
CHAPTER III 
PROCEDURE SECTION

3.1 Process Selection

In this work, catalytic reforming plant was chosen as basis process. It is 
because reformate is an important component contained in gasoline pool, the second 
highest component used in oil blending. However, this process also produces the 
hazard substances, benzene (carcinogenic compound) and carbon dioxide (global 
warming substance). Thereby, a proper process design and a good financial and 
environmental management are necessary.

3.2 Design Variables

Actually, the new designed process flow sheet of this work almost looked 
like that commercial process flow sheet but the new different heat integration 
networks would be created.

This work concentrated in studying to find:
1 ) what capacity of plant
2 ) what operating temperature at reactor
3) what type of heat exchanger network
are suitable by means of both financial and environmental risk management. 

Three capacities of plant, two types of operating temperatures, and two types of heat 
exchanger networks (3*2*2 = 12 design), were set to examine which design will be 
an optimum one.
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Table 3.1 Effects of design parameters on finance and environment

Design variable Parameters Consequent Results

Plant Capacity Different plant capacities make many particular 
profits relying on the future Thai economic 
condition. Moreover, the harmful emitted chemicals 
are varied depending on rate of production.

Reactor Temperature Various temperatures may not only lead to specific 
benzene and carbon dioxide amounts produced but 
also cause each unique utility cost and different 
revenues from dissimilar yields of products.

Heat Exchanger Network On account of many definite designed networks, a 
variety of heat exchanger costs, utility cost and 
global warming impacts certainly appear.

3.3 Variable Setting

3.3.1 Capacity
They were set by considering past reformate demand and supply in 

Thailand and making trend lines to find opportunity of setting up a new plant. Then, 
the possible three plant capacities were chosen, regarding the existed plant capacity 
in Thailand. This process is built for serving its product for only blending in gasoline 
to improve octane number. So, the gasoline demand and supply data can be used to 
calculate both of reformate; usually gasoline pool consists 35% reformate.
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Table 3.2 Gasoline demand and supply of Thailand. (Petroleum Institute of 
Thailand, 2004)

Year supplies demands d -s
1996 137 119 -18
1997 160 127 -33
1998 149 124 -25
1999 149 1 2 1 -28
2 0 0 0 138 117 - 2 1
2 0 0 1 143 118 -25
2 0 0 2 142 126 -16
2003 168 133 -35
2004 168 140 -28
2005 168 147 - 2 1
2006 168 156 - 1 2
2007 168 165 -3
2008 168 174 6

Table 3.3 Existing reforming unit capacities in Thailand. (Petroleum Institute of 
Thailand, 2004)

Refinery Capacities
(kbd)

Licensor Start up year

Thai oil 50.0 UOP 1992/1993

Rayong Refinery 28.0 SIPM 1995

Esso Refinery 30.0 UOP 1997/1993

BangChak Refinery 14.5 Engelhard 1989/1993

Star petroleum 17.5 UOP 1996

In this work, processes, having 14,20,26 kbd plant capacity, were chosen in studying.
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3 .3 .2  R e a c t o r  O p e r a t in g  T e m p e r a tu r e
G e n e r a l ly ,  t e m p e r a tu r e  is  r e g a r d e d  a s  t h e  o n e  o f  im p o r ta n t  fa c to r s  fo r  

a n y  r e f o r m in g  u n it .  T y p ic a l ly ,  fo u r  r e a c to r s  h a v e  t o  b e  u s e d  t o  c o m p l e t e  a ll  r e a c t io n s  

a n d  e a c h  o n e  h a s  d i f f e r e n t  p a r t ic u la r  t e m p e r a tu r e  v a lu e s .  S o ,  W A I T  ( W e ig h t e d  

A v e r a g e  I n le t  T e m p e r a tu r e )  w a s  in tr o d u c e d  t o  r e p r e s e n t  o v e r a l l  te m p e r a tu r e s .  
C u s t o m a r i ly ,  W A I T  i s  a r o u n d  440-520 ๐c. F o r  th is  w o r k ,  t e m p e r a tu r e s  o f  r e a c to r s  

w e r e  s e t  a t 495 ๐c  a n d  501 °c.

