
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Life Cycle Inventory of Rice Straw

The basis o f any LCA study is the creation o f an inventory, which contains 
the data o f all inputs and outputs o f processes that occur during the life cycle o f a 
product. This includes the production phase, distribution, use and final disposal of 
the product.

4.1.1 The Inventory Data o f Rice Straw Production
In this study, rice straw was considered in two cases: (1) as a waste 

and (2) as a by-product o f rice (paddy) production

4.1.1.1 Case 1 : Rice Straw as a Waste Case
When rice straw was considered as a waste, rice 

cultivation was not included in the system boundary. Consequently, this case covered 
only on the rice straw harvesting. The rice straw collection data were collected at rice 
cultivation sites in Nakhon Rachasima province. The system boundary o f rice straw 
production for rice straw as a waste case is shown in Figure 4.1.

Rice Straw  
1.07 kg

ไ:

Rice Straw  
1.00 kg

W aste 0 .07  kg 
(Rice Straw)

Figure 4.1 The system boundary o f rice straw production for rice straw as a waste
case.
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T h e  i n v e n t o r y  d a t a  f o r  p r o d u c t i o n  o f  o n e  t o n  r i c e

s t r a w  a s  a  w a s t e  c a s e  a r e  l is t e d  i n  T a b l e  4 . 1 .

Table 4.1 The inventory data for production o f one ton rice straw as a waste case

In p u t  in v e n to r y U n it A m o u n t
R aw  m a ter ia l:
Rice straw ton 1.07
F u el/E n erg y:
Diesel liter 1.23

O u tp u t  in v e n to r y U n it A m o u n t
P rodu ct:
Rice straw ton 1.00
W aste:
Rice straw kg 70

4.1.1.2 Case 2 : Rice Straw as a By Product Case
In this case, the inventory data covered all 

agricultural field operations for rice production (soil preparation, rice production, 
paddy cultivation and harvesting). The inventory data for rice straw production in 
Thailand was collected from the environmental information databases by Suranaree 
Environmental Technology Research & Consulting Unit (SENTEC). The subsystem 
boundaries included the production o f process materials such as fertilizers, pesticides 
and fuel for operating agricultural machinery production. The rice straw' collection 
data used the same data as rice straw as a waste case. The system boundary o f rice 
straw production as a by-product case is shown in Figure 4.2.

Rice straw

Figure 4.2 The system boundary o f rice straw production as a by-product case.
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C o s t  a l l o c a t i o n  i s  n e c e s s a r y  f o r  r i c e  s t r a w  a s  a  b y ­

p r o d u c t  c a s e .  T h e  i n v e n t o r y  d a t a  f o r  p r o d u c t i o n  o f  o n e  t o n  r i c e  s t r a w  a s  a  b y - p r o d u c t

c a s e  a r e  l i s t e d  i n  T a b l e  4 . 2 .

Table 4.2 The inventory data for production o f one ton rice straw with cost 
allocation

w ith  c o s t  a l lo c a t io n
I n p u t  in v e n to r y U n it A m o u n t

R a w  m a ter ia l:
Rice seed kë____ 0.27
C h em ica l:
Glyphosate kg____ 0.14
Paraquat kg 0.13
Nitrogen kg 0.38
Phosphorus kg 014
Potassium kg 0.07
F u el/E n erg y:
Diesel liter 0.36

O u tp u t  in v e n to r y U n it A m o u n t
P rodu ct:
Rice straw ton 1.00

E m issio n  to  air:
Carbon dioxide kg 1.22E-6
Carbon monoxide kg 8.54E-4
Nitrogen dioxide kg 3.05E-6
Methane kg 0.61E-4
E m issio n  to  water:
Waste water ____ kg____ 0.63E-2

(S o u rc e :  A d o p te d  f ro m  S E N T E C )

4.1.2 The Inventory Data o f Rice Straw Transportation
The transportation distance o f rice straw from rice 

straw production area to pyrolysis plant was calculated based on assumption. The 
location o f pyrolysis plant and upgrading plant were created and compared in 2 
cases. Case 1 design was simulated based on the different area o f pyrolysis and 
upgrading plant while Case 2 design was simulated based on the same area of 
pyrolysis and upgrading plant. The descriptions o f these two cases o f rice straw 
transportation were mentioned in scope o f research in Chapter III. Table 4.3a, 4.3b 
and Table 4.4 show the inventory data for transportation stage o f rice straw for Case 
1 and Case 2 (one way), respectively.
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Table 4.3a T h e  i n v e n t o r y  d a t a  f o r  t r a n s p o r t a t io n  o f  o n e  t o n  r i c e  s t r a w  f o r  C a s e  1

I n p u t  in v e n to r y f T_;xบทน A m o u n t
R aw  m a teria l:
rice straw ton 1.39
Fuel:
diesel liter 1.89

O u t p u t  in v e n t o r y U n it A m o u n t
P rodu ct:
rice straw ton 1
E m ission :
Carbon dioxide kg 9.39
Carbon monoxide kg 0.17
Nitrous dioxide kg 0.97E-1
Particulate matter (PM) kg 0.26E-1

Table 4.3b The inventory data for transportation o f one ton raw bio-oil for Case 1

I n p u t  in v e n t o r y U n it A m o u n t
R aw  m a teria l:
raw bio-oil from pyrolysis ton 1.75
Fuel:
diesel liter 6.4

O u t p u t  in v e n t o r y U n it A m o u n t
P rodu ct:
rice straw ton 1
E m ission :
Carbon dioxide kg 24.14
Carbon monoxide kg 0.44
Nitrous dioxide kg 0.25
Particulate matter (PM) kg 0.67E-1
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Table 4.4 The inventory data for transportation of one ton rice straw for Case 2

I n p u t  in v e n to r y U n it A m o u n t
R aw  m ateria l:
rice straw ton 1.39
F uel:
diesel liter 1.89

O u tp u t  in v e n to r y■ U n it
P rodu ct:
rice straw ton 1
E m ission :
Carbon dioxide kg 9.39
Carbon monoxide kg 0.17
Nitrous dioxide kg 0.97E-2
Particulate matter (PM) kg 0.26E-1

4.2 Life Cycle Inventory of L e u c a e n a  leu co cep h a la

4 .2 .1  T h e  I n v e n to r y  D a t a  o f  L eu caen a  leu co cep h a la  P r o d u c t io n
T h e  leu caen a  leu co cep h a la  a g r ic u ltu r a l  p r o d u c t io n  m o d e l  u s e d  te s t  

f i e l d  d a ta  c o l l e c t e d  f r o m  P T T  r e s e a r c h  a n d  T e c h n o lo g y  I n s t i tu t e .  T h e  t e s t  f i e ld  is  

o p e r a t e d  in  P a k c h o n g  d is t r ic t  in  N a k o r n  r a c h a s im a  p r o v in c e  in  th e  la n d  o f  8 ra i. In  

th is  p a rt, th e  e n v ir o n m e n t a l  a n d  e n e r g y  p e r f o r m a n c e  o f  f a s t  g r o w in g  t r e e  p r o d u c t io n ,  
c o n s id e r e d  fo r  th e  w h o l e  b io m a s s  p r o d u c t io n  s y s t e m  f r o m  s o i l  p r e p a r a t io n  to  th e  

h a r v e s t  o f  b i o m a s s .  T h e  leu caen a  leu co cep h a la  b i o m a s s  c r o p s  a re  g r o w n  a s  a  

p e r e n n ia l  w i t h  m u lt ip le  h a r v e s t  c y c l e s  (o r  r o t a t io n s )  o c c u r r in g  b e t w e e n  s u c c e s s i v e  

p la n t in g s .  T h e  leu ca en a  leu co cep h a la  c a n  b e  h a r v e s t e d  o n  e v e r y  1 y e a r  c y c l e .  T h e  

t w o  s p e c i e s  o f  leu caen a  leu co cep h a la  w h ic h  a re  c u l t iv a t e d  in  t h is  a r e a  a r e  T a r u m b a  

a n d  C u n n in g h a m  b u t  th is  s tu d y  f o c u s e s  o n  T a r u m b a  s p e c ie .  T h e r e  w a s  n o  u s e  o f  a n y  

fe r t i l iz e r  o r  p e s t i c i d e  in  th is  s i t e .  T h e  s y s t e m  b o u n d a r y  o f  leu ca en a  leu co cep h a la  
p r o d u c t io n  i s  s h o w n  in  F ig u r e  4 .3 .
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Leucaena leucocepphala

Figure 4.3 T h e  s y s t e m  b o u n d a r y  o f  leu caen a  leu co cep h a la  p r o d u c t io n .

