
RESULTS AND DISCUSSION
C H A P T E R  I V

4.1 Base Case Design

4 .1 .1  P ro c e s s  S im u la t io n  o f  B a s e  C a s e  D e s ig n
4 .1 .1 .1  TRE D esig n

T R E  p r o c e s s  w a s  u s e d  a s  a  m o d e l  o f  th is  d e s ig n .  T h e  p r o c e s s  is  
d e s ig n e d  to  p r o d u c e  e th a n o l  9 9 .5  w t%  f ro m  s u g a r c a n e  b a g a s s e  w i th  th e  
p r o d u c t io n  c a p a c i ty  o f - 120,000 l i te r s /d a y . T h e  m a in  o p e r a t io n s  o f  T R E  p r o c e s s  
a r e  s h o w n  in  F ig u r e  4.1 .'.
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Figure 4.1 T h e  m a in  o p e r a t io n s  o f  T R E  p r o c e s s .

T R E  p r o c e s s  w a s  m o d e le d  o n  a  c o n t in u o u s  b a s i s  b y  p r o c e s s  
s im u la to r ,  P R O /I I  8.2, ( P R O /I I ,  2006) a s  s h o w n  in  A p p e n d ix  c .  L is ts  o f  c o m p o n e n ts  
a n d  r e a c t io n s  th a t  ta k e  p l a c e  in  th e  p r o c e s s  a re  s h o w n  in  A p p e n d ix  A  a n d  B , 
r e s p e c t iv e ly .  T h e  p r o c e s s  s ta r t in g  f ro m  s u g a rc a n e  b a g a s s e  b e in g  c o n v e y e d  to  th e  C 5 -  
p r e t r e a tm e n t  a r e a  o f  th e  p r o c e s s .  T h e  f e e d s to c k  is  t r e a te d  w i th  d i lu te  s u lp h u r ic  a c id  a t  
1 6 2 C  in  o r d e r  to  l ib e r a te  h e m ic e l lu lo s e  a n d  o th e r  c o m p o u n d s .  H e m ic e l lu lo s e  is  th e n  
c o n v e r te d  to  C 5 - s u g a r ,  x y lo s e .  A f te r w a r d s  th e  p r o c e s s  s t r e a m  is  s e n t  to  a  b lo w d o w n
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ta n k  to  r e m o v e  in h ib i to r s  a n d  w a te r ,  f o l lo w e d  b y  th e  in s o lu b le  s o l id  l iq u id  s e p a r a t io n  
to  s e p a r a te  a n d  r e m o v e  th e  in s o lu b le  s o l id  f r a c t io n  o u t .  T h e  l i q u id  f r a c t io n  is  f e d  to  
o v e r l im in g ,  n e u t r a l i z a t io n  a n d  g y p s u m  f i l te r  to  f u r th e r  r e m o v e  in h ib i to r s .  T h e  
in h ib i to r s  a r e  l i b e r a te d  in  th e  p r e t r e a tm e n t  a n d  to x ic  to  th e  f e rm e n ta t io n  
m ic r o o r g a n is m s .  T h e s e  c o m p o u n d s  a re  r e m o v e d  in  th is  a re a . T h e  d e to x i f ie d  s t r e a m  is  
th e n  fe d  to  f e r m e n ta t io n  u s in g  m ic r o o r g a n is m , K O I  1, to  c o n v e r t  x y lo s e  to  e th a n o l .  
A f te r  th is  s te p , th e  e th a n o l  f ro m  th e  b a g a s s e  b r o th  is  m ix e d  w i th  th e  e th a n o l  f ro m  th e  
m o la s s e s  b r o th  a n d  s e n t  to  p r o d u c t  r e c o v e r y  a re a . T h e  c o m p o s i t io n  in  m o la s s e s  b r o th  
w a s  c a lc u la t e d  a c c o r d in g  th e  d a ta  a v a i la b le  f ro m  T R E , h o w e v e r ,  th e  c a lc u la t io n  h a s  
o n ly  th e  m ix tu r e  o f  w a t e r  a n d  e th a n o l  r e a c h e d  th e  ta r g e t  c o n c e n t r a t io n  w i th o u t  a n y  
c o n ta m in a t io n .  T h e  p r o d u c t  r e c o v e r y  s ta g e  c o n s is t s  o f  e v a p o r a t io n ,  d i s t i l la t io n  a n d  
m o le c u la r  s ie v e  a d s o r p t io n .  In  th is  r e c o v e r y  s e c t io n , th e  p l a n t  d a t a  a r e  n o t  a v a i la b le ,  
th e re f o r e ,  th e  d a ta  w e r e  s im u la te d  a c c o rd in g  to  K r a m e r  ( 1 9 8 1 )  a n d  M o ra le s  e t al. 
( 2 0 0 9 )  s tu d y . T h e  m ix e d  b r o th  is  f in a l ly  p u r i f i e d  to  e th a n o l  f u e l  g r a d e  9 9 .5  w t% .

H o w e v e r ,  T R E  p r o c e s s  c o n v e r ts  h e m ic e l lu lo s e s  to  e th a n o l  o n ly  
w h i le  c e l lu lo s e  is  s e p a r a te d  a n d  s e n t  to  b o i l e r  to  g e n e r a te  s te a m  e le c t r ic i ty .  S in c e  
c e l lu lo s e  is  th e  m a jo r  c o m p o n e n t  in  b a g a s s e  ( a c c o u n t in g  f o r  a r o u n d  4 4 %  w h i le  
h e m ic e l lu lo s e s  o n ly  a c c o u n t s  f o r  a r o u n d  2 7 % )  a n d , a s  c e l lu lo s e  c a n  b e  c o n v e r te d  to  
C 6 - s u g a r ,  g lu c o s e ,  w i th  th e  h ig h  c o n v e r s io n .  T h e r e fo re ,  th e  c e l lu lo s e  c o n v e r s io n  s te p  
w a s  a d d e d  a s  a p p l ie d  b y  M o ra le s  e t a l. ( 2 0 0 9 )  to  th e  T R E  d e s ig n .

4 .1 .1 .2  B a se  C a se  D esign
B a s e  c a s e  d e s ig n  w a s  s im u la te d  f o r  th e  T R E  p r o c e s s  c o n v e r t in g  

h e m ic e l lu lo s e s  w i th  th e  a d d i t io n  o f  th e  c e l lu lo s e  c o n v e r s io n  p r o c e s s  a s  s h o w n  in  
A p p e n d ix  c .  S ta r t in g  f r o m  th e  p r e t r e a tm e n t  s ta g e , s u g a rc a n e  b a g a s s e  is  t r e a te d  w i th  
d i lu te  s u lp h u r ic  a c id  to  h y d r o ly z e  h e m ic e l lu lo s e  a n d  o th e r  c o m p o u n d s .  
H e m ic e l lu lo s e  is  th e n  c o n v e r te d  to  C 5 - s u g a r ,  x y lo s e . A f te r  t h a t  th e  p r o c e s s  s t r e a m  is  
f e d  to  a  b lo w d o w n  t a n k  to  r e m o v e  in h ib i to r s  a n d  w a te r ,  f o l lo w e d  b y  a  n e u t r a l iz a t io n  
s ta g e , th e  s o l id  l i q u id  s e p a r a t io n  to  s e p a r a te  a n d  r e m o v e  th e  in s o lu b le  s o l id  f ra c t io n . 
T h e  l iq u id  f r a c t io n  is  f e d  to  o v e r l im in g ,  n e u t r a l iz a t io n  a n d  g y p s u m  f i l t e r  to  f u r th e r  
r e m o v e  in h ib i to r s  w h ic h  a re  to x ic  to  th e  f e r m e n ta t io n  m ic r o o r g a n is m s .  T h e  
p r e v io u s ly  s e p a r a te d  s t r e a m  w i th  th e  in s o lu b le  s o l id  is  th e n  m ix e d  a g a in  w i th  th e  
d e to x i f ie d  s t r e a m  a n d  th e n  fe d  to  f e rm e n ta t io n  s ta g e . In  th i s  s ta g e , tw o  d i f f e r e n t
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o p e r a t io n s  a re  o c c u r r in g :  s a c c h a r i f ic a t io n  o f  th e  r e m a in in g  c e l lu lo s e  to  g lu c o s e ,  a n d  
a ls o  th e  f e r m e n ta t io n  o f  th e  r e s u l t in g  g lu c o s e  a n d  o th e r  s u g a r s  ( f r o m  th e  d i lu te  a c id  
p r e t r e a tm e n t  o f  h e m ic e l lu lo s e )  to  e th a n o l  u s in g  m ic r o o r g a n is m ,  Z ym om on as m obilis . 
A f te r  th i s  s te p , th e  e th a n o l  f ro m  th e  b a g a s s e  b r o th  is  m ix e d  w i th  th e  e th a n o l  f ro m  th e  
m o la s s e s  b r o th  a n d  s e n t  to  th e  p r o d u c t  r e c o v e r y  s ta g e , w h ic h  c o n s i s t s  o f  q u a d r u p le  
e f f e c t  e v a p o r a t io n ,  d is t i l la t io n  a n d  m o le c u la r  s ie v e  a d s o r p t io n .  T h e  m ix e d  b r o th  is  
p u r i f i e d  to  e th a n o l  fu e l g ra d e  9 9 .5  w t% .

T h is  a d v a n c e d  d e s ig n  w a s  u s e d  a s  th e  b a s e  c a s e  d e s ig n  to  p e r f o rm  
s u s ta in a b i l i ty  a n a ly s i s  a n d  li fe  c y c le  a s s e s s m e n t .  T h e  s t r e a m  s u m m a r y  w i th  m a s s  
f lo w , e n e r g y  f lo w  a n d  c o n d i t io n s  r e g a r d in g  a ll  c o m p o n e n ts  in  a l l  s t r e a m s  o f  th e  
p r o c e s s  is  s h o w n  in  A p p e n d ix  D .

4 .1 .2  S u s ta in a b i l i ty  A n a ly s is
4 .1 .2 .1  In d ica to r  R esu lts  ■

S u s ta in P r o  w a s  u s e d  to  a n a ly z e  th e  s u s t a in a b i l i ty  o f  th e  d e s ig n . T h e  
p r o g r a m  d e c o m p o s e d  b a s e  c a s e  f lo w s h e e t  in to  2 8 9 6  o p e n - p a th s  ( O P )  a n d  8 4  c lo s e -  
p a th s  (C ) . T h e  m a s s  a n d  e n e r g y  in d ic a to r s  w e r e  c a lc u la te d .  T h e  m o s t  s e n s i t iv e  
in d ic a to r s  a re  l i s te d  in  T a b le  4 .1  a n d  T a b le  4 .2 .

T a b l e  4 .1  L is t  o f  th e  m o s t  s e n s i t iv e  in d ic a to r s  f o r  th e  o p e n - p a th s

Path MVA Probability Path EWC Probability Path TVA Probability
OP 2680 -229.1 High OP 2258 256.7 Low OP 554 332.0 High
OP 554 -78.6 High OP 554 253.4 High OP 2258 -256.7 Low
OP 555 -72.7 High OP 2782 195.2 High OP 2680 -230.5 High
OP 2667 -21.8 High OP 555 83.5 High OP 2782 -216.8 High
OP 2782 -21.6 High OP 2254 75.1 High OP 555 -156.2 High
OP 2254 -12.1 High OP 2245 44.8 Low OP 2254 -87.3 High
OP 2265 -7.6 High OP 770 42.0 Low OP 2245 -44.8 Low
OP 515 -4.9 High OP 2769 39.3 High OP 770 -42.0 Low
OP 516 -4.6 High OP 515 25.2 High OP 2769 -41.7 High
OP 488 -3.7 High OP 2406 24.4 Low OP 515 -30.1 High
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T a b l e  4 .2  L is t  o f  m o s t  s e n s i t iv e  in d ic a to r s  f o r  th e  c lo s e - p a th s

P a th EW C P ro b a b il i ty P a th A F P ro b a b il i ty
C58 282.1 C heck AF C65 0.5 Low
C2 4.5 C heck AF C58 0.5 H igh
C30 0.5 C heck AF C37 0.5 Low
C64 0.2 C heck AF C9 0.5 Low
C57 0.1 H igh C64 0.4 H igh

T h e  m o s t  s e n s i t iv e  in d ic a to r s  l i s te d  in  T a b le s  4 .1  a n d  4 .2  h a v e  
d i f f e r e n t  m e a n in g .  F o r  e x a m p le ,  n e g a t iv e  v a lu e s  o f  M V A  o r  T V A  in d ic a te  th e  
p o te n t ia l  to  im p r o v e  th e  p r o c e s s  b y  m a k in g  th e m  p o s i t i v e  th r o u g h  d e s ig n  c h a n g e s . 
P o s i t iv e  v a lu e s  o f  th e  E W C , o n  th e  o th e r  h a n d ,  in d ic a te  th a t  to o  m u c h  e n e r g y  is  
b e in g  u s e d  ( o r  w a s te d )  a n d  th e re  is  a  p o te n t ia l  to  im p r o v e  th e  p r o c e s s  b y  r e d u c in g  
th e s e  v a lu e s  th r o u g h  d e s ig n  c h a n g e s . In  o p e n - p a th ,  th e  to p  f iv e  v a lu e s  in  e a c h  
in d ic a to r  a r e  in  b o ld ,  O P  5 5 4 , O P  5 5 5 , O P  2 2 5 4 , O P  2 2 5 8 ,  O P  2 6 6 7 ,  O P  2 6 8 0 , a n d  
O P  2 7 8 2 . I n  c lo s e - p a th s ,  c  5 8  a n d  c  2  a re  th e  tw o  h ig h e s t  v a lu e s  f o r  E W C . c  6 5  a n d  
c  5 8  r a n k  o n  to p  v a lu e s  f o r  A F . T h e  d e ta i l s  o f  th o s e  p o te n t ia l  p a th s  a r e  s h o w n  in  
T a b le  4 .3 . A t  th i s  p o in t  i t  w a s  n e c e s s a r y  to  m a k e  th e  ju d g m e n t  r e g a r d in g  th e  q u e s t io n  
to  w h ic h  p a th  a n d  in d ic a to r  c a n  p r o v id e  th e  b e s t  im p ro v e m e n t .

