
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Process Simulation and Sustainability Analysis

4 .1 .1  B a s e  C a s e  D e s i g n
4.1.1 1 P rocess Sim ulation o f  Base Case D esign

A  ty p ic a l  e th a n o l  p r o d u c t io n ,  a s  s h o w n  in  F ig u r e  4 .1 ,  
a c c o r d in g  to  t h e  c u r r e n t  e t h a n o l  m a n u fa c tu r in g  p r o c e s s  w a s  s e l e c t e d  a s  th e  b a s e  c a s e  

d e s ig n .

ETHANOL MAM FAC Tl RING FLOW CHAR I

Figure 4.1 E t h a n o l  m a n u fa c tu r in g  p r o c e s s .

T h is  p r o c e s s  d e s i g n  w a s  m o d e l e d  a n d  s im u la t e d  t h o u g h  th e  

P R O /I I  8 .2 ,  ( P R O /I I ,  2 0 0 6 )  p r o c e s s  s im u la to r ,  a s  s h o w n  in  F ig u r e  4 .2 .



Figure 4.2 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  F l o w s h e e t  I m p le m e n t e d  in  P R O /I I .
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L is t s  o f  c o m p o n e n t s ,  r e a c t io n s ,  a n d  m a s s  f l o w  ra te  th a t ta k e  

p la c e  in  th e  p r o c e s s  a r e  g i v e n  in  A p p e n d ix  A .  D  a n d  E , r e s p e c t i v e ly .  A s  s u b s tr a te  fo r  

b io - e t h a n o l  c o n v e r s i o n ,  m o la s s e s  a v a i la b le  in  T h a i la n d  w a s  c o n s id e r e d .  T h e  m a in  

c o m p o n e n t s  o f  th e  m o la s s e s  f e e d  a re  s u g a r  ( s u c r o s e  a n d  g l u c o s e ) ,  s o  th is  p r o c e s s  

s h o u ld  b e  l e s s  c o m p l i c a t e d  th a n  b io - e t h a n o l  f r o m  o th e r  t y p e s  o f  b io m a s s  s u c h  a s  

c a s s a v a  o r  l i g n o c e l l u l o s i c  m a t e r ia ls ,  w h e r e  p r e tr e a tm e n t  o f  th e  s u b s tr a te  is  n e c e s s a r y .  
T h e  p r o c e s s  is  s ta r t in g  fr o m  d i lu t io n  o f  m o la s s e s  w i t h  w a t e r  a n d  t h e n  s e n t  d ir e c t ly  to  

th e  f e r m e n ta t io n  ta n k  w i t h o u t  p r e tr e a tm e n t  a n d  h y d r o ly s i s  s t e p s .  In  t h is  s t a g e ,  t w o  

d if f e r e n t  o p e r a t io n s  a re  t a k in g  p la c e  -  s a c c h a r i f i c a t io n  o f  th e  r e m a in in g  c e l l u l o s e  to  

g lu c o s e ,  a n d  a ls o  th e  f e r m e n t a t io n  o f  th e  r e s u lt in g  g l u c o s e  a n d  o t h e r  s u g a r s  to  

e t h a n o l  u s in g  m ic r o  th e  o r g a n i s m ,  Zym om onas m obilis , a s  th e  e n z y m e .  A f t e r  th is  

s t e p ,  e th a n o l  p r o d u c e d  f r o m  m o la s s e s  is  s e n t  to  th e  r e c o v e r y  s t a g e ,  W 'hich c o n s i s t s  o f  

f la s h  d r u m , s o l id  s e p a r a to r ,  d i s t i l l a t io n  a n d  m e m b r a n e  s e p a r a to r . T h e  m ix t u r e  is  

p u r if ie d  to  e t h a n o l  f u e l  g r a d e  9 9 .5  w t%  W'ith th e  p r o d u c t io n  c a p a c i t y  o f  1 0 0  

k i lo g r a m s  p e r  h o u r .
F r o m  F ig u r e  4 .2  e t h a n o l  p r o d u c t io n  p r o c e s s ,  th e r e  a re  5 w a s t e  

s t r e a m s  - S 8 ,  S 1 0 ,  ร  1 4 , ร  1 6 , a n d  S 2 0 :

•  S 8  is  f lu e  g a s  s tr e a m  w it h  la r g e  a m o u n t s  o f  c a r b o n  d io x id e .

•  S 1 0  s tr e a m  c o n t a in s  m a in ly  u n c o n v e r t e d  c e l l u l o s e  a n d  a sh .

•  ร  14  s tr e a m  m a in ly  c o n t a in s  w a te r  a n d  s o m e  c o n t a m in a n t  a s  

u n c o n v e r t e d  g lu c o s e

•  ร  16  a n d  S 2 0  s t r e a m s  c o n t a in  m a in ly  w a te r .
In  o r d e r  to  m a k e  th e  b a s e  c a s e  d e s i g n  m o r e  s u s t a in a b le ,  

s u s t a in a b i l i t y  a n a l y s i s  is  p e r fo r m e d  to  g e n e r a t e  n e w  d e s ig n  a lt e r n a t iv e s .
4.1 .1 .2  Susta inability  A nalysis

4 .1 .1 .2 .1  S u s t a in a b i l i t y  M e t r ic s  R e s u l t s
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 t y  

o f  th e  b a s e  c a s e  d e s i g n  a s  w e l l  a s  n e w  d e s i g n s .  T h i s  s o f t w a r e  c l a s s i f i e s  th e  

s u s t a in a b i l i t y  m e t r ic s  in to  4  g r o u p s :  e n e r g y ,  m a te r ia l ,  w a t e r ,  a n d  e c o n o m i c .  T h e  

c a lc u la t e d  s u s t a in a b i l i t y  m e t r ic s  fo r  th e  b a s e  c a s e  d e s i g n  a re  g i v e n  in  T a b le  4 .1 .
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Table 4.1 S u s t a in a b i l i t y  m e t r ic s  r e s u lt s  o f  b a s e  c a s e  d e s ig n

M e tr ic B a s e  c a s e
Energy
Total Net Primary Energy Usage rate (GJ/y) 84086.611
% Total Net Primary Energy sourced from renewable 0.998
Total Net Primary Energy Usage per Kg product (kJ/kg) 82134.980
Total Net Primary Energy Usage per unit value added (kJ/$) 27.479
Material
Total raw materials used per kg product (kg/kg) 13.410
Total raw materials used per unit value added 0.004
Fraction of raw materials recycled within company 0.000
Fraction of raw materials recycled from consumers 0.000
Flazardous raw material per kg product 0.340
Water
Net water consumed per unit mass of product (kg/kg) 228.514
Net water consumed per unit value added 0.076
Economic
Value added (S/y) 424997.673

N g u y e n  et al. ( 2 0 0 8 )  s t u d ie d  a  f u l l  c h a in  e n e r g y  

a n a ly s i s  o f  f u e l  e t h a n o l  f r o m  c a n e  m o la s s e s  in  T h a ila n d . T h i s  r e s e a r c h  f o u n d  th at  

th e  e n e r g y  c o n s u m p t i o n  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 l a s s e s  w a s  2 3 .1 5 9  

M J /K g  e t h a n o l  (d a t a  f r o m  M o E  fa c to r y  in  T h a i la n d ) ,  w h i c h  is  l e s s  th a n  th e  v a lu e  

o b t a in e d  in  t h is  w o r k ,  b e c a u s e  in te r n a l e n e r g y  s o u r c e s  o f  N g u y e n ’s w o r k  s u c h  a s  

s t e a m  a n d  e l e c t r i c i t y  w h i c h  p r o d u c e  fr o m  b io g a s  a n d  c o g e n e r a t io n  w a s  n o t  ta k e n  

in to , a c c o u n t .  F o r  S u s t a in P r o  p r o g r a m , a ll  s t e a m  a n d  e l e c t r i c i t y  r e q u ir e d  fo r  th e  

p r o c e s s  w e r e  ta k e n  in to  a c c o u n t ,  e v e n  t h e y  c a m e  fr o m  th e  in te r n a l  s o u r c e s .  T h o s e  

u t i l i t i e s  w e r e  th e  im p o r ta n t  p a rt o f  e n e r g y  c o n s u m p t io n  o f  r e c o v e r y  s e c t i o n  w h ic h  

c o n s i s t e d  o f  p u m p  a n d  d is t i l l a t io n  c o lu m n s .  T h a t  is  th e  r e a s o n  o f  th e  d i f f e r e n c e  

b e t w e e n  L a n ’s  w o r k  a n d  th is  r e s e a r c h .
4 .1 .1 .2 .2  I n d ic a to r  R e s u l t s

T h e  S u s ta in P r o  s o f t w a r e  d e c o m p o s e d  th e  b a s e  

c a s e  f l o w s h e e t  in to  4 1  o p e n - p a t h s  ( O P )  a n d  z e r o  c lo s e d - p a t h s  s i n c e  th e  p r o c e s s  d o e s  

n o t  h a v e  a n y  r e c y c le  s t r e a m s .  T h e  m a s s  a n d  e n e r g y  in d ic a t o r s  w e r e  c a lc u la t e d .  T h e  

m o s t  s e n s i t i v e  in d ic a t o r s  a re  l i s t e d  in  T a b le  4 .2 .
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Table 4.2 L is t  o f  th e  m o s t  s e n s i t i v e  in d ic a to r s  fo r  t h e  o p e n - p a t h s  fo r  b a s e  c a s e  d e s ig n

P ath M V A P r o b a b il ity P ath E W C P r o b a b il ity P a th T V A P r o b a b il ity
O P 24 -1 0 0 .3 0 1 H ig h O P 10 2 9 0 .7 3 1 O P  10 -2 9 3 .7 2 0
O P 13 -1 7 .8 5 9 H ig h O P 13 2 4 7 .8 2 2 H ig h O P  13 -2 6 5 .6 8 1 H ig h
O P  11 -4 .6 2 2 O P 11 6 9 .0 9 6 O P  24 -1 0 4 .5 2 6 H ig h
O P  10 -2 .9 8 9 O P 2 3 0 .4 5 1 M e d iu m O P  11 -7 3 .7 1 8
O P 23 -0 .9 6 5 H ig h O P 5 2 1 .1 5 4 O P  5 -2 1 .3 7 1
O P 28 -0 .8 7 3 L o w O P 9 1 0 .0 7 9 O P  9 -1 0 .1 7 1
O P 33 -0 .7 2 5 L o w O P  2 0 9 .6 7 2 O P  2 0 -9 .6 7 2
O P 6 -0 .3 3 6 O P  6 5 .0 2 7 O P  6 -5 .3 6 4
O P 31 -0 .2 6 1 H ig h O P  2 4 4 .2 2 4 H ig h O P  23 -0 .9 6 6 H ig h
O P 5 -0 .2 1 7 O P  4 0 .7 3 3 O P  28 -0 .9 5 8 L ow
O P 2 7 -0 .1 8 5 L o w O P  15 0 .3 5 9 L ow O P  4 -0 .7 4 0
O P 1 -0 .1 4 1 H ig h O P 14 0 .2 8 4 L ow O P  33 -0 .7 2 5 L ow
O P 2 9 -0 .1 1 5 L ow O P  34 0 .2 2 4 H ig h O P  15 -0 .3 5 9 L ow
O P 9 -0 .0 9 2 O P  40 0.222 H ig h O P  14 -0 .2 8 4 L o w
O P 2 6 -0 .0 4 8 H ig h O P 41 0 .2 0 6 H ig h O P  31 -0 .2 7 7 H ig h
O P 3 0 -0 .0 2 7 L o w O P 39 0 .1 7 1 H ig h O P  34 -0 .2 2 4 H ig h
O P 4 -0 .0 0 7 O P 38 0 .1 5 5 H ig h O P  27 -0 .1 9 9 L ow

T h e  in d ic a to r s  a re  l i s t e d  in  th e  o r d e r  o f  th e ir  

v a lu e s ,  th e  h ig h e r  th e  v a lu e  th e  h ig h e r  th e  p r io r ity  ( h ig h  v a lu e  a t th e  to p  a n d  l o w  

v a lu e  a t th e  b o t t o m ) .  T h e  ta b le  a ls o  in d ic a t e s  th e  c o r r e s p o n d in g  p a th s  w h e r e  p r o c e s s  

i m p r o v e m e n t s  c o u ld  b e  im p le m e n t e d .  F o r  M V  A  o r  T V A ,  t h e y  in d ic a t e  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  t h e m  l e s s  n e g a t iv e  th r o u g h  d e s i g n  c h a n g e s .  O n  th e  

o th e r  h a n d , p o s i t i v e  v a lu e s  o f  th e  E W C  in d ic a t e  th a t  t o o  m u c h  e n e r g y  i s  b e in g  u s e d  

(o r  w a s t e d )  a n d  th e r e  is  a  p o t e 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  t h e s e  v a lu e s  

th r o u g h  d e s i g n  c h a n g e s .  F o r  b a s e  c a s e  d e s i g n ,  w e  c a n  o b s e r v e  th e  s e n s i t i v e  

in d ic a t o r s  a n d  th e  c o r r e s p o n d in g  o p e n - p a t h s  th a t  h a v e  h ig h  p o t e n t ia ls  fo r  

i m p r o v e m e n t  a n d  fo r  w h i c h  m a te r ia ls  w e  c a n  in c r e a s e  th e ir  a d d e d  v a lu e .
F r o m  th e  r e s u lt s  s h o w n  in  T a b le  4 .2 ,  o p e n  p a th  

O P  1 0 , O P 1 1, O P  1 3 , O P  2 3 ,  O P 2 4 ,  a n d  O P  31 a re  s e l e c t e d  b a s e d  o n  th e  h ig h  v a lu e  

o f  T V A  a n d  h ig h  p o s s i b l e  p a th  fo r  im p r o v e m e n t  in  e a c h  in d ic a to r .  T h e  d e t a i l s  o f  

t h o s e  p o t e n t ia l  p a th s  a re  g i v e n  in  T a b le  4 .3 .
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Table 4.3 D e t a i l s  o f  h ig h  p o t e n t ia l  p a th s  fo r  im p r o v e m e n t

