
CHAPTER III
EXPERIMENTAL

3.1 Materials and Equipment

3 .1 .1  E q u ip m e n t :

•  D e s k t o p  c o m p u t e r  ( P e n t iu m  I V , R A M  1 G B ,  W in d o w  X P  a n d  

M i c r o s o f t  O f f i c e  2 0 0 3 )

3 .1 .2  S o f t w a r e :

•  P R O /I I  v e r s i o n  8 .2

•  S u s t a in P r o  p r o g r a m

•  S im a P r o  v e r s io n  7 .0

•  I C A S  v e r s i o n  12

3.2 Procedures

3 .2 .1  L ite r a tu r e  S u r v e y

•  S t u d y  th e  b a c k g r o u n d  o f  b io e t h a n o l  p r o d u c t io n  fr o m  m o la s s e s  

i n c lu d in g  th e ir  e n v ir o n m e n t a l  im p a c t  th r o u g h  th e  L C A  te c h n iq u e  

a n d  g a t h e r in g  th e  a v a i la b le  d a ta

•  S t u d y  th e  c o m p o s i t io n  o f  m o la s s e s  th a t is  th e  r a w  m a te r ia l  fo r  

b io e t h a n o l  p r o d u c t io n  a n d  m u s t  b e  k n o w n  fo r  p r o c e s s  s im u la t io n

•  M i n i m iz e  th e  w a s t e  th a t i s  r e le a s e d  fr o m  th e  b io e t h a n o l  p r o d u c t io n  

p r o c e s s  s u c h  a s  a m o u n ts  o f  w a s t e  w a t e r  a n d  s o l i d  w a s t e .

3 .2 .2  P r o c e s s  S im u la t io n
•  S im u la t e  th e  b a s e  c a s e  p r o c e s s  d e s i g n  fo r  p r o c e s s  f l o w  d ia g r a m s  

s h o w n  in  F ig u r e  3 .1  u s in g  m o la s s e s  a s  th e  r a w  m a te r ia l  a n d  u s in g  

th e  P R O /I I  8 .2  s o f t w a r e  a s  th e  p r o c e s s  s im u la to r .
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•  I d e n t i f y  th e  fu n c t io n a l  u n it s  o f  b io e t h a n o l  p r o d u c t io n .  In  th is  w o r k ,  
th e  e th a n o l  p r o d u c t io n  ra te  w a s  s e t  to  1 0 0  k i lo g r a m s  p e r  h o u r .

•  C o l l e c t  th e  n e c e s s a r y  d a ta  th a t  n e e d s  to  b e  s p e c i f i e d .

M o l a s s e s

E t h a n o l
9 9 .5 %

Figure 3.1 B io e t h a n o l  p r o d u c t io n  p r o c e s s  fr o m  m o la s s e s .

3 .2 .3  S u s t a in a b i l i t y  A n a l y s i s
P e r fo r m  s u s t a in a b i l i t y  a n a ly s i s  o f  b a s e  c a s e  d e s i g n  u s in g  

S u s ta in P r o .  T h i s  a n a ly s i s  is  d iv id e d  in to  f iv e  s t e p s  a s  f o l lo w s :
3.2.3.1 C ollection o f  S teady-state D ata

T h is  s t e p  in v o lv e s  th e  c o l l e c t i o n  o f  m a s s  a n d  e n e r g y  b a la n c e  

d a ta  f r o m  s im u la t io n  r e s u lt s  w i t h  P R O /I I  8 .2
3.2.3 .2  F low sheet D ecom position