T a b l e  4 .3  D e ta i l s  o f  h ig h  p o te n t ia l  p a th s  f o r  im p r o v e m e n t

Path Component Starting stream/unit Ending stream/unit
OP 554 WATER ร-66 ร-?2
OP 555 WATER S-66 ร-?ร
OP 2254- ■ CELL.ULOS S-01 ร-?2
OP 2258 CELUI LOS S-01 R5
OP 2567 c n .r n .A i ร-40 ร-?2
OP 2680 CELLULAC ร-55 ร-?2

l l f f i iÉ I LIGNIN S-01 •
C2 WATER ร-69 ร-?5
C58 WATER ร-? 1 ร-?3
C65 ACETIC ACID ร-? 1 ร-?3

F o c u s  o n  th e  c o m p o n e n t  f ro m  p o te n t ia l  p a th s ,  s ta r t in g  w ith  
c e l lu lo s e ,  t h e i r  p a th s  a n d  s t r e a m s  in v o lv e  w i th  p l e n ty  o f  s o lu b le  a n d  in s o lu b le  s o l id
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m a tte r ,  th e r e f o r e ,  r e c y c l in g  i t  to  th e  p r o c e s s  d o e s  n o t  s e e m  fe a s ib le .  C e l lu la c  
((ce llu lo se ), a  c la s s  o f  e n z y m e , w h ic h  is  r a r e ly  s e p a r a te d  in  o r d e r  to  r e c y c le  o r  r e c o v e r  
b a c k  to  th e  p r o c e s s ,  th e r e f o r e ,  i t  w i l l  n o t  b e  f u r th e r  a n a ly z e d .  L ig n in  is  a n  u n w a n te d  
c o m p o u n d  in  th e  p r o c e s s ,  a n d  is  o n e  o f  in te r e s t in g  ta r g e t s  f o r  im p r o v e m e n t  b e c a u s e  it  
e n te r s  a n d  e x i t s  th e  p r o c e s s  u n c h a n g e d .  S e p a r a t in g  it  b e f o r e  e n t e r i n g  th e  p r o c e s s  h a s  
th e  p o s s ib i l i t y  to  r e d u c e  f lo w s  a n d  a  c o n s e q u e n c e  th e  r e q u i r e d  v o lu m e  f o r  th e  
e q u ip m e n t .  I f  th e  f lo w s  a re  r e d u c e d ,  th e  e n e r g y  c o n s u m p t io n  w i l l  a ls o  b e  d e c r e a s e d . 
H o w e v e r ,  in  te r m  o f  th e  n e w  d e s ig n  a l t e r n a t iv e s  to  im p le m e n t  in  P R O /I I ,  th i s  w a s  
d e c id e d  n o t  to  b e  c o n s id e r e d .  A c e t ic  a c id  is  a  c o m p o u n d  g e n e r a t e d  in  j u s t  a  s m a l l  
p o r t io n  f ro m  f e r m e n ta t io n  s e c t io n  o f  th e  p r o c e s s ,  th u s  i t  w a s  n o t  c o n s id e re d .  T h e  
c o m p o n e n t  th a t  h a s  b e e n  m a s s iv e ly  u s e d  a n d  h a s  h ig h  p o te n t ia l  f o r  im p r o v e m e n t  
p a th s  is  w a te r .  T h e r e f o r e ,  th e  p a th s  r e la te d  to  w a te r  (O P  5 5 4 , O P  5 5 5 ,  C 5 8 , a n d  C 2 )  
w e r e  s e le c t e d  f o r  f u r th e r  a n a ly s is .

A f te r  th e  p r e v io u s  s e le c t io n ,  th e  s e n s i t iv i ty  a n a ly s i s  w a s  p e r f o r m e d  
to  p u r s u e  th e  a n a ly s is  o f  th e  p a th s  r e la te d  to  w a t e r  in  E W C . T h e  s c o r e s  f r o m  th e  
s e n s i t iv i ty  a n a ly s is  f r o m  S u s ta in P r o  w e r e  a n a ly z e d  a n d  g iv e n  s c o r e s  to  o p e n  p a th s  
a n d  c lo s e  p a th s  w i th  th e  h ig h  p o te n t ia l  f o r  im p r o v e m e n t  a s  s h o w n  in  T a b le  4 .4 .

T a b l e  4 .4  S c o r e s  f r o m  th e  in d ic a to r s  s e n s i t iv i ty  a n a ly s is  a lg o r i th m

P a th I n d i c a to r S c o re
OP 554 EWC 27
OP 555 EWC 26

C2 EWC 12
C58 EWC 16

F r o m  T a b le  4 .4 ,  th e  s c o r e  in  o p e n  p a th s ,  O P  5 5 4  is  s l ig h t ly  h ig h e r  
th a n  O P  5 5 5 . In  c lo s e  p a th s ,  th e  s c o re  f ro m  C 5 8  is  h ig h e r  th a n  f r o m  C 2 .

4 .1 .2 .2  S e n s itiv ity  A n a lys is  R esu lts
T h is  a n a ly s is  w a s  m a d e  to  th e  r e le v a n t  s t r e a m s  in  th e  s e le c te d  p a th s  

in  o r d e r  to  k n o w  th e  p o s s ib i l i t y  to  im p ro v e  th e  in d ic a to r s  b y  v a r ia t io n  o f  th e i r  
v a r ia b le s .  T h e  v a r ia b le s  th a t  in f lu e n c in g  th e  in d ic a to r s  s u f f e r in g  th e  v a r ia t io n s  o f  5 % ,
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1 0 % , a n d  15 %  w e r e  a n a ly z e d .  T h e  s e n s i t iv i ty  a n a ly s is  o f  O P  5 5 4 , O P  5 5 5 , C 2 , a n d  
C 5 8  is  s h o w n  in  T a b le s  4 .5 , 4 .6 ,  4 .7 , a n d  4 .8 ,  r e s p e c t iv e ly .

Table 4.5 S e n s i t iv i ty  a n a ly s is  o f  O P  5 5 4

D e v ia tio n  (% )
V a ria tio n  (% ) ร - 6 6 F 2 F 3 F 4 F 5 E 6

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

Table 4.6 S e n s i t iv i ty  a n a ly s is  o f  O P  5 5 5

D ev ia tio n  (% )
V aria tio n  (% S -6 6 F 2 E 6 C l R e b  T1

5% 1 .8 7 % 0 .1 9 % 1 .7 8 % 0 .0 4 % 2 .9 9 %
10% 3 .8 6 % 0 .3 7 % 3 .5 6 % 0 .0 8 % 5 .9 9 %
1 5 % 5 .9 6 % 0 .5 6 % 5 .3 4 % 0 .1 2 % 8 .9 8 %

Table 4 .7  S e n s i t iv i ty  a n a ly s is  o f  C 2

D ev ia tio n  (% )
V a ria tio n  (%' F 2 F 3 F lo w  C 2

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

Table 4.8 S e n s i t iv i ty  a n a ly s is  o f  C 5 8

D e v ia tio n  (% )
V a ria tio n  (% ) F 4 F 5 F lo w  C 5 8

5 % 0 .0 1 % 4 .9 9 % 2 .8 6 %
1 0 % 0 .0 1 % 9 .9 9 % 5 .8 5 %
1 5 % 0 0 2 % 1 4 .9 8 % 8 .9 8 %
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F ro m  th e  r e s u l t s  s h o w n  in  th e  a b o v e  ta b le s ,  th e  w a y  to  e v a lu a te  th e  
s e n s i t iv i ty  a n a ly s is  p e r f o r m e d  b y  S u s ta in P r o  is  to  lo o k  a t  w h ic h  s e c t io n s  h a v e  th e  
h ig h e s t  p e r c e n ta g e .  T h e  e v a p o r a to r  F 5  h a s  th e  h ig h e s t  p e r c e n ta g e  o n  O P  5 5 4  a n d  
C 5 8  w h i le  th e  e v a p o r a to r  F 2  h a s  th e  h ig h e s t  p e r c e n ta g e  o n  C 2 , th e  r e b o i le r  T 1 h a s  
th e  h ig h e s t  p e r c e n ta g e  o n  O P  5 5 5 . T h o s e  h ig h  p e r c e n ta g e s  a r e  th e  o n e s  h a v in g  th e  
la rg e  im p a c t  o n  im p r o v in g  th e  in d ic a to r s  b y  c h a n g in g  th e  v a r ia b le .  T h e  w a y  to  
d e s ig n  a l t e r n a t iv e s  is  to  lo o k  a t  th o s e  u n i t s  a n d  t ry  to  im p r o v e  th e m .

B a s e d  o n  th e s e  in d ic a to r  re s u l t s ,  i t  c a n  b e  s u m m a r iz e d  th a t  th e r e  is  
a  r o o m  f o r  im p r o v e m e n t  th ro u g h  th e  p a th s  w i th  r e s p e c t  to  E W C . F o r  th e  s e le c te d  
p a th s  a n d  th e  in d ic a to r  s e n s i t iv i ty  a n a ly s is ,  i t  w a s  d e te r m in e d  th a t  th e  p a th s  r e la te d  to  
w a te r  (O P  5 5 5 , O P  5 5 4  a n d  C 5 8 ) , w h ic h  p a s s  th r o u g h  th e  r e c o v e r y  a re a , h a v e  h ig h  
p o te n t ia l  fo r  im p r o v e m e n t  in  te rm s  o f  E W C . T h e  s e n s i t iv i ty  a n a ly s is  a ls o  d e te r m in e d  
th a t  th e  d e s ig n  o f  th e  q u a d r u p le  e f f e c t  e v a p o r a to r  a n d  th e  d i s t i l l a t io n  c o lu m n  c o u ld  
a ls o  b e  im p ro v e d .

4 .1 .2 .3  S u s ta in a b ility  M etr ic s  R esu lts
S u s ta in P r o  c la s s i f ie s  th e i r  m e tr ic s  in to  4  g ro u p s :  e n e r g y ,  m a te r ia l ,  

w a te r ,  a n d  e c o n o m ic .  T h e  s u s ta in a b i l i ty  m e tr ic s  o f  b a s e  c a s e  d e s ig n  a re  s h o w n  in  
T a b le  4 .9 .

T a b l e  4 .9  S u s ta in a b i l i ty  m e tr ic s  r e s u l t s  o f  b a s e  c a s e  d e s ig n

Energy
Total Net Primary Energy Usage rate (GJ/y) 1.67.E+06
% Total Net Primary Energy sourced from renewables 1.00
Total Net Primary Energy Usage per Kg product (kJ/kg) 47815.07
Total Net Primary Energy Usage per unit value added (kJ/$) 7.71

Material

Total raw materials used per kg product (kg/kg) 14.24
Total raw materials used per unit value added 0.00
Fraction of raw materials recycled within company 1.35
Fraction of raw materials recycled from consumers 0.00
Hazardous raw material per kg product 0.86

Water Net water consumed per unit mass of product (kg/kg) 144.66
Net water consumed per unit value added 0.02

Economic Value added 2.71.E+07
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H o w e v e r ,  th e  m o r e  in te r e s t in g  o f  th e  r e s u l t s  is  to  c o m p a r e  it  
b e tw e e n  b a s e  c a s e  a n d  a l te rn a t iv e s .  T h e  f u r th e r  c o m p a r i s o n  o f  m e tr ic s  is  s h o w n  
in  T a b le  4 .2 6  in  s e c t io n  4 .3 .2 .2 .