T h e  in p u t  a n d  o u tp u t  o f  leu caen a  leu co cep h a la  p r o d u c t io n
a re  s h o w n  in  T a b le  4 .5 .

T able 4.5 T h e  in p u t  a n d  o u tp u t  o f  1 to n  leu caen a  leu co cep h a la  p r o d u c t io n

I n p u t  in v e n to r y U n it A m o u n t
R aw  m ateria l:
leu ca en a  leu co cep h a la ton 1
F u el/E n erg y:
diesel kg 0.77
benzene kg 0.7

A m o u n t
P rodu ct:
leu ca en a  leu co cep h a la ton 1

(Source: PIT research and Technology Institute)

4 . 2 .2  L eu caen a  leu co cep h a la  T r a n s p o r ta t io n
T h e  tr a n s p o r ta t io n  d is t a n c e  o f  leu ca en a  leu co cep h a la  f r o m  th e  

p la n t a t io n  a r e a  to  p y r o l y s i s  p la n t  w a s  a s s u m e d  to  b e  w i t h in  a  1 0 0  k m  r a d iu s  o f  th e  

p y r o ly s i s  p la n t .  T h e  p y r o l y s i s  a n d  u p g r a d in g  p la n t  w e r e  a s s u m e d  to  lo c a t e  in  th e  

s a m e  a r e a  ( C a s e  2 ) .  T h e  in v e n to r y  d a ta  fo r  leu ca en a  leu co cep h a la  tr a n s p o r ta t io n  

( o n e  w a y )  a r e  s h o w n  in  T a b le  4 .6 .
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Table 4.6 The inventory data for 1 ton leucaena leucocephala  transportation

I n p u t  in v e n t o r y U n it A m o u n t
R aw  m a teria l:
leucaena leucocephala ton 1.00
F uel:
diesel liter 4.21

O u t p u t  in v e n t o r y U n it A m o u n t
P rodu ct:
leucaena leucocephala ton 1.00
E m ission :
Carbon dioxide kg 20.89
Carbon monoxide kg 0.38
Nitrous dioxide kg 0.22
Particulate matter (PM) kg 0.57E-1

4.3 Life Cycle Inventory of Pyrolysis and Upgrading System

T h e  p y r o l y s i s  s t a g e  h a s  b e e n  s e p a r a te d  in t o  2  s t e p s :  f e e d  p r e p a r a t io n  a n d  

p y r o l y s i s  p r o c e s s .  T h e  f e e d s t o c k  p r e p a r a t io n  c o n s i s t s  o f  f e e d  d r y in g  a n d  s iz e  

r e d u c t io n .  T h e  in v e n t o r y  d a ta  o f  f e e d  p r e p a r a t io n  fo r  leucaena leucocephala  a re  

s h o w n  in  T a b le  4 .7 .

Table 4.7 T h e  in v e n t o r y  d a ta  o f  f e e d  p r e p a r a t io n  f o r  1 to n  leucaena leucocephala

l n p 0 l  in v e n t o r y U n it A m o u n t
R aw  m a ter ia l:
wet leu ca en a  leu co cep h a la  chip ton 1.30
F u el/E n erg y:
electricity for grinding' kWh 16
electricity for drying' kWh 127

u i p u t l u v c u i u i y
P rodu ct:
dry leu ca en a  leu co cep h a la  chip ton 1

(Source: 1 A plus power Co.. Ltd.. 2 calculation data)
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F o r  p y r o l y s i s  p r o c e s s ,  th e r e  a re  m a n y  k in d s  o f  b i o m a s s  p y r o l y s i s  p r o c e s s ,  
s u c h  a s  c o n v e n t i o n a l ,  f la s h  o r  fa s t  w h ic h  d e p e n d  o n  o p e r a t in g  c o n d i t io n s .  T h is  s tu d y  

f o c u s e s  o n  fa s t  p y r o l y s i s  p r o c e s s  b e c a u s e  it g i v e s  t h e  h i g h e s t  y i e ld  w h e n  c o m p a r e d  

w it h  o th e r  p r o c e s s e s .  F u r th e r m o r e , th e  s e l e c t i o n  o f  th e  s u i t a b le  p r o c e s s  t o  r e c o v e r  th e  

e n e r g y  fr o m  a  p a r t ic u la r  t y p e  b io m a s s  is  th e  m o s t  im p o r ta n t  s t e p  t o w a r d s  a  p r o f i t a b le  

in v e s t m e n t .  In  t h is  w o r k ,  b u b b l in g  f lu id  b e d  t e c h n o l o g y  i s  b e in g  c o n s id e r e d .  D a ta  fo r  

fa s t  p y r o l y s i s  W 'ere r e tr ie v e d  fr o m  W e l lm a n  P r o c e s s  E n g in e e r in g  L td . ( W P E L ) .
In  u p g r a d in g  p r o c e s s ,  it  i s  n e c e s s a r y  t o  im p r o v e  p r o p e r t ie s  o f  r a w  b io - o i l  

c o m e s  o u t  f r o m  p y r o l y s i s  p r o c e s s  d u e  t o  i t s  u n f a v o r a b le  n a tu r e  i . e . ,  h ig h ly  

o x y g e n a t e d  a n d  l o w  o c t a n e  n u m b e r  m a k in g  it  u n d e s ir a b le  a s  a  r e a d y  a lt e r n a t iv e  

tr a n s p o r ta t io n  f u e l .  T o  o v e r c o m e  t h e s e  p h y s ic o c h e m i c a l  i s s u e s ,  h y d r o d e o x y g e n a t io n  

( H D O )  r e a c t io n  i s  a  p o s s i b l e  u p g r a d in g  m e t h o d  b y  p a r t ia l  o r  to ta l  e l im in a t io n  o f  

o x y g e n  a n d  h y d r o g e n a t io n  o f  c h e m ic a l  s tr u c tu r e s .  S i n c e  th e r e  i s  n o  c o m m e r c ia l  p la n t  

o r  a n y  in f o r m a t io n  o f  th is  p a r t, p r o c e s s  s im u la t io n  i s  n e c e s s a r y  t o  o b ta in  r e le v a n t  

d a ta  s u c h  a s  e n e r g y  c o n s u m p t io n .  D a ta  fo r  u p g r a d in g  p r o c e s s  s im u la t io n  w e r e  

e x t r a c t e d  fr o m  t h o s e  r e p o r te d  b y  D ep ar tm en t o f  C h e m ic a l E n g in e e r in g . U n iv ers ity  

T e c h n o lo g y  P E T R O N A S .

4 .3 .1  P y r o ly s i s  S y s t e m
In  t h i s  s tu d y , s e c o n d a r y  d a ta  f r o m  W e l lm a n  P r o c e s s  E n g in e e r in g  L td . 

( W P E L )  w e r e  u s e d  fo r  t h e  p y r o l y s i s  b i o - o i l  p r o d u c t io n .