T h e  o b j e c t iv e  o f  th is  s t e p  is  to  id e n t i f y  a l l  th e  m a s s  a n d  

e n e r g y  f lo w - p a t h s  in  th e  p r o c e s s  b y  d e c o m p o s in g  in to  o p e n - p a t h s  a n d  c lo s e - p a t h s  fo r
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e a c h  c o m p o u n d  in  th e  p r o c e s s .  A n  o p e n - p a t h  c o n s i s t s  o f  a n  e n tr a n c e  a n d  a n  e x i t  o f  a  

s p e c i f i c  c o m p o u n d  in  th e  p r o c e s s .  T h e  c lo s e d - p a t h s  a re  th e  p r o c e s s  r e c y c le s  w it h  

r e s p e c t  to  e a c h  c o m p o u n d  in  th e  p r o c e s s ,  in  th is  r e p o r t  o n l y  i l lu s tr a t e d  in  a lt e r n a t iv e  

1.
3.2.3.3 C alculation o f  Indicator Sensitiv ity  A nalysis

T h e  o b j e c t iv e  o f  th is  s te p  i s  t o  d e t e r m in e  th e  p a r a m e te r s  

( in d ic a t o r s )  f o r  th e  s e n s i t i v i t y  a n a ly s i s .

•  M a t e r ia l- v a lu e  A d d e d  ( M V A )  - T h i s  is  c a lc u la t e d  fr o m  

th e  d i f f e r e n c e  b e t w e e n  th e  v a lu e  o f  th e  c o m p o n e n t  p a th  f l o w s  o u t s id e  th e  p r o c e s s  

b o u n d a r ie s  a n d  th e  c o s t s  in  r a w  m a te r ia l  c o n s u m p t io n  o r  f e e d  c o s t .  N e g a t i v e  v a lu e s  

fo r  M V A  in d ic a t e  v a lu e  lo s t  a n d  s h o w  th a t th e r e  a re  p o t e n t ia l s  fo r  im p r o v in g  th e  

e c o n o m i c  e f f i c i e n c y .  M V A  is  c a lc u la t e d  in  c o s t  u n it s  p e r  y e a r .

MVA = (mass) (sales price - raw material cost)

F o r  b a s e  c a s e  d e s i g n ,  th e  s o l i d  w a s t e  a n d  f lu e  g a s  

s tr e a m s  a re  r e l e a s e d  to  th e  e n v ir o n m e n t  w it h o u t  t r e a tm e n t ,  th e  s a le s  p r ic e  is  s e t  to  

z e r o . F o r  w a s t e  w a te r  s t r e a m s  th a t a re  u s e d  to  g e n e r a t e  e l e c t r i c i t y  v ia  b io g a s ,  th e  

s a le s  p r ic e  is  s e t  to  0 . 0 0 1 3 6  U S D  p e r  k i lo g r a m  o f  w a s t e  w a te r  (1  U S D  =  3 2  T H A I  

B A H T )  ( h t t p : / / w w w .t h a ib i o g a s .c o m )

•  E n e r g y  a n d  W a s te  C o s t  ( E W C )  - T h e  E W C  in d ic a to r  

c o n s i s t s  o f  tw 'o  p a rts: E C  c o n s id e r s  th e  e n e r g y  c o s t s  a n d  wc th e  p r o c e s s  w a s t e  c o s t s  

a s s o c ia t e d  w i t h  a  g i v e n  p a th , b y  a l lo c a t in g  th e  u t i l i t y  c o n s u m p t io n  a n d  w a s t e  

tr e a tm e n t  c o s t s .  T h e y  in d ic a t e  th e  m a x im u m  t h e o r e t ic a l  s a v i n g  p o t e n t ia l  fo r  a  g iv e n  

p a th . H ig h  E W C  v a lu e s  in d ic a t e  h ig h  e n e r g y  c o n s u m p t i o n  a n d  w a s t e  c o s t s  th a t c o u ld  

b e  r e d u c e d  b y  d e c r e a s in g  th e  p a th  f l o w  o r  th e  d u t ie s .  E W C  is  c a lc u la t e d  in  c o s t  u n its  

p e r  y e a r .