4 .1 .2 .4  WAR A lgorith m  R esu lts
W a s te  r e d u c t io n  (W A R )  a lg o r i th m  is  th e  e n v i r o n m e n ta l  m e tr ic s  

c o n s id e r e d  in  s u s ta in a b i l i ty  m e tr ic s ,  b u t  it  w a s  n e e d e d  to  c a lc u la te  b y  u s in g  
in te g r a te d  c o m p u te r  a id e d  s y s te m  ( IC A S )  s o f tw a re . T h e  r e s u l t s  a r e  s h o w n  in  T a b le  
4 .1 0 .

T a b l e  4 .1 0 . W A R  a lg o r i th m  r e s u l t s  o f  b a s e  c a s e  d e s ig n  o b ta in e d  th r o u g h  I C A S  :

. Stream No HTPE ATP TTP GWP ODP PCOP AP

Input

S-01 0 0 0 0 0 0 0
ร-02 0 0 0 0 0 0 0
ร-04 0 0 0 0 0 0 0
S-05 78 5 44 0 0 0 0
S-07 0 0 0 0 0 0 0
ร-14 0 0 0 0 0 0 0
ร-20 29 33 71 0 0 0 0
ร-22 145 8 81 0 0 0 0
ร-26 566 33 316 0 0 0 0
ร-39 0 0 1 0 0 0 2
ร-53 0 1 7 0 0 0 12
Input summary 819 80 519 0 0 0 14

Output

ร-10 5 9 1763 0 0 0 0
ร-30 98 5 723 0 0 0 0
ร-64 1 1079 29 9 0 266 0
ร-72 25 4 63 0 0 7 0
ร-78 3 5 544 0 0 0 0
ร-ร 1 2 34 546 0 0 0 0
ร-83 5 2 1680 0 0 18571 0
Output summary 139 1139 5348 9 0 18843 0
Impact generated -679 1059 4830 9 0 18843 -14

A s  i t  w a s  s ta te d  in  p re v io u s  s e c t io n , th e  lo w e r  th e  v a lu e ,  th e  m o re  
e n v i r o n m e n ta l  f r ie n d ly  it  is . T h e  r e s u lt s  b e tw 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  a re  
c o m p a re d  in  th is  s tu d y  ( T a b le  4 .2 7  in  s e c t io n  4 .3 .2 .3 ) .

4 .1 .2 .5  S a fe ty  In d ices R esu lts
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T h is  a n a ly s is  w a s  p e r f o r m e d  in  S u s ta in P r o  u s in g  r e q u e s te d  
in f o r m a t io n  r e g a r d in g  th e  c o m p o n e n t  p r e s e n t  in  th e  p r o c e s s :  f la s h  p o in t ,  b o i l in g  
p o in t ,  a n d  to x ic i ty .  I t  a ls o  r e q u i r e s  d a ta  c o n c e rn in g  e q u ip m e n t :  c o n s t r u c t io n  m a te r ia l ,  
ty p e  o f  e q u ip m e n t ;  d a ta  r e la te d  w i th  th e  r e a c t io n :  h e a t  o f  m a in  r e a c t io n  a n d  m a s s . 
T h e  s a f e ty  in d ic e s  o f  b a s e  c a s e  d e s ig n  o f  b io e th a n o l  c o n v e r s io n  p r o c e s s  a re  p r e s e n te d  
in  T a b le  4 .1 1 .

T a b l e  4 .1 1  S a fe ty  in d ic e s  f o r  th e  b ip e th a n o l  c o n v e r s io n  p r o c e s s

Chemical inherent safety index,Ici Score Process inherent safety index,Ipi Score
Subindices for reactions hazards Subindices for process conditions
Heat of the main reaction,Irm 0 Inventory,li 4
Heat of the side reactions,1rs ; 3 Process temperature,It 2
Chemical Interaction,lint . ! 2 Process pressure,Ip 1
Subindices for hazardous substances Subindices for process system
Flammability, Ifl .4 Equipment,Ieq
Explosiveness,lex 1 Isbl 3
Toxicity,Itox ■ 2 Osbl 2
Corrosivity,Icor .0 Process structure,1st 2
Ici 12 Ipi 14
ISI 26

F r o m  th e  p o s s ib l e  m a x im u m  s c o re  o f  53  a s  s h o w n  in  C h a p te r  2 , it 
c a n  b e  s e e n  f r o m  T a b le  4 .1 1  th a t  th e  p r o c e s s  IS I  is  2 6 . H e n c e ,  th i s  b io e th a n o l  
c o n v e r s io n  p r o c e s s  is  in h e r e n t ly  s a fe . T h e  in d ic e s  c o u ld  b e  u s e d  d i r e c t ly  a s  a  
m e a s u r e m e n t  o f  th e  s a fe ty  o f  th e  p r o c e s s ,  a n d  th e  r e s u l t s  c a n  s h o w  p o te n t ia l  ta r g e ts  
f o r  im p r o v in g  th e  p r o c e s s .  H o w e v e r ,  in  th is  s tu d y  th e  ta r g e t s  f o r  im p r o v e m e n t  g iv e n  
b y  S u s ta in P r o  a im  to  im p ro v e  th e  p r o c e s s  e c o n o m ic a l ly  w h i le  n o t  m a k in g  s a fe ty  
w o rs e . T h e r e f o r e ,  th e  c o m p a r i s o n  o f  b a s e  c a s e  d e s ig n  a n d  a l t e r n a t iv e s  w i l l  b e  fu r th e r  
s h o w n  to  c o n f i r m  th a t  th e  s a fe ty  h a s  im p ro v e d ,  o r  th a t  h a s  a t  le a s t  m a in ta in e d  th e  
s a m e .

4 .1 .3  L i f e  c y c le  a s s e s s m e n t
4 .1 .3 .1  L ife C yc le  In ven tory  o f  B io e th a n o l C o n vers io n  P ro c e ss

A  li fe  c y c le  in v e n to r y  (L C I)  is  a  p r o c e s s  to  q u a n t i f y  a ll in p u ts —  
r a w  m a te r ia ls  u s e d  a n d  e n e r g y  c o n s u m e d — a n d  e n v i r o n m e n ta l  r e le a s e s — a ll k in d  o f  
e m is s io n s  in c lu d in g  w a s te  g e n e ra t io n — a s s o c ia te d  w i th  e a c h  s ta g e  o f  p r o c e s s  li fe
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c y c le .  In  th i s  r e s e a r c h ,  th e  b a s e  c a s e  d e s ig n  o f  b io e th a n o l  c o n v e r s io n  p r o c e s s  w a s  
d iv id e d  in to  f o u r  s ta g e s :  p r e t r e a tm e n t ,  n e u t r a l iz a t io n ,  f e r m e n ta t io n ,  a n d  r e c o v e r y  a s  
s h o w n  in  F ig u r e  4 .2 .

F i g u r e  4 .2  F o u r  s ta g e s  o f  p r o c e s s  l i fe  c y c le .

A c c o r d in g  to  T R E ’s p r o je c t ,  th e  w a s te w a te r  f r o m  th e  p l a n t  h a s  
b e e n  d e s ig n e d  to  p r o d u c e  s te a m  a n d  e le c t r i c i ty  th r o u g h  b io g a s  a n d  c o g e n e r a t io n  
s y s te m  to  s u p p ly  e n e r g y  to  th e  s y s te m . In  o r d e r  to  p e r f o r m  th e  l i f e  c y c le  a s s e s s m e n t  
w i th  th e  d a ta  a v a i la b le  f r o m  th e  p la n t ,  th i s  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  a ls o  
in c lu d e d  in  th i s  s tu d y . T h e  s y s te m  b o u n d a r y  o f  b io e th a n o l  c o n v e r s io n  p r o c e s s  is  
s h o w n  in  F ig u r e  4 .3 .

Utilities Energy Chemicals

All kind of Emission Waste to landfill

F i g u r e  4 .3  S y s te m  b o u n d a r y  o f  b io e th a n o l  c o n v e r s io n  p r o c e s s .
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T h e  in v e n to r y  d a ta  o f  e a c h  s ta g e  o n  a  b a s i s  o f  o n e  k i lo g r a m  o f  9 9 .5  
w t%  e th a n o l  a s  th e  f u n c t io n a l  u n i t  w e r e  o b ta in e d  d i r e c t ly  f r o m  p r o c e s s  s im u la to r ,  
P R O /I I .  In  th is  a n a ly s is ,  th e  a m o u n t  o f  c o o l in g  w a te r  is  n e g le c t e d  s in c e  T R E  u s e  
n o rm a l  w a te r  to  c o o l  th e re  u n i t  a n d  i t  c a n  r e c y c le  b a c k  to  th e  s y s te m . N o  m a k e - u p  
w a te r  a d d e d  w a s  a s s u m e d  b e c a u s e  th e  c o ld  o u t le t  te m p e r a tu r e  is  5 0  ๐c  in  th e  p r o c e s s .  
In  th e  a c tu a l  o p e r a t io n ,  th e  e n e r g y  s u p p l ie d  ( s t e a m  a n d  e le c t r i c i ty )  to  T R E  p r o c e s s  
c o m e s  f r o m  a  b a g a s s e  b o i le r  lo c a te d  in  th e  s u g a r  m i l l  a re a . B y  u s in g  th i s  e n e r g y  f ro m  
b io m a s s  ( s u g a r c a n e  b a g a s s e ) ,  c a r b o n  d io x id e  ( C O 2) r e le a s e d  c a n  b e  o m i t te d  b e c a u s e  
s u g a r c a n e  a b s o rb s  C O 2 a s  it  is  n a tu r a l ly  g ro w n  a n d ,  th e  n e t  a m o u n t  o f  C O 2 a d d e d  to  
th e  a tm o s p h e r e  f r o m  b io m a s s  e n e r g y  u s e  c a n  b e  r e d u c e d  th r o u g h  u s in g  b io m a s s  as 
lo n g  a s  s u g a rc a n e  a r e  r e p la n te d . A ls o ,  C O 2 p r o d u c e d  f ro m  f e r m e n ta t io n  o f  b io e th a n o l  
p r o d u c t io n  is  n o t  c o n s id e r e d  to  b e  g r e e n h o u s e  g a s  e m is s io n  b e c a u s e  o f  th e  u t i l i z a t io n  
o f  r e n e w a b le  s o u r c e  a s  r a w  m a te r ia l  fo r  th is  p r o c e s s .  T h e  in v e n to r y  a n a ly s is  o f  th e  
p r o c e s s  l i f e  c y c le  is  p r e s e n te d  s ta g e  b y  s ta g e . D e ta i l s  o f  in p u t  a n d  o u tp u t  in v e n to r y  
d a ta  o f  e a c h  s ta g e  a r e  p r e s e n te d  in  T a b le s  4 .1 2 , 4 .1 3 ,  4 .1 4 ,  4 .1 5 ,  a n d  4 .1 7 .

T a b l e  4 .1 2  R e s u l t s  o f  th e  in v e n to r y  a n a ly s is  p e r  o n e  k i lo g r a m  e th a n o l  9 9 .5  w t%  
p r o d u c t io n  in  p r e t r e a tm e n t  s ta g e

Input Inventory
Type Amount Unit

M a te r ia l
Sulphuric acid 0.0037 Kg

U t i l i t ie s
Water 3.1275 Kg

E n e r g y
Steam 12.6892 Kg

Output Inventory
Type Amount Unit

P r o d u c t
Output-1 from Pretreatment Stage 12.8128 Kg

E m is s io n  to  A i r
Water 2.2735 Kg
Furfural 0.0046 Kg
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T a b l e  4 .1 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  p e r  o n e  k i lo g r a m  e th a n o l  9 9 .5  พ t%  
p r o d u c t io n  in  n e u t r a l i z a t io n  s ta g e

Input Inventory
Type Amount Unit

M a te r ia l
Output-1 from Pretreatment Stage 12.8128 Kg
Sulphuric acid 0.0336 Kg
Calcium hydroxide 0.0273 Kg

U t i l i t ie s
Water 6.8915 Kg

E n e r g y
Electricity 0.0002 KWh

Output Inventory
Type Amount Unit

P r o d u c t
Output-2 from Neutralization Stage 19.5563 Kg

S o l i d  W a ste
Gypsum 0.0502 Kg
Glucose 0.0002
Xylose 0.0019
Arabinose 0.0001
Cellulose 0.1471
HemiceDulose 0.0086
Arabinan 0.0007
Mannan 0.0001

T a b l e  4 .1 4  R e s u l t s  o f  th e  in v e n to r y  a n a ly s is  p e r  o n e  k i lo g r a m  e th a n o l  9 9 .5  w t%  
p r o d u c t io n  in  f e r m e n ta t io n  s ta g e

Input Inventory Output Inventory
Type Amount Unit Type Amount Unit

M a te r ia l P r o d u c t
Output-2 from neutralization stage 19.5563 Kg Output-3 from fermentation stage 20.1403 Kg
Ammonia 0.0006 Kg
Cellulase 0.0025 Kg E m is s io n  to  A i r
Com steep liquor 0.0665 Kg Water 0.0148 Kg
Zymomonas Mobilis 0.0262 Kg Ethanol 0.0165 Kg

Carbondioxide 0.9435 Kg
U t i l i t ie s Oxygen 0.0010 Kg

Water 1.4639 Kg
E n e r g y

Electricity 0.00002 KWh

T h e  p r o d u c t s  o f  e a c h  s ta g e  w e r e  c o n s id e r e d  a s  r a w  m a te r ia l s  f o r  th e  
n e x t  s ta g e , f o r  e x a m p le ,  O u tp u t - 1 f ro m  p r e t r e a tm e n t  s ta g e  w a s  u s e d  a s  a  m a te r ia l  fo r  
n e u t r a l iz a t io n  s ta g e .  In  n e u t r a l i z a t io n  a n d  f e r m e n ta t io n  s ta g e ,  s e v e r a l  c h e m ic a ls  a n d  
s u b s ta n c e s  s h o w n  in  th e s e  tw o  ta b le s  d o  n o t  e x i s t  in  S im a P r o ’s d a ta b a s e :  c a lc iu m  
h y d r o x id e ,  c o m  s te e p  l iq u o r ,  e n z y m e  ( c e l lu la s e  a n d  z y m o m o n a  m o b i l i s ) ,  s u g a r  
( g lu c o s e ,  x y lo s e ,  a r a b in o s e ,  a n d  m a n n o s e ) ,  a n d  c e l lu lo s ic  c o m p o u n d  ( c e l lu lo s e , 
h e m ic e l lu lo s e s ,  a r a b in o s e ,  a n d  m a n n o s e ) .  H o w e v e r ,  th e s e  c h e m ic a l s  a n d  s u b s ta n c e s
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a re  p r e s e n te d  in  a  v e r y  s m a l l  a m o u n t  a n d  c o u ld  b e  o m i t te d  b y  th e  c u t - o f f  r u le  w h e n  a  
c u t - o f f  l e v e l  o f  1 %  w a s  a p p l ie d .