P a t h C o m p o n e n t S t a r t i n g  s t r e a m / u n i t E n d i n g  s t r e a m / u n i t
O P  1 0 W A T E R W A T E R S 2 S 1 6
O P  11 W A T E R W A T E R ~ S 2 S 1 4
O P  13 C 6  ( G l u c o s e ) M O L A S S E S S l S 1 4
O P  23 N H 3 ( A m m o n ia ) M O L A S S E S ^ S l S 8
O P  2 4 N H 3 ( A m m o n ia ) M O L A S S E S ~ S l S 2 0
O P  3 1 C E L L U L O S E M O L A S S E S ~ S l S 1 0

A c c o r d in g  to  T a b le  4 .3 ,  it  c a n  b e  s e e n  th a t th e  

o p e n - p a t h s  w i t h  h ig h  p o t e n t ia l  fo r  im p r o v e m e n t  i n v o l v e  w a t e r  ( o p e n  p a th  1 0  a n d  

o p e n  p a th  1 1 ) ,  g l u c o s e  ( o p e n  p a t h l 3 ) ,  a m m o n ia  ( o p e n  p a th  2 3  a n d  o p e n  p a th  2 4 ) ,  a n d  

c e l l u l o s e  ( o p e n  p a th  3 1 ) .  B a s e d  o n  th is  in f o r m a t io n ,  w e  c h o s e  o n l y  O P  1 0 , O P 1 1, O P  

1 3 , a n d  O P  3 1  p a th s  fo r  fu r th e r  im p r o v e m e n t .  T h e  p a th s  i n v o lv e d  a m m o n ia  (O P 2 3  

a n d  O P  2 4 )  a re  n o t  in c lu d e d  b e c a u s e  O P  2 3  c o n t a in e d  a m m o n ia  in  g a s  p h a s e  w h ic h  

i s  d i f f i c u l t  to  r e c o v e r ..  F o r  O P  2 4 ,  th e  r e s u lt  s h o w s  th e  la r g e  a m o u n t  o f  a m m o n ia  

b e c a u s e  th e  a s s u m p t io n  w a s  m a d e  th a t  n i t r o g e n  c o m p o u n d  in  m o la s s e s  w a s  o n ly  

a m m o n ia .  H o w e v e r ,  th e  a c tu a l  in p u t  o f  a m m o n ia  is  o n l y  0 .1 %  o f  to ta l  a m o u n t  o f  

in p u t  in  o r d e r  t o  u s e  a s  n i t r o g e n  s o u r c e  fo r  g r o w t h  fa c to r . F o r  t h o s e  r e a s o n s ,  w e  c a n  

g e n e r a t e  4  n e w  d e s i g n  a lt e r n a t iv e s .  F o r  th e  f ir s t  a l t e r n a t iv e ,  r e c y c le  o f  w a te r  a n d  

g l u c o s e  n e e d  to  b e  c o n s id e r e d  b e c a u s e  it  w i l l  r e d u c e  r a w  m a te r ia l  u s a g e .  F o r  a n o th e r  

a lt e r n a t iv e ,  c o n v e r s i o n  o f  u n c o n v e r t e d  c e l l u l o s e  is  in t e r e s t in g ,  a s  it w i l l  in c r e a s e  th e  

v a lu e  a d d e d . T h e n ,  a l t e r n a t iv e s  2 ,  3 ,  a n d  4  a r e  c r e a te d  c o r r e s p o n d in g  to  c o m b u s t io n  

o f  u n c o n v e r t e d  c e l l u l o s e ,  p y r o l y s i s  o f  u n c o n v e r t e d  c e l l u l o s e  to  p r o d u c e  b i o - o i l ,  a n d  

h y d r o x y m e t h y l  fu r fu r a l  ( H M F )  p r o d u c t io n  w i t h  th e  u n c o n v e r t e d  c e l l u l o s e ,  a s  s h o w n  

in  F ig u r e  4 .3 .
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N ew  D e s ig n s

U n c o n v e r te d
c e llu lo s e

Water and Glucose Recycling

Alternative 2 
Combustion Unconverted 

Cellulose

Alternative 3
Pyrolysis Uncoil ret ted Cellulose to Produce Biooil

Alternative -t 
H M F(Hydi oxyinetliylfm fill al) Production

Figure 4.3 T h e  n e w  d e s i g n  a lt e r n a t iv e s .

W e  c a n  f o c u s  o n  th e  c o m p o n e n t s  in v o lv e d  in  th e  

c o r r e s p o n d in g  ( p o t e n t ia l )  o p e n - p a t h s ,  s ta r t in g  w i t h  w a te r  th a t  is  r e le a s e d  fr o m  

s t r e a m s  S 1 4  a n d  S 1 6  (O P 1 1  a n d  O P I O ) . N o r m a l ly ,  w a s t e  w a te r  fr o m  th e  e th a n o l  

p r o d u c t io n  p r o c e s s  i s  u s e d  to  p r o d u c e  b io g a s  w h i c h  c a n  g e n e r a t e  e le c t r ic i t y .  In th is  

c a s e ,  th e  v a lu e  o f  th e  w a s t e w a t e r  is  a r o u n d  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  ( t o  g e n e r a t e  e l e c t r i c i t y  fr o m  b io g a s ) .  B u t  S u s ta in P r o  r e s u lt s  s h o w  th a t w a s te  

w a te r  h a s  a  p o t e n t ia l  fo r  im p r o v e m e n t .  C o n s e q u e n t ly ,  a lt e r n a t iv e  1 h a s  b e e n  

g e n e r a t e d  b y  a d d in g  a  r e c y c le  s tr e a m . In  a d d it io n ,  th e  g l u c o s e  (O P  1 3 )  th a t d o e s  n o t  

c o n v e r t  t o  e t h a n o l  c a n  b e  r e c y c le d  b a c k  to  th e  s y s t e m  b y  u s in g  w a t e r  (O P  1 0  a n d  O P  

1 1 )  a s  a  c a r r ie r .
N e x t  ta r g e t  fo r  im p r o v e m e n t  is  u n c o n v e r te d  

c e l l u l o s e .  S i n c e  t h e  m a n u f a c t u r in g  p r o c e s s  n e e d s  fu e l  to  h e a t ,  c e l l u l o s e  is  a  g o o d  

m a te r ia l  a b le  to  c o m b u s t  a n d  g e n e r a t e s  th e  h e a t  v e r y  w e l l .  S o ,  a lt e r n a t iv e  2  is  th e  

c o m b u s t io n  o f  u n c o n v e r t e d  c e l l u l o s e  in  o r d e r  to  r e c o v e r  th e  h e a t .
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4 . 1 .2  A l t e r n a t iv e  1 (W a te r  a n d  G lu c o s e  R e c y c l i n g )
4.1.2.1 P rocess Sim ulation  o f  A lternative 1

T h e  d e s ig n  a lt e r n a t iv e  1 w a s  o b t a in e d  fo r  im p r o v e m e n t  o f  

o p e n  p a th  1 0 , 1 1 , a n d  13 a s  s h o w n  in  F ig u r e  4 .4 .  A c c o r d in g  to  th is  f ig u r e ,  s tr e a m  2 3  

m a in ly  c o n t a in s  g l u c o s e  w h i c h  is  a  r a w  m a te r ia l.  S tr e a m  S 2 5 ,  w a te r ,  a  m a in  

c o m p o n e n t ,  h a s  s o m e  c o n t a m in a n t s  o f  a c e t ic  a c id  w h i c h  a f f e c t  th e  m ic r o  o r g a n is m  

( e n z y m e ) ,  Zym om onas m obilis , u s e d  in  th e  f e r m e n t a t io n  s te p . S o ,  th is  w o r k  n e e d s  to  

s p e c i f y  th e  u p p e r  l im i t  o f  a c e t ic  a c id  in  o r d e r  to  p r e v e n t  e n z y m e  in h ib it io n .

Table 4.4 L im it a t io n  o f  a c e t i c  a c id  in  e t h a n o l  p r o d u c t io n  p r o c e s s  w i t h  r e c y c le  s tr e a m  

t o  p r e v e n t  e n z y m e  in h ib i t io n

Limitation of acitric acid NREL process My process
A c e t ic  a c id K G -M O L /H R 1 6 .6 8 5 0 .0 4 0
S td  liq  ra te L IT /H R 3 2 8 8 8 3 .0 0 0 1 7 6 2 .7 6 9
C o n c e n t r a t io n  o f  a c id M O L /L IT 0 .0 5 0 7 0 .0 2 3

*NREL process produce ethanol 18,557 kg/ hr 
*My process produce ethanol 153 kg/hr

F r o m  T a b le  4 .4 ,  N R E L  p r o c e s s  ( e t h a n o l  p r o d u c t io n  p r o c e s s  

f r o m  l i g n o c e l l u l o s i c  b i o m a s s )  h a s  a  c o n c e n t r a t io n  o f  a c e t ic  a c id  h ig h e r  th a n  th a t o f  

d e s i g n  a l t e r n a t iv e  1 ( e t h a n o l  p r o d u c t io n  p r o c e s s  f r o m  m o la s s e s  w i t h  r e c y c le  s tr e a m ) .  
S o ,  d e s i g n  a l t e r n a t iv e  1 i s  a c c e p t a b le .  N e x t  s te p  is  to  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 .

4.1.2 .2  Susta inability  A nalysis
4 .1 .2 .2 .1  S u s t a in a b i l i t y  M e t r ic s  R e s u l t s

A f te r  th is  p r o c e s s  is  a n a ly z e d  b a s e d  o n  

S u s t a in a b i l i t y  M e t r ic ,  th e  r e s u lt s  a re  d iv id e d  in to  4  g r o 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 i c  a s  g iv e n  in  T a b le  4 .5 .



Figure 4.4 T h e  m a in  o p e r a t io n s  o f  th e  b i o - e t h a n o l  p r o c e s s  fr o m  m o la s s e s  fo r  A l t e r n a t iv e  1 (W a t e r  a n d  G l u c o s e  R e c y c l i n g ) .
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Table 4.5 Sustainability metrics results o f alternative! (ethanol production process
from molasses with recycle stream)

Metric Base case Alternative 1
%
Change

Energy
Total Net Primary' Energy Usage rate (GJ/y) 84086.611 113064.415 34.462
% Total Net Primary Energy sourced from renewables 0.998 0.998 0.055
Total Net Primary Energy Usage per Kg product (kj/kg) 82134.980 102297.809 24.548
Total Net Primary Energy Usage per unit value added (kJ/$) 27.479 31.620 15.067
M aterial
Total raw materials used per kg product (kg/kg) 13.410 8.700 -35.125
Total raw materials used per unit value added 0.004 0.003 -40.064
Fraction of raw materials recycled within company 0.000 0.424 0.000
Fraction of raw materials recycled from consumers 0.000 0.000 0.000
Hazardous raw material per kg product 0.340 0.315 -7.373

1 W ater
Net water consumed per unit mass of product (kg/kg) 228.514 262.126 14.709
Net water consumed per unit value added 0.076 0.081 5.976

1 Economic
Value added ($/y) 424997.673 496632.751 16.855

F r o m  T a b le  4 .5 ,  f o c u s i n g  o n  th e  e c o n o m i c  t e r m s ,  it c a n  b e  

s e e n  th a t  d e s i g n  a lt e r n a t iv e  1 c a n  in c r e a s e  v a lu e  a d d e d  b y  a r o u n d  17  %  c o m p a r e d  to  

th e  b a s e  c a s e  d e s ig n .
4 .1 .2 .2 .2  I n d ic a to r  R e s u l t s

T h e  m o s t  s e n s i t i v e  in d ic a t o r s  a re  c a l c u la t e d  in  

te r m  o f  m a s s  a n d  e n e r g y  a s  s e e n  in  T a b le  4 .6 .  In d e s i g n  a l t e r n a t iv e  1 , s o m e  

c o m p o n e n t s  a r e  r e c y c le d  b a c k  to  th e  s y s t e m ,  s o  o n l y  m a s s  a d d e d  v a lu e  h a s  b e e n  

im p r o v e d .
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Table 4.6 List o f the most sensitive indicators for the open-paths for alternative 1
(ethanol production process from molasses with recycle stream)

P a th M V A P r o b a b il ity P ath E W C P r o b a b il ity P ath T V A P r o b a b il ity
O P  24 -1 0 0 .0 3 8 7 H ig h O P  11 1 5 1 .3 3 9 4 O P  11 -1 5 5 .6 6 8 0
O P 11 -4 .3 2 8 6 O P  2 2 3 .4 1 8 3 M e d iu m O P  24 -1 0 2 .8 2 9 9 H ig h
O P  23 -1 .2 0 1 7 H ig h O P  6 1 8 .6 0 2 6 O P  6 -1 9 .1 3 4 7
O P  2 8 -0 .8 7 2 5 L o w O P  10 8 .3 8 9 6 O P  10 -8 .5 1 2 9
O P  33 -0 .7 8 3 1 L ow O P 20 7 .3 7 9 3 O P  2 0 -7 .3 7 9 3
O P  6 -0 .5 3 2 1 O P  9 6 .8 9 5 9 O P  9 -6 .9 8 2 5
O P  31 -0 .2 6 0 9 H ig h O P  24 2 .7 9 1 2 H ig h O P  13 -1 .3 2 8 8 H ig h
O P  2 7 -0 .2 0 0 1 1.0 พ O P 13 1 .2315 H ig h O P  28 -1 .2 5 7 0 L ow
O P  1 -0 .1 8 9 8 H ig h O P  5 1 .0313 O P  23 -1 .2 0 2 3 H ig h
O P  2 9 -0 .1 2 4 1 L o w O P 40 0 .9 9 3 7 H ig h O P  5 -1 .0 4 6 4
O P  10 -0 .1 2 3 3 O P 41 0 .8 9 1 7 H ig h O P  4 0 -0 .9 4 0 8 H ig h
O P  13 -0 .0 9 7 2 H ig h O P 4 0  8 4 7 6 O P  4 -0 .8 5 8 3
O P  9 -0 .0 8 6 6 O P 39 0 .7 7 1 9 H ig h O P  41 -0 ,8 2 8 9 H ig h
O P  2 6 -0 .0 4 8 1 H ig h O P 38 0 .7 0 7 9 H ig h O P  33 -0 .7 8 3 2 L o w
O P  3 0 -0 .0 2 9 5 L ow O P 37 0 .5 8 2 8 H ig h O P  3 9 -0 .7 3 3 6 H ig h
O P  5 -0 .0 1 5 2 O P 14 0 .5 7 5 9 Low O P  38 -0 .6 7 8 3 H ig h
O P  4 -0 .0 1 0 6 O P 15 0 .5 5 9 1 Low O P  14 -0 .5 7 5 9 L ow

F o r  d e s i g n  a lt e r n a t iv e  1, n o t  o n l y  th e  v a lu e  a d d e d  w a s  

in c r e a s e d  b u t  a l s o  th e  p r o c e s s  w a s  im p r o v e d  b y  m a k in g  M V A  le s s  n e g a t i v e  th a n  b a s e  

c a s e  d e s i g n ,  a s  s e e n  in  T a b le  4 .7 .