EWC = EC+WC

EC = (duty) (cost)x C o m p o n e n t  m a s s  X c h a r a c t e r i s t i c  p h y s i c a l  p r o p e r t y ' 
su m  o f  a l l  c o m p o n e n t  ( m a s s  X c h a r a c te  r is t ic  p h y s ic a l  p r o p e r t y )

http://www.thaibiogas.com
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w c  = (mass) (waste treatment cost)

•  R e a c t io n  Q u a li t y  ( R Q )  -  T h i s  in d ic a to r  m e a s u r e s  th e  

e f f e c t  a  c o m p o n e n t  p a th  f l o w  m a y  h a v e  o n  th e  r e a c t io n s  th a t  o c c u r  in  i t s  p a th . I f  th e  

R Q  v a lu e  is  p o s i t i v e ,  th e  p a th  f l o w  h a s  a  p o s i t i v e  e f f e c t  o n  th e  o v e r a l l  p la n t  

p r o d u c t iv i t y .  N e g a t i v e  v a lu e s  in d ic a t e  a n  u n d e s ir a b ly  lo c a t e d  c o m p o n e n t  p a th  f l o w  in  

th e  p r o c e s s .

R Q - e x t e n t  o f  r e a c t io n  X r e a c t io n  p a r a m e t e r  
s u m  o f  d e s ir e d  p r o d u c t s

•  A c c u m u la t io n  F a c to r  ( A F )  -  A F  p r o v id e s  a  w a y  o f  

m e a s u r in g  th e  a c c u m u l a t iv e  b e h a v io r  o f  in d iv id u a l  c o m p o n e n t s  in  r e c y c le s .  N o t e  th a t  

th e  te r m  “ a c c u m u l a t io n ”  i s  n o t  u s e d  to  m e a n  in v e n t o r y  in  t h is  m e t h o d .  It in d ic a te s  

th e  a m o u n t  o f  m a te r ia l  b e in g  r e c y c le d  r e la t iv e  to  it s  in p u t  to  th e  p r o c e s s  a n d /o r  

o u tp u t  fr o m  th e  p r o c e s s .

_  m a s s  o f  c o m p o n e n t  in  r e c y c l e  
s u m  o f  c o m p o n e n t  m a s s  l e a v in g  r e c y c le  •

•  T o ta l  V a lu e  A d d e d  ( T V A )  -  T h i s  in d ic a to r  d e s c r ib e s  

th e  e c o n o m i c  i n f l u e n c e  a  c o m p o n e n t  p a th  f l o w  m a y  h a v e  o n  th e  v a r ia b le  p r o c e s s  

c o s t s .  N e g a t i v e  T V A  v a lu e s  in d ic a t e  im p r o v e m e n t  p o t e n t ia ls  in  th e  p r o c e s s .  S t i l l ,  i f  a 

p a th  f l o w  h a s  a  h ig h  E W C  v a lu e  th a t w a s  c o m p e n s a t e d  b y  a  h ig h  M V A  v a lu e  a n d  

g a v e  a  p o s i t i v e  T V A  v a lu e  it  c o u ld  s t i l l  b e  p o s s i b l e  to  r e d u c e  th e  e n e r g y  c o s t .  T V A  is  

c a lc u la t e d  in  c o s t  u n it s  p e r  y e a r .

T V A  =  M V A  -  E W C

•  E n e r g y  A c c u m u la t io n  F a c to r  ( E A F )  - T h e  e n e r g y  

a c c u m u la t io n  f a c to r  ( E A F ) ,  c a l c u la t e s  th e  a c c u m u la t iv e  b e h a v io r  o f  e n e r g y  in  a n  

e n e r g y  c y c l e  p a th  f l o w .  S i n c e  it i s  o f  in te r e s t  to  r e c y c le  o r  r e c o v e r  e n e r g y ,  th e s e



46

factors should be as large as possible in order to save energy. The energy
accumulation factor could be calculated as:

E A F  = e n e r g y  r e c y c le d  
e n e r y  le a v in g  t h e  r e c y c le