T a b l e  4 .1 5  R e s u l t s  o f  th e  in v e n to r y  a n a ly s is  p e r  o n e  k i lo g r a m  e th a n o l  9 9 .5  w t%  
p r o d u c t io n  in  r e c o v e r y  s ta g e

Input Inventory Output Inventory
_____________ IX E______________ Amount Unit Type Amount Unit
M a te r ia l P r o d u c t

Output-3 from fermentation stage 20.1403 Kg Ethanol 99.5 wt% 1.0000 Kg
E n e r g y

Electricity 0.0091 KWh L i q u i d  w a s te
Steam 13.4970 Kg Waste water 19.0751 Kg

A f te r  f e r m e n ta t io n  s ta g e , th e  p r o c e s s  s te a m  O u tp u t- 3  f ro m  
f e r m e n ta t io n  s ta g e  a s  b a g a s s e  b ro th  is  m ix e d  in l in e  w i th  m o la s s e s  b r o th  s t r e a m  a s  
s h o w n  in  F ig u r e  4 .1 . T h e  m ix e d  b ro th  is  th e n  fe d  to  th e  r e c o v e r y  s ta g e . A t  th is  p o in t ,  
th e  a l lo c a t io n  o f  m ix e d  b r o th  is  d o n e  w i th  tw o  o p t io n s :  m a s s  a l lo c a t io n  ( M A ) , a n d  
W a s te  r e m o v e d  a l lo c a t io n  ( W r A )  in  th i s  s ta g e  b e tw e e n  b a g a s s e  b r o th  a n d  m o la s s e  
b ro th . T h e  c o m p a r i s o n  b e tw e e n  th e s e  tw o  a l lo c a t io n  m e th o d s  is  s h o w n  in  T a b le  4 .1 6 .

T a b l e  4 .1 6  P a r t i t i o n in g  f r a c t io n  b e tw e e n  m a s s  a n d  w a te r  r e m o v e d  a l lo c a t io n

S c e n a r io M a s s ( fe e d )  a llo ca tio n W a s te  re m o v e d  a llo c a tio n

K g /h r M A K g /h r W rA
B a g a s s e  b ro th 1 4 7 3 5 2 4 .7 3 % 1 4 0 0 3 2 5 .3 6 %
M o la s s e  b r o th 4 4 8 5 0 7 5 .2 7 % 4 1 2 1 3 7 4 .6 4 %

T o ta l 5 9 5 8 5 1 0 0 % 5 5 2 1 6 1 0 0 .0 0 %
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T h e  r e s u l t s  f ro m  th e s e  tw o  a l lo c a t io n  m e th o d s  s h o w  o n ly  a  s l ig h t  
d i f f e r e n c e ,  w h ic h  m e a n s  th a t  b o th  m e th o d s  c a n  b e  a p p l ie d  to  th is  a s s e s s m e n t .  
H o w e v e r ,  M A  h a s  a  d is a d v a n ta g e  o n  th e  d i f f e r e n c e  in  th e  p e r c e n ta g e  o f  e th a n o l  
b e tw e e n  b a g a s s e  b r o th  (6  w t% )  a n d  m o la s s e  b r o th  (1 0  w t% ) . S in c e  th e  t a r g e t  o f  th e  
r e c o v e r y  s ta g e  is  to  r e m o v e  w a te r  m a in ly  in  o r d e r  to  r e a c h  9 9 .5  w t%  e th a n o l  p u r i ty ,  
th e r e f o r e ,  W r A  s e e m s  to  b e  m o re  r e s o n a b le .  T h e  p e r c e n ta g e  o f  2 5 .3 6  w a s  a l lo c a te d  
to  to ta l  m a s s  in  th e  m ix e d  b r o th  in  o r d e r  to  g e t  th e  e n e r g y  c o n s u m p t io n  a n d  a m o u n t  
o f  w a s te w a te r  w e ig h te d  to  b a g a s s e  b r o th . T h e  n e x t  c o n c e r n in g  i s s u e  is  th e  a l lo c a t io n  
o f  th e  f in a l  p r o d u c t .  H o w e v e r ,  s in c e  th is  s ta g e  g e n e r a te s  o n ly  e th a n o l  9 9 .5  w t%  a n d  
w a s te w a te r ,  th e r e f o r e ,  1 0 0 %  a l lo c a t io n  w a s  w e ig h te d  to  b io e th a n o l .

U p  to  th i s  p o in t, ' a f te r  f o u r  s ta g e s  o f  b io e th a n o l  c o n v e r s io n  p r o c e s s ,  
e th a n o l  9 9 .5  w t%  w a s  o b ta in e d  a s  th e  f in a l p r o d u c t .  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  e m p lo y e d  to  c o n v e r t  w a s te w a te r  to  e le c t r i c i ty  a n d  s te a m  s u p p l ie d  to  th e  p la n t . 
A n  8 5 %  e f f ic ie n c y  o f  c o g e n e r a t io n  w a s  a s s u m e d  to  th is  a n a ly s is .  D e ta i l s  o f  in p u t  a n d  
o u tp u t  in v e n to r y  d a ta  o f  b io g a s  a n d  c o g e n e r a t io n  s ta g e  a re  s h o w n  in  T a b le  4 .1 7 .

T a b l e  4 .1 7  R e s u l t s  o f  th e  in v e n to r y  a n a ly s is  p e r  o n e  k i lo g r a m  e th a n o l  9 9 .5  w t%  
p r o d u c t io n  in  b io g a s  a n d  c o g e n e r a t io n  s ta g e

Input Inventory Output Inventory
_____________ Ü E !______________ Amount Unit Type Amount Unit
M a te r ia l P r o d u c t

Waste water 19.0751 Kg Steam 3.6617 Kg
Electricity 0.9700 KWh

E m is s io n  to  a ir
Nitrogen oxides 1.75E-04 Kg
Carbon monoxide 5.59E-04 Kg
Methane, biogenic 2.68E-04 Kg
NMVOC 2.33E-05 Kg
Dinitrogen monoxide 2.91E-05 Kg
Sulfur dioxide 2.45E-04 Kg
Platinum 8.16E-11 Kg
Heat, waste 1.03E+01 MJ
Used mineral oil, to waste inceneration 3.50E-04 Kg

I t  s h o u ld  b e  n o te d  th a t  th e  in v e n to r y  f o r  th is  s ta g e  w a s  o b ta in e d  
a c c o r d in g  to  th e  d a ta  a v a i la b le  f ro m  T R E  a n d  E c o in v e n t  d a ta b a s e .  T h e  p r o d u c t s  f ro m
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th is  s ta g e , e le c t r i c i ty  a n d  s te a m , w e re  c o n s id e re d  to  c o m p e n s a te  th e  o v e r a l l  e n e r g y  
c o n s u m p t io n  in  th e  p ro c e s s .

4 .1 .3 .2  L ife cyc le  en erg y  a n a lys is
A  li fe  c y c le  e n e r g y  a n a ly s is  (L C E A )  is  a n  a p p r o a c h  in  w h ic h  a ll  

e n e r g y  in p u ts  to  a  p r o d u c t  a re  a c c o u n te d  to  th e  e n t i r e  p r o d u c t io n  s y s te m  o f  
b io e th a n o l  c o n v e r s io n  p r o c e s s .  In  th is  r e s e a rc h ,  a f te r  p e r f o r m in g  th e  l i fe  c y c le  
in v e n to r y  a n a ly s is  o f  th e  b io e th a n o l  c o n v e r s io n  p r o c e s s ,  th e  l i f e  c y c le  e n e r g y  
e f f ic ie n c y  w a s  s tu d ie d  in  te r m  o f  a n d  N e t  E n e r g y  R a t io  ( N E R )  w h ic h  r e f e r  to  th e  
r a t io  b e tw e e n  to ta l  e n e r g y  r e q u i r e d  to  c o m p le te  th e  p r o c e s s  l i f e  c y c le  a n d  th e  a m o u n t  
o f  e n e r g y  c o n ta in e d  in  th e  p r o d u c ts .  T h e  N E R  o f  b a s e  c a s e  d e s ig n  is  e s t im a te d  to  b e
0 .8 3 . T h e  N E R  o f  th e  b a s e  c a s e  is  c o m p a re d  to  N E R s  o f  th e  a l t e r n a t iv e s  a n d  
d i s c u s s e d  in  s e c t io n  4 .3 .3 .

4 .1 .3 .3  L ife  cyc le  im p a c t a ssessm en t
A  li fe  c y c le  im p a c t  a s s e s s m e n t  ( L C IA )  is  u s e d  to  e v a lu a te  o f  th e  

c o n t r ib u t io n  to  e n v i r o n m e n ta l  im p a c t  c a te g o r ie s .  In  o th e r  w o r d s ,  th is  p h a s e  is  to  
a n a ly z e  a n d  c o m p a r e  th e  e n v i r o n m e n t  b u r d e n s  a s s o c ia te d  w i th  r a w  m a te r ia l  u s e  a n d  
e n e r g y  in p u ts  a n d  e m is s io n s  r e le a s e s  a s  q u a n t i f i e d  b y  th e  L C I  r e s u l t s .

A f te r  p e r f o r m in g  th e  l i fe  c y c le  in v e n to r y  a n a ly s is  o f  th e  b a s e  c a s e  
d e s ig n  o f  b io e th a n o l  c o n v e r s io n  p r o c e s s  f ro m  s u g a rc a n e  b a g a s s e  u s in g  S im a P ro  7 .0 , 
th e  C M L  2  b a s e l in e  2 0 0 0  a n d  E c o - in d ic a to r  95  m e th o d s  w e r e  th e n  u t i l i z e d  to  
e v a lu a te  th e  e n v i r o n m e n ta l  im p a c ts  in  v a r io u s  c a te g o r ie s  s u c h  a s  g lo b a l  w a r m in g  
p o te n t ia l ,  o z o n e  la y e r  d e p le t io n ,  a c id if ic a t io n ,  e u t r o p h ic a t io n  p o te n t ia l ,  a n d  e n e r g y  
r e s o u r c e s .  T h e  im p a c t  a s s e s s m e n t  r e s u lt s  a r e  s h o w n  in  T a b le s  4 .1 8  a n d  4 .1 9 .
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T a b l e  4 .1 8  E n v ir o n m e n ta l  im p a c t  o f  b io e th a n o l  c o n v e r s io n  p r o c e s s  p e r  o n e  
k i lo g r a m  e th a n o l  9 9 .5  w t%

Impact category Unit Total
Abiotic depletion kg Sb eq 1.23E-04
Acidification kg S02 eq 2.99E-03
Eutrophication kg P04— eq 4.71E-04
Global warming (GWP100) kg C02 eq 7.97E-02
Ozone layer depletion (ODP) kg CFC-11 eq 2.18E-09
Human toxicity kg 1,4-DB eq 3.15E-02
Fresh water aquatic ecotox. kg 1,4-DB eq 1.56E-03
Marine aquatic ecotoxicity kg 1,4-DB eq 2.68E+00
Terrestrial ecotoxicity kg 1,4-DB eq 7.42E-05
Photochemical oxidation kg C2H4 7.02E-03
Energy resources MJ LHV 5.44E-01

T a b l e  4 .1 9  E n v ir o n m e n ta l  im p a c t  o f  b io e th a n o l  c o n v e r s io n  p r o c e s s  p e r  o n e  
m e g a jo u le  e th a n o l. 9 9 .5  w t% .

