g N a p ie r  g ra s s - k g

Emission to Air
C a r b o n  d io x id e 1 .6 5 E -0 3 g
C a rb o n  m o n o x id e 2 .0 4 E -0 5 g
N i t r o g e n  o x id e s 4 .4 1 E - 0 6 g
P a r t ic u la te  m a t te r 1 .3 8 E -0 7 g
H y d r o c a r b o n s 3 .8 2 E - 0 6 g
M e th a n e 9 .1 5 E -0 8 g  ~- B e n z e n e 7 .2 5 E -0 8 g
T o lu e n e 3 .0 5 E -0 8 g
X y le n e 3 .0 5 E - 0 8 g
N o n  -  m e th a n e  v o la t i le 2 .0 5 E - 0 6 g

o rg a n ic  c o m p o u n d s
S u lfu r  o x id e s 3 .8 9 E -0 7 g
N i t r o u s  O x id e 7 .0 0 E -0 8 g
C a d m iu m 5 .5 5 E -1 2 g
C o p p e r 9 .4 5 E - 1 0 g
C h ro m iu m 2 .7 8 E - 1 1 g
N ic k e l 3 .8 9 E - 1 1 g
S e le n iu m 5 .5 5 E -1 2 g
Z in c 5 .5 5 E - 1 0 g
L e a d 6 .1 0 E - 1 4 g
M e rc u ry 1.1 I E - 14 g



Table 4 .9  R e su lts  o f  T h e  in v en to ry  d a ta  o f  C B G  tra n sp o rta tio n  (fu ll load )

Inventory of CBG transportation (full load)
nput Output

Type Amount Unit Type Amount Unit
Fuel Product
D ie s e l 1 .0 3 8 5 1 k g C B G 5 4 2 2 .4 6 k g

Emission to Air
C a r b o n  d io x id e 3 .2 7 E + 0 3 g- C a r b o n  m o n o x id e 6 .8 8 E + 0 0 g
N i t r o g e n  o x id e s 1 .3 2 E + 0 1 g
P a r t ic u la te  m a t te r 6 .8 3 E -0 1 g
H y d r o c a r b o n s 1 .5 9 E + 0 0 g
M e th a n e 3 .8 1 E - 0 2 g
B e n z e n e ' 3 .0 2 E - 0 2 g
T o lu e n e 1 .2 7 E -0 2 g
X y le n e 1 .2 7 E -0 2 g

- N o n  -  m e th a n e  v o la t i le 4 .8 6 E + 0 0 g
o rg a n ic  c o m p o u n d s

S u l fu r  o x id e s 6 .9 9 E -0 1 g
N i t r o u s  O x id e 1 .2 6 E -0 1 g
C a d m iu m 1 .0 0 E -0 5 g
C o p p e r 1 .7 0 E -0 3 g
C h ro m iu m 5 .0 1 E -0 5 g
N ic k e l 6 .9 9 E -0 5 g
S e le n iu m 1 .0 0 E -0 5 g
Z in c 1 .0 0 E -0 3 g
L e a d 1 .1 0 E -0 7 ër

-
M e r c u r y 2 .0 1 E - 0 8 g



Table 4.10 R e su lts  o f  T h e  in v e n to ry  d a ta  o f  C B G  tra n sp o rta tio n  (n o -lo ad )

' Inventory of CBG transportation (no-load)
Input Output

Type Amount Unit Type Amount Unit
Fuel Product
D ie s e l 1 .2 9 E -0 6 k g C B G - k g

Emission to Air
C a r b o n  d io x id e 3 .7 7 E -0 3 g
C a rb o n  m o n o x id e " 7 .9 3 E -0 6 g
N i t r o g e n  o x id e s 1 .5 2 E -0 5 g
P a r t ic u la te  m a t te r 7 .8 5 E -0 7 g
H y d r o c a r b o n s 1 .8 3 E -0 6 g
M e th a n e 4 .4 0 E -0 8 g
B e n z e n e 3 .4 8 E -0 8  ~ g
T o lu e n e 1 .4 7 E -0 8 g
X y le n e 1 .4 7 E -0 8 g- N o n  -  m e th a n e  v o la t i le 6 .0 6 E -0 6 g