3 .3 .3  T y p e  o f  H e a t  E x c h a n g e r  N e t w o r k
F ir s t  h e a t  e x c h a n g e r  n e t w o r k  w a s  c o n s t r u c t e d  f r o m  “ P in c h  A n a l y s i s  

T h e o r y ” a n d  th e  o th e r  w a s  e s t a b l i s h e d  b y  “ R e d u c in g  l o o p  o f  n e t w o r k ” . In  t h is  w o r k ,  
ATmin =  10 °c w a s  u s e d  in  d e s i g n i n g  n e tw o r k .

3.4 Process Simulation and Design

F o r  f in d in g  th e  d e s ig n ,  t h e  p la n t , h a v in g  2 0  k b d  o f  c a p a c i t y ,  w a s  u s e d  a s  a  

b a s i s  in  c a lc u la t io n .  In  a d d it io n ,  t w o  o p e r a t in g  te m p e r a tu r e s ,  4 9 5  ๐c  a n d  5 0 1  ๐c ,  

w e r e  a ls o  s e t  a s  a d d it io n a l  b a s i s  t o  s e e  th e  a d v a n t a g e  o f  e a c h  o n e .

3 .4 .1  R e a c t io n  P art
In  th is  p a rt, P o ly m a t h  w a s  u s e d  a s  a  t o o l  to  s o l v e  th e  k in e t ic  r e a c t io n s .  

H o w e v e r  b e f o r e  r e a c h in g  th a t  s t e p , a l l  r e f o r m in g  r e a c t io n s  h a d  t o  b e  c r e a te d . A f te r  

th a t , t h o s e  b a s i s  te m p e r a tu r e s  w e r e  in tr o d u c e d  in  to  a  m o d e l  to  c a lc u la t e  r e a c to r  

o u tp u t  o f  2 0  k b d  p la n t , b a s i s  fo r  c a lc u la t io n .  C o n s e q u e n t ly ,  th e  b e n z e n e ,  p r o d u c t  a n d  

b y -p r o d u c t  a m o u n t s  o f  e a c h  te m p e r a tu r e  w o u ld  a p p e a r .
T h e  k in e t ic  m o d e l s  fo r  c a t a ly t ic  r e f o r m in g  w e r e  f ir s t  p r o p o s e d  b y  

K r a n e  et al. ( 1 9 5 9 ) .  T h e n  th e  im p o r ta n t  im p r o v e m e n t  o f  m o d e l  w a s  c a r r ie d  o u t  b y  

J e n k in s  a n d  S t e p h e n  ( 1 9 8 0 )  a n d  A n c h e y t a - J u a r e z  &  A n g u i la r - R o d r ig u e z  ( 1 9 9 4 ) .  
T h e y  a d d e d  a n  c o r r e la t io n  fo r  K r a n e ‘s  m o d e l s .  T h u s ,  th e  g e n e r a l  fo r m  o f  e q u a t io n s  

is:
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d N

rf(A )
— = -k.N. ( 3 .1 )

* . = * " ' ( ^ ) “' e Xp [ A ( - L - I ) l ( 3 .2 )

w h e r e  A c i s  th e  a c t iv i t y  o f  th e  c a t a ly s t  fo r  p a r t ic u la r  r e a c t io n  a n d  พ  is  th e  s p a c e  

v e l o c i t y .  T h e  kj i s  th e  c o r r e c te d  ra te  c o n s t a n t ,  k°i i s  th e  o r ig in a l  r a te  c o n s t a n t  g iv e n  b y  

K r a n e  a t th e  p r e s s u r e  o f  2 1  b a r , p  is  th e  s y s t e m  p r e s s u r e  in  th e  b a r , a n d  a  is  th e  

c o r r e c t io n  c o e f f i c i e n t .  I f  th e  p r e s s u r e  is  e x p r e s s e d  in  p s i g s ,  th e  r a t io  w i t h in  th e  

b r a c k e t  b e c o m e s  ( p /3 0 0 ) .  To i s  th e  r e f e r e n c e  te m p e r a tu r e  a n d  T  is  th e  te m p e r a tu r e  

c o r r e s p o n d in g  t o  th e  c o n s t a n t  kj.
T h e  r e c o m m e n d  v a lu e s  o f  th e  o r ig in a l  ra te  c o n s t a n t s  (k ° )  w e r e  g iv e n  

in  T a b le  3 .4 .  B e s i d e s ,  th e  v a lu e s  fo r  th e  e x p o n e n t  a  s u g g e s t e d  b y  J e n k in s  fo r  

d if f e r e n t  r e a c t io n  t y p e s  w e r e  s h o w n  in  T a b le  3 .5 .  T h e  v a lu e  fo r  th e  a c t iv a t io n  

e n e r g ie s  E j  o f  th e  v a r io u s  r e a c t io n s  w e r e  t a k e n  f r o m  H e n n in g e n  ( 1 9 7 0 )  ( s e e  T a b le  

3 .6 ) .