Impact category Unit Total
Abiotic depletion kg Sb eq 4.63E-06
Acidification kg S02 eq 1.04E-04
Eutrophication kg P04— eq 1.67E-05
Global warming (GWP100) kg C02 eq 2.39E-03
Ozone layer depletion (ODP) kg CFC-11 eq 8.23E-11
Human toxicity kg 1,4-DB eq 1.18E-03
Fresh water aquatic ecotox. kg 1,4-DB eq 5.93E-05
Marine aquatic ecotoxicity kg 1,4-DB eq 1.01E-01
Terrestrial ecotoxicity kg 1,4-DB eq 2.80E-06
Photochemical oxidation kg C2H4 2.59E-04
Energy resources MJ LHV 2.05E-02

T h e  L C I A  r e s u l t s  o f  th e  b a s e  c a s e  a n d  a l t e r n a t iv e s  a r e  c o m p a re d  
a n d  d i s c u s s e d  in  s e c t io n  4 .3 .3 . T h e  r e s u l t s  b a s e d  o n  b o th  f u n c t io n a l  u n i t s ,  o n e  
k i lo g r a m  a n d  o n e  m e g a jo u le  o f  e th a n o l  s h o w  th e  s a m e  t r e n d . F r o m  th e  e m is s io n s  
d i s t r ib u te d  f ro m  a ll  s ta g e s  o f  th e  e n t i r e  p ro c e s s ,  th e  d i s t r ib u t io n  o f  im p a c t  is  s h o w n  in  
F ig u r e  4 .4 .
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F i g u r e  4 .4  D i s t r ib u t io n  o f  e n v ir o n m e n ta l  im p a c ts  c la s s i f ie d  s ta g e  b y  s ta g e .

F o r  a ll  im p a c t  c a te g o r ie s  e x c e p t  g lo b a l  w a r m in g ,  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  g iv e s  a  n e g a t iv e  o f  e m is s io n  b e c a u s e  th e  e le c t r i c i ty  a n d  s te a m  
g e n e r a te d  f ro m  w a s te w a te r  t r e a tm e n t  in  th is  s ta g e  c a n  c o m p e n s a te  th e  o v e ra l l  e n e rg y  
c o n s u m p t io n .  T h e  lo w e r  th e  e n e r g y  c o n s u m p t io n ,  th e  lo w e r  is  th e  e m is s io n  a n d  
im p a c t  o f  th e  p r o c e s s .  In  th e  c a s e  o f  g lo b a l  w a r m in g  ( G W P ) ,  c a r b o n  d io x id e  r e le a s e d  
f ro m  b u r n in g  b io g a s  is  m u c h  h ig h e r  th a n  th e  c o m p e n s a t io n  o f  e le c t r i c i ty  a n d  s te a m  
g e n e ra te d .  H e n c e ,  th e r e  is  n o  n e g a t iv e  e m is s io n  o n  G W P . T h e  r e s u l t s  s h o w  th a t  C O 2 

e m is s io n  is  m a in ly  c a u s e d  b y  th e  h ig h  e n e r g y  c o n s u m p t io n  in  r e c o v e r y  s ta g e  ( 4 1 % ) , 
a n d  p r e t r e a tm e n t  s ta g e  ( 3 9 % )  o f  th e  p r o c e s s .

4 .2  G e n e r a t i o n  o f  d e s ig n  a l t e r n a t i v e s

4 .2 .1  P ro c e s s  a s p e c t
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T h e  id e a  f o r  g e n e ra t in g  n e w  d e s ig n  a l t e r n a t iv e s  c o m e s  f ro m  th e  r e s u l t s  
f ro m  s u s ta in a b i l i ty  a n a ly s is .  T h e  in d ic a to r  r e s u l t s  s h o w  th a t  th e  r e c o v e r y  s ta g e  h a s  
h ig h  p o te n t ia l  f o r  im p r o v e m e n t  a c c o rd in g  to  O P  5 5 4 , O P  5 5 5 ,  a n d  C 5 8 . T h e  
s e n s i t iv i ty  a n a ly s is  f ro m  s e le c te d  p a th  s h o w s  th a t  e v a p o r a to r  F 2  a n d  F 5 , a n d  
r e b o i l e r ’s  c o lu m n  T 1 h a s  la r g e  im p a c t  f o r  im p ro v in g  th e  in d ic a to r s  b y  c h a n g in g  th e  
v a r ia b le s .  In  r e s p o n s e  to  th is ,  th e  n e w  d e s ig n  a l t e r n a t iv e  w a s  p r o je c te d  to  r e d u c e  th e  
h e a t in g  d u t ie s  o f  u n i t  o p e r a t io n s  in  th e  r e c o v e r y  a re a , a s  th e  h e a t in g  d u ty  h a s  a  s tro n g  
in f lu e n c e  o n  th e  e n v i r o n m e n ta l  im p a c t . T h e  lo w e r  th e  d u ty , th e  lo w e r  th e  e n e r g y  
c o n s u m e d . I f  th e  e n e r g y  c o n s u m p t io n  is  d e c r e a s e d ,  th e  E W C  in d ic a to r  w i l l  a ls o  
d e c r e a s e ,  l e a d in g  to  a  m o r e  s u s ta in a b le  a n d  e c o n o m ic a l  p r o c e s s .  T h e n ,  th e  l i f e  c y c le  
a s s e s s m e n t  is  to  b e  f u r th e r  v e r i f ie d  f o r  e n v i r o n m e n ta l  im p a c ts .  I d e n t i f y in g  th e  
p o s s ib i l i t ie s  f o r  r e d u c t io n  o f  E W C  in  O P  5 5 4 , O P  5 5 5  a n d  C 5 8  o f  b a s e  c a s e  d e s ig n  
w a s  d o n e  b y  f o c u s in g  o n  th e  p o s s ib i l i t ie s  fo r  r e d u c t io n  o f  th e  h e a t in g ' d u t ie s  o f  u n i t s  
p r e s e n t  in  th e  s e le c te d  p a th s .

T h r e e  d e s ig n  a l te rn a t iv e s  w e r e  g e n e r a te d  a n d  c la s s i f ie d  in to  tw o  
p la t f o r m s ,  th e  e v a p o r a to r  p la t f o r m — T R E  u s e  e v a p o r a to r  a t  to  r e c o v e r  e th a n o l  f ro m  
im p u r i t ie s — , a n d  th e  d i s t i l la t io n  p la t f o r m — c h a n g e  e v a p o r a to r s  to  a  d is t i l la t io n  
c o lu m n — . A l l  d e s ig n s  w e r e  a im e d  to  m e e t  th e  p u r i ty  o f  9 0 .0 0  w t%  b e f o r e  b e in g  s e n t  
to  m o le c u la r  s ie v e  a d s o r p t io n  u n it .

4 .2 .1 .1  E v a p o ra to r  P la tfo rm
T h is  p l a t f o r m  w a s  s im u la te d  b a s e d  o n  th e  r e a l  o p e r a t io n  in  T R E  

( u s in g  q u a d r u p le  e f f e c t  e v a p o r a to r ) .  T h e  c o n d i t io n  o f  e a c h  u n i t  w a s  o b ta in e d  f ro m  
K r a m e r  ( 1 9 8 1 ) .  T h e  s p e c i f i c a t io n  o f  p r o d u c t  w a s  a d a p te d  f ro m  th e  a c tu a l  p l a n t  d a ta . 
T h e  h o t  s p o t  o f  th e  n e w  d e s ig n  w a s  fo c u s e d  o n  e v a p o r a to r  F 2  a n d  F 5 . T h e  c o n d i t io n s  
g iv e n  b y  K r a m e r  a r e  o p e r a t in g  u n d e r  u l t r a - h ig h  v a c u u m  c o n d i t io n .  T h e  f i r s t  a t t e m p t  
w a s  to  c h a n g e  f ro m  th a t  h ig h  v a c u u m  c o n d i t io n  to  a  m ild  v a c u u m  c o n d i t io n . 
A l t e r n a t i v e - 1 w a s  d e s ig n e d  b y  th is  a t te m p t.  T h e  p r o c e s s  f lo w s h e e t  im p le m e n te d  in  
P R O /I I  o f  A l t e r n a t i v e - 1 is  th e  s a m e  a s  b a s e  c a s e  d e s ig n  a s  s h o w n  in  A p p e n d ix  c  
b e c a u s e  it  w a s  j u s t  a  c h a n g e  th e  o p e ra t in g  c o n d i t io n .  T h e  d i f f e r e n c e  o f  v a c u u m  
p r e s s u r e  b e tw e e n  b a s e  c a s e  a n d  A l te m a t iv e - 1  is  s h o w n  in  T a b le  4 .2 0 . T h e  r e s u l t s  
s h o w  th a t  A l te m a t iv e - 1  h a s  th e  in s ig n i f ic a n t  h e a t  d u ty  r e d u c t io n  c o m p a re d  to  th e  
b a s e  c a se .
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T a b l e  4 .2 0  C o m p a r i s o n  o f  o p e ra t in g  c o n d i t io n  a n d  d u ty  b e tw e e n  th e  b a s e  c a s e  a n d  
A l t e r n a t i v e - 1

U n it P r e s s u r e  (a tm ) D u ty  ( G J /h r )
B a se  case A lte rn a tiv e -1 B a se  c a se A l te r n a t iv e - 1

F 2 0.87 0.95 1.46 1.42
F 3 0.50 0.90 -1 .3 9 0 .16
F 4 0.13 0.85 -5 .37 1.12
F 5 0.12 0.80 64 .87 62 .24

T o ta l  h e a t  d u ty 66 .33 64 .94

T h e  n e x t  a t t e m p t  w a s  to  c h a n g e  q u a d r u p le  e f f e c t  e v a p o r a to r  to  
t r ip le  e f fe c t .  T h e  d u ty  in  F 5  w a s  th e  h ig h e s t  b e c a u s e  it  o p e r a t e d  a t  th e  h ig h e s t  
v a c u u m  c o n d i t io n ,  th e r e f o r e  g e t t in g  r id  o f  F 5  w h i le  m a in ta in in g  th e  p r o d u c t  
s p e c i f i c a t io n  c o u ld  lo w e r  d o w n  th e  o v e ra l l  e v a p o r a t io n  d u ty .  A l te m a t iv e - 2  w a s  
d e s ig n e d  b y  th is  a t t e m p t  a s  s h o w n  in  A p p e n d ix  c. T h e  c o m p a r i s o n  o f  d u ty  b e tw e e n  
b a s e  c a s e  a n d  A l te m a t iv e - 2  is  s h o w n  in  T a b le  4 .2 1 .  T h e  r e s u l t s  s h o w  th a t  a l th o u g h  
A l te m a t iv e - 2  h a s  h ig h e r  h e a t  d u ty  r e d u c t io n  th a n  A l t e r n a t i v e - 1, b u t  i t  s t i l l  h a s  a  
s l ig h t  h e a t  d u ty  r e d u c t io n  c o m p a re d  to  th e  b a s e  c a s e .

T a b l e  4 .2 1  C o m p a r i s o n  o f  d u ty  b e tw e e n  th e  b a s e  c a s e  a n d  A l te m a t iv e - 2

U n it O uty
B a se  case A lte r n a t iv e - 2

F 2 1.46 1.43
F 3 -1 .39 -1 .23
F 4 -5.37 5 9 .1 2
F 5 64 .87

T o ta l  H e a t  d u ty 66.33 60  55 1

T h e  n e x t  a t t e m p t  w a s  to  a d d  a n  e v a p o r a to r ,  F 6 , b e f o r e  d i s t i l la t io n  
to  r e d u c e  th e  f lo w ra te .  T h e  lo w e r  f lo w ra te  p a s s  th r o u g h  th e  c o lu m n  c a n  le a d  to  
r e d u c in g  th e  h e a t  d u ty  i ts e lf .  A l te m a t iv e - 3  w a s  d e s ig n e d  b y  th i s  a t t e m p t  a s  s h o w n  in  
A p p e n d ix  c. T h e  c o m p a r i s o n  o f  d u ty  b e tw e e n  b a s e  c a s e  a n d  A l te m a t iv e - 3  is  s h o w n
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in  T a b le  4 .2 2 .  T h e  r e s u l t s  s h o w  th a t  a l th o u g h  A l te m a t iv e - 3  c a n  r e d u c e  th e  h e a t  d u ty  
in  d i s t i l l a t io n  c o lu m n  b u t  th e  h e a t  d u ty  in  q u a d r u p le  e f f e c t  e v a p o r a to r  w a s  in c re a s e d . 
B e c a u s e  th e  w a t e r  r e m o v e d  f ro m  a  n e w  e v a p o r a to r  n e e d  to  r e c y c le  b a c k  to  F I  to  
r e c o v e r  a  p o r t io n  o f  e th a n o l  w h ic h  w a s  lo s t  f ro m  a  n e w  e v a p o r a t io n ,  th e r e f o r e ,  th e  
to ta l  h e a t  d u ty  in  A l te m a t iv e - 3  h a s  h ig h e r  th a n  th e  b a s e  c a s e .

