
CHAPTER II
BACKGROUND AND LITERATURE SURVEY

2.1 Background

2.1.1 Basic Elements o f Multi-objective Optimization
The basic theory o f basic multi-objective optimization is briefly 

discussed by classifying into each below category (Rodera, Bagajewicz and Trafails, 
2 0 0 2 ).

2 .1.1.1 Form ulation  o f  M ulti-objective O ptim ization
When there are q objectives to be optimized simultaneously 

with ท constrained function, the mathematical problem can be formulated as follows

maxzi = fi(x) l= l ,2 , . . . ,q  (2.1)
subject to

gi(x)<ai i = l,2 ,...,n  (2.2)

where z is the objective value, f(x) is the objective function, and g(x) is the 
constrained function and X  is a vector o f ท  nonnegative real numbers.

2.1.1.2 O ptim al a n d  E fficient Points
In the classical sense, a maximum (optimal) solution is the 

one that attains the maximum value o f all o f the objectives concurrently. The point 
X *  is optimal for the problem defined if  and only if  X *  e ร and fi(x*) > f|(x) for all 1 
and for all X  e ร, where ร is the feasible region. Thus, generally, there is no optimal 
solution to a multi-objective optimization problem. Therefore, it can be satisfied with 
obtaining only the efficient solutions.

An efficient solution, also called a noninferior or Pareto 
optimal solution, is one in which no increase can be attained in any o f the objectives 
without causing a simultaneous decrease in at least one o f the objectives. The 
solution X *  is efficient for the problem defined if and only if there exists no X  in ร 
such that fi(x) > f](x*) for all 1 and fi(x) > f|(x*) for at least one 1.
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2.1.1.3 A sp iration  Levels
O b j e c t iv e  f u n c t io n  v a lu e s ,  w h i c h  a re  s a t is f a c t o r y  o r  d e s ir a b le  

to  th e  d e c i s i o n  m a k e r , a re  c a l le d  a s p ir a t io n  l e v e l s  a n d  t h e y  a r e  d e n o t e d  b y  z b i =  1, 

. . . ,  p . T h e  v e c t o r  Zj G R p c o n s i s t in g  o f  a s p ir a t io n  l e v e l s  i s  c a l le d  a  r e f e r e n c e  p o in t .

2.1.1 .4  Ranges o f  the P areto Set
F o r  th is  s t e p ,  th e  r a n g e s  o f  th e  s e t  o f  P a r e to  o p t im a l  s o lu t io n s  

a re  in v e s t ig a t e d .  It a s s u m e s  th a t  th e  o b j e c t iv e  f u n c t io n s  a re  b o u n d e d  o v e r  th e  f e a s ib le  

r e g io n  ร . A n  o b j e c t iv e  v e c t o r  m a x im i z i n g  e a c h  o f  th e  o b j e c t i v e  f u n c t io n s  i s  c a l le d  a n  

id e a l  (o r  p e r f e c t )  o b j e c t iv e  v e c t o r  z * .  T h e  c o m p o n e n t s  o f  th e  id e a l  o b j e c t iv e  v e c t o r  

z *  a re  o b t a in e d  b y  s o l v i n g  th e  f o l l o w i n g  p  p r o b le m s

m a x  f i (x ) ( 2 .3 )
s u b j e c t  to

X G ร  fo r  1 =  l , . . . , p ( 2 .4 )