o rg a n ic  c o m p o u n d s
S u lfu r  o x id e s 8 .7 4 E -0 7 g
N i tr o u s  O x id e 1 .5 7 E -0 7 g
C a d m iu m 1 .2 5 E - 1 1 g
C o p p e r 2 .1 2 E - 0 9 g
C h ro m iu m 6 .2 4 E - 1 1 g
N ic k e l 8 .7 4 E - 1 1 g
S e le n iu m 1 .2 5 E -1 1 g
Z in c 1 .2 5 E -0 9 g
L e a d 1 .3 7 E -1 3 g

- M e r c u r y 2 .5 0 E - 1 4 g
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4 .2 .6  C B G  C o m b u s t io n
T h e  in v e n to r y  d a ta  f o r  C B G  c o m b u s t io n  w e r e  g a th e r e d  f ro m  

e m is s io n  a n d  fu e l c o n s u m p t io n  te s t  r e s u l t s  o f  T o y o ta  A l t is  1 .6  l i te r s  ( 2 0 1 0  e d i t io n )  
b a s e d  o n  E U R O  III s t a n d a r d  ( P T T  P u b l ic  C o m p a n y  L im ite d ) .  T h is  s tu d y  w a s  n o t 
in c lu d e d  th e  e m is s io n s  th a t  a r e  a s s o c ia te d  w i th  th e  v e h ic le  m a n u f a c tu r e ,  
m a in te n a n c e ,  a n d  d i s p o s a l  b e c a u s e  th e i r  im p a c ts  w e r e  n o t  s ig n i f ic a n t  ( B e e r  et al., 
2 0 0 7 ) .

Table 4.11 E m is s io n  a n d  fu e l c o n s u m p t io n  te s t  r e s u l t s  o f  C B G  u s e d  in  th is  s tu d y

Pollutants (g/km) Emission
H y d r o c a r b o n s 0 .1 7 5

C a r b o n  m o n o x id e 1 .3 9 7
N i t r o g e n  o x id e s 0 .0 2 6
C a r b o n  d io x id e 1 9 6 .2 2

F u e l  c o n s u m p t io n :  1 1 .8 7 4  k m /k g

4.3 Net Energy Ratio (NER)

T h e  e n e r g y  u s in g  fo r  p r o d u c in g  C B G  in  th is  r e s e a r c h  w a s  d iv id e d  in to  5 
s ta g e s ; e n e r g y  u s e  in  n a p ie r  g r a s s  c u l t iv a t io n ,  e n e r g y  u s e  in  b io g a s  p r o d u c t io n  o r  
a n a e ro b ic  d ig e s t io n ,  e n e r g y  u s e  in  b io g a s  u p g r a d in g  w h ic h  c o n s is t s  o f  m o le c u la r  
s ie v e , a c t iv a te d  c a r b o n  ta n k , a n d  C O 2 m e m b r a n e  s e p a r a t io n ,  e n e r g y  u s e  in  
c o m p r e s s io n  a n d  g a s  s ta t io n , a n d  e n e r g y  u s e  in  t r a n s p o r ta t io n  s ta g e . T h e  E c o -  
in d ic a to r  9 5  m e th o d  w a s  u s e d  to  a n a ly z e  th e  o v e r a l l  p r o c e s s  in  th e  e n e r g y  a s p e c t .  
T h e  e n e r g y  a n a ly s is  r e s u l t s  a re  s h o w n  in  T a b le  4 .1 2  a n d  e n e r g y  r e s o u r c e s  o f  e a c h  
s ta g e  a r e  s h o w n  in  F ig u r e  4 .1 2 .
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Table 4.12 S u m m a ry  o f  en e rg y  a n a ly s is  re su lts  o f  1 M J C B G

Description Unit Amount
C B G  d e n s i ty k g /m 3 0 .7 1 7

C B G  h e a t in g  v a lu e  ( 8 7 .4 9 % C H 4) M J /m 3 3 1 .9 6 1
M J /k g 4 4 .5 7 6

C B G  fu e l e c o n o m y M J /k m 3 .7 5 4
T o ta l  e n e r g y  in p u t M J 0 .2 2 2 3

E n e r g y  o f  fu e l M J 1

Napier grass cultivation

Biogas production

Biogas upgrading

Compression and Gas station

Transportation

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

Energy Resources (MJ LHV/MJ CBG)

Figure 4.12 T h e  e n e r g y  in p u t  o f  e a c h  s ta g e  in  C B G  s y s te m .