T a b l e  4 .2 2  C o m p a r i s o n  o f  d u ty  b e tw e e n  th e  b a s e  c a s e  a n d  A l te m a t iv e - 3

U n it D u ty
B a se  c a se A l te rn a t iv e -3

F 2 1.46 -11 .25
F 3 -1 .39 -1 .88
F 4 -5 .37 -7.81
F 5 64 .87 78 .80
F 6 -1 2 .50

T l - R e b o i l e r 6 .64 5.36
T l - C o n d e n s e r -64 .48 -50 .70

T o ta l  H e a t  d u ty 72 .97 84 .16

4 .2 .1 .2  D is tilla tio n  P la tfo rm
C h a n g in g  p l a t f o r m  m e a n s  r e p la c in g  th e  q u a d r u p le  e f f e c t  e v a p o r a to r  

b y  a  b e e r  d i s t i l l a t io n  c o lu m n . A  tw o  d i s t i l la t io n  c o lu m n  is  a  c o n v e n t io n a l  p r o c e s s ,  th e  
f i r s t  c o lu m n  ( b e e r  c o lu m n )  is  u s e d  to  r e m o v e  th e  d i s s o lv e d  C O 2 a n d  m o s t  o f  th e  
w a te r ,  a n d  th e  s e c o n d  d i s t i l la t io n  c o lu m n  is  u s e d  to  p u r i f y  th e  e th a n o l  to  n e a r  
a z e o t r o p ic  c o m p o s i t io n .  T h e  n e w  d e s ig n  w a s  s im u la te d  b a s e d  o n  M o r a le s  e t a l. 
( 2 0 0 9 ) .  T h is  is  a s s ig n e d  a s  A l te m a t iv e s - 4  a s  s h o w n  in  A p p e n d ix  c. T h e  c o m p a r i s o n  
o f  d u ty  b e tw e e n  f o u r  e v a p o r a to r s  f ro m  b a s e  c a s e  a n d  b e e r  c o lu m n  T 1 f ro m  
A l te m a t iv e - 4  is  s h o w n  in  T a b le  4 .2 3 .
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T a b l e  4 .2 3  C o m p a r i s o n  o f  d u ty  b e tw e e n  th e  b a s e  c a s e  a n d  A l te m a t iv e - 4

U n it D u ty  ( G J /h r )
B a se  case A lte r n a t iv e - 4

F 2 1.4625 '
F 3 -1 .3866
F 4 -5 .3688 ' ' : V . : ■
F 5 64 .8658 / . ,

R e b o i le r  T1 19 .1478
R e b o i le r  T 2 6 .6437 2 .5 7 0 6

T o ta l  h e a t  d u ty 72 .9720 2 1 .7 1 8 4

I t  c a n  b e  s e e n  f ro m  th e  ta b le  th a t  A l te m a t iv s - 4  h a s  a  s ig n if ic a n t  
r e d u c t io n  in  e n e r g y  c o n s u m p t io n .  T h e  to ta l  h e a t in g  d u ty  in  th e  r e c o v e r y  s ta g e  w a s  
r e d u c e d  b y  6 0 %  ( f r o m  7 2 .9 7  to  2 1 .7 2  g ig a jo u le s /h r ) .  In  p r o c e s s  a s p e c t ,  A l te m a t iv e - 4  
s e e m s  to  b e  th e  b e s t  o p t io n . H o w e v e r ,  f o r  th is  a l t e r n a t iv e ,  th e  n e w  in v e s tm e n t  w i l l  
n e e d  to  b e  m a d e .  T h is  r e s u l t  c a n  p r o v id e  g u id a n c e  in  te r m s  o f  d e c id in g  w h e th e r  f o r  
th e  r e c o v e r y  te c h n o lo g y ,  u s e  o f  th e  b e e r  d i s t i l la t io n  in s te a d  o f  th e  q u a d r u p le  e f f e c t  
e v a p o r a to r  w o u ld  r e s u l t  in  a  m o r e  s u s ta in a b le  p r o c e s s .

4 .2 .2  E n e r g y  E f f ic i e n c y  A s p e c t
T h e  ta r g e t  o f  th i s  a s p e c t  is  to  u s e  le s s  e n e r g y  to  p r o v id e  th e  s a m e  le v e l  

o f  e n e r g y  s e rv ic e . In  o th e r  w o rd s ,  r e d u c in g  e n e r g y  c o n s u m p t io n  a n d  e l im in a t in g  
e n e r g y  w a s ta g e  a r e  c o n s id e r e d  in  o r d e r  to  u t i l iz e  i t  e f f ic ie n t ly .  T h is  a t t e m p t  c a n  b e  
d o n e  b y  id e n t i f y in g  th e  p o s s ib i l i t y  o f  r e d u c in g  T V A  in  O P  5 5 4  a n d  O P 5 5 5  o f  b a s e  
c a s e  d e s ig n  a n d  th e n  f o c u s in g  th e  p o s s ib i l i ty  to  r e d u c e  th e  d u ty  o f  u n i t s  a lo n g  th o s e  
p a th s  p a s s  th ro u g h .  T h e r e f o r e ,  th e  h e a t  in te g r a t io n  w a s  a p p l ie d  to  A l te r n a t iv e - 4 — th e  
b e s t  d e s ig n  f ro m  p r o c e s s  a s p e c t— .

4 .2 .2 .1  H ea t In teg ra tio n
T h e r e  a r e  f o u r  h o t  s t r e a m s  a n d  tw o  c o ld  s t r e a m s  in  A l te m a t iv e - 4 .  

In  a d d i t io n ,  th e  w a s te  s t r e a m s  f ro m  b o th  d i s t i l la t io n  c o lu m n  T 1 a n d  T 2  h a v e  h ig h  
p o te n t ia l  to  s u p p ly  h e a t  to  th e  s y s te m  b e c a u s e  o f  th e i r  h ig h  f lo w ra te s  a n d  
te m p e r a tu r e s .  T h e  tw o  h o t  w a s te  s t r e a m s  w e r e  p r o je c te d  to  b e  4 0 .1 5  °c a t  th e  o u tle t .  
T h e  p r o p e r t ie s  o f  th o s e  s t r e a m s  a re  s h o w n  in  T a b le s  4 .2 4 - 4 .2 5 ,  a n d  F ig u r e  4 .5 .



T a b l e  4 .2 4  P r o p e r t ie s  o f  h o t  a n d  c o ld  s tr e a m  in  A l te m a t iv e - 4

S tr e a m Tho, (°C ) Tcoid (°C ) Q  (K W )
H IS-18-S-19 72.25 50 .00 181
H 2ร-36—ร-37 59.83 30 .00 43
H 3ร-38—S-51 59.83 30 .00 388
H 4ร-??—ร-,78 99 .99 32 .00 1201
C lร.68-ร-69 100.00 29 .9 4 46 7 4
C 2ร-?4—ร-?ร 95 .00 78.71 31

T a b l e  4 .2 5  P ro p e r t ie s  o f  p o te n t ia l  h e a t  s u p p l ie d  in  A l te m a t iv e - 4

S tr e a m Tho, (°C ) Tcoid (๐๑ Q  (K W )
H 5ร-?! 120.73 40 .15 46 9 8
H 6ร-?3 100.02 40 .15 285

F i g u r e  4 .5  G r id  d i a g r a m  o f  h o t  a n d  c o ld  s t r e a m  in  A l te m a t iv e - 4 .



64

A ll  o f  th e  s tr e a m  d a ta  a b o v e  w a s  s e n t  to  a n  o p t im iz a t io n  to o l ,  
G A M S , to  c a lc u la te  th e  p o s s ib i l i ty  to  d o  h e a t  in te g ra t io n .  T h e  d a ta  w e r e  a d d e d  to  
G A M S  a n d  th e  r e s u l t s  a re  s h o w n  in  A p p e n d ix  E . T h e  m a tc h in g  b e tw e e n  h o t  a n d  c o ld  
s t r e a m  w a s  d o n e . T h e  r e s u l t s  f ro m  G A M S  r e p o r te d  th a t  th e  p o te n t ia l  h o t  s t r e a m  H 5  
c a n  b e  m a tc h e d  w i th  c o ld  s t r e a m  C l  to  s u p p ly  th e  h e a t ,  a n d  p o te n t ia l  h o t  s t r e a m  H 6  
c a n  b e  m a tc h e d  w i th  c o ld  s t r e a m  C 2 , a s  s h o w n  in  F ig u r e  4 .6 .

F i g u r e  4 .6  G r id  d ia g r a m  o f  h o t  a n d  c o ld  s t r e a m  in  A l te m a t iv e - 5 .

F r o m  F ig u r e s  4 .5  a n d  4 .6 ,  i t  c a n  b e  s e e n  th a t  a f te r  p e r f o r m in g  h e a t  
in te g r a t io n  o f  A l te m a t iv e - 4  a s  s u g g e s te d  b y  G A M S , th e  to ta l  h e a t  d u ty  o f  n e w  d e s ig n  
( A l t e m a t iv e - 5 )  w a s  d e c r e a s e d  f ro m  4 7 0 4  K W  to  0  K W  w h i l e  th e  to ta l  c o o l in g  d u ty  
w a s  th e  s a m e  a s  b e f o r e .  T h e  in te g ra t io n  b e tw e e n  p o te n t ia l  s t r e a m s  a n d  c o ld  s t r e a m s  
c a n  r e d u c e  th e  h e a t  d u ty , w h i le  o th e r  h o t  s te a m s  w e r e  n o t  u s e d  b e c a u s e  th e r e  a re  o n ly  
tw o  c o ld  s t r e a m s  in  th is  p r o c e s s .  T h e  n e w  d e s ig n , A l te r n a t iv e - 5 ,  is  a c h ie v e d  th ro u g h  
th e  h e a t  in te g r a t io n  a s  s h o w n  in  d e ta i ls  in  A p p e n d ix  E .

4 .3  C o m p a r i s o n  b e tw e e n  b a s e  c a s e  a n d  a l t e r n a t i v e s

4 .3 .1  E n e r g y  C o n s u m p tio n
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T h e  e n e r g y  c o n s u m p t io n  is  o n e  o f  th e  im p o r ta n t  f a c to r s  a f f e c t in g  th e  
E W C  in d ic a to r  a n d  th e  e n v i r o n m e n ta l  im p a c t. In  th is  s tu d y , th e  m a jo r  h o t  s p o t  fo r  
im p r o v e m e n t  is  h e a t  d u ty ,  w h ic h  is  r e la te d  to  th e  h ig h  v a lu e s  o f  E W C  in  O P  5 5 4  a n d  
O P  5 5 5  ( g iv e n  b y  S u s ta in P r o )  a n d  th e  C O 2 e m is s io n  a s  in d ic a te d  b y  l i f e  c y c le  
a s s e s s m e n t .  T h e  c o m p a r i s o n  o f  e n e r g y  c o n s u m p t io n  b e tw e e n  b a s e  c a s e  d e s ig n  a n d  
a l t e rn a t iv e s  is  s h o w n  in  T a b le  4 .2 6 .

T a b l e  4 .2 6  C o m p a r i s o n  o f  to ta l  e n e r g y  c o n s u m p t io n  b e tw e e n  th e  b a s e  c a s e  a n d  
a l t e rn a t iv e s

D e s ig n H e a t i n g  D u ty  
( G J / h r )

C o o l i n g  D u ty  
( G J / h r )

B a s e  C a s e 167 9 2
A l te r n a t i v e - 1 165 85
A l te r n a t iv e - 2 161 87
A lte m a t iv e - 3 178 105
A l te m a t iv e - 4 117 33
A lte m a t iv e - 5 101 33

A s  s e e n  f ro m  th e  ta b le ,  th e  h e a t in g  d u t ie s  o f  a lm o s t  a ll  n e w  d e s ig n  
a l t e rn a t iv e s  a r e  le s s  th a n  b a s e  c a s e  d e s ig n . T h e  h e a t in g  d u ty  f o r  A l te m a t iv e - 5  f ro m  
e n e r g y  e f f ic i e n c y  a s p e c t  is  101 g ig a jo u le  p e r  h o u r ,  t h a t  is ,  a  4 0  %  r e d u c t io n  
c o m p a re d  to  th e  b a s e  c a s e  d e s ig n . T h e  r e d u c t io n  in  c o o l in g  d u ty  o b s e r v e d  a ls o  s h o w s  
th e  im p r o v e m e n ts  f o r  a l te rn a t iv e s .