Table 4.7 C o m p a r i s o n  o f  M V A  o f  th e  b a s e  c a s e  a n d  d e s i g n  a lt e r n a t iv e  1

Path Com ponent
Starting
stream /unit

Ending
stream /unit

MVA of 
Base Case

MVA of 
Alternative 1

OP 10 WATER W A TERS2 S16 -2.989 -0.1232
OP 11 WATER WATER~S2 ร 14 -4.622 -4.3286
OP 13 C6 (Glucose) M O LA SSESSl S14 -17.859 -0.0972

T h e  n e x t  a t te m p t  a t im p r o v in g  th e  b a s e  c a s e  d e s i g n  is  h o w  to  

u t i l i z e  th e  u n c o n v e r t e d  c e l l u l o s e  th a t g i v e s  h ig h  v a lu e  a d d e d  a n d  c a n  im p r o v e  M V A ,  
E W C , a n d  T V A .  S i n c e  t h e  m a n u fa c tu r in g  p r o c e s s  n e e d s  f u e l  to  h e a t ,  c e l l u l o s e  is  a  

g o o d  m a te r ia l  a b le  to  c o m b u s t  a n d  g e n e r a t e s  th e  h e a t  v e r y  w e l l .  S o ,  a lt e r n a t iv e  2  is  

th e  c o m b u s t io n  o f  u n c o n v e r t e d  c e l l u l o s e  in  o r d e r  to  r e c o v e r  th e  h e a t .
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4 .1 .3  A l t e r n a t iv e  2  ( T h e  C o m b u s t io n  o f  U n c o n v e r t e d  C e l l u l o s e )
4.1.3.1 P rocess Sim ulation  o f  A lternative 2

A lt e r n a t iv e  2  u s e s  m o d e l  s im u la t io n  o f  th e  b a s e  c a s e  d e s ig n  

a s  a  r e f e r e n c e .  B e c a u s e  it i s  n o t  n e c e s s a r y  to  c o m b u s t  u n c o n v e r t e d  c e l l u l o s e  in  P ro II . 
T h e  S u s t a in P r o  s o f t w a r e  c a n  c a lc u la t e  th e  c o m b u s t io n  o f  u n c o n v e r t e d  c e l l u l o s e  b y  

id e n t i f i c a t io n  o f  c e l l u l o s e  a s  f u e l .  Im p o r ta n t  d a ta  is  h e a t  o f  c o m b u s t io n  n e e d e d  a s  

in p u t  to  th e  s o f t w a r e  s o  th a t  th e  h e a t  f r o m  th e  c o m b u s t io n  c a n  b e  r e c o v e r e d  to  

g e n e r a t e  s t e a m . S o ,  th e  S u s t a in a b i l i t y  A n a l y s i s  r e s u lt s  a r e  d i s c u s s e d  in  th e  n e x t  

s e c t io n .
4.1 .3 .2  Susta inability  A nalysis

4 .1 .3 .2 .1  S u s t a in a b i l i t y  M e t r ic s  R e s u l t s
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 t y  

o f  t h is  d e s i g n  a l t e r n a t iv e .  T h is  p r o g r a m  c l a s s i f i e s  th e  m e t r ic s  in to  4  g r o 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 i c  w h ic h  a re  g i v e n  in  T a b le  4 .8 .

Table 4.8 S u s t a in a b i l i t y  m e t r ic s  r e s u lt s  o f  d e s i g n  a lt e r n a t iv e  2  ( T h e  C o m b u s t io n  o f  

U n c o n v e r t e d  C e l l u l o s e )

M e tr ic B a s e  c a s e A lt e r n a t iv e  2
%
C h a n g e

Enersv
Total Net Primary Energy Usage rate (GJ/y) 84086.61 1 84086.611 0.000
% Total Net Primary Energy sourced from renewable 0.998 0,998 0.000
Total Net Primary Energy Usage per Kg product (kJ/kg) 82134.980 82134.980 0.000
Total Net Primary Energy Usage per unit value added 

(kJ/S) 27.479 26.456 -3.725
1 Material

Total raw materials used per kg product (kg/kg) 13.410 13.410 0.000
Total raw materials used per unit value added 0.004 0.004 -3.725
Fraction o f raw materials recycled within company 0.000 0.000 0.000
Fraction of raw materials recycled from consumers 0.000 0.000 0.000
Plazardous raw material per kg product 0.340 0.340 0.000
Water
Net water consumed per unit mass of product (kg/kg) 228.514 228.514 0.000
Net water consumed per unit value added 0.076 0.074 -3.725

1 Economic
Value added ($/y) 424997.673 441442.097 3.869
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W h e n  f u e l  i s  g e n e r a t e d  b y  c o m b u s t io n  o f  

u n c o n v e r t e d  c e l l u l o s e ,  it c a n  s a v e  e n e r g y  u s a g e  b y  a r o u n d  3 .7  %  a n d  a d d it io n a l  p r o f it  

o f  a r o u n d  3 .9  %  c o m p a r e d  to  th e  b a s e  c a s e  d e s i g n  c o r r e s p o n d in g  to  T a b le  4 .8 .
4 .1 .3 .2 .2  I n d ic a to r  R e s u l t s

T h e  m o s t  s e n s i t i v e  in d ic a t o r s  a r e  c a lc u la t e d  in  

t e r m s  o f  m a s s  a n d  e n e r g y  a s  s e e n  in  T a b le  4 .9  fo r  d e s i g n  a lt e r n a t iv e  2 ,  w h i c h  f o c u s e d  

o n  t h e  c o m b u s t io n  o f  u n c o n v e r t e d  c e l l u l o s e

Table 4 .9  L is t  o f  th e  m o s t  s e n s i t i v e  in d ic a to r s  fo r  th e  o p e n - p a t h s  fo r  a lt e r n a t iv e  2

P ath M V A P r o b a b il ity P ath E W C P r o b a b il ity P a th T V A P r o b a b il ity
O P 2 4 -1 0 0 .3 0 1 4 H ig h O P  10 2 9 0 .7 3 0 7 O P  10 -2 9 3 .7 1 9 7
O P 13 -1 7 .8 5 8 9 H ig h O P  13 2 4 7 .8 2 1 7 H ig h O P  13 -2 6 5 .6 8 0 6 H ig h
O P 11 -4 .6 2 2 0 O P  11 6 9 .0 9 5 8 O P 2 4 -1 0 4 .5 2 5 9 H ig h
O P 10 -2 .9 8 9 0 O P  2 3 0 .4 5 1 3 M e d iu m O P  11 -7 3 .7 1 7 7
O P 23 -0 .9 6 5 2 H ig h O P  5 2 1 .1 5 3 5 O P  5 -2 1 .3 7 1 0
O P  2 8 -0 .8 7 2 5 L o w O P  9 1 0 .0 7 9 0 O P  9 -1 0  1714
O P 33 -0 .3 4 3 4 L o w O P  2 0 9 .6 7 2 5 O P  2 0 -9 .6 7 2 5
O P  6 -0 .3 3 6 3 O P 6 5 .0 2 7 4 O P  6 -5 .3 6 3 7
O P  5 -0 .2 1 7 5 O P  2 4 4 .2 2 4 5 H ig h O P  23 -0 .9 6 5 5 H ig h
O P  2 7 -0 .1 8 5 3 L o w O P  4 0 .7 3 3 3 O P 2 8 -0 .9 5 7 8 L o w
O P 1 -0 .1 4 1 0 H ig h O P  15 ’ 0 .3 5 9 0 L o w O P 4 -0 .7 4 0 1
O P  2 9 -0 .1 1 4 9 L o w O P  14 0 .2 8 4 1 L o w O P 15 -0 .3 5 9 0 L o w
O P  9 -0 .0 9 2 4 O P  3 4 0 .2 2 4 1 H ig h O P  33 -0 .3 4 3 5 L o w
O P 2 6 -0 .0 4 8 2 H ig h O P 4 0 0 .2 2 2 4 H ig h O P  14 -0 .2 8 4 1 L o w
O P  3 0 -0 .0 2 7 3 L o w O P 41 0 .2 0 5 5 H ig h O P  2 7 -0 .1 9 9 0 L o w
O P  4 -0 .0 0 6 7 O P  3 9 0 .1 7 1 4 H ig h O P  4 0 -0 .1 6 9 5 H ig h

In  a d d it io n ,  it c a n  im p r o v e  th e  p r o c e s s  b y  m a k in g  

M V A  ( O P  3 1 )  m o r e  p o s i t i v e  a s  s h o w n  in  T a b le  4 .1 0 .  T h u s ,  th e  c o m b u s t io n  o f  

u n c o n v e r t e d  c e l l u l o s e  in c r e a s e s  m a s s  v a lu e  a d d e d  ra th e r  th a n  r e l e a s in g  it  to  th e  

e n v ir o n m e n t .



64

Table 4.10 C o m p a r i s o n  o f  M V A  o f  th e  b a s e  c a s e  a n d  a lt e r n a t iv e  2

Path Component
Starting
stream /unit

Ending
stream /unit

MVA of 
Base Case

MVA of 
Alternative 2

OP 31 CELLULOSE M O LA SSESSl S10 -0.2608 2.0940

4 . 1 .4  A l t e r n a t iv e  3  ( P r o d u c t io n  o f  B i o - o i l  f r o m  U n c o n v e r t e d  C e l lu l o s e )
4.1.4.1 P rocess S im ula tion  o f  A lternative  3

P y r o ly s i s  is  a n o th e r  o p t io n  to  c o n v e r t  u n c o n v e r t e d  b io m a s s  to  

m o r e  v a lu a b le  p r o d u c t s .  In  d e s i g n  a lt e r n a t iv e  3 ,  th e  p y r o l y s i s  p r o c e s s  w a s  in tr o d u c e d  

to  th e  b a s e  c a s e  p r o c e s s  a n d  f o l l o w e d  b y  s tr e a m  1 0  c o n t a in in g  u n c o n v e r t e d  c e l l u l o s e .  
In  t h is  c a s e ,  a  b u b b l in g  f l u i d i z e d  b e d  r e a c to r  w a s  c o n s id e r e d .  A  b u b b l in g  b e d  o p e r a te  

in  a n  a d ia b a t ic  r e g im e  w i t h  a l l  th e  p r o c e s s  h e a t  i s  s u p p l ie d  b y  th e  p r e h e a te d  

f l u i d i z i n g  g a s ,  w h i c h  in  m a n y  in s t a n c e s  a re  r e c y c le d  p y r o l y s i s  g a s  ( R in g e r  et a l ,  
2 0 0 6 ) .  T h i s  p r o c e s s  w a s  n e e d e d  to  in te g r a te  th e  c o m b u s t io n  o f  c h a r  a n d  g a s  

b y p r o d u c t s  in  o r d e r  to  p r o v id e  th e  n e c e s s a r y  h e a t  r e q u ir e m e n t  a s  s h o w n  in  F ig u r e
4 .5 .
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Figure 4.5 T h e  m a in  o p e r a t io n s  o f  t h e  b io - e t h a n o l  p r o c e s s  fr o m  m o l a s s e s  fo r  A l t e r n a t iv e  3 ( P r o d u c t io n  o f  B i o - o i l  f r o m  U n c o n v e r t e d  
C e l lu l o s e ) .
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B i o - o i l  c a n  s u b s t i tu te  fo r  f o s s i l  f u e l s  to  g e n e r a t e  h e a t ,  p o w e r  

a n d  c h e m ic a l s .  S h o r t - t e r m  a p p l ic a t io n s  a re  b o i l e r s  a n d  f u r n a c e s ,  w h e r e a s  tu r b in e s  

a n d  d i e s e l  e n g i n e s  m a y  b e c o m e  a v a i la b le  o n  th e  s o m e w h a t  l o n g e r  te r m  a p p l ic a t io n s .  
U p g r a d in g  o f  th e  b i o - o i l  to  a  tr a n s p o r ta t io n  f u e l  is  t e c h n i c a l ly  f e a s ib le ,  b u t  n e e d s  

fu r th e r  d e v e lo p m e n t .  F i s c h e r - T r o p s c h  f u e ls  c a n  b e  d e r iv e d  f r o m  th e  b i o - o i l  th r o u g h  

s y n t h e s i s  g a s  p r o c e s s e s .  F u r th e r m o r e , th e r e  is  a  w id e  r a n g e  o f  c h e m ic a l s  th a t  c a n  b e  

e x t r a c t e d  o r  d e r iv e d  fr o m  th e  b i o - o i l .  A  g e n e r a l  o v e r v ie w  is  d e p ic t e d  b e lo w .