4 .3 .1 .1  B ack g ro u n d  o f  W ellm an P ro c e ss
W e llm a n  h a s  a  lo n g  h is t o r y  o f  th e r m a l  c o n v e r s io n  

o f  b o th  c o a l  a n d  b i o m a s s .  A  n o v e l  o x y g e n  d o n o r  b i o m a s s  g a s i f i e r  w a s  c o n s tr u c te d  

j o i n t l y  w i t h  J o h n  B r o w n  E n g in e e r s  a n d  C o n s t r u c t e d  in  th e  m id  1 9 8 0 s  a n d  a n  u p d r a ft  

b io m a s s  g a s i f i e r  w i t h  a d v a n c e d  tar c r a c k in g  s y s t e m  a re  c o m m e r c i a l ly  a v a i la b le .  A t  

2 5 0  k g /h  o f  b i o m a s s  f e d ,  fa s t  p y r o l y s i s  f lu id  b e d  p i l o t  p la n t  is  c u r r e n t ly  u n d e r  

c o n s t r u c t io n  s u p p o r t e d  p a r t ly  b y  th e  E u r o p e a n  C o m m i s s i o n  ( B r id g w a t e r  a n d  

P e a c o c k e ,  2 0 0 0 ) .
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4.3.1.2 D escrip tion  o f  Technology
In  t h is  p r o c e s s ,  t h e  r e a c to r  i s  a  c o n v e n t io n a l  

b u b b l in g  f lu id  b e d  w h i c h  i s  h e a t e d  b y  c o m b u s t io n  o f  b y - p r o d u c t  c h a r  in  a n  a n n u la r  

f lu id  b e d  c o m b u s t o r  w i t h  m o s t  h e a t  r e q u ir e m e n t s  b e in g  m e t  t h r o u g h  t h e  r e a c to r  w a l l .  
T h e  p r o d u c t  v a p o u r s  a re  p a s s e d  th r o u g h  t w o  c y c l o n e s  b e f o r e  b e in g  q u e n c h e d  w i t h  

c o o le d  r e c y c le  p r o d u c t  o i l .  T h e  v a p o u r s  a re  f in a l ly  p a s s e d  t h r o u g h  a n  e le c t r o s t a t ic  

p r e c ip ita to r . T h e  p r o c e s s  c o n d i t io n s  in c lu d e  v e r y  s h o r t  r e s id e n c e  t im e  o f  <  2 s  a n d  

s a n d  h ig h  h e a t in g  r a te s  o f  500 °c ( P e a c o c k e  et a i ,  2006).
P r o c e s s  f l o w s h e e t  fo r  W e l l m a n  p r o c e s s  i s  s h o w n  in  

F ig u r e  4 .4 .  A t  a  c a p a c i t y  o f  2  d r y  t o n s /h ,  a l l  p u m p s  a n d  f a n s  h a v e  a  s e c o n d  id e n t ic a l  

u n it  in c lu d e d  f o r  r e d u n d a n c y .  T h e  W e l lm a n  p r o c e s s  in f o r m a t io n  a n d  th e  y i e l d  o f  

p y r o ly s i s  l iq u id s  f r o m  t h is  p r o c e s s  w e r e  a s s u m e d  to  b e  c o n s t a n t  w i t h  s c a le  a s  s h o w n  

in  T a b le  4 .8  a n d  T a b le  4 .9 ,  r e s p e c t iv e ly .

Dry
wood

Figure 4.4 W e llm a n  P r o c e s s  E n g in e e r in g  L td . F a s t  p y r o l y s i s  f l o w s h e e t  ( A d o p t e d  

f r o m  P e a c o c k e  et a i ,  2 0 0 6 ) .
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T able 4.8 W e llm a n  P r o c e s s  in f o r m a t io n  (E x t r a c t e d  f r o m  P e a c o c k e  et al., 2 0 0 6 )

Process information
Feed Dry wood chip
Scale 8 dry tons biomass/day
Particle size 0.5-4 mm
Bio-oil yield 79%
Type of reactor Bubbling fluidize bed

T able 4.9 P y r o ly s i s  l iq u id s  y ie ld  fr o m  W e l lm a n  p r o c e s s  ( S o u r c e :  P e a c o c k e  et al., 
2 0 0 6 )

P r o c e s s  W e llm a n
Yield, liters of oil per tonne of dry ash free wood 755
Yield, tonne oil of per dry ash free delivered tonne wood 0.89
Yield, tonnes oil per tonne wood fed to reactor 0.79

T h e  in v e n t o r y  d a ta  o f  W e l lm a n  p r o c e s s  f o r  p r o d u c in g  1 k g  o f  

b i o - o i l  a re  l i s t e d  in  T a b le  4 .1 0 .

T able 4 .10 T h e  in v e n t o r y  d a ta  o f  p y r o l y s i s  p r o c e s s

I n p u t  in v e n to r y U n it A m o u n t
R a w  m ateria l

Dry wood chip kg 1.27
Air kg 2.23

E n ergy
Electricity kWh 0.15

O u t p u t  in v e n to r y U n it A m o u n t
Bio-oil kg 1.00

E m ission  to  air
C 0 2 kg 0.45
0 2 kg 0.46
n 2 kg 1.73
h 2o kg 0.26

(Extracted data from Peacocke et at., 2006)
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4 . 3 .2  U p g r a d in g  P r o c e s s
In  t h i s  s t a g e ,  t h e  p r im a r y  d a ta  fo r  u p g r a d in g  p r o c e s s  w e r e  c r e a te d  

fr o m  s im u la t io n  b a s e d  o n  d a ta  e x t r a c t e d  f r o m  P E T R O N A S .
4 .3 .2 .1  B a ck g ro u n d  o f  P E T R O N A S

T o  d e v e lo p  th e  b i o - o i l  u p g r a d in g  p r o c e s s  

f l o w s h e e t ,  th e  iC O N  ( V ir t u a l  M a te r ia ls  G r o u p  I n c . ,  2 0 0 9 )  p r o c e s s  s im u la t io n  

p a c k a g e  w a s  e m p lo y e d .  T h is  c o m m e r c ia l  p r o c e s s  s im u la t o r  th a t  d e v e lo p e d  b y  

P E T R O N A S ,  M a la y s i a ’ s  n a t io n a l  o i l  c o r p o r a t io n ,  in  c o l la b o r a t io n  w i t h  V ir tu a l  
M a t e r ia ls  G r o u p  ( V M G )  I n c . ,  i s  b a s e d  o n  S im  4 2  a n d  r u n s  o n  V M G T h e r m o  a s  th e  

p lu g - in  t h e r m o d y n a m ic s  p r o p e r ty  p a c k a g e  d a t a b a s e  s ta n d a r d  ( A h m a d  e t a l., 2 0 1 0 ) .
4 .3 .2 .2  D escrip tio n  o f  T ech n o logy

In  t h is  s t u d y ,  th e  b i o - o i l  f r o m  t h e  b i o m a s s  fa s t  

p y r o l y s i s  i s  u p g r a d e d  v i a  H D O  w h i c h  c o n s i s t s  o f  t w o  s t a g e s .  A t  t h e  e n d  o f  th e  

s e c o n d  s t a g e ,  t h e  o x y g e n  c o n t e n t  in  th e  b i o - o i l  i s  e x p e c t e d  t o  d e c r e a s e  s ig n i f ic a n t ly  

( A h m a d  e t a l ,  2 0 1 0 ) .  F ig u r e  4 .5  s h o w s  th e  o v e r a l l  p r o c e s s  f l o w  b l o c k  d ia g r a m  

d e v e lo p e d  fo r  t h e  s im u la t io n  t o  u p g r a d e  b i o - o i l  v ia  H D O . T h e  f e e d s  t o  t h is  p r o c e s s  

c o n s i s t  o f  b i o - o i l  a n d  h y d r o g e n .

H ; - ► 1st s ta g e 2 n d  s ta g e 3 rd  s ta g e
B io - o i l  — ► M ix e r H D O H D O H D O -P r o d u c ts

H y d r o g e n o ly s is  H y d r o g e n a t io n  H y d r o g e n o ly s i s
a n d  H y d r o g e n a t io n

Figure 4.5: O v e r a l l  p r o c e s s  f l o w  b lo c k  d ia g r a m  f o r  u p g r a d in g  p r o c e s s  o f  b i o - o i l  v ia  

H D O  ( S o u r c e :  A h m a d  e t a l., 2 0 1 0 )

4 .3 .2 .3  Three A Iter n a tive  D es ig n s
4 .3 .2 .3 .1  P r o c e s s  S im u la t io n  o f  B a s e  C a s e  D e s i g n  

T h e  p r o c e s s  a n d  s im u la t io n  d a ta  

e x t r a c t e d  f r o m  P E T R O N S  w e r e  u s e d  a s  a  m o d e l  fo r  a  b a s e  c a s e  d e s ig n .  F lo w s h e e t  o f  

th e  b a s e  c a s e  d e s i g n  im p le m e n t e d  in  P R O /I I  f o r  t h is  s tu d y  i s  s h o w n  in  F ig u r e  A 1  in  

A p p e n d ix  A .  In  t h i s  p a r t , s t e a m  u s e d  fo r  h e a t in g  w a s  a s s u m e d  to  b e  g e n e r a t e d  fr o m
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Table 4.11 T h e  in v e n t o r y  d a ta  o f  u p g r a d in g  p r o c e s s  ( B a s e  c a s e  d e s i g n )

hardwood chips from forest (Simapro database). The inventory data of upgrading

process are shown in Table 4.11 based on 1 toe of upgraded bio-oil.