U s u a l ly ,  t h e  id e a l  o b j e c t iv e  v e c t o r  i s  n o t  f e a s i b l e  b e c a u s e  

th e r e  a re  s o m e  c o n f l i c t s  a m o n g  th e  o b j e c t iv e s .  E v e n  t h o u g h ,  i t  c a n  b e  c o n s id e r e d  a  

r e f e r e n c e  p o in t .  In  p r a c t ic e ,  e s p e c ia l l y ,  in  th e  c a s e  o f  n o n c o n v e x  p r o b le m s ,  th e  

d e f in i t io n  o f  th e  id e a l  v e c t o r  a s s u m e s  th a t  w e  k n o w  th e  g lo b a l  m in im a  o f  th e  

in d iv id u a l  o b j e c t iv e  f u n c t io n s ,  w h i c h  i s  n o t  th a t  s im p le .
T h e  lo w e r  b o u n d  v e c t o r  o f  th e  P a r e to  o p t im a l  s e t  is  t h e  s o -  

c a l le d  n a d ir  o b j e c t iv e  v e c t o r ,  w h ic h  c a n  b e  e s t im a t e d  f r o m  a  p a y o f f  ta b le .
2.1.1.5 Point-estim ate W eighed-sum s A pproach

N e x t ,  w e  d e f in e  th e  p^ p r o b le m  a n d  d e s c r ib e  th e  s o - c a l l e d  

p o in t - e s t im a t e  w e i g h e d - s u m s  a p p r o a c h . B y  u s in g  t h is  a p p r o a c h , it m u s t  tr a n s fo r m  th e  

o r ig in a l  m u l t i - o b j e c t iv e  o p t im iz a t io n  p r o b le m  in t o  a  s in g le - o b j e c t iv e  p a r a m e tr ic  

o p t im iz a t io n  p r o b le m . T h e  m e t h o d  i s  a s  f o l lo w s :  e a c h  o b j e c t iv e  is  m u l t ip l ie d  b y  a  

s t r ic t ly  p o s i t i v e  s c a la r  A,j. T h e n , th e  p  w e i g h e d  o b j e c t i v e s  a re  s u m m e d  to  fo r m  a  

w e i g h e d - s u m s  o b j e c t iv e  f u n c t io n .  W ith o u t  l o s s  o f  g e n e r a l i t y ,  it  a s s u m e s  th a t  e a c h  

w e i g h i n g  v e c t o r  X G R p is  n o r m a l iz e d  s o  th a t  i t s  c o m p o n e n t s  s u m  to  1. B y  s o lv i n g
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th e  f o l l o w i n g  P x  p r o b le m , o n e  h o p e s  th a t  a n  o p t im a l  s o lu t io n  w i l l  b e  p r o d u c e d .  

T h u s , th e  p  p r o b le m  is

( M O P )  { m a x  ( f i ( x ) , . . . ,  fp (x ) ) ,  s .t . X 6  ร }

<=>

(Px) { m a x  ( A ,i f i ( x ) +  À.2f 2( x ) + . . . +  X p fp (x)), s .t .  X e  ร ,  ’ไ น = 1?พ = 1 , X i  >  0 }  ( 2 .5 )

2.1.1.6 Tchebycheff Method
T h is  t o p ic  is  a n o th e r  a p p r o a c h  th a t  c a n  b e  u s e d  e f f e c t i v e l y  in  

th e  o p t im iz a t io n  p r o b le m  e f f e c t i v e ly .  T h e  T c h e b y c h e f f  m e t h o d  h a s  b e e n  d e s ig n e d  to  

b e  u s e r - f r ie n d ly  fo r  th e  d e c i s i o n  m a k e r . S p e c i f i c a l l y ,  th e  d i s t a n c e  f r o m  th e  id e a l  

o b j e c t iv e  v e c t o r  m e a s u r e d  b y  a  w e i g h e d  T c h e b y c h e f f  m e tr ic  is  m in im iz e d .  D i f f e r e n t  

s o lu t io n s  a re  o b ta in e d  w it h  d i f f e r e n t  w e i g h i n g  v e c t o r s  in  th e  m e tr ic .  T h e  s o lu t io n  

s p a c e  is  r e d u c e d  b y  w o r k in g  w i t h  s e q u e n c e s  o f  s m a l le r  a n d  s m a l le r  s u b s e t s  o f  th e  