W f È Ë w ' ' ' '  * ; .
C h e m i c a l :

Diesel-engine 
(Micro)- Turbine 
Stilling

Upgrading (HDO) 
Hydrogen 
Fuels via syn-gas 
(MeOH, FT, 
DME)

. -IK^UiS
-Fertiliser
-Acetic acid
-Flavours
-Adhesive
-Sugars
-Feedstock

L. chemical industry J

Figure 4.6 G e n e r a l  o v e r v i e w  o f  P y r o ly s i s  o i l  a p p l i c a t io n s  ( w w w .b t g w o r l d .c o m ).

http://www.btgworld.com
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Table 4.11 C o m p a r is o n  b e t w e e n  b i o - o i l  fr o m  s im u la t io n  a n d  b i o - o i l  f r o m  r e f e r e n c e

C o o p c e m M y  B i o - o i l
: ■ : ■ ■ ■ ■ ■

ฯ ร } o - o i l  R e f . %  c h a n g e

A C E T A L D 0 . 0 0 2 0 . 0 0 2 0 . 2 0

H A A 0 . 0 6 0 0 . 0 6 0 0 . 0 9

A C E T O N E 0 . 0 2 7 0 . 0 2 7 0 . 1 3

H A 0 . 0 2 8 0 . 0 2 8 0 . 0 2

P A 0 . 0 0 2 0 . 0 0 2 0 . 0 1

F U R F U R A L 0 . 0 1 0 0 . 0 1 0 0 . 0 0

F U R O H 0 . 0 1 2 0 . 0 1 2 - 0 . 0 5

H M F 0 . 0 2 1 0 . 0 2 1 - 2 . 1 3

L G 0 . 8 2 4 0 . 8 2 4 0 . 0 4

H E X A N E 0 . 0 0 2 0 . 0 0 2 0 . 0 0

C 9 e s t e r 0 . 0 0 7 0 . 0 0 7 - 0 . 1 2  .

M A N N O S E 0 . 0 0 6 0 . 0 0 6 0 . 0 8

t o t a l 1 .0 0 0 1 . 0 0 0

* B io -o il  R ef. (sou rce: S h en  and G u , 2 0 0 9 ) .

S h e n  a n d  G u  ( 2 0 0 9 )  i n v e s t ig a t e d  th e  m e c h a n i s m s  o f  th e  

c e l l u l o s e  p y r o ly s i s .  T h e  m e c h a n is m  ( s e e  a p p e n d ix  B )  th a t  t h e y  h a d  s t u d ie d  h a s  b e e n  

u s e d  a s  a  r e f e r e n c e  in  th is  w o r k . A c c o r d in g  to  d e s i g n  a l t e r n a t iv e  3 , th e  r e s u lt s  fr o m  

s im u la t io n  w e r e  c o m p a r e d  w i t h  t h o s e  fr o m  th e  S h in  a n d  G u  r e f e r e n c e .  A c c o r d in g  to  

T a b le  4 .1 1 ,  th e  c o m p o n e n t s  c a lc u la t e d  b y  e a c h  m e t h o d  w e r e  fo u n d  to  b e  v e r y  s im i la r  

a n d  t h e r e f o r e ,  th e  s im u la t io n  w a s  c o n s id e r e d  a c c e p t a b le .
T h e  n e x t  s e c t i o n ,  th e  S u s t a in a b i l i t y  A n a l y s i s  r e s u lt s  a re

d i s c u s s e d .
4.1.4.2 Susta inability  A nalysis

4 .1 .4 .2 .1  S u s t a in a b i l i t y  M e t r ic s  R e s u l t s
T h is  d e s ig n  a l t e r n a t iv e  3 w a s  a n a ly z e d  in  

S u s t a in a b i l i t y  M e tr ic  s e c t i o n  o f  S u s ta in P r o , th e  r e s u lt s  a re  d i v i d e d  in to  4  g r o 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 i c  a s  s h o w n  in  T a b le  4 .1 2 .
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T a b le  4 .1 2  S u s t a in a b i l i t y  m e t r ic s  r e s u lt s  o f  a l t e r n a t iv e  3  ( P r o d u c t io n  o f  B i o - o i l  fr o m  

U n c o n v e r t e d  C e l l u l o s e )

M e tr ic B a s e  c a s e A lt e r n a t iv e  3 %  C h a n g e
E n e r e v

T o t a l  N e t  P r i m a r y  E n e r g y  U s a g e  r a t e  ( G J / y ) 8 4 0 8 6 . 6 1 1 8 5 9 2 0 . 0 4 8 2 . 1 8 0

%  T o t a l  N e t  P r i m a r y  E n e r g y  s o u r c e d  f r o m  r e n e w a b l e 0 . 9 9 8 0 . 9 9 6 - 0 . 1 8 6

T o t a l  N e t  P r i m a r y  E n e r g y  U s a g e  p e r  K g  p r o d u c t  ( k J / k g ) 8 2 1 3 4 . 9 8 0 8 3 9 2 4 . 3 0 7 2 . 1 7 9

T o t a l  N e t  P r i m a r y  E n e r g y  U s a g e  p e r  u n i t  v a l u e  a d d e d  ( k J / $ ) 2 7 . 4 7 9 2 6 . 5 4 6 - 3 . 3 9 8

M a t e r i a l

T o t a l  r a w  m a t e r i a l s  u s e d  p e r  k g  p r o d u c t  ( k g / k g ) 1 3 . 4 1 0 1 3 . 4 1 0 - 0 . 0 0 2

T o t a l  r a w  m a t e r i a l s  u s e d  p e r  u n i t  v a l u e  a d d e d 0 . 0 0 4 0 . 0 0 4 - 5 . 4 5 9

F r a c t i o n  o f  r a w  m a t e r i a l s  r e c y c l e d  w i t h i n  c o m p a n y 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

F r a c t i o n  o f  r a w  m a t e r i a l s  r e c y c l e d  f r o m  c o n s u m e r s 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

H a z a r d o u s  r a w  m a t e r i a l  p e r  k g  p r o d u c t 0 . 3 4 0 0 . 1 7 4 - 4 8 . 8 0 0

1 W a t e r

N e t  w a t e r  c o n s u m e d  p e r  u n i t  m a s s  o f  p r o d u c t  ( k g / k g ) 2 2 8 . 5 1 4 2 3 2 . 5 5 0 1 . 7 6 6

N e t  w a t e r  c o n s u m e d  p e r  u n i t  v a l u e  a d d e d 0 . 0 7 6 0 . 0 7 4 - 3 . 7 8 7

1 E c o n o m i c

V a l u e  a d d e d  ( $ / y ) 4 2 4 9 9 7 . 6 7 3 4 4 9 5 3 7 . 4 6 0 5 . 7 7 4

B e c a u s e  t h is  p r o c e s s  g e n e r a t e d  th e  h e a t  fr o m  th e  

c o m b u s t io n  o f  c h a r  a n d  g a s  p r o d u c t s ,  it c a n  r e d u c e  e n e r g y  u s a g e  b y  a r o u n d  3 %  a n d  

c a n  g e t  a d d it io n a l  p r o f it  b y  a r o u n d  6  %  h ig h e r  th a n  t h o s e  o f  th e  b a s e  c a s e  d e s ig n  ( s e e  

to  T a b le  4 .1 2 ) .
T h is  w o r k  f o c u s e s  o n  h o w  m u c h  v a lu e  a d d e d  is  

in c r e a s e d  b y  u s i n g  u n c o n v e r t e d  c e l l u l o s e  a s  r a w  m a te r ia l .  S o  w e  w e r e  n o t  in te r e s te d  

in  I n d ic a t o r  R e s u l t s .  N e x t  s t e p , u n c o n v e r t e d  c e l l u l o s e  u t i l i z e  a s  r a w  m a te r ia l  o f  

p r o d u c t io n  o f  H y d r o x y m e t h y l  fu r fu r a l ( H M F )
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4 .1 .5  A l t e r n a t iv e  4  ( P r o d u c t io n  o f  H y d r o x y m e t h y l  F u r fu r a l  fr o m  

U n c o n v e r t e d  C e l l u l o s e )
4.1.5.1 P rocess S im ula tion  o f  A lterna tive  4

T h e  a b i l i t y  to  u s e  c e l l u l o s i c  b io m a s s  a s  f e e d s t o c k  fo r  th e  

l a r g e - s c a le  p r o d u c t io n  o f  l iq u id  f u e ls  a n d  c h e m ic a l s  d e p e n d s  c r i t i c a l ly  o n  th e  

d e v e lo p m e n t  o f  e f f e c t i v e  l o w  te m p e r a tu r e  p r o c e s s e s .  O n e  p r o m is in g  b io m a s s - d e r iv e d  

p la t fo r m  c h e m ic a l  i s  5 - h y d r o x y m e t h y l f u r f u r a l  ( H M F ) ,  w h i c h  is  s u i t a b le  fo r  

a lt e r n a t iv e  p o l y m e r s  o r  fo r  l iq u id  b i o - f u e l s .  W h i le  H M F  c a n  c u r r e n t ly  b e  m a d e  fr o m  

f r u c t o s e  a n d  g l u c o s e ,  th e  a b i l i t y  to  s y n t h e s i z e  H M F  d ir e c t ly  f r o m  r a w  n a tu ra l 
c e l l u l o s e  w o u l d  r e m o v e  a m a jo r  b a rr ier  to  th e  d e v e lo p m e n t  o f  a  s u s t a in a b le  H M F  

p la t fo r m . A c c o r d in g  to  b a s e  c a s e ,  e t h a n o l  c o n v e r s i o n  p r o c e s s  r e l e a s e s  s o l i d  w a s t e  to  

th e  e n v ir o n m e n t ,  b u t  u n c o n v e r t e d  c e l l u l o s e  is  in c lu d e d  in  th e  s o l i d  s tr e a m . T h e  

o b j e c t i v e  is  to  u s e  t h i s  s o l i d  w a s t e .  T h is  d e s i g n  a l t e r n a t iv e  4  th e r e fo r e  s e l e c t s  th e  

p r o d u c t io n  o f  H y d r o x y m e t h y l  fu r fu r a l ( H M F )  f r o m  u n c o n v e r t e d  c e l l u l o s e .
H M F  h a s  a n  a r o m a t ic - t y p e  r in g  s tr u c tu r e  a n d  a c t iv e  

f u n c t io n a l  g r o u p s  o n  t w o  s id e s .  T h is  c o m p o u n d  h a s  b e e n  i d e n t i f i e d  a s  a n  im p o r ta n t  

in t e r m e d ia t e .  It i s  a  f l e x i b l e  in t e r m e d ia t e  b e c a u s e  a  v a r ie ty  o f  ta r g e t  m o le c u l e s  c a n  b e  

s y n t h e s iz e d  fr o m  it , s u c h  a s ,  s p e c ia l t y  c h e m ic a l s  in  th e  a g r ic u l tu r a l ,  c o n s u m e r ,  a n d  

p h a r m a c e u t ic a l  in d u s t r ie s .  T h e  in te r m e d ia te  c o m p o n e n t  c a n  fo r m  th e r m a l  r e s is ta n t  

p o ly m e r s ,  f u e l  a d d i t iv e s ,  a n d  l iq u id  fu e l .
A l t e r n a t iv e  4 ,  p r o d u c t io n  o f  H M F  fr o m  w a s t e  c e l l u l o s e  u s e s  

M e t h y l  i s o b u t y l  k e t o n e  ( M I B K )  a s  s o lv e n t  a n d  T it a n iu m  d i o x i d e  ( T i 0 2 )  a s  c a t a ly s t  

( M c N e f f  et. a l . , 2 0 1 0 ) .  T h e  p r e h e a te r  w a s  u s e d  to  b r in g  a  m ix t u r e  to  th e  . ta r g e t  

te m p e r a tu r e  a n d  f e d  in to  r e a c to r . A f t e r  th a t , p r o d u c t  s o lu t i o n  w i l l  p a s s  th r o u g h  th e  

r e c o v e r y  s e c t i o n  a n d  r e c y c le  s o lv e n t  s e c t io n .  F r o m  p r o c e s s  s im u la t io n ,  p u r ity  o f  

H M F  is  f o u n d  to  b e  9 9 .5 7 % , c o r r e s p o n d in g  to  p r o c e s s  f l o w s h e e t  s h o w n  in  F ig u r e  

4 .7 .



Figure 4.7 T h e  m a in  o p e r a t io n s  o f  th e  b i o - e t h a n o l  p r o c e s s  f r o m  m o l a s s e s  f o r  a lt e r n a t iv e  4  ( P r o d u c t io n  o f  H y d r o x y m e t h y l  F u r fu r a l  f r o m  
U n c o n v e r t e d  C e l lu l o s e ) .
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4 .1 .5 .2  Susta inability  Analysis
S u s t a in a b i l i t y  M e t r ic s  R e s u l t s  - f o r  th is  d e s i g n  a lt e r n a t iv e ,  

s u s t a in a b i l i t y  a n a l y s i s  w a s  p e r fo r m e d  a n d  th e  r e s u lt  a re  g i v e n  in  t e r m s  o f  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 i c  m e t r ic s ,  a s  s h o w n  in  T a b le  4 .1 3 .