I n p u t  in v e n to r y U n it A m o u n t
R aw  m a teria l

Raw bio-oil ton 1.75
h 2 kg 21.36

E n ergy
Electricity kWh 379
Hot utility MJ 22,820

O u tp u t  in v e n to r y U n it A m o u n t
Upgraded bio-oil toe 1.0

(Source: Extracted data from PETRONAS)

4 .3 .2 .3 .2  A l t e r n a t i v e - 1 : H e a t  I n t e g r a t io n
T h e  ta r g e t  o f  t h i s  a l t e r n a t iv e  i s  to  

m i n i m iz e  e n e r g y  c o n s u m p t io n  o f  th e  u p g r a d in g  p r o c e s s e s  b y  c a lc u la t in g  

t h e r m o d y n a m ic a l ly  f e a s i b l e  e n e r g y  ta r g e t s  (o r  m in im u m  e n e r g y  c o n s u m p t i o n )  a n d  

a c h i e v i n g  th e m  b y  o p t i m i z i n g  h e a t  r e c o v e r y  s y s t e m s .  T h e  e n e r g y  ta r g e t s  c a n  b e  

a c h ie v e d  u s i n g  h e a t  e x c h a n g e r s  to  r e c o v e r  h e a t  b e t w e e n  h o t  a n d  c o l d  s t r e a m s  in  t w o  

s e p a r a te  s y s t e m s .  T h e  p r o p e r t ie s  o f  h o t  a n d  c o ld  s t r e a m s  b e f o r e  a n d  a f te r  m a k in g  th e  

h e a t  in te g r a t io n  ( A l t e r n a t iv e  1 ) are  s h o w n  in  A p p e n d ix  B . A f t e r  m a k in g  th e  h e a t  

in te g r a t io n , t h e  u s e  o f  h o t  u t i l i t y  c o u ld  b e  r e d u c e d  to  6 , 9 7 0  M J  p e r  t o e .
4 . 3 .2 .3 .3  A l t e m a t iv e - 2 :  H e a t  I n t e g r a t io n  a n d  7 5 %

H e a t  R e c o v e r y
H e a t  r e c o v e r y  i s  a n  e n e r g y  r e c o v e r y  

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

c a n  b e  u s e d  in  a  p r o c e s s .  In  th e  u p g r a d in g  p r o c e s s ,  a  la r g e  a m o u n t  o f  h e a t  i s  r e m o v e d  

fr o m  th e  p r o c e s s .  T h e r e f o r e ,  h e a t  r e c o v e r y  m e t h o d  h a s  b e e n  a p p l ie d  in  th is  

a lt e r n a t iv e .  In  m o s t  c a s e s  th e  s e n s i b l e  h e a t  r e c o v e r y  e f f i c i e n c y  o f  r e a c to r  w i l l  b e  

a b o u t  7 5 %  ( M c Q u a y  I n te r n a t io n a l) .  T h u s ,  w e  c o u ld  b r in g  7 5 %  o f  th e  e n e r g y  fr o m  

h e a t  r e m o v a l  in  o r d e r  t o  r e d u c e  o v e r  a l l  q u a n t i ty  o f  h o t  u t i l i t y .
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4.4 Life Cycle Energy Analysis

A  l i f e  c y c l e  e n e r g y  a n a ly s i s  ( L C E A )  i s  a n  a p p r o a c h  in  w h i c h  a l l  e n e r g y  

in p u ts  o f  th e  e n t ir e  p r o d u c t io n  s y s t e m  o f  b io - o i l  c o n v e r s i o n  p r o c e s s  a re  a c c o u n t e d .  In  

th is  r e s e a r c h , a f te 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  t h e  b i o - o i l  

c o n v e r s i o n  p r o c e s s ,  th e  l i f e  c y c l e  e n e r g y  e f f i c i e n c y  w a s  s t u d ie d  in  t e r m  o f  N e t  

E n e r g y  R a t io  ( N E R )  w h ic h  r e fe r s  to  th e  r a t io  b e t w e e n  t o t a l  e n e r g y  r e q u ir e d  

c o m p le t in g  th e  p r o c e s s  l i f e  c y c l e  a n d  th e  a m o u n t  o f  e n e r g y  c o n t a in e d  in  t h e  p r o d u c ts .
In  th is  s t u d y ,  th e  l i f e  c y c l e  e n e r g y  in p u ts  in  th e  p r o d u c t  s y s t e m  w e r e  d iv id e d  

in to  fo u r  s t a g e s :  e n e r g y  u s e d  in  r ic e  s tr a w  a n d  leucaena leucocepha la  c u l t iv a t in g  a n d  

h a r v e s t in g ,  e n e r g y  u s e d  in  tr a n s p o r ta t io n , e n e r g y  u s e d  in  p y r o l y s i s ,  a n d  la s t ly  e n e r g y  

u s e d  in  u p g r a d in g  p r o c e s s .

4 .4 .1  L i f e  C y c l e  E n e r g y  C o n s u m p t io n
4.1.1.1 Rice Straw  as a Waste Case

F o r  C a s e  1, p y r o l y s i s  a n d  u p g r a d in g  p la n t s  w e r e  l o c a t e d  in  

N a k o r n  S a w a n  a n d  R a y o n g  p r o v in c e ,  r e s p e c t i v e ly .  T h e  r e s u l t s  o f  th e  l i f e  c y c l e  

e n e r g y  a n a l y s i s  fo r  t h e  p r o d u c t io n  o f  1 t o e  b i o - o i l  p r o d u c t io n  a re  s h o w n  in  F ig u r e  

4 .6 .  T h e  to ta l  e n e r g y  c o n s u m p t io n  i s  s h o w n  to  b e  3 0 .2 7  G J  p e r  1 t o e  b io - o i l  

p r o d u c t io n  a n d  it  i s  c le a r  th a t  t h e  u p g r a d in g  s t a g e  h a s  t h e  h i g h e s t  e n e r g y  

c o n s u m p t io n ,  f o l l o w e d  b y  th e  p y r o ly s i s ,  a n d  th e  t r a n s p o r ta t io n  s t a g e .  T h e  e n e r g y  

in p u t  in  t h e  r ic e  s tr a w  c u lt iv a t in g  a n d  h a r v e s t in g  s t a g e  i s  l o w e s t  b e c a u s e  in  t h is  c a s e  

r ic e  s tr a w  i s  c o n s id e r e d  a s  a  w a s t e .  T h e r e f o r e ,  a l l  o f  e n e r g y  u s a g e  in  r ic e  p la n t a t io n  

p h a s e  w a s  n e g l e c t e d .
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Figure 4.6 L i f e  c y c l e  e n e r g y  c o n s u m p t io n  o f  1 t o e  b i o - o i l  p r o d u c t io n  f r o m  r ic e  

s t r a w  a s  a  w a s t e  c a s e  fo r  C a s e  1.