T h e  p r o d u c t  s y s te m  o f  1 M J  o f  C B G  r e q u i r e d  th e  to ta l  e n e r g y  in p u t  o f  
0 .2 2 2 3  M J . T h e  e n e r g y  u s e  fo r  b io g a s  u p g r a d in g  w a s  th e  h ig h e s t  w h ic h  is  6 6 .7 9 %  o f  
to ta l  e n e r g y  in p u t . It m a in ly  c a m e  f ro m  th e  p o w e r  c o n s u m p t io n .  T h e  s e c o n d  w a s  th e  
e n e rg y  u s e  in  b io g a s  p r o d u c t io n  p r o c e s s ,  a c c o u n t in g  fo r  2 4 .1 2 %  o f  to ta l  e n e r g y  
in p u t ,  c a m e  f ro m  th e  p o w e r  c o n s u m p t io n .  W h i le  th e  e n e r g y  o f  fu e l o r  th e  e n e r g y  
o u tp u t  o f  1 M J  o f  C B G , th e  N E R  w a s  4 .4 9 8 . T h is  e n e r g y  a n a ly s i s  r e s u l t  s h o w e d  th a t  
th e  N E R  v a lu e  o f  C B G  w a s  h ig h e r  th a n  o n e , in d ic a t in g  th e  m e t e n e r g y  g a in  fo r  th is  
C B G  s y s te m  a s  s h o w n  in  F ig u re  4 .1 3  a n d  4 .1 4 .
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Total e n e rg y  inpu t

0  0 .1  0 .2  0 .3  0 .4  0 .5  0 .6  0 .7  0 .8  0 .9  1 1 .1
MJ LHV/MJ CBG

Figure 4.13 T h e  e n e r g y  in p u t - o u tp u t  o f  C B G  s y s te m .

ะ::: Energy o f fuel 
88 T o tal en ergy  in p u t

Figure 4.14 C o m p a r i s o n  o f  to ta l  e n e r g y  in p u t  a n d  e n e r g y  o u tp u t  o f  C B G  
p r o d u c t io n .

W h e n  c o m p a r in g  th e  r e s u l t  o f  th e  e n e r g y  a n a ly s is  o f  C B G  w i th  d i f f e r e n t  
u p g r a d in g  te c h n o lo g y  a n d  th e  c o n v e n t io n a l  f u e ls  (p re v io u s  s tu d ie s  o f  M T E C ) .  It is  
c le a r  th a t  N E R  o f  C B G  s y s te m  in  th is  s tu d y  is  c o m p e t i t iv e  w i th  N E R  o f  C B G  f ro m
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o th e r  s y s te m s .  F o r  th e  C B G  fu e l, F ig u r e  4 .1 5  s h o w s  th a t  th e  p r o d u c t io n  o f  C B G  w i th  
w a te r  s c r u b b in g  u p g r a d in g  te c h n o lo g y  ( C B G - W S )  c o n s u m e d  th e  lo w e s t  e n e r g y  in p u t  
w h e re a s  th e  p r o d u c t io n  o f  C B G  w i th  p r e s s u r e  s w in g  a d s o r p t io n  u p g r a d in g  
te c h n o lo g y  ( C B G - P S A )  c o n s u m e d  h ig h e r  e n e rg y  th a n  th is  s tu d y .

CB6 -WS, MTEC

CBG-PSA, MTEC W ffls m s a m  %  !

0  0 .5  1 1 .5  2 2 .5  3 3 .5  4  4 .5  5 5 .5  6  6 .5  7 7 .5  8 8 .5  9 9 .5
NER (Energy of fuel/Total energy input)

Note: Biogas upgrading technology; พ ร  -  water scrubbing, PSA -  pressure swing adsorption.