T a b le  4 .1 3  S u s t a in a b i l i t y  m e t r ic s  r e s u lt s  o f  a lt e r n a t iv e  4  ( P r o d u c t io n  o f  

H y d r o x y m e t h y l  F u r fu r a l f r o m  U n c o n v e r t e d  C e l lu l o s e )

M e tr ic B a s e  c a s e A lt e r n a t iv e  4
%
c h a n g e

E n e r g y

T o t a l  N e t  P r i m a r y  E n e r g y  U s a g e  r a t e  ( G J / y ) 8 4 0 8 6 . 6 1 1 9 1 5 2 5 . 7 0 5 8 . 8 4 7

% T o t a l  N e t  P r i m a r y  E n e r g y  s o u r c e d  f r o m  r e n e w a b l e s 0 . 9 9 8 0 . 9 9 8 0 . 0 0 0

T o t a l  N e t  P r i m a r y  E n e r g y  U s a g e  p e r  K g  p r o d u c t  ( k j / k g ) 8 2 1 3 4 . 9 8 0 8 7 6 0 2 . 3 4 6 6 . 6 5 7

T o t a l  N e t  P r i m a r y  E n e r g y  U s a g e  p e r  u n i t  v a l u e  a d d e d  ( k J / $ ) 2 7 . 4 7 9 2 7 . 4 6 4 - 0 . 0 5 5

M a t e r i a l

T o t a l  r a w  m a t e r i a l s  u s e d  p e r  k g  p r o d u c t  ( k g / k g ) 1 3 . 4 1 0 1 3 . 2 4 3 - 1 . 2 4 5

T o t a l  r a w  m a t e r i a l s  u s e d  p e r  u n i t  v a l u e  a d d e d 0 . 0 0 4 0 . 0 0 4 - 7 . 4 5 9

F r a c t i o n  o f  r a w  m a t e r i a l s  r e c y c l e d  w i t h i n  c o m p a n y 0 . 0 0 0 0 . 1 3 0 0 . 0 0 0

F r a c t i o n  o f  r a w  m a t e r i a l s  r e c y c l e d  f r o m  c o n s u m e r s 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

P l a z a r d o u s  r a w  m a t e r i a l  p e r  k g  p r o d u c t 0 . 3 4 0 0 . 3 3 3 - 2 . 1 1 4

W a t e r

N e t  w a t e r  c o n s u m e d  p e r  u n i t  m a s s  o f  p r o d u c t  ( k g / k g ) 2 2 8 . 5 1 4 2 5 0 . 2 2 7 9 . 5 0 2

N e t  w a t e r  c o n s u m e d  p e r  u n i t  v a l u e  a d d e d 0 . 0 7 6 0 . 0 7 8 2 . 6 1 2

E c o n o m i c

V a l u e  a d d e d  ( $ / y ) 4 2 4 9 9 7 . 6 7 3 4 6 2 8 4 9 . 9 2 2 8 . 9 0 6

T h is  p r o c e s s  w a s  d e v e l o p e d  in  o r d e r  to  p r o d u c e  th e  im p o r ta n t  

in t e r m e d ia t e  c o m p o u n d  to  fo r m  p o ly m e r s  a n d  f u e l  a d d it iv e s .  T h o s e  c o m p o n e n t s  a re  

h ig h  v a lu e d  p r o d u c t s .  S o  a lt e r n a t iv e  4  g i v e s  in c r e a s e d  p r o f it  b y  a r o u n d  9  % , 
c o m p a r e d  to  th e  b a s e  c a s e  ( s e e  T a b le  4 .1 3 ) .

T h e  a b o v e  im p r o v e m e n t  r e s u lt s  w e r e  o b t a in e d  th r o u g h  

S u s ta in P r o  w h e r e  th e  o b j e c t i v e  w a s  to  e n h a n c e  th e  p r o c e s s  e c o n o m i c a l l y  a n d  m a k e  it 

m o r e  s u s t a in a b le .  A l s o ,  e a c h  c a s e  s tu d y  n e e d  t o  f o c u s  o n  t h e  e n v ir o n m e n t a l  im p a c t ,
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a s  w e l l .  S o ,  l i f e  c y c l e  a s s e s s m e n t  ( L C A )  w a s  a p p l ie d  to  c o n s i d e r  g r e e n h o u s e  g a s e s  

e m i s s i o n s .

4.2 Life Cycle Assessment (LCA)

4 .2 .1  B a s e  C a s e  D e s i g n
4 .2 .1 .1 System  Boundary and  L ife Cycle Inventory o f  Base Case 

P rocess
L if e  c y c l e  in v e n t o r y  ( L C I ) i s  a  p r o c e s s  t o  q u a n t i fy  a l l  in p u ts  

( r a w  m a t e 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 ir o n m e n t a l  r e l e a s e s  ( a l l  k in d  o f  

e m i s s i o n s  in c lu d in g  w a s t e ) a s s o c i a t e d  w i t h  e a c h  s t a g e  o f  th e  p r o c e s s  l i f e  c y c l e .  In  th is  

r e s e a r c h , th e  b a s e  c a s e  d e s i g n  o f  th e  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  w a s  d iv id e d  in to  

t w o  s t a g e s :  a  f e r m e n t a t io n  s t a g e  a n d  a  r e c o v e r y  s t a g e ,  a s  s h o w n  in  F ig u r e  4 .8 .

Figure 4.8 T w o  s t a g e s  o f  b a s e  c a s e  p r o c e s s  l i f e  c y c l e .

F o r  th e  c a s e  s tu d y , th e  w a s t e w a t e r  f r o m  th e  p la 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 t e a m  a n d  e l e c t r i c i t y  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 t e m  to  

s u p p ly  e n e r g y  t o  th e  s y s t e m .  A n  8 5 %  e f f i c i e 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 i s  ( 5 8 .7 3 %  e f f i c i e n c y  o f  b io g a s  is  u s e d  to  g e n e r a te  s t e a m , 2 6 .2 7 %  e f f i c i e n c y  o f  

b io g a s  g o  to  e l e c t r i c i t y  p r o d u c t io n ) .  T h e  p r o d u c t s  fr o m  th is  s e c t io n ,  e l e c t r i c i t y  a n d
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s t e a m , w e r e  c o n s id e r e d  t o  c o m p e n s a t e  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 r o c e s s .  
In  o r d e r  to  p e r fo r m  th e  l i f e  c y c l e  a s s e s s m e n t  c o n s i s t e n t ly ,  in te g r a t io n  o f  fa r m in g  o f  

s u g a r c a n e  w i t h  th e  e t h a n o l  p r o d u c t io n  p r o c e s s  w a s  c o n s id e r e d .  S o ,  th e  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  w a s  d iv id e d  fo r  th e  t w o  s e c t i o n s ,  fa r m in g  a n d  

e th a n o l  c o n v e r s i o n  p r o c e s s ,  in to  f i v e  s ta g e s :  s u g a r c a n e  p la n t a t io n , s u g a r c a n e  m i l l in g ,  
f e r m e n t a t io n ,  r e c o v e r y ,  a n d  b io g a s  a n d  c o g e n e r a t io n ,  a s  s h o w n  in  F ig u r e  4 .9 .

Figure 4.9 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 .

T h e  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 t h a n o l  w a s  s e t  a s  a 

f u n c t io n a l  u n it  fo r  th e  in v e n t o r y  a n a ly s i s .  In th is  a n a ly s i s ,  th e  a m o u n t  o f  c o o l i n g  

w a te r  w a s  n e g l e c t e d  b e c a u s e  n o r m a l w a te r  w a s  u s e d  to  c o o l  th e  u n it  a n d  it c o u ld  b e  

r e c y c le d  b a c k  t o  th e  s y s t e m  ( p r o c e s s  s e c t io n ) .  A s s u m p t io n  fo r  th e  s im u la t io n ,  th e  

e n e r g y  s u p p l i e d  ( s t e a m  a n d  e l e c t r i c i t y )  to  th e  p r o c e s s  c a m e  fr o m  a  b a g a s s e  b o i le r  

lo c a t e d  in  th e  s u g a r c a n e  m i l l i n g  a rea . B a g a s s e ,  th e  f ib e r  l e f t  a f te r  s u g a r  c a n e  j u i c e  is  

e x t r a c t e d ,  i s  b u r n e d  in  b o i l e r s  to  p r o d u c e  s t e a m  a n d  e le c t r i c i t y  fo r  th e  o p e r a t io n  o f  

s u g a r  m i l l s .  In  j u s t  s o m e  s e a s o n ,  b a g a s s e  m a y  n o t  b e  a b le  to  c o m e  e n o u g h  fo r  p o w e r  

p r o d u c t io n .  S o m e  k in d s  o f  a g r ic u ltu r a l  r e s id u e  s u c h  a s  r ic e  o r  w o o d  h u s k  a re  b u r n e d  

a s  a  s u p p le m e n t a l  f u e l  in  s u g a r  m i l l i n g  to  s a v e  f o s s i l  e n e r g y .  A n y w a y ,  th a t r a t io  o f  

b a g a s s e  w e i g h t  to  th e  a g r ic u ltu r a l  r e s id u e s  is  n o t  m u c h  a n d  th e  a s s u m p t io n  is  th a t  a ll  
a g r ic u ltu r a l  r e s id u e s  u s e d  i s  fr o m  1 0 0 %  b a g a s s e .  B u t  i f  th e  e l e c t r i c i t y  p r o d u c e d  in
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e x c e s s  o f  s u g a r c a n e  m i l l i n g  p r o c e s s  d e m a n d  w i l l  b e  s o ld  t o  th e  g r id . B y  u s in g  th is  

e n e r g y  fr o 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 i o x i d e  ( C O 2 )  r e le a s e d  c a n  b e  

s u b tr a c te d  b e c a u s e  s u g a r c a n e ,  a s  it  i s  n a tu r a l ly  g r o w n ,  a b s o r b s  C O 2 a n d  th e r e fo r e ,  
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 t m o s p h e r e  f r o m  u s e d  b io m a s s  e n e r g y  is  

r e d u c e d ,  a s  l o n g  a s  s u g a r c a n e s  a r e  r e p la n te d . A l s o ,  C O 2 p r o d u c e d  fr o m  fe r m e n ta t io n  

o f  b io e t h a n o l  p r o d u c t io n  w a s  n o t  c o n s id e r e d  to  b e  a  g r e e n h o u s e  g a s  e m i s s i o 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 t o r y  a n a l y s i s  o f  th e  p r o c e s s  l i f e  c y c l e  is  p r e s e n t e d  s t a g e  b y  s t a g e .  D e t a i l s  o f  

in p u t  a n d  o u t p u t  in v e n to r y  d a ta  fo r  e a c h  s t a g e  a re  p r e s e n t e d  in  T a b le s  4 .1 4 ,  4 .1 5 ,  
4 . 1 6 , 4 . 1 7 ,  a n d  4 .1 8 .

T a b le  4 .1 4  R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  p e r  o n e  k i lo g r a m  e t h a n o l  9 9 .5  w t%  

p r o d u c t io n  in  s u g a r c a n e  p la n t a t io n  s ta g e

I n p u t  I n v e n t o r y O u t p u t  I n v e n t o r y
T y p e A m o u n t U n i t T y p e A m o u n t U n i t
F u el: P ro d u c t
D ie s e l 1 .5 0 E -0 2 k g S u g a rc a n e 1 4 .9 8 8 k g

C h em ica l:
F e r t i l iz e r  (N ) 2 .2 2 E -0 2 k g
F e r t i l iz e r  (P ) 1 .0 4 E -0 2 k g
F e r t i l iz e r  (K ) 9 2 3 E -0 3 k g
P a r a q u a t  ( B ip y r id y l iu m ) 1 .6 1 E -0 4 k g
G ly p h o s a te 2 .5 7 E -0 5 k g
A tra z in e 5 .6 2 E -0 4 k g
A m e try n e 4 .0 1 E -0 4 k g
2 ,4 -D 1 .6 1 E -0 4 ____
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T a b le  4 .1 5  R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i s  p e r  o n e  k i lo g r a m  e t h a n o l  9 9 .5  w t%  

p r o d u c t io n  in  s u g a r c a n e  m i l l in g  s t a g e

I n p u t  I n v e n t o r y O u t p u t  I n v e n t o r y
T y p e A m o u n t U n i t T y p e A m o u n t U n i t
R a w  m a teria l: P ro d u c t
S u g a rc a n e  p la n t 1 4 .9 8 8 k g M o la s s e s 3 .5 6 4 k g

E n erg y :
A  v o id  

P ro d u c t
P r o d u c t io n  o f  E le c tr ic i ty  &  
S te a m  B a g a s s e  m a in ly  &  o th e r 4 .1 7 2 k g E le c tr ic i ty 0 .4 0 6 k W h
- E le c t r ic i ty  f ro m  b a g a s s e 0 .2 6 0 k W h
- S te a m  fro m  b a g a s s e 6 .7 3 9 k g

C h em ica l:
L im e 3 .1 6 E -0 2 k g
S o d iu m  c h lo r id e 1 .1 8 E -0 2 k g
H y d r o c h lo r ic  a c id 6 .7 4 E -0 6 k g
ร  1 0 2 3 .4 7 E -0 5 k g
B io c id e 5 .4 9 E -0 5 k g
A lu m in iu m  s u lf a te 5 .5 9 E -0 5 k g ____

C a u s t ic  s o d a  f la k e 1 .7 3 E -0 5 k g
F lo c c u la n ts  ( I ro n  s u lp h a te ) 5 .7 8 E -0 4 k g
M is c e l la n e o u s 8 .5 7 E -0 5 k g

T a b le  4 .1 6  R e s u l t s  o f  th e  in v e n t o r y  a n a ly s i 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%  

p r o d u c t io n  in  f e r m e n t a t io n  s ta g e

I n p u t  I n v e n t o r y O u t p u t  I n v e n t o r y
T y p e A m o u n t U n i t T y p e A m o u n t U n i t
M a te r ia l P ro d u c t

M o la s s e s 3 .5 6 4 K g
O u t p u t - 1 F ro m  
fe r m e n ta t io n  s ta g e 1 2 .6 1 2 K g

W a te r 9 .8 4 6 K g
A m m o n ia 7 .7 5 E -0 5 K g F in a l w aste  f lo w

R e s id u e s 0 .4 6 2 K g

U tilities E m iss io n  to  A ir
S te a m 0 .1 0 6 K g E th a n o l 1 .2 5 E -0 3 K g

W a te r 1 .5 7 E -0 3 K g
A c e t ic  a c id 1 .0 8 E -0 6 K g
C a r b o n d io x id e 3 .3 2 E -0 1 K g
O x y g e n 4 .7 8 E -0 4
A m m o n ia 1 .5 3 E -0 3 _ £ L
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Table 4.17 R e s u l t s  o f  th e  in v e n t o r y  a n a l y s i s  p e r  o n e  k i lo g r a m  e t h 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 t a g e

I n p u t  I n v e n t o r y
T y p e A m o u n t U n i t
M a te r ia l
O u tp u t - 1 F ro m  
fe r m e n ta t io n  s ta g e 1 2 .6 1 2 k g