T a b le  3 .4  R e a c t io n  o r ig in a l  r a te  c o n s t a n t s  (k ° )  fo r  th e  c a l c u l a f o n  o f  c a t a ly t ic  

r e fo r m in g  k in e t ic  b y  th e  m e t h o d  o f  K r a n e  et al.

R e a c t io n k * 1 0 2 R e a c t io n k * 1 0 2

p  10— N io 2 .5 4 A 10—► A 7 0 . 0 0
P io —>• P 9 +  P i 0 .4 9 p 9- +  n 9 1 .8 1
p  10—  ̂ p 8 + 0 .6 3 P 9—♦  p 8 +  P i 0 .3 0
p  10— p  7 +  p  3 0 .8 9 p 9—> P 7 +  P t 0 .3 9
p  10— p  6 +  p  4 1 .0 9 P 9—► Pô +  p  3 0 .6 8
p  10 * 2 P s 1 .2 4 p 9—> P 5 +  P 4 0 .5 5
N i o —> N 9 0 .5 4 n 9- ^  p 9 0 .5 4
N i o —> p  10 1 .3 4 n 9- ^  n 8 1 .2 7
N io —> N s 1 .3 4 N 9- + N 7 1 .2 7
N i o —► N 7 0 .8 0 n 9—* a 9 2 4 .5 0
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Table 3.4 ( C o n t in u e )

R e a c t io n k * 1 0 2 R e a c t io n k * 1 0 2

A io —* P io 0 .1 6 A 9—►  A g 0 .0 5
A io —► A 9 0 .0 6 A 9—» A  7 0 .0 5
A io —> A g 0 .0 6 p 8-  N g 1 .3 3
Pg—* P 7 +  P i 0 .1 9 N 7- >  p 7 0 . 2 0
p 8 * Pô +  P 2 0 .2 5 n 7- +  a 7 9 .0 3
P 8 * P 5 +  P 3 0 .4 3 a 7^  p 7 0 .1 6
P 7-  2 P 4 0 .3 5 P ô -  n 6 0 . 0 0
N g - +  p 8 0 .4 7 P ô -  P 5 +  P 1 0 .1 4
N g ^  N 7 0 .0 9 P ô—  P 4 +  P 2 0 .1 8
N g —>• A g 2 1 .5 0 P ô -  2 P 3 0 .2 7
A 8—* Pg 0 .1 6 N 6-  P ô 1 .4 8
A 8—>• A 7 0 . 0 1 n 6-  A ô 4 .0 2
P 7-  N v 0 .5 8 A ô -  N ô 0 .4 5
P 7-  Pô +  P . 0 .1 4 p 5-  P 4 +  P 1 0 . 1 2
P 7—> P 5 +  ? 2 0 .1 8 p 5-  P 3 +  p 2 0 .1 5
P 7-  P 4 +  p 3 0 .3 9

w h e r e  A  -  a r o m a t ic s ,  N  -  c y c l o a l k a n e s ,  p  -  a lk a n e s ;  th e  s u b s c r ip t s  r e p r e s e n t  th e  

n u m b e r  o f  c a r b o n  a t o m s  in  m o le c u le .

Table 3 .5  T h e  c o r r e c t io n  e x p o n e n t  c o e f f i c i e n t  ( a )

R e a c t io n  T y p e a

D e h y d r o c y c l iz a t io n - 0 .7 0 0
H y d r o c r a c k in g 0 .4 3 3
H y d r o d e a lk y la t io n 0 .0 5 0
D e h y d r o g e n a t io n 0 .0 0 0
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Table 3.6 V a lu e  fo r  th e  p a r a m e te r s :  ra te  c o n s t a n t s ,  p r e - e x p o n e n t ia l  fa c to r s ,  