•  T o ta l  D e m a n d  C o s t  ( T D C )  -  T h i s  in d ic a t o r  is  a p p l ie d  

o n l y  to  o p e n - p a t h s  a n d  tr a c e s  th e  e n e r g y  f l o w s  a c r o s s  th e  p r o c e s s .  F o r  e a c h  d e m a n d  

in  th e  p r o c e s s  th e  s u m  o f  a ll  D C ,  w h ic h  p a s s e s  th r o u g h  it , a r e  c a lc u la t e d .  D C  c a n  b e  

c a lc u la t e d  u s in g  th e  f o l l o w i n g  e q u a t io n :

D C s u,d =  P E s u E O P su .d

W h e r e , P E  w a s  th e  u t i l i t y  c o s t ,  in  u n it s  o f  p r ic e /e n e r g y .  
T h e  to ta l  c o s t  fo r  a l l  th e  p a th s  is  e x p r e s s e d  b y :

s s

T D C d —  D C S u d
«ะ.,=1

W h e r e , s s  is  th e  to ta l  n u m b e r  o f  s u p p l i e s  (ร น )  w it h  

s ig n i f ic a n t  e n e r g y  c o n t r ib u t io n s  c o r r e s p o n d in g  to  th e ir  d e m a n d s  (d ) .  H ig h  v a lu e s ,  o f  

th is  in d ic a t o r  id e n t i f y  th e  d e m a n d s  th a t c o n s u m e  th e  la r g e s t  v a lu e s  o f  e n e r g y ,  s o  

t h e s e  a r e  th e  p r o e e s s  p a r ts , w h i c h  a re  m o r e  a d a p te d  to  h e a t  in te g r a t io n .
3.2 .3 .4  C alculation  o f  Susta inability  M etric

T h e  u s e  o f  th e  s u s t a in a b i l i t y  m e t r ic s  f o l l o w  th e  s im p le  r u le  

th a t  th e  l o w e r  th e  v a lu e  o f  th e  m e tr ic  th e  m o r e  e f f e c t i v e  ( s u s t a in a b le )  th e  p r o c e s s .  A  

lo w e r  v a lu e  o f  th e  m e t r ic  in d ic a t e  th a t  e i th e r  th e  im p a c t  o f  th e  p r o c e s s  i s  l e s s  o r  th e  

o u tp u t  o f  th e  p r o c e s s  is  m o r e . T h e  m e tr ic  c a l c u la t e d  in  t h is  a n a ly s i s  a r e  s h o w n  in  

T a b le  3 .1 ,  d i v i d e d  in t o  d i f f e r e n t  g r o u p s .
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T a b l e  3 .1  T h e  s u s t a in a b i l i t y  m e t r ic s  c o n s id e r e d  in  S u s ta in P r o

G r o u p M e tr ic s

E n e rg y

Total Net Primary Energy Usage rate (GJ/y)
% Total Net Primary Energy sourced from renewable
Total Net Primary Energy Usage per Kg product (kJ/kg)
Total Net Primary Energy Usage per unit value added (kJ/$)

M a te r ia l

Total raw materials used per kg product (kg/kg)
Total raw materials used per unit value added
Fraction o f  raw materials recycled within company
Fraction o f  raw materials recycled from consumers
Hazardous raw material per kg product

W a te r Net water consumed per unit mass o f  product (kg/kg)
Net water consumed per unit value added

E co n o m ic Value added ($/yr)

T h e  r e s u lt s  r e p o r t  th e  e n e r g y  u s e d ,  r a w  m a te r ia l  u s e d ,  w a te r  

c o n s u m p t io n ,  a n d  v a lu e  a d d e d  o f  th is  p r o c e s s .  A f t e r  n e w  d e s i g n  a l t e r n a t iv e  p e r fo r m  

in  S u s t a in P r o ,  th is  w o r k  w o u ld  c o m p a r e  t h e s e  n e w  v a lu e s  w i t h  t h o s e  o f  th e  b a s e  c a s e  