Figure 4.15 N E R  c o m p a r i s o n  o f  C B G  s y s te m s  a n d  c o n v e n t io n a l  fu e ls .

4.4 Life Cycle Environmental Performance

T h e  a s s e s s m e n t  o f  th e  C B G  in  th e  w h o le  l i fe  c y c le  c o v e rs  in  a c q u i r e m e n t  o f  
r a w  m a te r ia ls ,  p r o d u c t io n  p ro c e s s ,  t r a n s p o r ta t io n ,  a n d  th e  u s e  o f  a  fu e l  in  th e  v e h ic le .  
T h e  e n v i r o n m e n ta l  im p a c t  w a s  a n a ly z e d  b a s e d  o n  th e  L C I r e s u l t s  b y  S im a P ro  7.1 
s o f tw a re  w i th  C M L  2  b a s e l in e  2 0 0 0  m e th o d .  T h e  r e s u l t s  o f  th e  g lo b a l  w a r m in g  
p o te n tia l  a r e  d e s c r ib e d  a s  fo llo w s :

F ig u r e  4 .1 6  a n d  F ig u r e  4 .1 7  s h o w  th e  d i s t r ib u t io n  o f  G W P  o f  C B G  p r o d u c t  
s y s te m . T h e  G W P  im p a c t  w a s  m a in ly  r e s u l t in g  f r o m  C O 2 e m is s io n  f ro m  p o w e r  
c o n s u m p t io n  a n d  m e th a n e  lo s s . T h e  o v e ra l l  G W P  f r o m  f e e d s to c k  to  c o m b u s t io n  in  a  
v e h ic le  w a s  a p p r o x im a te ly  5 6 .7 6  g  C O 2 e q u iv a le n t  p e r  1 M J  C B G . T h e  r e s u l t s
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in d ic a te d  th a t  th e  b io g a s  p r o d u c t io n  p ro c e s s  h a d  th e  h ig h e s t  G W P  im p a c t  ( 5 5 .8 1 %  o f  
to ta l  G W P )  r e s u l t in g  f ro m  h ig h  m e th a n e  lo s s  a n d  th e  e n e r g y  c o n s u m p t io n .  T h e  
b io g a s  p r o d u c t io n  p r o c e s s  in c lu d e s  th e  m e th a n e  le a k a g e  f ro m  th e  d ig e s te r s  w h ic h  
a c c o u n ts  fo r  5 %  o f  to ta l  m e th a n e  th a t  g e n e ra te d  f ro m  a n a e ro b ic  d ig e s t io n .  T h e  G W P  
o f  b io g a s  u p g r a d in g  s ta g e  w a s  th e  s e c o n d  ( 3 9 .9 0 %  o f  to ta l  G W P )  w h ic h  c a m e  f ro m  
h ig h  e n e r g y  c o n s u m p t io n .  T h e  e n e r g y  fo r  b o th  o f  th e  b io g a s  p r o d u c t io n  p r o c e s s  a n d  
th e  b io g a s  u p g r a d in g  p r o c e s s  is  s u p p l ie d  in  th e  fo rm  o f  e le c t r i c i ty  f r o m  th e  g r id , 
w h ic h  c o n t r ib u te s  s ig n i f ic a n t ly  to  th e  G H G  e m is s io n s .

Napier grass cultivation 
Biogas production 
Biogas upgrading 

Compression and Gas station 
Transportation 

Combustion I
0  2 4 6 8 10  12  14  16  18  2 0  22  2 4  2 6  2 8  3 0  32

GWP (g C0 2 eq./MJ)

Figure 4.16 G W P  o f e a c h  s ta g e  in  C B G  s y s te m .