a c t iv a t io n  e n e r g ie s ,  h e a t  o f  r e a c t io n

R e a c t io n
A c t iv a t io n  
e n e r g y ,  E , 
k c a l /m o l

H e a t  o f  
r e a c t io n ,  A H , 
k c a l /m o l

N P  —» c 5 5 .0 - 1 2 .0
N P  - »  A C H 4 5 .0 + 1 0 .0
N P —> IP 4 0 .0 0 .0 0
N P —►  A C P 4 5 .0 + 1 0 .0
I P ^ C 5 5 .0 - 1 2 .0
I P - »  N P 4 0 .0 0 .0 0
I P - »  A C H 4 5 .0 + 1 0 .0
I P - »  A C P 4 5 .0 + 1 0 0
A C H  - »  N P 4 5 .0 - 1 0 .0
A C H  - *  IP 4 5 .0 - 1 0 .0
A C H  - »  A C P 4 0 .0 0 .0 0
A C H  - »  A R 3 0 .0 + 5 0 .0
A C H  - »  N P 4 5 .0 - 1 0 .0
A C H  - »  IP 4 5 .0 - 1 0 .0
A C H  - »  A C P 4 0 .0 0 .0 0

w h e r e :
N P  =  n o r m a l  p a r a f f in  ( n - a lk a n e s )  

c  =  h y d r o c r a c k in g  p r o d u c ts  

IP  =  i s o - p a r a f f in s  ( i - a lk a n e s )  

A C H  =  a lk y l - c y c lo h e x a n e s  

A C P  =  a lk y l - c y c lo p e n t a n e s  

A R  =  a r o m a t ic

3 .4 .2  S e p a r a t io n  P art
In  th is  p a rt, th e  s e p a r a t io n  p r o c e s s  w a s  f o u n d e d  in  P R O I I . T h e  r e a c to r  

o u tp u t  s tr e a m  w a s  th e  s e p a r a t io n  p a r t in p u t. T h e n  it  c o u ld  b e  f o u n d  th e  b e n z e n e ,  
p r o d u c t  a n d  b y - p r o d u c t  a m o u n t s  o f  e a c h  b a s i s  te m p e r a tu r e .

H o w e v e r ,  t h o s e  a m o u n ts  a re  n e a r ly  s im i la r  to  q u a n t ity  c o m in g  fr o m  

r e a c t io n  p art. S o ,  th e  b e n z e n e ,  p r o d u c t  a n d  b y - p r o d u c t  a m o u n t s  c o u ld  b e  o b ta in e d  

fr o m  o u tp u t  o f  r e a c t io n  e q u a t io n s  in  th e  p r e v io u s  p h a s e .
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3 .4 .3  H e a t  E x c h a n g e r  D e s i g n
F r o m  th e  p r e v io u s  s t e p , th e  r e q u ir e d  e n e r g y  o f  e a c h  s tr e a m  w a s  

k n o w n  t o o .  T h e r e f o r e ,  P R O I I  c o u ld  h a n d le  h e a t  e x c h a n g e r  n e t w o r k s ,  b o th  p in c h  

n e t w o r k  a n d  p r a c t ic a l  n e t w o r k ,  o f  e a c h  b a s i s  t e m p e r a tu r e .

3.5 Data

3 .5 .1  F in a n c ia l  D a ta
3.5.1.1 Equipm ent C ost

O n c e  o b t a in in g  e a c h  d e s i g n  s tr u c tu r e , t h e  e q u ip m e n t  c o s t s  

w e r e  g a in e d ,  b a s e d  o n  p r ic e s  fr o m  S e id e r  et al. ( 1 9 9 8 ) .
S in c e  th e  b a s i s  p r o c e s s  w a s  s e t  a t c a p a c i t y  o f  2 0  k b d , 

e q u ip m e n t  c o s t s  o f  o th e r  d i f f e r e n t  c a p a c i t y  p la n t s  c o u l d  b e  c a r r ie d  o u t  b y  r e ly in g  o n  

th e  g r o u n d  o f  e c o n o m y  o f  s c a le .  T h e  a lg o r i t h m  w a s  d e p ic t e d  in  E q u a t io n  3 .3 .

c ,

/  \  0.6 r P C 1 A
PC.2 y

( 3 .3 )

w h e r e  c  =  e q u ip m e n t  c o s t ,  P C  =  p la n t  c a p a c i ty .
3.5.1.2 Raw material, Fuel o il Usage a n d  B y-product Production