I n  c a s e  o f  A l te m a t iv e - 3 ,  th e  to ta l  e n e r g y  c o n s u m p t io n  is  h ig h e r  th a n  
th e  b a s e  c a s e  d e s ig n  d u e  to  h ig h e r  h e a t in g  a n d  c o o l in g  d u ty  in  q u a d r u p le  e f f e c t  
e v a p o r a to r  r e s u l t in g  f ro m  th e  h ig h e r  f lo w ra te  p a s s  th r o u g h  its  u n it .

4 .3 .2  S u s ta in a b i l i ty  A n a ly s is
4 .3 .2 .1  In d ica to rs

A ll o f  th e  in d ic a to r s  f o r  th e  p a th s  O P  5 5 4  a n d  O P  5 5 5  w e re  
c o m p a re d  f o r  th e  b a s e  c a s e  d e s ig n  a n d  th e  a l t e rn a t iv e s  a s  s h o w n  in  T a b le s  4 .2 7  a n d  
4 .2 8 , r e s p e c t iv e ly .  S in c e  tw o  o f  th e  n e w  d e s ig n  a l t e r n a t iv e s  h a s  n o  c lo s e  p a th  
r e f e r r in g  to  C 2  a n d  C 5 8 , th e  c o m p a r i s o n  o f  th o s e  c lo s e  p a th s  b e tw e e n  b a s e  c a s e  a n d  
a l t e rn a t iv e s  w e r e  n o t  c o n s id e re d .
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T a b l e  4 .2 7  C o m p a r i s o n  o f  in d ic a to r s  o f  a l t e r n a t iv e s  c o r r e s p o n d in g  to  th e  s a m e  O P  
5 5 4  o f  th e  b a s e  c a s e  d e s ig n

Path MVA EWC TVA
OP 554-Base Case

H20-(S-66)-(S-72)-Evaporator -78.60 253.38 -331.98
OP 554-New-AIternative-l

H20-(S-66)-(S-72)-Evaporator -78.60 247.03 -325.63
OP 554-New-Alternative-2

H20-(S-66)-(S-71 )-Evaporator -78.46 233.19 -311.65
OP 554-New-Alternative-3

H20-(S-66)-(S-72)-Evaporator -94.43 . 309.30 -403.73
OP 187-New-AIternative-4

H20-(S-66)-(S-71 )-1M Column -139.74 197.60 -337.33
OP 247-New-AIternative-5

H20-(S-66)-(S-79)-lM Column -139.74 •130.81 -270.54

T a b l e  4 .2 8  C o m p a r i s o n  o f  in d ic a to r s  o f  a l t e rn a t iv e s  c o r r e s p o n d in g  to  th e  s a m e  O P  
5 5 5  o f  th e  b a s e  c a s e  d e s ig n

Path MVA EWC TVA
OP 555-Base Case

H20-(S-66)-(S-78)-2"d Column -72.72 83.46 -156.18
OP 555-New-AIternative-l

H20-(S-66)-(S-78)-2"d Column -72.71 81.07 -153.79
OP 555-New-Alternative-2

H20-(S-66)-(S-78)-2nd Column -72.72 84.96 -157.67
OP 555-New-AIternative-3

H20-(S-66)-(S-78)-2nd Column -56.72 65.53 -122.25
OP 188-New-Alternative-4
H20-(S-66)-(S-73)-2nd Column -11.54 24.87 -36.42

OP 248-New-Alternative-5
H2O-(S-66)-(S-80)—2nd Column -11.54 19.36 -30.90

A s  m e n t io n e d  e a r l ie r  ( F ig u re  2 .1 5 ) ,  th e  c lo s e r  to  z e r o  th e  
in d ic a to r s ,  th e  b e t te r  f o r  th e  p r o c e s s .  I t c a n  b e  s e e n  th a t  T V A  f o r  a lm o s t  a ll 
a l t e rn a t iv e s  h a v e  im p r o v e d  c o n s id e ra b ly .  In  O P  5 5 4 , M V A  h a s  in c r e a s e d  in  
A l te m a t iv e - 4  a n d  A l te m a t iv e - 5  f ro m  d is t i l la t io n  p la t f o r m  b e c a u s e  o f  th e  u s e  o f  a



67

b e e r  d i s t i l l a t io n  c o lu m n  w h e r e  w a te r  is  m a in ly  r e m o v e d .  T h e r e f o r e ,  th e  m a s s  o u t 
f ro m  th is  p a th  is  m u c h  h ig h e r  th a n  th o s e  f ro m  e v a p o r a to r  p l a t f o r m  c a u s e d  b y  th e  
h ig h  v a lu e  in  th e  M V A . H o w e v e r ,  E W C  fo r  a lm o s t  a l l  a l t e r n a t iv e s  h a s  im p ro v e d  
s ig n i f ic a n t ly  a n d  c o m p e n s a te d  fo r  th e  M V A  v a lu e  g iv in g  th e  im p r o v e m e n t  in  a ll 
a l t e r n a t iv e s  in  T V A . I n  O P  5 5 5 , a ll  in d ic a to r s  b e lo n g in g  to  a l t e r n a t iv e s  f ro m  
d i s t i l l a t io n  p l a t f o r m  h a v e  im p ro v e d  c o n s id e ra b ly .  In  b o th  o p e n  p a th s ,  A l te m a t iv e - 5  
h a s  th e  h ig h e s t  im p r o v e m e n t  d u e  to  th e  lo w e s t  e n e r g y  c o n s u m p t io n .

I n  c a s e  o f  A l te m a t iv e - 3 ,  a l l  in d ic a to r s  in  O P  5 5 5  a re  s l ig h t ly  
im p r o v e d  a s  a  r e s u l t  o f  th e  lo w e r  h e a t  d u ty  in  d i s t i l la t io n  c o lu m n . H o w e v e r ,  th e  
in d ic a to r s  in  O P  5 5 4  a re  w o r s e  b e c a u s e  o f  th e  h ig h e r  f lo w r a te  l e a d in g  to  th e  h ig h e r  
h e a t  d u ty  in  q u a d r u p le  e f f e c t  e v a p o r a to r  c o m p a r e d  to  th e  b a s e  c a s e .

4 .3 .2 .2  S u s ta in a b ility  M etr ic s
S u s ta in a b i l i ty  m e tr ic s  c a lc u la te d  u s in g  S u s ta in P r o  w e r e  u s e d  fo r  

c o m p a r in g  th e  s u s t a in a b i l i ty  o f  d i f f e r e n t  d e s ig n s  th r o u g h  4  g r o u p s  o f  m e tr ic s :  e n e r g y , 
m a te r ia l ,  w a te r ,  a n d  e c o n o m ic ,  a s  s h o w n  in  T a b le  4 .2 9 .

I t  c a n  b e  s e e n  th a t  th e  s u s ta in a b i l i ty  m e tr ic s  o f  th e  n e w  d e s ig n  
a l t e r n a t iv e s  ( e x c e p t  A l te m a t iv e - 3 )  h a v e  im p r o v e d  s ig n i f ic a n t ly  in  a lm o s t  a ll  m e tr ic  
i t e m s  c o m p a re d  to  th e  b a s e  c a s e , w h i l s t  fo r  s o m e  r e m a in e d  th e  s a m e . I n  e n e r g y  a n d  
w a te r  c o n s u m p t io n ,  th e  n e w  d e s ig n s  h a v e  b e e n  p r o v e d  to  b e  c o n s id e r a b ly  b e t te r .  In  
e c o n o m ic  a s p e c t ,  th e  in c r e a s e d  v a lu e  a d d e d  m e a n s  th e  m o r e  p r o f i t a b le  p r o c e s s e s .  In  
m a te r ia l  a s p e c t ,  th e  m e tr ic s  f ro m  th e  n e w  d e s ig n  a l t e r n a t iv e s  a lm o s t  m a in ta in e d  th e  
s a m e  v a lu e  c o m p a r e d  to  th e  b a s e  c a se .

In  c a s e  o f  A l te m a t iv e - 3 ,  th e  m e tr ic s  a r e  w o r s e  th a n  th e  b a s e  c a s e  
a n d  o th e r  a l t e r n a t iv e s ,  e s p e c ia l ly  in  e n e r g y  g r o u p  f r o m  th e  h ig h e r  e n e r g y  
c o n s u m p t io n .
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T a b l e  4 .2 9  C o m p a r i s o n  o f  s u s ta in a b i l i ty  m e t r ic s  b e tw e e n  th e  b a s e  c a s e  a n d  
a l t e rn a t iv e s

BC A-l A-2 A-3 A-4 A-5

Energy

Total Net Primary Energy Usage rate
( G J / y ) _____________________ 1.67.E+06 1.65.E+06 1.62.E+06 1.78.E+06 1.18.E+06 1.01.E+06% Total Net Primary Energy sourced from renewables 1.00 1.00 1.00 1.00 1.00 1.00Total Net Primary Energy Usage per Kg product (kJ/kg) 47815.07 47355.42 46313.78 51009.30 33835.02 28991.00Total Net Primary Energy Usage per unit value added (kJ/$) 7.71 7.63 7.46 8.22 5.45 4.68

Material

Total raw materials used per kg product (kg/kg) 14.24 14.25 14.27 14.24 14.31 14.23Total raw materials used per unit value added 0.00 0.00 0.00 0.00 0.00 0.00Fraction of raw materials recycled within company 1.35 1.35 0.90 1.71 0.00 1.35Fraction of raw materials recycled from consumers 0.00 0.00 0.00 0.00 0.00 0.00Hazardous raw material per kg product 0.86 0.86 0.86 0.86 0.85 0.86

Water
Net water consumed per unit mass of product (kg/kg) 144.66 126.99 128.50 147.24 43.90 43.90
Net water consumed per unit value added 0.02 0.02 0.02 0.02 001 0.01

Economic Value added ($/yr) 2.57.E+07 2.57.E+07 2.57.E+07 2.56.E+07 2.61.E+07 2.62.E+07

4 .3 .2 .3  WAR A lg o rith m
A ll  a l t e rn a t iv e s  b o th  in  p r o c e s s  a n d  e n e r g y  e f f ic i e n c y  a s p e c t s  h a d  

b e e n  p e r f o r m e d  th e  W A R  a lg o r i th m  u s in g  IC A S  to  c o m p a r e  th e  im p a c ts  g e n e ra te d  in  
th e  e n t i r e  m a n u f a c tu r in g  p r o c e s s  w i th  th e  b a s e  c a s e  d e s ig n . T h e  c o m p a r i s o n  o f  
im p a c ts  g e n e r a t e d  is  s h o w n  in  T a b le  4 .3 0 .

T a b l e  4 .3 0  C o m p a r i s o n  o f  W A R  a lg o r i th m  b e tw e e n  th e  b a s e  c a s e  a n d  a l t e rn a t iv e s

HTPE ATP TTP GWP ODP PCOP AP
Base Case -679 1059 4830 9 0 18843 -14.05
Alternative-1 -679 1059 4822 9 0 18815 -14.05
Alternative-2 -679 1059 4829 9 0 18890 -14.05
Alternative-3 -679 1059 4824 9 18841 -14.05
Alternative-4 -679 1059 4831 9 0 18849 -14.05
Alternative-5 -679 1059 4826 9 0 18848 -14.05
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A  n e g a t iv e  v a lu e  s h o w n  th e  e f f e c t  o f  th e  c o r r e s p o n d in g  p r o p e r ty  to  
th e  e n v i r o n m e n t  h a s  im p ro v e d .  O n  th e  o th e r  h a n d ,  a  p o s i t i v e  v a lu e  m e a n s  th e  e f fe c t  
o f  th e  c o r r e s p o n d in g  to  th e  e n v i r o n m e n t  h a s  b e c o m e  w o r s e .  F ro m  th e  t a b le ,  th e  
im p a c t  g e n e r a te d  b e tw e e n  th e  b a s e  c a s e  a n d  a l t e r n a t iv e s  a r e  n e a r ly  th e  s a m e . T h e r e  is  
n o t  m u c h  c h a n g e  in  H T P E , A T P , G W P , O D P  a n d  A P ,  in d ic a t in g  th a t  th e  n e w  
d e s ig n s  a r e  a b le  to  r e d u c e  th e  e n e r g y  c o n s u m p t io n  w i th o u t  h a r m in g  th e  e n v i r o n m e n t  
m o r e  th a n  th e  b a s e  c a s e .

4 .3 .2 .4  S a fe ty  In d ices
T h e  s a fe ty  o f  th e  p r o c e s s  is  o n e  o f  th e  im p o r t a n t  i s s u e s  in  

S u s ta in P r o  w h ic h  is  in te n d e d  to  c o n f i rm  p r o p e r  w o r k in g  a s  w e l l  a s  c r e a t in g  n e w  
m o r e  p r o f i t a b le  d e s ig n  a l t e r n a t iv e s  w i th o u t  h a r m in g  th e  e n v i r o n m e n t .  S a fe ty  in d ic e s  
r e s u l t s  o f  A l t e r n a t i v e - 1, A l te m a t iv e - 2 ,  a n d  A l te r n a t iv e s - 3  a r e  e x a c t ly  th e  s a m e  IS I  o f  
2 6  a s  th a t  o f  th e  b a s e  c a s e  d e s ig n  ( s h o w n  in  T a b le  4 .1 1 )  w h e r e a s ,  f o r  A l te n a t iv e -4  
a n d  A l te m a t iv e - 5 ,  IS I  a r e  2 5  a s  s h o w n  in  T a b le  4 .3 1 .