T h e  b io m e th a n e  c o m p r e s s io n  a n d  g a s  s ta t io n  s ta g e  h a d  a  s ig n i f ic a n t  im p a c t  
b e c a u s e  th e s e  p r o c e s s e s  r e q u i r e d  e le c t r i c i ty  in  o p e r a t in g  th e  s y s te m . A i r  e m is s io n s  
f ro m  e le c t r i c i ty  g e n e ra t io n  w e r e  c o n tr ib u te d  to  th is  im p a c t . In  th e  t r a n s p o r ta t io n  
p h a s e ,  a ll  a ir  e m is s io n s  w e re  c a u s e d  b y  d ie s e l  fu e l  c o m b u s t io n  fo r  t r a n s p o r ta t io n  o f  
n a p ie r  g ra s s  f e e d s to c k  a n d  C B G  p ro d u c t . F o r  th e  C B G  c o m b u s t io n  s ta g e ,  C O 2 

e m is s io n  w a s  a s s u m e d  to  b e  b io g e n ic  c a r b o n . S o  it w a s  n o t  a c c o u n te d  a s  G W P  
c o n t r ib u t io n .
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mil B iogas u p g ra d in g  C o m p re s s io n  a n d  G as s ta t io n
I

% T ra n s p o r ta t io n  m C o m b u stio n

Figure 4.17 T o ta l  G W P  o f  C B G  W T W  p h a s e .

นัว
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4.5 GWP Comparison of CBG and Conventional Fuels

T h e  li fe  c y c le  G W P  c o m p a r i s o n  o f  C B G  a n d  c o n v e n t io n a l  f u e ls  ( M T E C , 
2 0 1 0 )  is  s h o w n  in  F ig u r e  4 .1 8 .

CBG

Gasohol 9 5

CBG-WS, Austria

CBG-PSA, Austria

CBG-WS, Italy

0  2 0  4 0  60  8 0  1 0 0  1 2 0  1 4 0  1 6 0  1 8 0  2 0 0  2 2 0  2 4 0  2 6 0
GWP (g CO; eq./km of driven distance)

Ni! WTT SB TTW
Note: Biogas upgrading technology; พ ร  -  water scrubbing, PSA -  pressure swing adsorption.

Figure 4.18 G W P  c o m p a r i s o n  o f  C B G  w i th  c o n v e n t io n a l  fu e ls .

T h e  G W P  o f  C B G  w a s  h ig h e r  th a n  th o s e  o f  f o s s i l - b a s e d  C N G  a n d  g a s o h o l  
95  f o r  th e  W T T  p h a s e .  F o r  C B G , 9 9  p e r c e n t  o f  th e  G W P  im p a c t  c a m e  f ro m  W T T  
p h a s e  w h e r e a s  m o re  th a n  8 0  p e r c e n t  o f  th e  l i f e  c y c le  G W P  e m is s io n s  o f  c o n v e n t io n a l  
fu e ls  c a m e  f ro m  T T W  p h a s e . T h e  r e s u lt  s h o w s  th a t  i f  b io g e n ic  c a r b o n  w a s  n o t  
a c c o u n te d ,  th e  c o m p a r a t iv e  r e s u l t  o f  G W P  in  th e  T T W  p h a s e  w a s  o p p o s i te  to  th e  
W T T  p h a s e .  T h e  G W P  o f  C B G  w a s  m u c h  lo w e r  th a n  th o s e  o f  C N G  a n d  g a s o h o l  95  
fo r  th e  T T W  p h a s e . W h e n  c o m b in in g  W T T  a n d  T T W  p h a s e ,  th e  G W P  o f  C B G  
W T W  p h a s e  w a s  lo w e r  th a n  th o s e  o f  C N G  a n d  g a s o h o l  95 .
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W h e n  c o m p a r in g  th e  r e s u l t s  o f  th is  s tu d y  w i th  o th e r  s im i la r  s tu d ie s ,  it w a s  
f o u n d  th a t  th e  G W P  r e p o r te d  in  th e  I ta l ia n  s tu d y  ( B u ra t t i  et al, 2 0 1 3 )  is  th e  h ig h e s t  
c o m p a r in g  w i th  th e  s a m e  ty p e  o f  fu e l. E v e n  th o u g h  th e  m o s t  s ig n i f i c a n t  c o n t r ib u t io n  
is  d u e  to  th e  b io g a s  p r o d u c t io n  p h a s e ,  th e  s te p  c a u s e d  th a t  G W P  e m is s io n  to  b e  m o re  
b o u n t i f u l  th a n  th o s e  o f  o th e r  s tu d ie s  is  th e  c u l t iv a t io n  s te p . T h e  g r e a te s t  w e ig h t  o f  
G H G  e m is s io n s  in  th a t  c u l t iv a t io n  s te p  is  c o n s t i tu te d  b y  th e  N 2O  e m is s io n s  ( 5 9 .4 %  
o f  th e  c u l t iv a t io n  s te p ) , r e s u l t in g  f ro m  th e  a p p l ic a t io n  o f  n i t r o g e n  f e r t i l iz e r s  (T h e  
G W P  v a lu e  o f  C B G  f ro m  th e  w a te r  s c r u b b in g  u p g r a d in g  te c h n o lo g y  ( C B G - W S )  in  
th e  I ta l ia n  s tu d y  w a s  e s t im a te d  b a s e d  o n  fu e l  c o n s u m p t io n  f ro m  P T T  a n d „ i t  w a s  
a s s u m e d  th a t  th e  G W P  T T W  v a lu e  w a s  th e  s a m e  a s  th e  v a lu e  o f  C B G - W S  in  th e  
A u s t r i a n  s tu d y ) .