E n erg y
S te a m 12 .621 k g
E le c tr ic i ty 0 .0 4 8 k w

O u t p u t  I n v e n t o r y '
T y p e A m o u n t U n i t
P ro d u c t

E th a n o l  9 9 .5  w t% 1 .0 0 0 k g

L iq u id  w aste
W a s te  w a te r 1 1 .6 1 2 k g

Table 4.18 R e s u l t s  o f  th e  in v e n t o r y  a n a l y s i s  p e r  o n e  k i lo g r a m  e t h 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 t a g e

I n p u t  I n v e n t o r y O u t p u t  I n v e n t o r y '
T y p e A m o u n t U n i t T y p e A m o u n t U n i t
M a te r ia 1 P ro d u c t
W a s te  w a te r 1 1 .6 1 2 K g S te a m 2 .3 2 5 K g

E le c tr ic i ty 0 .6 2 5 K W h

E m iss io n  to  a ir
N itro g e n  o x id e s 1 .1 3 E -0 4 _ k g ____
C a rb o n  m o n o x id e ,  b io g e n ic 3 .6 0 E -0 4 l i s ____
M e th a n e ,  b io g e n ic 1 .7 3 E -0 4 _ k g ____
N M V O C 1 .5 0 E -0 5 k g
D in i t ro g e n  m o n o x id e 1 .8 8 E -0 5 k g
S u lfu r  d io x id e 1 .5 8 E -0 4 _ k g ____
P la t in u m 5 .2 6 E - 1 1 k g
H e a t , w a s te 6 .6 5 7 M J
U s e d  m in e ra l  o il , to  w a s te  
in c e n e ra t io n 6 .2 0 E -0 5 k g

T h e  p r o d u c t s  o f  e a c h  s t a g e  w e r e  c o n s i d e r e d  a s  r a w  m a te r ia ls  

fo r  th e  n e x t  s t a g e ,  fo r  e x a m p l e ,  s u g a r c a n e  fr o m  th e  s u g a r c a n e  p la n t a t io n  s ta g e  w a s  

u s e d  a s  th e  r a w  m a te r ia l  fo r  s u g a r c a n e  m i l l i n g  s t a g e  a n d  s o  o n .  S e v e r a l  c h e m ic a l s  

a n d  s u b s t a n c e s  s h o w n  in  th e  t a b le s  d id  n o t  e x i s t  in  S im a P r o ’s  d a ta b a s e :  s u c h  a s , th e  

e n z y m e  u s e d  in  th e  f e r m e n t a t io n  s ta g e  a n d  c h e m ic a l  s p e c i e s  in  th e  s u g a r c a n e  m i l l in g
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s t a g e  ( M i s c e l l a n e o u s ) .  H o w e v e r ,  s in c e  s o m e  c h e m ic a l s  a n d  s u b s t a n c e s  w e r e  p r e s e n t  

in  v e r y  s m a l l  a m o u n t s ,  t h e y  c o u ld  b e  ig n o r e d  b y  th e  c u t - o f f  r u le  w h e r e  a  c u t - o f f  l e v e l  

o f  1%  w a s  a p p lie d .
4.2.1 .2  Life C ycle Im pact A ssessm ent o f  B ase Case Process

L if e  c y c l e  im p a c t  a s s e s s m e n t  ( L C I A )  is  u s e d  to  e v a lu a t e  th e  

c o n t r ib u t io n  o f  th e  p r o c e s s  to  th e  d i f f e r e n t  e n v ir o n m e n t a l  im p a c t  c a t e g o r i e s .  In o th e r  

w o r d s ,  th e  o b j e c t i v e  is  to  a n a ly z e  a n d  c o m p a r e  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 it h  r a w  m a t e r ia ls  u s e d  a n d  e n e r g y  in p u ts ,  a n d , e m i s s i o n s  o r  r e l e a s e s  a s  q u a n t i f ie d  

b y  t h e  L C I  r e s u lt s .
A f t e r  p e r f o r m in g  th e  l i f e  c y c l e  in v e n t o r y  a n a l y s i s  o f  th e  b a s e  

c a s e  d e s i g n  ( 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  f r o m  s u g a r c a n e  m o l a s s e s )  b y  u s in g  

S im a P r o  7 .0 ,  th e  C M L  2  b a s e l i n e  2 0 0 0  m e t h o d s  w e r e  t h e n  u t i l i z e d  t o  e v a lu a t e  th e  

e n v ir o n m e n t a l  im p a c t s  in  v a r io u s  c a t e g o r ie s ,  fo r  e x a m p l e ,  g lo b a l  w a r m in g  p o t e n t ia l ,  
o z o n e  la y e r  d e p l e t i o n ,  a c id i f i c a t io n ,  e u t r o p h ic a t io n  p o t e 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 re  s h o w n  in  T a b le  4 .1 9  a n d  F ig u r e  4 . 1 0  w h e r e  th e  

im p a c t  o f  o n l y  g lo b a l  w a r m in g  p o te n t ia l  ( G W P )  is  h ig h l ig h t e d .

Table 4.19 E n v ir o n m e n t a l  im p a c t  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  p e r  o n e  k i lo g r a m  

e t h a n o l  9 9 .5  w t%  ( b a s e  c a s e  d e s i g n )

Impact category Unit Total
a b io t ic  d e p le t io n k g  S b  eq - 4 .2 6 E - 0 3
g lo b a l  w a r m in g  ( G W P  1 0 0 ) k g  C 0 2  e q - 2 .2 2 E - 0 1
o z o n e  la y e r  d e p le t io n  ( O D P ) k g  C F C -1 1  eq 1 .3 5 E - 0 8
h u m a n  t o x ic i t y k g  1 ,4 - D B  eq 1 .6 2 E + 0 0
fr e s h  w a t e r  a q u a t ic  e c o t o x . k g  1 ,4 - D B  e q 1 .2 6 E - 0 1
m a r in e  a q u a t ic  e c o t o x i c i t y k g  1 ,4 - D B  e q 5 .5 9 E + 0 1
te r r e s tr ia l  e c o t o x i c i t y k g  1 ,4 - D B  e q 5 .6 4 E - 0 2
p h o t o c h e m ic a l  o x id a t io n k g  C 2 H 4 5 .3 1 E - 0 3
A c i d i f i c a t io n k g  S 0 2  eq 3 .8 5 E - 0 3
E u t r o p h ic a t io n k g  P 0 4 —  eq 1 .1 3 E - 0 3
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Figure 4.10 D is t r ib u t io n  o f  g lo b a l  w a r m in g  c l a s s i f i e d  s t a g e  b y  s t a g e  ( b a s e  c a s e  

d e s ig n ) .

F o r  th e  r e s u lt s  o f  F ig u r e  1 0 , th e  s u g a r c a n e  m i l l i n g  s t a g e  a n d  th e  

b io g a s  a n d  c o g e n e r a t io n  s t a g e  w e r e  c o n s id e r e d  to  g e n e r a t e  s o m e  e l e c t r i c i t y .  A f te r  

r e m u n e r a t in g ,  th e  r e m a in in g  e l e c t r i c i t y  co .u ld  b e  s o ld  a s  c o m m e r c ia l  e l e c t r i c i t y  in  

T h a ila n d ;  r e s u lt in g  in  a  r e d u c t io n  o f  th e  g r e e n  h o u s e  g a s e s  e m i s s i o n  fr o m  e l e c t r i c i t y  

p r o d u c t io n .  T h e  r e s u l t s  ( s e e  F ig  4 . 1 0 )  s h o w e d  th a t  C O 2 e m i s s i o n  w a s  m a in ly  c a u s e d  

b y  th e  h i g h  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 t a g e ,  a n d  f o s s i l  f u e l  ( d ie s e l )  a n d  

c h e m ic a l  s u b s t a n c e  ( f e r t i l i z e r )  u s a g e  in  th é  s u g a r c a n e  p la n t a t io n  s t a g e .

4 . 2 .2  A l t e r n a t iv e  1 (W a te r  a n d  G lu c o s e  R e c y c l i n g )
4 .2 .2 .1 System  B oundary and  Life C ycle Inven tory  o f  A lternative  1

F o r  th is  a lt e r n a t iv e  1, f i v e  s t a g e s  o f  th e  in v e n t o r y  a n a ly s i s  

w e r e  c o n s id e r e d :  s u g a r c a n e  p la n t a t io n ,  s u g a r c a n e  m i l l i n g ,  f e r m e n t a t io n ,  r e c o v e r y ,  
a n d  b i o g a s  a n d  c o g e n e r a t io n .  F a r m in g  p r o c e s s  ( s u g a r c a n e  p la n t a t io n  a n d  s u g a r c a n e  

m il l i n g )  r e m a in s  t h e  s a m e  a s  b a s e  c a s e  p r o c e s s ,  w h i c h  h a s  b e e n  d i s c u s s e d  a b o v e .  
F r o m  n o w  o n ,  th e  c a s e  s tu d y  w o u l d  f o c u s  o n l y  o n  th e  b i o e t h a n o l  c o n v e r s i o n  p r o c e s s  

( f e r m e n t a t io n ,  e t h a n o l  r e c o v e r y ,  a n d  b io g a s  a n d  c o g e n e r a t io n  s t a g e s ) .  In  a lt e r n a t iv e
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1, r e c y c le  o f  g l u c o s e  a n d  w a t e r  n e e d  e n e r g y  to  s e p a r a te  g l u c o s e  f r o m  w a s t e - w a t e r ,  
w h i c h  is  d i f f e r e n t  fr o m  t h e  b a s e  c a s e  a s  s h o w n  in  F ig u r e s  4 .1 1  a n d  4 .1 2 .

Figure 4.11 T w o  s t a g e s  o f  b a s e  c a s e  p r o c e s s  l i f e  c y c l e  o f  a lt e r n a t iv e  1.

Figure 4.12 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  c o n v e r s i o n  p r o c e s s  ( a l t e r n a t iv e  1).
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T h e  in v e n to r y  a n a ly s i s  o f  th e  p r o c e s s  l i f e  c y c l e  is  p r e s e n te d  

s t a g e  b y  s t a g e .  D e t a i l s  o f  in p u t  a n d  o u tp u t  in v e n t o r y  d a ta  o f  e a c h  s t a g e  a re  g iv e n  in  

A p p e n d i x  F .
4.2 .2 .2  Life C ycle Im pact A ssessm ent o f  A lternative  1

T h e  l i f e  c y c l e  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 fo r m e d  to  

e v a lu a t e  e n v ir o n m e n t a l  im p a c t s  o f  th e  n e w  d e s ig n  a l t e r n a t iv e s  fo r  v a r io u s  im p a c t  

c a t e g o r ie s  a n d  c o m p a r e d  to  th e  b a s e  c a s e .  F o r  th is  c a s e ,  a s  w a t e r  w a s  r e c y c le d  b a c k  

to  th e  s y s t e m ,  it  w o u l d  r e d u c e  th e  s t e a m  a n d  e l e c t r i c i t y  p r o d u c t io n  fr o m  w a s t e - w a t e r .  
H o w e v e r ,  a s  r e c y c l i n g  g l u c o s e  w o u ld  c r e a te  m o r e  e th a n o l  p r o d u c t io n ,  th e  b a s i s  o f  

o n e  k i lo g r a m  o f  e t h a n o l  a s  a  f u n c t io n a l  u n it  w o u ld  t h e r e f o r e  g i v e  th e  e n e r g y  

c o n s u m p t io n  t o  b e  l e s s  th a n  th e  b a s e  c a s e  fo r  e a c h  s t a g e .  T h e  e x c e p t i o n  w a s  th e  

e t h a n o l  r e c o v e r y  s e c t i o n ,  w h e r e  th e  p u r i f ic a t io n  o f  g lu c o s e  t o o k  p la c e  ( th e  h ig h e r  th e  

e n e r g y  c o n s u m p t i o n  th e  h ig h e r  g r e e n  h o u s e  g a s e s  e m i s s i o n ) .  T h e  im p a c t  a s s e s s m e n t s  

fo r  a l t e r n a t iv e  1 a r e  s h o w n  in  T a b le  4 .2 0

Table 4.20 E n v ir o n m e n t a l  im p a c t  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  p e r  o n e  k i lo g r a m  

e t h a n o l  9 9 .5  w t%  ( a l t e r n a t iv e  1)

Impact category Unit Total
a b io t ic  d e p le t io n k g  S b  eq - 2 .2 1 E - 0 3
g lo b a l  w a r m in g  ( G W P 1 0 0 ) k g  C 0 2  eq 2 .6 7 E - 0 2
o z o n e  la y e r  d e p le t io n  ( O D P ) k g  C F C -1 1  eq 2 .0 5 E - 0 8
h u m a n  t o x i c i t y k g  1 ,4 - D B  e q 2 .7 1 E + 0 0
f r e s h  w a t e r  a q u a t ic  e c o t o x . k g  1 ,4 - D B  e q 2 .0 9 E - 0 1
m a r in e  a q u a t ic  e c o t o x i c i t y k g  1 ,4 - D B  e q 8 .8 6 E + 0 1
te r r e s tr ia l  e c o t o x i c i t y k g  1 ,4 - D B  e q 9 .4 3 E - 0 2
p h o t o c h e m i c a l  o x id a t io n k g  C 2 H 4 8 .6 7 E - 0 3
A c i d i f i c a t io n k g  S 0 2  e q 5 .8 5 E - 0 3
e u t r o p h ic a t io n k g  P 0 4 —  e q 1 .6 9 E - 0 3
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Figure 4.13 D is t r ib u t io n  o f  g lo b a l  w a r m in g  c l a s s i f i e d  s t a g e  b y  s t a g e  ( a l t e r n a t iv e  1).

A s  s h o w n  b y  F ig u r e  4 .1 3 ,  th e  to ta l  g r e e n  h o u s e  g a s  e m i s s i o n s  

fo r  a lt e r n a t iv e  1 in c r e a s e d  b e c a u s e  th e r e  w a s  h ig h 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 t a g e ,  a n d  l e s s  e l e c t r i c i t y  p r o d u c t io n  in  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  

th a n  th e  b a s e  c a s e  d e s i g n  o f  th e  p r o c e s s .