T h e  e n e r g y  u s a g e  in  th e  u p g r a d in g  s t a g e  i s  h i g h e s t  ( 8 7 .2 8 %  

o f  to ta l  e n e r g y  in p u t )  d u e  to  th e  in t e n s iv e  u s e  o f  e l e c t r i c i t y  a n d  s t e a m  c o n s u m p t io n .  
T h e  e n e r g y  u s a g e  in  p y r o l y s i s  s t a g e  is  th e  s e c o n d ,  a c c o u n t in g  fo r  8 .9 0 % , w h ic h  

m a in ly  c o m e s  f r o m  th e  u s e  o f  e l e c t r i c i t y .  T h e  t r a n s p o r ta t io n  a n d  

c u l t iv a t in g /h a r v e s t in g  s t a g e  a r e  s h o w n  to  c o n s u m e  r e la t iv e ly  l o w  e n e r g y  p o r t io n  in  

th e  l i f e  c y c l e ,  3 .1 2 %  a n d  0 .7 0 % , r e s p e c t iv e ly .
F o r  C a s e  2 ,  p y r o ly s i s  a n d  u p g r a d in g  p la n t s  w e r e  lo c a t e d  in  

th e  s a m e  a r e a  in  R a y o n g  p r o v in c e .  T h e  r e s u lt s  o f  th e  l i f e  c y c l e  e n e r g y  a n a ly s i s  fo r  

th e  p r o d u c t io n  o f  1 t o e  b i o - o i l  p r o d u c t io n  a re  s h o w n  in  F ig u r e  4 .7 .  T h e  to ta l  e n e r g y  

c o n s u m p t io n  i s  s h o w n  to  b e  2 9 .7 0  G J  p e r  1 t o e  b i o - o i l  p r o d u c t io n .  T h e  r e d u c t io n  o f  

e n e r g y  c o n s u m p t i o n  in  C a s e  2  c o m p a r e d  to  C a s e  1 is  d u e  to  th e  s h o r te r  d i s t a n c e  o f  

tr a n s p o r ta t io n .
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F i g u r e  4 .7  L i f e  c y c l e  e n e r g y  c o n s u m p t io n  o f  1 t o e  b i o - o i l  p r o d u c t io n  f r o m  r ic e  

s tr a w  a s  a  w a s t e  c a s e  fo r  C a s e  2 .

4.4.1 .2  Rice S traw  as a B y-product C ase
T h e  e c o n o m i c  a l lo c a t io n  w a s  u s e d  in  t h is  p a rt o f  s tu d y  b a s e d  

o n  p r ic e  f r o m  T h a i  C e n te r  M a r k e t  a s  o f  2 5  M a r c h  2 0 1 1 .  T h e  r e s u l t s  o f  th e  l i f e  c y c l e  

e n e r g y  a n a l y s i s  fo r  th e  p r o d u c t io n  o f  1 t o e  b io - o i l  a re  s h o w n  in  F ig u r e  4 .8 .
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Figure 4.8 Life cycle energy consumption of 1 toe bio-oil production from rice

straw as a by-product case for Case 1.
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T h e  r e s u lt s  s h o w  th a t  t h e  p r o d u c t io n  o f  b i o - o i l  r e q u ir e d  th e  

to ta l  e n e r g y  in p u t  o f  3 0 .9 0  G J /t o e  b i o - o i l .  T h e  e n e r g y  u s a g e  ( e l e c t r ic i t y  a n d  h o t  

s t e a m  fr o m  b u r n in g  h a rd  w o o d )  in  th e  u p g r a d in g  s t a g e  i s  h i g h e s t  w h i c h  a c c o u n t  fo r  

8 5 .5 0 %  o f  to ta l  e n e r g y  in p u t . T h e  e n e r g y  u s a g e  in  p y r o l y s i s  s t a g e  i s  th e  s e c o n d ,  
a c c o u n t in g  fo r  8 .7 2 % , f o l l o w e d  b y  th e  t r a n s p o r ta t io n  s t a g e  ( 3 .0 6 % ) .  C u l t iv a t io n  a n d  

h a r v e s t in g  s t a g e  i s  s h o w n  t o  c o n s u m e  th e  l o w e s t  e n e r g y  in  t h e  l i f e  c y c l e ,  a c c o u n t in g  

fo r  o n l y  2 .7 2 %  b e c a u s e  th e  v e r y  s m a ll  s h a r e  o f  a g r ic u ltu r a l  e n e r g y  c o n s u m p t io n  

a l lo c a t e d  to  r ic e  s tr a w . I f  la r g e r  b i o - o i l  m a r k e ts  c a n  b e  e s t a b l i s h e d  w i t h  h ig h e r  p r ic e  

o f  r ic e  s tr a w  a s  a  f e e d s t o c k ,  v a lu e s  a s s e s s e d  u s i n g  e c o n o m i c  a l l o c a t i o n  w i l l  s h if t  

u p w a r d .
F o r  C a s e  2  w h e r e  p y r o l y s i s  a n d  u p g r a d in g  p la n t s  a re  

a s s u m e d  t o  b e  l o c a t e d  a t th e  s a m e  a r e a  in  R a y o n g  p r o v in c e ,  t h e  r e s u l t s  o f  th e  l i f e  

c y c l e  e n e r g y  a n a ly s i s  f o r  th e  p r o d u c t io n  o f  1 t o e  b i o - o i l  p r o d u c t io n  a re  s h o w n  in  

F ig u r e  4 .1 9 .  T h e  to ta l  e n e r g y  c o n s u m p t io n  w a s  f o u n d  to  b e  3 0 .3 3  G J  p e r  1 t o e  b io - o i l  

p r o d u c t io n .  T h e  r e d u c t io n  o f  e n e r g y  c o n s u m p t io n  in  C a s e  2  c o m p a r e d  t o  C a s e  1 is  

d u e  t o  th e  s h o r te r  d i s t a n c e  o f  tr a n s p o r ta t io n .
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Figure 4.9 Life cycle energy consumption of 1 toe bio-oil production from rice

straw as a by-product case for Case 2.
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4.4 .1 .3  Leucaena leucocephala
T h e  r e s u l t s  o f  th e  l i f e  c y c l e  e n e r g y  a n a ly s i s  fo r  th e  

p r o d u c t io n  o f  1 t o e  b i o - o i l  p r o d u c t io n  f r o m  leucaena leucocepha la  a re  s h o w n  in  

F ig u r e  4 .1 0 .

35.000
30.000 

1  25,000 
ฐ  20,000 
~  15,000
I  10,000
E 5,000 50C) 537

31,247

F i g u r e  4 .1 0  L i f e  c y c l e  e n e r g y  c o n s u m p t io n  o f  1 t o e  b i o - o i l  p r o d u c t io n  f r o m  

leucaena leucocepphala.

T h e  r e s u lt  s h o w  th a t  th e  p r o d u c t io n  o f  1 t o e  o f  b i o - o i l  fr o m  

leucaena leucocepphala  r e q u ir e d  th e  to ta l  e n e r g y  in p u t  o f  3 1 .2 5  G J  p e r  1 t o e  b io - o i l  

p r o d u c t io n .  T h e  e n e r g y  u s a g e  in  th e  u p g r a d in g  s t a g e  i s  h i g h e s t  w h i c h  a c c o u n t s  fo r  

8 4 .5 5 %  o f  to ta l  e n e r g y  in p u t. T h e  e n e r g y  u s a g e  in  p y r o l y s i s  s t a g e  i s  th e  s e c o n d ,  
a c c o u n t in g  fo r  1 1 .5 9 % , w h i c h  m a in ly  c a m e  fr o m  th e  u s e  o f  e l e c t r i c i t y .  T h e  

tr a n s p o r ta t io n  a n d  c u l t iv a t in g /h a r v e s t in g  s t a g e s  a re  s h o w n  t o  c o n s u m e  r e la t iv e ly  l o w  

e n e r g y  in  th e  l i f e  c y c l e ,  2 .0 4 %  a n d  1 .8 2 % , r e s p e c t i v e ly  fo r  leucaena leucocepphala.
T h e  r e s u lt s  f r o m  F ig u r e  4 .7  -  4 .1 1  a l s o  s h o w  th a t  th e  

tr a n s p o r ta t io n  o f  r ic e  s tr a w  fo r  C a s e  1 s h o w s  th e  h i g h e s t  e n e r g y  c o n s u m p t io n  in  

t r a n s p o r ta t io n  s t a g e  b e c a u s e  o f  th e  lo n g  d is t a n c e  o f  tr a n s p o r ta t io n . M o r e o v e r ,  w h e n  

c o m p a r in g  th e  s a m e  d is t a n c e  o f  tr a n s p o r ta t io n  b u t  d i f f e r e n t  in  f e e d s t o c k .  T h e  r e s u lt s  

s h o w  th a t tr a n sp o r t  o f  leucaena leucocepphala  c o n s u m e s  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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th a n  r ic e  s t r a w  b a s e d  o n  t h e  s a m e  d i s t a n c e  ( C a s e  2 )  d u e  to  th e  lo w e r  lo a d  d u r in g  

tr a n s p o r ta t io n .
4 .4 .2  N e t  E n e r g y  R a t io n  ( N E R )