d e s ig n .  T h e n ,  r e s u lt s  a re  s h o w n  in  t e r m s  o f  h o w  m u c h  i m p r o v e m e n t  is  a c h i e v e d  b y  

th e  n e w  d e s ig n .
3.2.3.5 N ew  A lternative D esign

A lt e r n a t iv e s  a r e  c r e a te d  b a s e d  o n  o p e r a b i l i t y ,  e n e r g y  

c o n s u m p t io n ,  w a s t e  r e d u c t io n ,  e n v ir o n m e n t a l  im p a c t ,  s a f e t y  a n d  c o s t .  T h e  n e w  

d e s i g n  is  s im u la t e d  w i t h  P r o /I I  8 .2 .

3 . 2 .4  L i f e  C y c l e  A s s e s s m e n t  ( L C A )
T h e  a s s e s s m e n t  is  c a r r ie d  o u t  in  f o u r  p h a s e s  c o n s i s t i n g  o f :
3.2.4.1 G oal and  Scope D efinition

•  I d e n t i f y  f u n c t io n a l  u n it  o f  b io e t h a n o l  p r o d u c t io n :  In th is  

w o r k ,  t w o  f u n c t io n a l  u n it s  a re  u s e d :  1 k i lo g r a m  o f  b io e t h a n o l  o f  9 9 .5  w t%  p u r ity  a n d  

1 m e g a j o u le  o f  b io e t h a n o l  9 9 .5  w t%  p u r ity .

•  D e t e r m in e  s y s t e m  b o u n d a r ie s  o f  b io e t h a n o l  p r o d u c t io n  

(w h a t  i s  a n d  i s  n o t  in c lu d e d  in  t h is  r e s e a r c h )  b a s e d  o n  th e  g o a l  d e f in i t io n .  In  th is



48

r e s e a r c h , th e  s e l e c t e d  s y s t e m  b o u n d a r y  o f  b io e t h a n o l  p r o d u c t io n  p r o c e s s  is  s h o w n  in  

F ig u r e  3 .2 .  F o r  th e  l i f e  c y c l e  a s s e s s m e n t ,  th e  b io g a s  a n d  c o g e n e r a t io n  s ta g e  w a s  

in c lu d e d  in  o r d e r  to  p e r fo r m  th e  w h o l e  l i f e  c y c l e  o f  th e  b io e t h a n o l  c o n v e r s i o n  s ta g e .

Utilities Chemicals

All kind of Filial Waste flowEmission

Figure 3 .2  S y s t e m  b o u n d a r y  fo r  b io e t h a n o l  c o n v e r s i o n  p r o c e s s .

3.2 .4 .2  Inventory A nalysis
•  C o l l e c t  d a ta  r e la te d  to  e n v ir o n m e n t  a n d  t e c h n ic a l  

q u a n t i t i e s  fo r  a ll  r e le v a n t  a s s e s s m e n t  t e r m s  a n d  w i t h i n  th e  b o u n d a r ie s ,  th e  u n it  

p r o c e s s e s ,  f o r  e x a m p le ;
- .  R a w  m a te r ia ls ,  u t i l i t i e s ,  a n d  e n e r g y  c o n s u m p t io n s
- A ir  a n d  w a te r  e m i s s i o n s
- W a s t e  g e n e r a t io n s

T h e  s o u r c e  o f  in v e n t o r y  d a ta  o f  b io e t h a n o l  c o n v e r s i o n  p r o c e s s  is  g iv e n  in  T a b le  3 .2 .  