4 .2 .3  A l t e r n a t iv e  2  (T h e  C o m b u s t io n  o f  U n c o n v e r t e d  C e l lu l o s e )
4.2.3.1 System  Boundary and  Life C ycle Inventory o f  A lternative  2

A l t e r n a t iv e  2  c o n s id e r s  c o m b u s t io n  o f  u n c o n v e r t e d  c e l l u l o s e  

to  g e n e r a t e  h e a t  a n d  t h e r e fo r e ,  h e a t  c a n  b e  r e u s e d  b y  th e  p r o c e s s .  B u t  it w a s  

in a d e q u a te  b e c a u s e  it c a u s e d  a  s o l id  r e s id u e  o f  a r o u n d  16 w t%  o f  m o la s s e s  ( 1 2 %  w a s  

a s h  a n d  th e  r e s t  w a s  c e l l u l o s e ) .  S o ,  a n o th e r  h e a t  s o u r c e s  th a t s h o u ld  b e  s u p p l i e d  c a m e  

f r o m  b a g a s s e s  c o g e n e r a t io n  (d a ta  b a s e  a v a i la b le  in  S im a P r o ) .  T h e  s y s t e m  b o u n d a r y  

fo r  A l t e r n a t iv e  2  is  s h o w n  in  F ig u r e  4 .1 4 .
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Ethanol

Electricity
for

Thailand

F i g u r e  4 . 1 4  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  c o n v e r s i o n  p r o c e s s  ( a l t e r n a t iv e  2 ) .

4.2.3.2 L ife Cycle Im pact A ssessm ent o f  A lternative  2
D e t a i l s  o f  in p u t  a n d  o u tp u t  in v e n t o r y  d a ta  o f  e a c h  s t a g e  a re  

p r e s e n t e d  in  A p p e n d ix  F . T h e  im p a c t  a s s e s s m e n t  r e s u l t s  c o r r e s p o n d in g  to  th e  l i f e  

c y c l e  in v e n t o r y  a n a ly s i s  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  fo r  a lt e r n a t iv e  2  a re  g iv e n  

in  T a b le  4 .2 1 .
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Table 4.21 E n v ir o n m e n ta l im p a ct 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  per o n e  k ilo g ra m
eth a n o l 9 9 .5  w t%  (a lte r n a tiv e  2 )

I m p a c t  c a t e g o r y U n i t T o t a l
a b io t i c  d e p le t io n k g  S b  e q - 4 .3 7 E - 0 3
g lo b a l  w a r m in g  ( G W P 1 0 0 ) k g  C 0 2  e q - 2 .4 5 E - 0 1
o z o n e  la y e r  d e p le t io n  ( O D P ) k g C F C - 1 1  e q 1 .1 9 E - 0 8
h u m a n  t o x ic i t y k g  1 ,4 - D B  eq 1 .3 8 E + 0 0
f r e s h  w a t e r  a q u a t ic  e c o t o x . k g  1 ,4 - D B  e q 1 .0 7 E -0 1
m a r in e  a q u a t ic  e c o t o x i c i t y k g  1 ,4 - D B  e q 4 .8 4 E + 0 1
te r r e s tr ia l  e c o t o x i c i t y k g  1 ,4 - D B  e q 4 .7 8 E - 0 2
p h o t o c h e m ic a l  o x id a t io n k g  C 2 H 4 4 .5 7 E - 0 3
a c i d i f i c a t io n k g  S 0 2  e q 3 .5 6 E - 0 3
e u t r o p h ic a t io n k g  P 0 4 —  e q 1 .0 3 E - 0 3

0 310
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0 1 10 
X
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พ 0 010
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Global warming (GWP100) of Base C ase and 
Alternative 2 C ombustion of Unconverted C ellulose
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0  1 3 5  ®  ^ f a  - ( ' o n i l a i s t i o n’ 0 111

-0 200 -0 24 2 -0 24 2

-0 390 -0 368- 0  .5 0 9

F i g u r e  4 .1 5  D is t r ib u t io n  o f  g lo b a l  w a r m in g  c l a s s i f i e d  s t a g e  b y  s t a g e  (a l t e r n a t iv e  2 ) .

A c c o r d in g  to F ig u re  15, the resu lts  s h o w  that to ta l g r e e n  h o u se
g a s e s  e m is s io n  for  a ltern a tiv e  2 is le s s  than  the b a se  c a se  b y  arou n d  10% . T h e  m ain
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4 . 2 .4  A l t e r n a t iv e  3 ( P r o d u c t io n  o f  B i o - o i l  f r o m  U n c o n v e r t e d  C e l lu l o s e )
4.2.4.1 System  B oundary a n d  L ife  C ycle Inven tory o f  A lternative  3

W h e n  th e  p y r o l y s i s  p r o c e s s  is  in tr o d u c e d  to  th e  b a s e  c a s e ,  it 

w o u l d  c r e a te  s e v e r a l  p r o d u c t s  s u c h  a s  f lu e  g a s ,  c h a r  a n d  b i o - o i l .  T h e s e  w e r e  u t i l i z e d  

a s  f o l l o w s .
•  F lu e  g a s :  - S o m e  o f  t h e m  r e c y c le d  b a c k  to  th e  p y r o ly s i s

p r o c e s s  to  u s e  a s  c a r r ie r  g a s  

- T h e  r e s t  o f  f lu e  g a s  w a s  s e n t  to  c o m b u s t io n  to  

r e c o v e r  h e a t

•  C h a r : -  T h e y  c o u ld  c o m b u s t  to  r e c o v e r  h e a t .

•  B i o - o i l :  - T h i s  p r o d u c t  c o u ld  r e p la c e  p r o d u c t io n  o f  f u e l  o i l
to  b e  u s e d  in  b o i le r s  a n d  f u r n a c e s  b e c a u s e  its  

s p e c i f i c a t i o n  d id  n o t  m a tc h  th e  c o m m e r c ia l  

p r o d u c t  fo r  s a le .
T h is  p r o c e s s  d e s i g n  w a s  v e r i f i e d  t h r o u g h  p r o c e s s  s im u la t io n  

( u s i n g  th e  P r o I I /8 .2  s o f t w a r e ) .  It w a s  d iv id e d  in t o  th r e e  s t a g e s ,  a s  s h o w n  in  F ig u r e  

4 .1 6

rea so n  w a s  th e  h ea t r e c o v e r e d  from  c o m b u s tio n  p r o c e s s  ca n  b e  further u se d  in  the
e th a n o l r e c o v e r y  s ta g e .

F i g u r e  4 .1 6  T h r e e  s t a g e s  o f  b a s e  c a s e  p r o c e s s  l i f e  c y c l e  o f  a l t e r n a t iv e  3 .
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A f t e r  in te g r a t in g  e t h a n o l  c o n v e r s i o n  p r o c e s s ,  th e  s y s t e m  

b o u n d a r y  w a s  s e t  u p  a s  s h o w n  in  F ig u r e  4 .1 7

E t h a n o l

Bio-oil 
(can be 

replaced 
fuel oil)

Electricity
for

T h a i la n d

Figure 4.17 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  c o n v e r s i o n  p r o c e s s  ( a l t e r n a t iv e  3 ) .

A c c o r d in g  to  F ig u r e  4 . 1 7 ,  th e r e  w e r e  t w o  p r o d u c t s  th a t  c o u ld  

b e  s o ld  ( n o t  in c lu d in g  e l e c t r i c i t y ,  b e c a u s e  it c a n  b e  fu r th e r  u t i l i z e  in  th e  p r o c e s s  

w h i c h  w a s  s e t  a s  a v o id  p r o d u c t ) .  B i o o i l  a n d  e t h a n o l  n e e d  to  s p e c i f y  h e a t  c o n t e n t  

w h e n  t h e y  s e l l .  T h e y  c a m e  fr o m  f e r m e n t a t io n  s t a g e  w h i c h  is  o u tp u t-1  fr o m  

f e r m e n t a t io n  s t r e a m  a n d  s o l i d  r e s id u e  s tr e a m . A t  t h i s  p o in t ,  th e  m a s s  a l lo c a t io n  is  

d o n e  a s  g i v e n  in  T a b le  4 .2 2 .

Table 4.22 P a r t i t io n in g  fr a c t io n  b e t w e e n  o u t p u t - 1 f r o m  f e r m e n t a t io n  s t a g e  a n d  s o l id  

r e s id u e  a l l o c a t i o n  ( a l t e r n a t iv e  3 )

Scenario Enthalpy MJ/hr Allocation (%)
O u t p u t - 1 F r o m  
f e r m e n t a t io n  s t a g e 7 6 .0 0 9 6 .2 0
S o l i d  R e s id u e  
( u n c o n v e r t e d  c e l l u l o s e ) 3 .0 0 3 .8 0

T o ta l 7 9 .0 0 1 0 0 .0 0
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D e t a i l s  o f  th e  s ta g e  b y  s t a g e  l i f e  c y c l e  in v e n t o r y  a n a ly s i s  o f  

th e  a lt e r n a t iv e  3  a r e  g i v e n  in  A p p e n d ix  F .
4.2 .4 .2  Life C ycle Im pact A ssessm ent o f  A lterna tive  3

T h e  l i f e  c y c l e  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 fo r m e d  to  

e v a lu a t e  e n v ir o n m e n t a l  im p a c t s  fo r  th e  v a r io u s  im p a c t  c a t e g o r ie s .  D e t a i l s  o f  L C I A  

a re  g i v e n  in  T a b le  4 .2 3 .  F o c u s i n g  o n  g lo b a l  w a r m in g  p o t e n t ia l  ( G W P  a s  C Û 2 - 

e q u iv a le n t ) ,  a l t e r n a t iv e  3 w a s  c o m p a r e d  to  th e  b a s e  c a s e  d e s i g n  a s  s h o w n  in  F ig u r e  

4 .1 8 .

Table 4.23 E n v ir o n m e n t a l  im p a c t  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  p e r  o n e  k i lo g r a m  

e t h a n o l  9 9 .5  w t%  (a l t e r n a t iv e  3 )

Impact category' Unit Total
a b io t i c  d e p le t io n k g  S b  e q - 4 .8 1 E - 0 3
g lo b a l  w a r m in g  ( G W P  1 0 0 ) k g  C 0 2  e q - 2 . 3 4 E - 0 1
o z o n e  la y e r  d e p l e t i o n  ( O D P ) k g  C F C -1 1  e q - 1 .1 7 E - 0 7
h u m a n  t o x ic i t y k g  1 ,4 - D B  e q 1 .6 3 E + 0 0
f r e s h  w a t e r  a q u a t ic  e c o 'to x . k g  1 ,4 - D B  e q 1 .2 4 E - 0 1
m a r in e  a q u a t ic  e c o t o x i e i t y k g  1 ,4 - D B  e q 4 .0 6 E + 0 1
te r r e s tr ia l  e c o t o x i e i t y k g  1 ,4 - D B  e q 5 .7 3 E - 0 2
p h o t o c h e m ic a l  o x id a t io n k g  C 2 H 4 5 .3 7 E - 0 3
a c i d i f i c a t io n k g  S 0 2  e q 3 .6 9 E - 0 3
e u t r o p h ic a t io n k g  P 0 4 —  eq 1 .1 1 E - 0 3



8 7

G l o b a l  w a n n i n g  ( G W P 1 0 0 )  o f  B a s e  C a s e  a n d  
A l t e r n a t i v e  3  P y r o l y s i s  o f  U n c o n v e r t e d  C e l l u l o s e

-0 390 -o.ios -iijf'S

F i g u r e  4 .1 8  D i s t r ib u t io n  o f  g lo b a l  w a r m in g  c l a s s i f i e d  s t a g e  b y  s t a g e  ( a l t e r n a t iv e  3 ) .

B e c a u s e  o f  a l lo c a t io n ,  g e n e r a t in g  u t i l i t y  o f  p y r o l y s i s  p r o c e s s ,  a n d  

r e p la c e m e n t  o f  f u e l  o i l  b y  p y r o l y s i s  o i l ,  th e  to ta l  g r e e n  h o u s e  g a s e s  e m i s s i o n  o f  

a lt e r n a t iv e  3  w a s  l e s s  th a n  b a s e  c a s e  b y  a r o u n d  5 %  ( s e e  F ig u r e  4 .1 8 ) .

4 .2 .5  A l t e r n a t iv e  4  ( P r o d u c t io n  o f  H y d r o x y m e t h y l  F u r fu r a l fr o m  

U n c o n v e r t e d  C e l l u l o s e )
4.2.5.1 System  B oundary and  Life Cycle Inventory o f  A lternative  4  

In  a lt e r n a t iv e  4 ,  H y d r o x y m e t h y l  fu r fu r a l ( H M F )  is  p r o d u c e d  

fr o m  u n c o n v e r t e d  c e l l u l o s e .  H M F , w h ic h  i s  d e r iv e d  f r o m  c e l l u l o s e ,  i s  a  p o te n t ia l  
" c a r b o n -n e u tr a l"  f e e d s t o c k  fo r  f u e l s  a n d  c h e m ic a l s .  H M F  c o u ld  b e  c o n v e r t e d  to  2 ,5 -  

d im e t h y lf u r a n  ( D M F ) ,  w h i c h  i s  a  l iq u id  b io f u e l  th a t  h a s  a n  e n e r g y  d e n s i t y  4 0 %  

g r e a te r  th a n  e t h a n o l ,  m a k in g  it  c o m p a r a b le  to  g a s o l i n e .  O x id a t io n  o f  H M F  a ls o  g iv e s  

2 ,5 - f u r a n d ic a r b o x y l ic  a c id ,  w h i c h  h a s  b e e n  p r o p o s e d  a s  a  r e p la c e m e n t  t e r e p h th a l ic  

a c id  fo r  th e  p r o d u c t io n  o f  p la s t i c s  (H u b e r , 2 0 0 6 ) .  F o r  a lt e r n a t iv e  4 ,  H M F  w a s  

c o n s id e r e d  t o  r e p la c e  t e r e p h t h a l ic  a c id  p r o d u c t io n .  H e a t  a n d  e l e c t r i c i t y  w e r e  

im p o r ta n t  u t i l i t i e s  fo r  p r o d u c t io n  o f  H M F . R a w  m a t e r ia ls  w h i c h  n e e d e d  to  in p u t  w e r e  

w a te r  a n d  M e t h y l  i s o b u t y l  k e t o n e  ( M I B K ) .  D i s p o s a l ;  s o lv e n t  m ix t u r e  w a s  v e n t e d
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b e f o r e  r e c y c l i n g  b a c k  t o  th e  s y s t e m .  T h r e e  s t a g e s  o f  p r o c e s s  a re  s h o w n  in  F ig u r e  

4 .1 9 .  A n 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  c o n v e r s i o n  p r o c e s s  is  s e t  a s  s h o w n  in  

F ig u r e  4 .2 0 .