F ig u r e  4 .1 2  r e p r e s e n t s  th e  c o m p a r is o n  b e t w e e n  th e  t o t a l  e n e r g y  o u tp u t  

a n d  e n e r g y  in p u t  fo r  v a r io u s  c a s e s  o f  f e e d s t o c k s .  F o r  r ic e  s tr a w  a s  a  w a s t e  c a s e  ( พ ) ,  

th e  N E R  o f  1 .3 9  a n d  1 .4 2  a re  a c h i e v e d  fo r  C a s e  1 ( C l )  a n d  C a s e  2  ( C 2 ) ,  
r e s p e c t i v e ly .  F o r  r ic e  s t r a w  a s  a  b y - p r o d u c t  c a s e  ( B P ) ,  th e  N E R  o f  1 .3 6  a n d  1 .3 9  are  

a c h i e v e d  fo r  C a s e  1 ( C l )  a n d  C a se . 2  ( C 2 ) ,  r e s p e c t i v e ly .  F o r  leucaena leucocepphala , 
N E R  o f  1 .3 5  c a n  b e  a c h i e v e d  in d ic a t in g  a  n e t  e n e r g y  g a in  fo r  b o t h  f e e d s t o c k s .  T h e  

r e s u lt  f r o m  e n e r g y  a n a l y s i s  a l s o  s h o w s  t h e  N E R  o f  b i o - o i l  p r o d u c t io n  fr o m  leucaena  
leucocepphala  h a s  t h e  l o w e s t  e n e r g y  e f f i c i e n c y .  T h is  i s  e x p l a i n e d  b y  th e  fa c t  th a t  a  

la r g e  a m o u n t  o f  e n e r g y  w a s  r e q u ir e d  fo r  leucaena leucocepphala  d r y in g  p r io r  to  

p y r o ly s i s  w h i l e  fo r  r ic e  s tr a w  d r y in g ,  th e r e  w a s  n o  a d d it io n a l  e n e r g y  r e q u ir e d  

b e c a u s e  th e  r i c e  s tr a w  w a s  d r ie d  b y  รนท l ig h t .  T h e  e n e r g y  c o n s u m p t io n  r e s u lt s  a re  

s h o w n  in  F ig u r e  4 .1 1 .
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2,491 2,491
0 1,012

204 451

F i g u r e  4 ,1 1  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  ( M J / t o e  b i o - o i l )  in  p y r o l y s i s  s ta g e .
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Rice straw Rice straw Rice straw Rice straw Leucaena 
(พ)(Cl) (พ)(น) (BP)(C1) (6P)(C2) leucocepphala

(น )

Figure 4.12 T h e  c o m p a r i s o n  o f  N E R  b a s e d  o n  1 t o e  b i o - o i l  p r o d u c t io n  fo r  v a r io u s  

a s s u m p t io n s  o f  th e  b a s e  c a s e .

H o w e v e r ,  th e  r e s u lt s  f r o m  th e  s e c t i o n  4 .4 .1  in d ic a t e  th a t  la r g e  a m o u n t  

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

s ta g e  c a m e  fr o m  e le c t r i c i t y  ( 2 5 % )  a n d  s t e a m  fr o m  b u r n in g  h a r d  w o o d  ( 8 5 % ) .  T h e  

e n e r g y  e f f i c i e n c y  r a t io  ( N E R )  w o u l d  b e  h ig h e r  b y  im p r o v in g  e n e r g y  u s a g e  in  t h is  

s ta g e .  T h u s ,  t w o  n e w  a lt e r n a t iv e s  w e r e  c r e a te d  a n d  e v a lu a t e d  in  o r d e r  t o  e x a m in e  th e  

p o s s i b l e  e f f e c t s  o n  t h e  N E R . 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 i o n  in  u p g r a d in g  

p r o c e s s  b e t w e e n  th e  b a s e  c a s e  a n d  t w o  n e w  d e s i g n  a l t e r n a t iv e s  i s  s h o w n  in  F ig u r e  

4 .1 3  a n d  th e  c o m p a r i s o n  o f  l i f e  c y c l e  e n e r g y  e f f i c i e n c y  in  t e r m  o f  N E R  i s  s h o w n  in  

F ig u r e  4 .1 4 .
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F i g u r e  4 .1 3  C o m p a r is o n  o f  e n e r g y  c o n s u m p t io n  ( M J /t o e  b i o - o i l )  in  u p g r a d in g  

p r o c e s 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  b a s e d  o n  1 t o e  o f  b i o - o i l  p r o d u c t io n
(Al: Alternative-1, A2: AItemative-2).

cc.LU2

7.0
6.13

■  Basecase

D Alternative!

□  Alternative- 2

Rice straw Rice straw Rice straw Rice straw leucaena
(พ){Cl; (พ)(C2) (BPHC1) (BP)(C2) leucocepphala

(C2)

F i g u r e  4 .1 4  C o m p a r is o n  o f  n e t  e n e r g y  r a t io  f r o m  b i o - o i 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 e  c a s e  a n d  A l t e r n a t iv e s  b a s e d  o n  1 t o e  o f  b i o - o i l  p r o d u c t io n .

T h e  r e s u lt s  s h o w n  in  F ig u r e  4 .1 3  in d ic a t e  th a t  i f  th e  h e a t  in te g r a t io n  

a n d  h e a t  r e c o v e r y  o f  th e  u p g r a d in g  p r o c e s s  a re  a p p l ie d ,  th e  t o t a l  e n e r g y  c o n s u m p t io n  

w o u ld  r e d u c e  b y  s e v e n  t i m e s  fr o m  th e  b a s e  c a s e  d e s i g n .  T h i s  r e f l e c t s  6 0 .6 7 %  a n d
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8 6 .3 7 %  r e d u c t io n  f r o m  th e  b a s e  c a s e  d e s i g n  fo r  A 1  a n d  A 2 ,  r e s p e c t i v e ly .  F ig u r e  4 .1 4  

c le a r ly  s h o w s  th a t  t h e  n e w  d e s ig n  a l t e r n a t iv e s  a re  m o r e  e n e r g y  e f f e c t i v e  th a n  th e  

b a s e  c a s e .  A l t e r n a t iv e - 2  i s  th e  m o s t  e n e r g y  e f f e c t i v e  d e s i g n  w i t h  a n  in c r e a s e  in  th e  

v a lu e  o f  N E R  o f  3 0 7 %  a n d  3 3 2 %  fo r  r ic e  s tr a w  a s  a  w a s t e  c a s e  f o r  C a s e  1 a n d  C a s e  

2 ,  r e s p e c t i v e ly ,  a n d  2 8 4 %  a n d  3 0 9 %  fo r  r ic e  s tr a w  a s  a  b y  p r o d u c t  c a s e  fo r  C a s e  1 
a n d  C a s e  2 ,  r e s p e c t i v e ly ,  a n d  2 7 0 %  h ig h e r  th a n  th e  b a s e  c a s e  d e s i g n  fo r  leucaena  
leucocepphala . T h e  c o m p a r i s o n  o f  N E R  o f  c o n v e n t io n a l  f u e l s  a n d  b i o f u e l s  a re  

c o m p a r e d  w i t h  A l t e m a t iv e - 2  o f  th is  s tu d y  b a s e d  o n  1 t o e  o f  f u e l s  p r o d u c t io n  a s  

s h o w n  in  F ig u r e  4 .1 5 .  T h e  N E R  is  a p p r o x im a t e ly  fo u r th  t i m e s  w h e n  c o m p a r in g  w i t h  

th e  B a s e  c a s e  d e s i g n  in  a l l  c a s e  o f  f e e d s t o c k s .