Table 3.2 S o u r c e s  o f  in v e n t o r y  d a ta  o f  b io e t h a n o l  c o n v e r s i o n  p r o c e s s

Step Type of data Data source
S u g a r c a n e  f a r m in g  a n d  p r o c e s s i n g 2 nd D a ta M T E C  R e s e a r c h

E t h a n o l  c o n v e r s i o n 2 nd D a ta P r o c e s s  S im u la t io n

W a s t e  w a t e r  tr e a tm e n t 2 nd D a ta T R E  C D M  p r o je c t  *
* Thai Roong Ruang Energy Co.,Ltd (TRE)
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•  Q u a n t i f y  h o w  m u c h  e n e r g y  a n d  r a w  m a te r ia ls  a r e  u s e d ,  
a n d  h o w  m u c h  s o l i d ,  l iq u id  a n d  g a s e o u s  w a s t e s  a re  g e n e r a t e d ,  a t e a c h  s t a g e  o f  th e  

p r o d u c t 's  l i f e .

3.2.4 .3  Im pact A ssessm ent
•  C a lc u la t e  im p a c t  p o t e n t ia ls  b a s e d  o n  th e  L C I  r e s u lt s  bo

u s in g  th e  S im a P r o  s o f t w a r e  ( v e r s io n  7 .0 — w it h  C M L  2  b a s e l i n e  2 0 0 0  m e t h o d s ) .

•  A n a l y z e  a n d  c o m p a r e  th e  im p a c t s  o n  h u m a n  h e a lth  a n d  

th e  e n v ir o n m e n t  b u r d e n s  a s s o c ia t e d  w i t h  th e  r a w  m a te r ia l  a n d  e n e r g y  in p u ts  a n d  

e n v ir o n m e n t a l  r e l e a s e s  q u a n t i f i e d  b y  th e  in v e n t o r y ,  fo r  e x a m p l e  G lo b a l  w a r m in g  a n d  

E n e r g y  R e s o u r c e s .
3.2 .4 .4  Interpretation

•  E v a lu a t e  th e  n e t  e n e r g y  g a in ,  n e t  e n e r g y  r a t io  a n d  G H G  

e m i s s i o n  p e r  o n e  k i lo g r a m  o f  e t h a n o l  fo r  th e  d e s ig n e d  o f  b io e t h a n o l  c o n v e r s io n  

p r o c e s s .

•  E v a lu a t e  o p p o r t u n it ie s  to  r e d u c e  e n e r g y ,  m a te r ia l  in p u ts ,  
o r  e n v ir o n m e n t a l  im p a c t s  a t e a c h  s t a g e  o f  th e  p r o d u c t  l i f e - c y c l e .

•  A n a l y z e  a n  im p r o v e m e n t ,  in  w h i c h  r e c o m m e n d a t io n s  a re  

m a d e  b a s e d  o n  t h e  r e s u lt s  o f  th e  in v e n t o r y  a n d  im p a c t  s t a g e s .

3 .2 .5  R e - m o d e l i n g
3.2.5.1 G enerate N ew  D esign A lternative U sing P R O /II a nd  Consider 

the R esults fro m  Susta inability  Analysis.
3 .2 .5 .2  P erform  Susta inability  A nalysis o f  N ew  D esign to Calculate  

Indicators, S usta inab ility  M etrics, a n d  Safety  Indices. E xam ples o f  indicators are;
M a t e r ia l - v a lu e  a d d e d  ( M V A )
E n e r g y  a n d  w a s t e  c o s t  ( E W C )
T o ta l  v a lu e  a d d e d  ( T V A )

3.2 .5 .3  P erform  L ife Cycle A ssessm ent o f  N ew  D esign to Evaluate 
E nvironm enta llim pact.
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3 .2 .6  C o m p a r is o n  b e t w e e n  B a s e  C a s e  a n d  N e w  D e s iu n
C o m p a r e  th e  r e s u lt s  b e t w e e n  b a s e  c a s e  a n d  a l t e r n a t iv e s  to  d e t e r m in e  

th e  im p r o v e m e n t  a c h i e v e d  b y  th e  n e w  d e s i g n s .  T h e  r e s u lt s  a r e  g i v e n  in  te r m s  o f ;  

3 .2 .6 .1. Indicators
3.2 .6 .2  Susta inability  M etrics
3 .2 .6 .3  L ife Cycle A ssessm ent
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