Figure 4.19 T h r e e  s t a g e s  o f  b a s e  c a s e  p r o c e s s  l i f e  c y c l e  o f  a lt e r n a t iv e  4 .
> E m i s s i o n  t o  a i r

mixture

Figure 4.20 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  c o n v e r s i o n  p r o c e s s  ( a l t e r n a t iv e  4 ) .

W it h  a lt e r n a t iv e  4 ,  th is  p r o c e s s  g e n e r a t e s  t w o  p r o d u c ts  -  

e t h a n o l  a n d  H M F , w h i c h  c o u ld  b e  s o ld  a s  c h e m ic a l  p r o d u c t s .  T h e y  a re  th e  o u tp u t  

fr o m  th e  f e r m e n t a t io n  s t a g e  b u t d i f f e r e n t  s tr e a m . A t  t h is  p o in t  w a s  n e c e s s a r y  to
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a l lo c a t e  b y  u s in g  p r o d u c t  y i e ld  a n d  p r o d u c t  p r ic e .  T a b le  4 . 2 4  g i v e s  th e  p e r c e n t  

a l lo c a t io n s .

Table 4.24 P a r t i t io n in g  f r a c t io n  b e t w e e n  o u t p u t - 1 fr o m  f e r m e n t a t io n  s t a g e  a n d  s o l id  

r e s id u e  a l lo c a t io n  (a l t e r n a t iv e  4 )

S c e n a r io A l l o c a t i o n  (% )

O u t p u t - 1 f r o m  fe r m e n t a t io n  s t a g e  (E t h a n o l) 9 2 .6 7

S o l i d  r e s id u e  ( H M F ) 7 .3 3

T o ta l 1 0 0

T h e  d e t a i l s  o f  th e  l i f e  c y c l e  in v e n t o r y  a n a ly s i s  o f  th e  n e w  

d e s i g n  a lt 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.
4.2 .5 .2  Life C ycle Im pact A ssessm ent o f  A lterna tive  4

A f t e r  p e r f o r m in g  th e  l i f e  c y c l e  i n v e n t o r y  a n a l y s i s  fo r  d e s i g n  

a lt e r n a t iv e  4 ,  th e  im p a c t  a s s e s s m e n t  r e s u lt s  fo r  v a r io u s  c a t e g o r i e s  s u c h  a s  a b io t ic  

d e p le t io n ,  g lo b a l  w a r m in g  ( G W P 1 0 0 ) ,  a n d  o z o n e  la y e r  d e p le t io n  ( O D P )  w e r e  

c a lc u la t e d  ( s e e  T a b le  4 .2 5 ) .

Table 4.25 E n v ir o n m e n t a l  im p a c t  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  p e r  o n e  k i lo g r a m  

e t h a n o l  9 9 .5  w t%  ( a l t e r n a t iv e  4 )

I m p a c t  c a t e g o r y U n it T o ta l
a b io t ic  d e p le t io n k g  S b  e q 2 .2 5 E - 0 4
g lo b a l  w a r m in g  ( G W P 1 0 0 ) k g  C 0 2  e q 2 .8 2 E - 0 1
o z o n e  la y e r  d e p le t io n  ( O D P ) k g  C F C - 11 e q 2 .2 0 E - 0 8
h u m a n  t o x ic i t y k g  1 ,4 - D B  e q 1 .7 4 E + 0 0
fr e s h  w a t e r  a q u a t ic  e c o t o x . k g  1 ,4 - D B  e q 1 .4 4 E - 0 1
m a r in e  a q u a t ic  e c o t o x i c i t y k g  1 ,4 - D B  eq E 1 3 E + 0 2
te r r e s tr ia l  e c o t o x i c i t y k g  1 ,4 - D B  e q 5 .9 4 E - 0 2
p h o t o c h e m ic a l  o x id a t io n k g  C 2 H 4 6 .2 2 E - 0 3
a c id i f i c a t io n k g  S 0 2  e q 5 .4 2 E - 0 3
e u t r o p h ic a t io n k g  P 0 4 —  e q 2 .5 1 E - 0 3
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Figure 4.21 D is t r ib u t io n  o f  g lo b a l  w a r m in g  c l a s s i f i e d  s t a g e  b y  s t a g e  ( a l t e r n a t iv e  4 ) .

F r o m  F ig u r e  4 .2 1 ,  it c a n  b e  n o t e d  th a t  a lt e r n a t iv e  4  r e le a s e s  

h ig h e r  g r e e n  h o u s e  g a s e s  th a n  th e  b a s e  c a s e  d e s ig n .  T h e  m a in  r e a s o n  fo r  th is  is  th e  

a d d e d  H M F  p r o d u c t io n  s t a g e .  W h i le  7 0  %  c a r b o n  d i o x id e  e q u iv a le n t  o f  H M F  

p r o d u c t io n  c a m e  fr o m  M I B K  p r o d u c t io n  th a t  u s e d  a s  s o lv e n t  in  th e  p r o c e s s .  A n o th e r  

3 0  %  w e n t  to  d i s p o s e  o f  s o lv e n t s  m ix t u r e .

4.3 Comparison between Base Case and Alternatives

4 .3 .1  S u s t a in a b i l i t y  A n a l y s i s
S u s t a in a b i l i t y  m e t r ic s  w a s  u s e d  fo r  th is  a n a l y s i s  a n d  t h e s e  w e r e  

c a lc u la t e d  b y  u s i n g  th e  S u s ta in P r o  s o f t w a r e .  T h e s e  a n a l y s e s  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 t y  o f  d i f f e r e n t  d e s i g n  a l t e r n a t iv e 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 i c ,  a s  g iv e n  in  T a b le  4 .2 6 .
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Table 4.26 C o m p a r i s o n  o f  s u s t a in a b i l i t y  m e t r ic s  b e t w e e n  th e  b a s e  c a s e  a n d  
a lt e r n a t iv e s

M etric
Base
case

Alternati
vel

A lternati
ve2

A lternati 
ve 3

Alternati 
ve 4

Energy 1
Total Net Primary Energy Usage rate 
(GJ/y) 8.41E+04 1.13E+05 8.41E+04 8.59E+04 9.15E+04
% Total Net Primary Energy sourced 
from renewables 9.98E-01 9.98E-01 9.98E-01 9.96E-01 9.98E-01
Total Net Primary Energy Usage per 

Kg product (kJ/kg) 8.21E+04 1.02E+05 8.21E+04 8.39E+04 8.76E+04
Total Net Primary Energy Usage per 

unit value added (kJ/$) 2.75E+01 3.16E+01 2.65E+01 2.65E+01 2.75E+01
M aterial
Total raw materials used per kg 
product (kg/kg) 1.34E+01 8.70E+00 1.34E+01 1.34E+01 1.32E+01
Total raw' materials used per unit 
value added 4.49E-03 2.69E-03 4.32E-03 4.24E-03 4.15E-03
Fraction of raw materials recycled 
within company O.OOE+OO 4.24E-01 O.OOE+OO O.OOE+OO 1.30E-01
Fraction of raw materials recycled 
from consumers O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO
Hazardous raw material per kg 
product 3.40E-01 3.15E-01 3.40E-01 1.74E-01 3.33E-01

1 W ater
Net water consumed per unit mass of 
product (kg/kg) 2.29E+02 2.62E+02 2.29E+02 2.33E+02 2.50E+02
Net water consumed per unit value 
added 7.65E-02 8.10E-02 7.36E-02 7.36E-02 7.84E-02
Economic
Value added ($/y) 4.25E+05 4.97E+05 4.41E+05 4.50E+05 4.63E+05

It c a n  b e  s e e n  th a t  th e  s u s t a in a b i l i t y  m e t r ic s  o f  th e  n e w  d e s ig n  

a lt e r n a t iv e s  h a v e  im p r o v e d  s ig n i f i c a n t ly  in  e c o n o m i c  a s p e c t s ;  th e  in c r e a s e d  v a lu e  

a d d e d  m e a n s  m o r e  p r o f i t a b le  p r o c e s s e s .  In  t e r m s  o f  e n e r g y  u s a g e ,  n e w  d e s ig n  

a lt e r n a t iv e s  a re  b e t t e r  s in c e  e n e r g y  w a s  g e n e r a t e d  b y  th e  p r o c e s s  i t s e l f .  In  te r m s  o f  

m a te r ia l  a n d  w a t e r  c o n s u m p t io n ,  th e  m e t r ic s  fr o m  th e  n e w  d e s i g n  a lt e r n a t iv e s  a lm o s t  

m a in t a 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 s e .
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I n c r e a s e  o f  V a l u e  A d d e d  C o m p a r e  t o  B a s e
C a s e

18 0 0  16 86

A lternative! A lternative’  A lternative 3 A lternative-t

Figure 4.22 C o m p a r i s o n  o f  e c o n o m i c  i t e m  b e t w e e n  th e  b a s e  c a s e  a n d  a lt e r n a t iv e s .

F o c u s i n g  o n  th e  e c o n o m i c  t e r m s , v a lu e  a d d e d  o f  a lt e r n a t iv e  1 ( r e c y c le  

g l u c o s e  a n d  w a t e r )  in c r e a s e d  b y  17  %  c o m p a r e d  to  th e  b a s e  c a s e  d e s ig n ,  w h i c h  is  th e  

h ig h e s t  o f  e c o n o m i c  v a lu e  c o m p a r e d  to  th e  o th e r  a l t e r n a t iv e  d e s i g n s  a c c o r d in g  to  

F ig u r e  4 .2 2 .

4 . 3 .2  L i f e  C y c l e  A s s e s s m e n t
A f t e r  p e r f o r m in g  th e  l i f e  c y c l e  im p a c t  a s s e s s m e n t  to  e v a lu a t e  

e n v ir o n m e n t a l  i m p a c t s ,  th e  n e w  d e s i g n  a l t e r n a t iv e s  w e r e  c o m p a r e d  to  th e  b a s e  c a s e .  
D e t a i l s  o f  L C I A  a r e  g i v e n  in  A p p e n d ix  G .

F o c u s i n g  o n  g lo b a l  w a r m in g  p o t e n t ia l  ( G W P  a s  k g  C O i - e q u iv a le n t ) ,  
A lt e r n a t iv e  2  h a s  s h o w n  to  b e  th e  l o w e s t  g r e e n h o u s e  g a s  (G F 1 G ) e m i s s i o n  f o l lo w e d  

b y  A l t e r n a t iv e  3  a s  s h o w n  in  F ig u r e s  4 .2 3 .  B e c a u s e  o f  t h e s e  t w o  a lt e r n a t iv e s  g e n e r a te  

o th e r  h e a t  s o u r c e s  t o  c o m p e n s a t e  fo r  th e ir  o v e r a l l  e n e r g y  c o n s u m p t io n s .
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1 400
1 246

-0  2 0 0  E th a n o l

-0 400

G l o b a l  น  a r m i n g  ( G W P 1 0 0 )

Figure 4.23 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 i v a l e n t )  g e n e r a t e d  fr o m  

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  b e t w e e n  th e  b a s é  c a s e  a n d  a lt e r n a t iv e s  p e r  k i lo g r a m  

o f  b io e t h a n o l .

F ig u r e  4 .2 4  i l lu s tr a t e s  th e  c o m p a r i s o n  b e t w e e n  th e  b a s e  c a s e  a n d  a ll  
a lt e r n a t iv e s  s t u d ie d .  C o m p a r in g  to  th e  b a s e  c a s e  d e s i g n ,  th e  r e s u lt s  s h o w  th a t  

A lt e r n a t iv e  1 y i e ld s  th e  h ig h e s t  e c o n o m i c  v a lu e  a d d e d  b u t  th e  e n v ir o n m e n t a l  im p a c t  

a ls o  in c r e a s e s .  In  c o n t r a s t ,  A l t e r n a t iv e  2  n o t  o n l y  in c r e a s e s  t h e  e c o n o m i c  v a lu e  a d d e d  

b u t a ls o  lo w e r s  th e  e n v ir o n m e n t a l  im p a c t  d u e  to  th e  o v e r a l l  r e d u c t io n  in  e n e r g y  u s e d  

in  th e  p r o c e s s .  W h e n  c o m p r o m is in g  th e  tw o ' e f f e c t s  ( e c o n o m i c  v a lu e  a d d e d  a n d  

e n v ir o n m e n t a l  im p a c t ) ,  th e  a lt e r n a t iv e  2  h a s  b e e n  s h o w n  to  b e  th e  b e s t  a lt e r n a t iv e .  It 

i s  im p o r ta n t  to  n o t e  th a t  th e  c a p ita l  c o s t  a n d  in v e s t m e n t  w e r e  n o t  ta k e n  in to  a c c o u n t  

in  th e  e c o n o m i c  v a lu e  a d d e d  c a lc u la t io n s  p r e s e n t e d  in  t h is  w o r k . I f  t h e y  w e r e  

c a lc u la t e d ,  th e  c a p it a l  c o s t  o f  th is  a lt e r n a t iv e  2  s h o u ld  a l s o  b e  th e  l o w e s t  a m o n g  th e  

o th e r  a lt e r n a t iv e s .
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Figure 4.24 C o m p a r i s o n  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  b o th  in  e c o n o m i c a l  a n d  

e n v ir o n m e n t a l  t e r m s . .
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