F r o m  s im u la t in g  p la n t  a t  2 0  k b d , it  o b t a in e d  o n e  p a r t ic u la r  

r a w  m a te r ia l ,  p r o d u c t ,  a n d  b y -p r o d u c t  ra te . In  a d d it io n ,  f u e l  o i l  a n d  w a te r  d e m a n d s  

w e r e  k n o w n  fo r  in d iv id u a l  h e a t  in te g r a t io n  ty p e .  O n  th a t  g r o u n d , it  w a s  u s e d  to  

c a lc u la t e  s o  th a t  in fo r m a t io n  o f  o th e r  p r o d u c t io n  r a te s  b y  E q u a t io n  3 .4  w a s  o b ta in e d .  
B e s i d e s ,  in  T a b le  3 .7 ,  it a ls o  s h o w s  th e  a ll  c h e m ic a l  s u b s t a n c e s  in c o r p o r a te d  in  th e  

p r o c e s s .

f  P R X ^ f  ไ f  F O x ไ ( พ 1] f  BPX ไ

[ ™ 2  ) [ r m  2 } [ f o  2 ) พ 2)
( 3 .4 )
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Table 3 .7  R e la t e d  c h e m ic a l  s u b s t a n c e s  in  p r o c e s s

where PR = production rate, RM = raw material, BP = by-product, FO = fuel oil, พ
= water.

C h e m ic a l  T y p e C h e m ic a l  S u b s t a n c e s

R a w  m a te r ia l N a p h t h a

P r o d u c t R e f o r m a t e

B y - p r o d u c t s H y d r o g e n ,  L P G

E x te r n a l U t i l i t i e s F u e l  o i l ,  W a te r

3.5.1.3 Prices o f  M ateria l
P r ic e s  o f  u s e d  a n d  p r o d u c e d  c o m m o d i t i e s ,  s u c h  a s  r a w  

m a te r ia l ,  p r o d u c t ,  b y -p r o d u c t s  a n d  e x te r n a l  u t i l i t i e s ,  in  p la n t  o p e r a t in g  y e a r  w e r e  

c a lc u la t e d  b y  c r e a t in g  th e  tren d  l in e  fr o m  d a ta  in  th e  p a s t  o f  T h a ila n d .

3 .5 .2  E n v ir o n m e n t a l  D a ta
In  th is  s tu d y , o v e r a l l  a m o u n t  o f  h a z a r d o u s  s u b s t a n c e ,  p r o d u c e d  f r o m  

e a c h  d e s ig n ,  is  r e g a r d e d  a s  e n v ir o n m e n t a l  im p a c t  fo r  e a c h  d e s ig n .
3 .5 .2 .1 Benzene A m ount

A c c o r d in g  to  th e  e x i t in g  k in e t ic  m o d e l ,  th e  o c c u r r e d  b e n z e n e  

q u a n t ity  o f  e a c h  b a s i s  d e s ig n  w a s  k n o w n .
S in c e  te m p e r a tu r e  is  th e  k e y  fa c to r  th a t  m a k e s  d i f f e r e n t  

a m o u n t  o f  p r o d u c e d  b e n z e n e .  T h e r e b y ,  th e  b e n z e n e  a m o u n t  f r o m  b o th  4 9 5  °c a n d  

5 0 1  °c p r o c e s s  w e r e  u s e d  in  c a lc u la t in g  o th e r  p r o d u c t io n  r a te s , fu r th e r  th a n  o n l y  2 0  

k b d . T h a t  a lg o r i t h m  w a s  s h o w n  in  b e lo w  e q u a t io n .

f  B Z X ไ r P R \ ไ
V B Z 2 , V P R 2 y

( 3 .5 )
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w h e r e  B Z  =  b e n z e n e  a m o u n t ,  P R  =  p r o d u c t io n  ra te .
3.5.2.2 C arbon dioxide A m ount

N o r m a l ly ,  th e  g e n e r a t e d  c a r b o n  d i o x id e  o f  t h is  p la n t  c o m e s  

fr o m  t w o  s o u r c e s ,  th e  c o k e  b u r n in g  in  r e g e n e r a t io n  c y c l e  a n d  t h e  f u e l  u s a g e  to  s u p p ly  

th e  r e q u ir e d  e n e r g y  o f  p la n t .
A s  fo r  th e  c o k e  b u r n in g  s o u r c e ,  it  p r o d u c e s  j u s t  o n ly  l i t t le  

c a r b o n  d i o x id e  a m o u n t  w h e n  c o m p a r in g  w i t h  th e  o th e r  s o u r c e .  I ts  c a r b o n  d io x id e  

p r o d u c t io n  ra te  a ls o  d e p e n d s  o n  th e  r e a c t in g  te m p e r a tu r e  ( A p p e n d i x  E ) . In  th e  c a s e  