Diesel (included embodied energy) 7.- c'^-i 0 .8 6

Gasoline (included embodied energy) ; : ■' ... I 0 .86

Crude oil (included embodied energy) (North Sea) ? m  I 0 .8 8

PME I 3 .56

Bioethanol from cassava • : I 1.11

Bio-Oit from leucaena leucocepphala (C2) ไ 5 .01

Bio-oil from rice straw (BP)(C2) I 5 .68

Bio-oil from rice straw(BP)(CI ) I 5.22

Bio-oil from rice straw(พ)(C2) I 6 .13

Bio-oil from rice straw(พ)(C1) I 5 .66

0 .0  1.0 2 .0  3 .0  4 .0  5 .0  6 .0  7 .0

NER {£ 0111/ E J

1 .Papong and Malakul, 2010 2. Papong et al., 2010, 3. Simapro data base, 4. PTTRIT

F i g u r e  4 . 1 5  C o m p a r is o n  o f  N E R  b e t w e e n  b i o - o i l  p r o d u c t io n  f r o m  A l t e m a t i v e - 2  a n d  

c o n v e n t io n a l  f u e l s  a n d  b i o f u e l s  b a s e d  o n  1 t o e  o f  f u e ls .

W h e n  c o m p a r in g  th e  N E R  o f  th e  b i o - o i l  ( A l t e r n a t iv e - 2 )  w i t h  o th e r  

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

f u e l s  s u c h  a s  c r u d e  o i l  f r o m  N o r th  S e a ,  g a s o l i n e  a n d  d i e s e l .  A  r e c e n t  s t u d y  c o n d u c t e d  

b y  P a p o n g  a n d  M a la k u l  ( 2 0 1 0 )  o n  th e  e n e r g 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  fr o m  

c a s s a v a  w i t h  th e  u t i l i z a t io n  o f  c o - p r o d u c t s  in  T h a i la n d  o b t a in e d  t h e  N E R  o f  1 .1 1 ,
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w h i c h  i s  m u c h  l e s s  th a n  th a t  o f  b i o - o i l  in  o u r  s tu d y . T h e  N E R  o f  b io e t h a n o l  i s  q u ite  

s m a l l  d u e  t o  th e  u s e  o f  c o a l  fo r  p o w e r  a n d  s te a m  p r o d u c t io n  in  t h e  b io e t h a n o l  p la n t s .  
W h e n  c o m p a r in g  w i t h  th e  p a lm  m e t h y l  e s t e r  ( P M E )  in  P a p o n g  et al. ( 2 0 1 0 ) ,  th e  b i o ­
o i l  p r o d u c t io n s  a re  m o r e  e n e r g y  e f f e c t i v e  w i t h  th e  h ig h e r  N E R  th a n  th e  P M E  b e c a u s e  

P M E  c o n s u m e d  a  lo t  o f  e n e r g y  w h i c h  m a in ly  c a m e  fr o m  th e  u s e  o f  m e t h a n o l  in  

c o n v e r s i o n  s t a g e  a n d  a l s o  N - f e r t i l i z e r  u s a g e  in  p a lm  o i l  p la n t a t io n  s ta g e .

4.5 Overall Life Cycle Impact Assessment

A  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 )  i s  u s e d  to  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  in  v a r io u s  c a t e g o r ie 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  i n v e n t o r y  a n a ly s i s  (L C I )  

o f  th e  b a s e  c a s e  d e s i g n  o f  b i o - o i l  p r o d u c t io n  fr o m  r ic e  s tr a w  a n d  leucaena  
leucocephala  u s i n g  S im a P r o  7 .0 ,  C M L  2  b a s e l in e  2 0 0 0  m e t h o d  w a s  th e n  u t i l i z e d  to  

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 .

4 .5 .1  L C I A  R e s u l t s  o f  th e  B a s e  C a s e  D e s i g n
T h e  r e s u l t s  o f  th e  b a s e  c a s e  a n a l y s i s  a re  s h o w n  in  T a b le s  4 .1 2  □  

4 .1 6 .T h e  l i f e - c y c l e  e n v ir o n m e n t a l  im p a c t  a s s e s s m e n t  c o v e r i n g  c u l t iv a t io n  a n d  

h a r v e s t in g ,  t r a n s p o r ta t io n  p y r o ly s i s  b i o - o i l  a n d  u p g r a d in g  s y s t e m  fr o m  t w o  

f e e d s t o c k s  o f  th is  s t u d y  s h o w s  th a t  th e  b i o - o i l  u p g r a d in g  s t a g e  h a s  th e  h ig h e s t  

e n v ir o n m e n t a l  im p a c t  in  a lm o s t  a ll  im p a c t  c a t e g o r ie s  s u c h  a s  g lo b a l  w a r m in g  o r  

g r e e n h o u s e  g a s  ( G H G ) ,  a c id i f i c a t io n ,  e u t r o p h ic a t io n ,  a n d  h u m a n  t o x ic i t y  c a t e g o r ie s ,  
e x c e p t  b i o - o i l  p r o d u c t io n  fr o m  leucaena leucocephala. T h e  h i g h e s t  G H G  e m i s s i o n s  

c o m e  fr o m  p y r o l y s i s  s t a g e .
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T able 4.12 Average percent contribution to environmental impacts in 1 toe bio-oil

production from rice straw as a waste case for Case 1
(Unit: %)

Process GWP AP EP HTP
Cultivation & Harvest 0.33 0.35 0.25 0.80
Transportation 21.10 3.18 1.26 5.62
Pyrolysis 27.77 14.40 7.05 0.21
Upgrading 50.80 82.07 91.44 93.37

Table 4.13 A v e r a g e  p e r c e n t  c o n t r ib u t io n  to  e n v ir o n m e n t a l  im p a c t s  in  1 t o e  b io - o i l  

p r o d u c t io n  f r o m  r ic e  s tr a w  a s  a  w a s t e  c a s e  fo r  C a s e  2
(Unit: %)

Process GWP AP EP HTP
Cultivation & Harvest 0.39 . 0.32 0.03 0.85
Transportation 5.82 0.64 0.25 1.16
Pyrolysis 33.32 14.78 7.38 0.22
Upgrading 60.47 84.26 92.34 97.77

Table 4.14 A v e r a g e  p e r c e n t  c o n t r ib u t io n  to  e n v ir o n m e n t a l  im p a c t s  in  1 t o e  b io - o i l  

p r o d u c t io n  f r o m  r ic e  s tr a w  a s  a  b y  p r o d u c t  c a s e  fo r  C a s e  1
(Unit: %)

Process GWP AP EP HTP
Cultivation & Harvest 3.06 3.07 1.49 1.35
Transportation 20.52 3.09 1.25 5.59
Pyrolysis 27.15 14.01 6.97 0.20
Upgrading 49.27 79.83 90.29 92.86

Table 4.15 A v e r a g e  p e r c e n t  c o n t r ib u t io n  t o  e n v ir o n m e n t a l  im p a c t s  in  1 t o e  b io - o i l  

p r o d u c t io n  f r o m  r ic e  s tr a w  a s  a  b y  p r o d u c t  c a s e  f o r  C a s e  2
(Unit: %)

Process GWP AP EP HTP
Cultivation & Harvest 3.36 3.03 1.52 1.41
Transportation 5.63 0.63 0.25 1.15
Pyrolysis 32.23 14.36 6.34 0.22
Upgrading 58.51 81.98 91.89 97.22
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Table 4.16 Average percent contribution to environmental impacts in 1 toe bio-oil
production from leu ca en a  leu co cep p h a la  for Case 2

(U n it:  % )

P ro c e s s G W P A P E P H T P

C u lt iv a t io n  &  H a rv e s t 0 .7 6 1.39 0 .4 5 1 .66

T ra n s p o r ta t io n 7 .5 8 1.09 0 .4 9 2 .5 0

P y ro ly s is 56.18 3 2 .7 4 1 7 .8 6 0.61

U p g ra d in g 3 5 .4 8 64.78 81.20 95.23

According to the study on various impacts (global warming, 
eutrophication, acidification and human toxicity) resulting from the production of 
bio-oil from rice straw, it is found that the process of upgrading has the most 
influence upon the environment for all four cases. For bio-oil production from 
leucaena leucocepphala, the highest GWP is come from pyrolysis stage due to the 
electricity consumption of oven, which used for leucaena leucocepphala drying. The 
results of all four impact categories are summarized as shown in Figure 4.16 □  4.19.

๐๐15<vp
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800
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□  Upgrading

□  Pyrolysis

■  Transportation

■  Cultivation & 
Harvesting

Figure 4.16 Distribution of GWP based on 1 toe bio-oil production for various cases
of feedstocks.
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F ig u re  4 .1 7  Distribution of AP based on 1 toe bio-oil production for various cases 
of feedstocks.