F o r  th e  C B G  f ro m  th e  A u s tr ia n  s tu d y  (P e r t l  et al., 2 0 1 0 ) ,  th e  G W P  v a lu e s  
th e y  r e p o r te d  w e r e  e s t im a te d  b a s e d  o n  f u e l  c o n s u m p t io n  f ro m  P T T . T h e  G W P  
e m is s io n  o f  C B G -W S  is  1 6 7 .5  g  C O 2 eq . p e r  k m  o f  d r iv e n  d is ta n c e  w h ic h  is  le s s  th a n  
th e  G W P  e m is s io n  o b s e rv e d  in  th is  s tu d y . I t is  d u e  to  th e  in f lu e n c e  o f  th e  d is s im i la r  
s y s te m  b o u n d a r y . T h e  m e th a n e  lo s s  f ro m  b io g a s  p r o d u c t io n  p r o c e s s  w a s  e x c lu d e d  in  
th e i r  s tu d y  w h e r e a s  th is  p o in t  w a s  c o n s id e r e d  in  th is  s tu d y . F o r  th e  C B G  f ro m  
p r e s s u r e  s w in g  a d s o rp t io n  u p g r a d in g  te c h n o lo g y  ( C B G - P S A ) ,  th e  G W P  e m is s io n  is 
h ig h e r  th a n  th e  v a lu e  o f  C B G - W S  b y  r e a s o n  o f  th e  h ig h e r  m e th a n e  lo s s  f ro m  b io g a s  
u p g r a d in g  p r o c e s s .  T h e  m e th a n e  lo s s  f ro m  u p g r a d in g  p r o c e s s  o f  C B G - P S A  w a s  
a c c o u n te d  fo r  4 %  w h e re a s  it  w a s  1 .5 %  fo r  C B G -W S . I t is  c le a r  t h a t ' t h e  g r e e n h o u s e  
g a s  e m is s io n  r e s u l t in g  f ro m  m e th a n e  lo s s  is  s ig n i f ic a n t ly  e f f e c t  o n  G W P .

4.6 Land Use Change (LUC)

W h e n  b io f u e l  c u l t iv a t io n  e x p a n d s  to  n e w  g r o w in g  a re a s ,  th e  c a r b o n  s to c k  in  
v e g e ta t io n  a n d  s o i l  c h a n g e s . C a r b o n  is  s to re d  in  th e  v e g e ta t io n  in  f o r m  o f  le a v e s  a n d  
b r a n c h e s ,  in  f o rm  o f  d e a d  w o o d  o n  th e  g r o u n d  a n d  in  r o o ts  a n d  h u m u s  in  so i ls . 
W h e r e  th e  c a r b o n  s to c k  is  la r g e r  b e fo re  th e  e s ta b l i s h m e n t  o f  th e  p la n ta t io n  th a n  
th e r e a f te r ,  th e  d i f f e r e n c e  is  r e le a s e d  a s  C O 2 b y  b u rn in g  o r  m ic r o b ia l  d e c o m p o s i t io n
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o f  a b o v e  a n d  b e lo w  g ro u n d  c a r b o n .  T h is  h a s  a  n e g a t iv e  in f lu e n c e  o n  th e  G H G  
b a la n c e ,  i.e . G H G  e m is s io n s  in c re a s e  (H e n n e c k e  et al., 2 0 1 2 ) .