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

u t i l i t y  -  w e r e  r e v e a le d  fo r  in d iv id u a l  o n e .  T h a t  w a s  d o n e  b y  c o n v e r t in g  r e q u ir e d  

e x te r n a l  h o t  e n e r g y  to  f o r m e d  c a r b o n  d i o x id e  r e ly in g  o n  p r o p e r ty  o f  h e a t in g  f u e l ,  f u e l  

o i l ,  in  T a b le  3 .8 .

Table 3.8 F u e l  o i l  p r o p e r t ie s

F u e l  o i l  p r o p e r t ie s V a lu e

H e a t in g  v a lu e  (k j /g a l ) 1 6 0 ,0 0 0

C a r b o n  d io x id e  e m i s s i o n  ( k g /k l ) 3 ,0 2 5

A s  th e  s a m e  id e a  o f  p r e v io u s  t o p ic s ,  c a r b o n  d io x id e  

o c c u r r e n c e  c o u ld  b e  s e t  a s  a  r a tio  to  a  p r o d u c t io n  ra te  a s  s h o w i n g  in  b e l o w  e q u a t io n .

( CD1 ไ { PR' 1[ c D  2) V ^ 2  y
( 3 .6 )

w h e r e  C D  =  c a r b o n  d io x id e  a m o u n t ,  P R  =  p r o d u c t io n  ra te .
3.5.2.3 Environm ental Im pact

T o  f in d  o v e r a l l  e n v ir o n m e n t a l  im p a c t ,  a m o u n t  o f  c a r b o n  

d io x id e  a n d  b e n z e n e  a re  c o m b in e d  to  b e  r e p r e s e n t a t iv e  im p a c t  fo r  e a c h  d e s ig n .  In
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Environm ental im pact  =  3 .5  * b e n z e n e  a m o u n t  +  c a r b o n  d i o x id e  a m o u n t  ( 3 .7 )

3 .5 .3  U n c e r ta in ty
In  th is  w o r k , th e  s ta n d a r d  d e v ia t io n  w a s  u s e d  to  r e p r e s e n t  u n c e r t a in ty  

o f  in fo r m a t io n . G e n e r a l ly ,  th e r e  a re  th r e e  m a in  s o u r c e s  o f  u n c e r t a in t ie s :  f r o m  th e  

e c o n o m i c  d a ta  in  th e  p a s t , c a lc u la t io n  m e t h o d  a n d  f r o m  th e  v a lu e s  c a lc u la t e d  in  d a ta  

s e c t io n .
In  c a s e  o f  th e  e c o n o m i c  d a ta , th e  s ta n d a r d  d e v i a t i o n s ,  fo r  n o r m a l  

d is tr ib u t io n , w e r e  d ir e c t ly  f ig u r e d  fr o m  it s  o w n  p a s t  d a ta . A s  fo r  c a lc u la t io n  m e t h o d ,  
th e  u n ifo r m  r a n d o m  d is t r ib u t io n  w a s  u s e d  to  r e p r e s e n t  th e  u n c e r t a in t ie s  o f  th e  

c a lc u la t e d  v a lu e s .  T h e  d e v ia t io n s  o f  c a lc u la t e d  f in a n c ia l  v a lu e s  w e r e  s e t  to  b e  ± 2 5 %  

a c c o r d in g  to  P e te r s  a n d  T im m e r h a u s  ( 1 9 9 1 ) .  B e s i d e s  fo r  th e  e n v ir o n m e n t a l  p r o s p e c t ,  
th e  e n v ir o n m e n t a l  im p a c t  w a s  a ls o  s e t  to  h a v e  ± 2 0 %  u n c e r t a in ty .  F in a l ly ,  in  th is  

s t u d y ,  v a lu e s  in  d a ta  s e c t io n  w e r e  a s s u m e d  to  h a v e  n o  u n c e r tล in t i e s ,  d u e  to  la c k  o f  

e v a lu a t in g  a p p r o a c h  a n d  s im p l i f i c a t io n .