F ig u re  4 .1 8  Distribution of EP based on 1 toe bio-oil production for various cases of 
feedstocks.
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F ig u re  4 .1 9  Distribution of HTP based on 1 foe bio-oil production for various cases 
of feedstocks.

In concluding, the process of upgrading has had the most influence on 
the environmental impacts, except the greenhouse gas emission from bio-oil 
production from leucaena leucocephala. It is interesting to note here that the energy 
consumption is higher in upgrading stage than in pyrolysis stage and the highest 
greenhouse gas emissions are from electricity (85% of energy usage in upgrading 
stage come from hot steam from burning hard wood). The before one should pay 
more attention to the use of electricity together with the steam in bio-oil production. 
In this aspect, the present study suggests two alternative designs that can reduce the 
impact in bio-oil production.

4.5.2 LCIA Result of Design Alternatives
With regard to global wanning potential (GWP as cc>2-equivalent), 

Alternative-1 (A l) and Altemative-2 (A2) have shown to reduce the greenhouse gas 
(GHG) emission in both of feedstocks as shown in Figures 4.20.
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_  1,000

■ Base case 690 554
□Alternative-1 654 ] 494
□AJternative-2 610 474

718 581 920
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661 ' .....525 864
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F ig u re  4 .2 0  Comparison of the GWP (kgC02-equivalent) generated from bio-oil 
conversion process between the base case and alternatives per 1 toe of bio-oil.

From Figure 4.20, it can be seen that bio-oil produced from leucaena 
leucocephala has shown to have the highest GHG emissions in this study. The high 
contribution comes from the intense use of electricity for leucaena leucocephala 
drying in pyrolysis stage. The comparison of bio-oil produced from rice straw 
between Case 1 and Case 2 shows that Case 2 has less GHG emission than Case 1 
due to the shorter distance for transportation which uses less diesel consumption. 
When focusing on bio-oil production as a waste case (Case 1) and by-product case 
(Case 1), the result illustrates that by-product case has higher GHG emission than the 
waste case which comes from diesel and fertilizer used in cultivation stage.

Among various design alternative, Altemative-2 has been shown to 
reduce GHG emission (kg CO2 equivalent/kg bio-oil) for both of rice straw and 
leucaena leucocephala. It reflects 11.59% and 14.44% reduction from the Base case 
design for rice straw as a waste case for Case 1 and Case 2, respectively, and 11.28% 
and 13.77% for rice straw as a by-product case for Case 1 and Case 2, respectively. 
The 10.87% reduction is obtained for bio-oil production from leucaena 
leucocephala. The reduction of greenhouse gas emission comes from less energy 
consumption compared with the Base case design. This is attributed to the lower 
steam consumption in the upgrading stage, where the heat duty is decreased.
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For other impact categories such as acidification, eutrophication, and
human toxicity, the impacts observed in Alternative-1 and Altemative-2 are also
lower than Base case design as shown in Figures 4.21, 4.22 and 4.23.
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(C2)
■ Base case 3 57 3.45 3 72 3 60 4 46
□Alternative-1 2 03 1 92 2 18 2 06 2 92
□Alternative-2 1 38 1 26 1 52 1 41 2 27

F ig u re  4 .21 Comparison of the AP (kgSC>2-equivalent) generated from bio-oil 
conversion process between the Base case and alternatives per 1 toe of bio-oil.
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Rice straw 
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Rice Straw 
(BPXC1)

Rice straw 
(BP)(C2)

Leucaena 
■ leucocepphala 

(C2)
■ Base case 0 79 0 78 0 81 0 80 0 90
□Alternative-1 0 34 0 33 0 36 0 35 0 44
□Altemative-2 0 15 0 14 0 17 0 15 0 25

F ig u re  4 .2 2  Comparison of the eutrophication (kgPCC—equivalent) generated from 
bio-oil conversion process between the Base case and Alternatives per 1 toe of bio­
oil.
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F ig u re  4 .2 3  Comparison of the human toxicity (kg 1,4-DB equivalent) generated 
from bio-oil conversion process between the Base case and Alternatives per 1 toe of 
bio-oil.

From the four impact categories above, it could be summarized that 
the new design alternatives are more environmental friendly than the base case, 
Alternative-2 has been shown to be the most environmental friendly with the highest 
reduction of all impact categories. The reduction is mainly through the lower energy 
consumption in the upgrading stage.

4.5.3 Environmental Comparison with Other Fuels
The assessments of four impacts categories are made to compare the 

impact of bio-oil production in this study and other fuels. The results of global 
warming potential (GWP), acidification, eutrophication and human toxicity potential 
are displayed in Figure 4.24^4.27, respectively.

Considering the contributions to greenhouse gases (GHG), the use of 
bio-oil can reduce greenhouse gas emissions when compared to PME. The large CO2 

emission of PME comes from steam and power utilization. The GHG emission of 
PME is approximately 2.6 times higher than that of bio-oil in the fuel production 
phase. The bioethanol from cassava produces higher GWP than the bio-oil, except 
bio-oil production from leucaena leucocephala. When comparing with petroleum
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fuels, the result shows that GHG emissions in the fuel production phase of bio-oil for
Case 1 are shown to be slightly higher.
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Gasoline
3

Crude oil (North SeaJ 
PME

Bioethanol from cassava 

Bio-oil from leucaena leucocepphala (C2) 

Bio-oil from rice straw (BP)(C2) 

Bio-oil from rice straw (BP)(C1) 

Bio-oil from rice straw (พ)(C2) 

Bio-oil from rice straw (พ;(C1 )

.. . ..............1 604
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------------] 820
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F ig u re  4 .2 4  Comparison of GWP from bio-oil conversion process (Alternative 2) 
between conventional fuels and biofuels based on 1 toe of fuels production.

Regarding acidification results shown in Figure 4.25, bioethanol from 
cassava shows the highest impact which this is due to burning coal in the bioethanol 
conversion stage. Bio-oil has lower impact than PME because the less use of N- 
fertilizer and the allocation in rice cultivation stage resulting in lower ammonium 
emission than palm oil plantation. When comparing to petroleum fuels, the 
contributions from bio-oil are lower than diesel and gasoline but still higher than raw 
crude oil.
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Diesel 
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PME

Bioethanol from cassava 
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Bio-oil from rice straw (พ !(C2) 
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ว 3.40 
u  3.50
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F ig u r e  4 .2 5  Comparison of AP from bio-oil conversion process (Alternative-2) 
between conventional fuels and biofuels based on 1 toe of fuels production.

The comparison of eutrophication potential is described in Figure 
4.26. In most cases, the impact of eutrophication emissions can be attributed directly 
to the agricultural production process. Therefore, the production of raw materials 
such as palm oil for PME and cassava for bioethanol could contribute to this issue. 
According to our results, there is almost no contribution from agricultural activities, 
because there was no agricultural waste or emission produced from rice straw for 
waste case and leucaena leucocepphala plantation. For rice straw as a by-product 
case, the result shows slightly higher impact but still lower than petroleum fuels.
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Gasoline E3 0.33 

Crude oil (North Sea)3 p  0.29

Bioethanol from cassava 4.98

Bio-oil from leucaena leucocepphala (C2) p  0.25 

Bio-oil from rice straw (BP)(C2) b 0.15 

Bio-oil from rice straw (BP)(C1) ปิ 0.17 

Bio-oil from rice straw (พ)(C2) ปิ 0.14 

Bio-oil from rice straw (พ)(C1) B 0.15
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1. Papong and Malakul, 2010 2. Papong et al., 2010, 3. Simapro data base. 4. PTTRIT

F ig u re  4 .2 6  Comparison of EP from bio-oil conversion process (Alternative-2) 
between conventional fuels and biofuels based on 1 toe of fuels production.

From to Figure 4.27, it can be seen that almost all human toxicity 
impact in our study comes from steam combustion in the upgrading stage. In this 
category, the result does show environmental benefits when compares with PME and 
bioethanol, however, it presents a large advantage when compares with diesel and 
gasoline.
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F ig u re  4 .2 7  Comparison of HTP from bio-oil conversion process (Alternative-2) 
between conventional fuels and biofuels based on 1 toe of fuels production.
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