E x p a n s io n  o f  n a p ie r  g r a s s  c u l t iv a t io n  c a n  le a d  to  la r g e  a d d i t io n a l  G H G  
e m is s io n s .  L U C  im p a c t  in  th is  s tu d y  w a s  e v a lu a te d  b y  u s in g  m e th o d o lo g y  d e v e lo p e d  
b y  in te r g o v e r n m e n ta l  p a n e l  o n  c l im a te  c h a n g e  ( IP C C ) .  T h e  c a lc u la t io n s  m a d e  u s e  o f  
g u id e l in e s  a s  p u b l i s h e d  in  th e  c o m m is s io n  d e c i s io n  o f  J u n e  10 , 2 0 1 0  o f  th e  E u r o p e a n  
c o m m is s io n .

LUC

Napier grass cultivation

Biogas production

Biogas upgrading

Compression and Gas station

Transportation

Combustion I

0  2 4 6  8 10  12  14  16  18  2 0  22  24  2 6  2 8  3 0  3 2
GWP (g C0 2 eq ./M J)

Figure 4.19 jG W P  f ro m  L U C  a n d  o th e r  s ta g e s .

T h e  r e s u l t in g  G H G  e m is s io n s  f ro m  L U C  o f  n a p ie r  g r a s s  c u l t iv a t io n  o f  th e  
a r e a  in  M a e  T a e n g ,  C h ia n g m a i  w a s  2 .4 7 9  to n s  C O 2 e q . r a i '1 y e a r '1. O n e  r a i  o f  n a p ie r  
g ra s s  p la n ta t io n  y i e ld s  10 to n s  p e r  h a r v e s t  a n d  s in c e  th e re  a r e  6  c u t t in g s  a  y e a r ,  th e re  
a re  6 0  to n s  p e r  ra i  p e r  y e a r . S o  1 M J  o f  C B G  ( f r o m  p ig  m a n u r e  l iq u id s  a n d  n a p ie r  
g ra s s  f e e d s to c k ) ,  th e  G E IG  e m is s io n s  f ro m  L U C  w a s  0 .0 5 4 5  g  C O 2 eq . p e r  M J  C B G .
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5 0  51  5 2  53  5 4  5 5  5 5  5 7

GWP (g C0 2 eq./vtj) ■
•::: GWP fro m  CBG p ro d u c tio n  ร  GWP from  LUC 

Note: This figure shows the GW P value starting from 5 0  g C0 2 eq./MJ CBG.

Figure 4 .2 0  T o ta l  G W P  o f  C B G  W T W  p h a s e  in c lu d in g  th e  L U C  fa c to r .

W h e n  G H G  e m is s io n s  f r o m  L U C  w e r e  c o m b in e d  to  G H G  e m is s io n s  f ro m  
C B G  p r o d u c t io n ,  th e  to ta l  G W P  o f  C B G  W T W  p h a s e  w a s  in c r e a s e d  f ro m  5 6 .7 6  g  
C O 2 e q . p e r  M J  C B G  to  5 6 .8 2  g  C O 2 e q . p e r  M J  C B G . T h a t  w a s  0.1 p e r c e n t  o f  to ta l  
G W P  o f  C B G  p r o d u c t io n  s y s te m  w a s  f ro m  L U C . I t is  n e v e r th e le s s  c le a r  th a t  th e  
e f fe c t  o f  L U C  c a n n o t  b e  ig n o re d .  T h e  d i s p la c e m e n t  o f  a g r ic u l tu r a l  a c t iv i ty  is  
s ig n i f ic a n t  f ro m  a  G H G  p e r s p e c t iv e .
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