3.6 Financial and Environmental Impact Evaluations under Uncertainties

In  o r d e r  to  a p p ly  th e  u n c e r t a in t ie s  in to  th e  e v a lu a t io n  s t e p ,  G A M S  p r o g r a m  

w a s  u s e d  a s  a n  a s s i s t a n t  t o o l  in  th is  p h a s e .  T h e  r is k  c u r v e s  o f  b o th  f in a n c e  a n d  

e n v ir o n m e n t  w e r e  a b le  to  b e  c r e a te d . M o r e o v e r ,  e x p e c t e d  v a lu e s  o f  p r o f it  a n d  

e n v ir o n m e n t a l  im p a c t s  w e r e  a ls o  a c q u ir e d  th r o u g h  th e  l i f e  c y c l e  o f  th e  p la n t s .
F in a n c ia l  e v a lu a t io n  c o u ld  b e  d o n e  b y  f in d in g  th e  n e t  p r e s e n t  e x p e c t e d  

p r o f it ,  a v e r a g e  p r o f it ,  o f  e a c h  d e s ig n .  T o  e v a lu a t e  t h e  n e t  p r e s e n t  ( N P V )  o f  e a c h  

d e s ig n ,  i t s  c a s h  f l o w  w a s  c o m p u t e d  in  e a c h  y e a r  o f  th e  p r o j e c t e d  l i f e  o f  th e  p la n t .  
T h e n , b y  th e  in te r e s t  r a te  ( t y p ic a l ly  1 5 %  fo r  m o s t  c o m p a n y  m a n a g e m e n t ) ,  e a c h  c a s h  

f l o w  w a s  d i s c o u n t e d  to  i t s  p r e s e n t  w o r th . T h e  s u m  o f  a ll  d i s c o u n t e d  c a s h  f l o w  w a s  

th e  n e t  p r e s e n t  v a lu e s .

this work, benzene was valued to have 3.5 times impact greater than carbon dioxide,
due to higher concern in the carcinogenic hazardous effect. Hence, the formula of
environmental impact evaluation could be derived as in Equation 3.7.
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E n v ir o n m e n t a l  im p a c t  c a n  b e  c o n s id e r e d  f r o m  th e  a m o u n t  o f  h a z a r d o u s  

s u b s t a n c e s  o c c u r r e n c e  o v e r  th r o u g h  th e  p la n t  o p e r a t in g  y e a r s .

3.7 Multi-objective Optimization

O n e  o f  th e  p o p u la r  m e t h o d s  fo r  m u l t i - o b j e c t iv e  o p t im iz a t io n  i s  th e  

s u m m a t io n  o f  w e i g h t e d  o b j e c t iv e  f u n c t io n s  m e t h o d .  T h e  id e a  o f  th is  m e t h o d  i s  to  

m a x im i z e  a  c o n v e x  c o m b in a t io n  o f  o b j e c t i v e s  a n d  th e r e fo r e  to  c o n v e r t  th e  m u l t i ­
o b j e c t iv e  p r o b le m  to  a  s in g le  o b j e c t iv e  f u n c t io n ;  fo r  th a t  g r o u n d , i t  w a s  c h o s e n  to  b e  

a  t o o l  in  s e l e c t i n g  th e  c o m p r o m is e  d e s ig n  b e t w e e n  t w o  c o n f l i c t  o b j e c t i v e s ,  p r o f it  (P )  

a n d  e n v ir o n m e n t a l  im p a c t  ( E l )  in  th is  w o r k . A p p l y i n g  th e  c o m p r o m is e  p r o g r a m m in g  

a p p r o a c h , t h e  t w o - o b j e c t i v e  o p t im iz a t io n  p r o b le m  w a s  e x p r e s s e d  b y  E q u a t io n  3 .8 .

M a x  C O  = a

c  P - P L

\ p u - p ‘  )

- 0 - a ) '  E l - E l 1 Y  

k E I U  -  E l ' ,
( 3 .8 )

w h e r e  p  i s  p r o f i t  v a lu e  o f  e a c h  d e s ig n ,  E l  i s  th e  e n v ir o n m e n t a l  im p a c t  v a lu e  o f  e a c h  

d e s ig n ,  p u =  m a x  p ,  P L =  m in  p ,  E I U =  m a x  E l ,  E l 1' =  m in  E l ,  i i s  a  d e s ig n  t y p e ,  

0 < a < l  a n d  a  i s  th e  p a r a m e tr ic  w e i g h t i n g  f u n c t io n  o f  p r o f it .
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