T a b l e  4 .3 1  S a f e ty  in d ic e s  o f  A l te r n a t iv e  4  a n d  5

Chemical inherent safety index,Ici Score Process inherent safety index,Ipi Score
Subindices for reactions hazards Subindices for process conditions
Heat of the main reaction,Irm 0 Inventory, li 4
Heat of the side reactions,1rs 3 Process temperature,It 2
Chemical Interaction,lint 2 Process pressure,Ip 1
Subindices for hazardous substances Subindices for process system
Flammability, Ifl 4 Equipment,Ieq
Explosiveness,lex 1 Isbl 2
Toxicity,Itox 2 Osbl 2
Corrosivity,Icor 0 Process structure,1st 2
Ici 12 Jpi 13
ISI 25

T h e  s a fe ty  im p r o v e m e n t  in  A l te m a t iv e - 3  a n d  A l te m a t iv e - 4  is  th a t  
b o th  d e s ig n s  d o  n o t  h a v e  a  c o m p r e s s o r  in  th e  p r o c e s s  c o m p a r e d  w i th  th e  b a s e  c a s e , 
A l t e r n a t i v e - 1, A l te m a t iv e - 2 ,  a n d  A l te m a t iv e - 3  r e s u l te d  in  s u b in d ic e s  f o r  p r o c e s s  
s y s te m  Isb l. T h e r e f o r e ,  i t  c a n  b e  c o n c lu d e d  th a t  in  te r m  o f  s a fe ty ,  A l t e r n a t i v e - 1, 
A l te m a t iv e - 2 ,  a n d  A l te m a t iv e - 3  d id  m a k e  s a fe ty  i s s u e  n e i th e r  b e t te r  n o r  w o r s e ,  w h ile  
A l te r n a t iv e - 4  a n d  A l te r n a t iv e - 5  m a d e  it  b e t te r  c o m p a r e d  to  th e  b a s e  c a s e .
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4 .3 .3  L if e  C y c le  A s s e s s m e n t
T h e  d e ta i ls  o f  th e  life  c y c le  in v e n to r y  a n a ly s is  o f  th e  n e w  d e s ig n  

a l t e r n a t iv e s  a r e  s h o w n  in  A p p e n d ix  F . T h e  li fe  c y c le  e n e r g y  a n a ly s is  w a s  m a d e  to  
e v a lu a te  th e  e n e r g y  e f f ic ie n c y  o f  th e  n e w  d e s ig n  a l t e r n a t iv e s  in  te r m  o f  n e t  e n e r g y  
r a t io  ( N E R ) . T h e  c o m p a r i s o n  o f  e n e r g y  e f f ic ie n c y  in  te r m  o f  N E R  b e tw e e n  th e  b a s e  
c a s e  a n d  4  n e w  d e s ig n  a l t e r n a t iv e s  is  s h o w n  in  F ig u r e  4 .7 .

F i g u r e  4 .7  C o m p a r i s o n  o f  n e t  e n e rg y  r a t io  f ro m  b io e th a n o l  c o n v e r s io n  p r o c e s s  
b e tw e e n  th e  b a s e  c a s e  a n d  a l te rn a t iv e s .

T h e  r e s u l t s  s h o w  th a t  a ll n e w  d e s ig n  a l t e r n a t iv e s  a r e  m o r e  e n e r g y  
e f f ic ie n t  th a n  th e  b a s e  c a s e , e x c e p t  A l te m a t iv e - 3 .  I t  a ls o  in d ic a te s  th a t  f r o m  e n e r g y  
e f f ic ie n c y  a s p e c t  A l te m a t iv e - 5  is  th e  b e s t  d e s ig n  w i th  th e  N E R  1 .3 4 , th a t  is  6 2 %  
h ig h e r  th a n  th e  b a s e  c a s e  d e s ig n  (0 .8 3 ) .

T h e  li fe  c y c le  im p a c t  a s s e s s m e n t  ( L C I A )  w a s  p e r f o r m e d  to  e v a lu a te  
e n v i r o n m e n ta l  im p a c ts  o f  th e  n e w  d e s ig n  a l t e r n a t iv e s  f o r  v a r io u s  im p a c t  c a te g o r ie s  
a n d  c o m p a re  to  th e  b a s e  c a s e . D e ta i l s  o f  L C I A  a re  s h o w n  in  A p p e n d ix  G .

F o c u s in g  o n  g lo b a l  w a r m in g  p o te n t ia l  ( G W P  a s  C 0 2 - e q u iv a le n t ) ,  
A l te m a t iv e - 5  h a s  th e  lo w e s t  g r e e n h o u s e  g a s  ( G H G )  e m is s io n  a s  s h o w n  in  F ig u r e s  
4 .8 ,  a n d  4 .9 .
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G lo b a l  w a r m i n g  ( G W P 1 0 0 )

Base case Alternative-1 Altemative-2 Altemative-3 Altemative-4 Altemative-5

F i g u r e  4 .8  C o m p a r i s o n  o f  th e  g r e e n h o u s e  e f f e c t  ( g C 0 2- e q u iv a le n t )  g e n e r a te d  f ro m  
b io e th a n o l  c o n v e r s io n  p r o c e s s  b e tw e e n  th e  b a s e  c a s e  a n d  a l t e r n a t iv e s  p e r  k i lo g r a m  o f  
b io e th a n o l .

Base case Altemative-1 Altemative-2 Altemative-3 Altemative-4 Altemative-5

Figure 4.9 C om parison o f  the greenhouse effect ( g C 0 2-eq u iva len t) generated from
bioethanol conversion  p rocess betw een  the base case  and alternatives per m egajou le
o f  bioethanol.
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A l te m a t iv e - 5  h a s  b e e n  s h o w n  to  e m it  o n ly  4 3  g  C O 2 e q u iv a le n t /k g  
e th a n o l ,  w h ic h  r e f le c t s  3 2 %  re d u c t io n  f ro m  th e  b a s e  c a s e  d e s ig n  (6 3  g  C O 2 

e q u iv a le n t /k g  e th a n o l) .  T h e  r e d u c t io n  o f  g re e n h o u s e  g a s  e m is s io n  c o m e s  f ro m  le s s  
e n e r g y  c o n s u m p t io n  c o m p a re d  w i th  th e  b a s e  c a s e  d e s ig n . T h is  is  a t t r ib u te d  to  th e  
lo w e r  s te a m  c o n s u m p t io n  in  th e  r e c o v e r y  s ta g e  w h e re  th e  h e a t  d u ty  w a s  d e c r e a s e d .

F o r  o th e r  im p a c t  c a te g o r ie s  s u c h  a s  a c id i f ic a t io n ,  e u t r o p h ic a t io n ,  a n d  
e n e r g y  r e s o u r c e s ,  th e  im p a c ts  o b s e rv e d  in  A l te r n a t iv e - 1, A l te m a t iv e - 2 ,  A l te m a t iv e - 4 ,  
a n d  A l te m a t iv e - 5  a r e  lo w e r  th a n  b a s e  c a s e  d e s ig n  a s  s h o w n  in  F ig u r e s  4 .1 0 ,  4 .1 1 , 
4 .1 2 ,  4 . 1 3 ,4 .1 4 ,  a n d  4 .1 5 .

A c i d i f i c a t io n

3.00

Base case Alternative-1 Altemative-2 Altemative-3 Altemative-4 Altemative-5

F i g u r e  4 .1 0  C o m p a r i s o n  o f  th e  a c id i f ic a t io n  ( g S 0 2 - e q u iv a le n t )  g e n e r a te d  f ro m  
b io e th a n o l  c o n v e r s io n  p r o c e s s  b e tw e e n  th e  b a s e  c a s e  a n d  a l t e r n a t iv e s  p e r  k i lo g r a m  o f  
b io e th a n o l .
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F i g u r e  4 .1 1  C o m p a r i s o n  o f  th e  a c id i f ic a t io n  ( m g S 0 2 - e q u iv a le n t )  g e n e ra te d  f ro m  
b io e th a n o l  c o n v e r s io n  p r o c e s s  b e tw e e n  th e  b a s e  c a s e  a n d  a l t e r n a t iv e s  p e r  m e g a jo u le  
o f  b io e th a n o l .

E u t r o p h i c a t i o n
0.50

Base case Alternative-1 Altemative-2 Altemative-3 Altemative-4 Altemative-5

Figure 4.12 C om parison  o f  the eutrophication ( g P 0 4-e q u iv a le n t)  generated from
bioethanol con version  p rocess betw een  the base case and alternatives per k ilogram  o f
bioethanol.
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Base case Alternative-1 Altemative-2 Altemative-3 Altemative-4 Altemative-5

F i g u r e  4 .1 3  C o m p a r i s o n  o f  th e  e u t r o p h ic a t io n  ( m g P 0 4- e q u i v a l e n t )  g e n e ra te d  f ro m  
b io e th a n o l  c o n v e r s io n  p r o c e s s  b e tw e e n  th e  b a s e  c a s e  a n d  a l t e r n a t iv e s  p e r  m e g a jo u le  
o f  b io e th a n o l .

E n e r g y  r e s o u r c e s
0.6

Base case AItemative-1 Altemative-2 Altemative-3 Altemative-4 Altemative-5

Figure 4.14 C om parison  o f  the energy resources (M J L H V ) from  bioethanol
con version  p rocess b etw een  the base case  and alternatives per k ilogram  o f
bioethanol.
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E n e rg y  r e s o u rc e s
25  -------------------------------- ----------------------------------------------------------------

B a s e  c a s e  A l t e r n a t i v e - 1 A l t e m a t i v e -2  A l t e m a t i v e -3  A l t e r n a t i v e -4  A l t e m a t i v e -5

F i g u r e  4 .1 5  C o m p a r i s o n  o f  th e  e n e r g y  r e s o u r c e s  ( k J  L H V )  f r o m  b io e th a n o l  
c o n v e r s io n  p r o c e s s  b e tw e e n  th e  b a s e  c a s e  a n d  a l t e r n a t iv e s  p e r  m e g a jo u le  o f  
b io e th a n o l .

T h e  r e s u l t s  f ro m  a c id if ic a t io n ,  e u t r o p h ic a t io n ,  a n d  e n e r g y  r e s o u r c e s  
r e v e a l  th a t  th e  n e w  d e s ig n  a l t e rn a t iv e s  ( e x c e p t  A l te m a t iv e - 3 )  a r e  m o r e  e n v ir o n m e n ta l  
f r ie n d ly ,  a n d  A l te m a t iv e - 5  is  th e  m o s t  e n v i r o n m e n ta l  f r i e n d ly  w i th  th e  r e d u c t io n  o f  
3 2 %  in  a c id i f ic a t io n ,  4 5 %  in  e u t ro p h ic a t io n ,  a n d  3 7 %  in  e n e r g y  r e s o u r c e s  c o m p a re d  
to  th e  b a s e  c a s e  d e s ig n .  T h e  r e d u c t io n  o f  a ll  im p a c t  c a te g o r ie s  is  m a in ly  th ro u g h  th e  
lo w e r  e n e r g y  c o n s u m p t io n  in  th e  r e c o v e r y  s ta g e .

F r o m  th e  f o u r  e x a m p le s  o f  im p a c t  c a te g o r ie s  a b o v e ,  it  c a n  b e  
s u m m a r iz e d  th a t  A l t e r n a t i v e - 1, A l te m a t iv e - 2 ,  A l te m a t iv e - 4 ,  a n d  A l te m a t iv e - 5  a re  
m o r e  e n v i r o n m e n ta l  f r ie n d ly  th a n  th e  b a s e  c a s e  d e s ig n . A m o n g  a l t e r n a t iv e s  s tu d ie d , 
th e  e m is s io n  f r o m  th e  n e w  d e s ig n  o n  d i s t i l la t io n  p l a t f o r m  ( A l t e r n a t iv e  4  a n d  5 ) is  
m u c h  lo w e r  th a n  th o s e  o f  e v a p o r a to r  p la t f o r m  ( A l te r n a t iv e  1, 2 , a n d  3 ) ,  a n d  th e  o n e  
o n  e n e r g y  e f f ic i e n c y  a s p e c t  ( A l te m a t iv e - 4 )  r e le a s e s  th e  e m is s io n  le s s  th a n  th o s e  o f  
th e  p r o c e s s  a s p e c t  ( A l t e r n a t iv e  1, 2 , 3 , a n d  4 ).
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