w e ig h t in g  v e c t o r  s p a c e s .  T h e  id e a  is  to  d e v e lo p  a  s e q u e n c e  o f  p r o g r e s s iv e ly  s m a lle r  

s u b s e t s  o f  th e  P a r e to  o p t im a l  s e t  u n t i l  th e  b e s t  c o m p r o m is e  s o lu t i o n  is  fo u n d . A t  e a c h  

d if f e r e n t  i t e r a t io n , d if f e r e n t  o b j e c t iv e  v e c t o r s  a re  p r e s e n te d  to  th e  d e c i s i o n  m a k e r ,  
a n d  h e  i s  a s k e d  to  s e l e c t  th e  m o s t  p r e fe r r e d  s o lu t io n .  T h e  f e a s i b l e  r e g io n  i s  r e d u c e d ,  
a n d  n e w  a l t e r n a t iv e s  fr o m  th e  r e d u c e d  s p a c e  a re  p r e s e n te d  to  th e  d e c i s i o n  m a k e r  fo r  

s e l e c t io n .  H o w e v e r ,  th e r e  is  a  d i f f e r e n c e  in  th e  w a y  w e i g h t i n g  v e c t o r s  a re  e m p lo y e d .  

I n s te a d  o f  u s in g  w e i g h t i n g  v e c t o r s  x = {A, e  R p: X i > 0 ,  pZ j= i^ i =  1 }  a s  in  th e  p o in t -  

e s t im a t e  w e i g h e d - s u m s  a p p r o a c h , w e i g h i n g  v e c t o r s  X = {X  €  R p: Xi > 0 ,  pXi=iA,i =  1} 

a r e  u s e d  to  d e f in e  d i f f e r e n t  T c h e b y c h e f f  m e tr ic s .  T h e r e f o r e ,  th e  T c h e b y c h e f f  m e t h o d  

h a s  th e  f o l l o w i n g  a d v a n t a g e s ,  ( a )  It c a n  c o n v e r g e  to  n o n e x t r e m e  o p t im a l  s o lu t io n s  in  

l in e a r  m u l t io b j e c t iv e  o p t im iz a t io n ,  (b )  T h e  m e t h o d  c a n  c o m p u t e  u n s u p p o r te d  a n d  

im p r o p e r ly  n o n d o m in a t e d  c r it e r io n  v e c t o r s .  T h is  m a k e s  th e  m e t h o d  g e n e r a l iz a b le  to  

in te g e r  a n d  n o n l in e a r  m u l t i - o b j e c t iv e  o p t im iz a t io n ,  ( c )  T h e  m e t h o d  u s e s  c o n v e n t io n a l  

s in g le - o b j e c t iv e  m a th e m a t ic a l  p r o g r a m m in g  s o f tw a r e .
2 . 1.1. 7  Two-Stage D ecision M aking  Stochastic  M odels

T h e  t w o - s t a g e  s t o c h a s t ic  p r o g r a m m in g  p r o b le m s  ( D a n t z ig ,  
1 9 5 5 ;  B e a l e ,  1 9 5 5 )  a re  c h a r a c te r iz e d  b y  t w o  e s s e n t ia l  fe a tu r e s :  th e  u n c e r t a in ty  in  th e
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p r o b le m  d a ta  a n d  th e  s e q u e n c e  o f  d e c i s i o n s .  S o m e  o f  th e  m o d e l  p a r a m e te r s  a re  

c o n s id e r e d  r a n d o m  v a r ia b le s  w i t h  a  c e r ta in  p r o b a b i l i t y  d is t r ib u t io n . In  tu rn , s o m e  

d e c i s i o n s  a re  ta k e n  a t t h e  p la n n in g  s t a g e ,  th a t  i s ,  b e f o r e  th e  u n c e r t a in ty  i s  r e v e a le d ,  
w h i l e  a  n u m b e r  o f  o th e r  d e c i s i o n s  c a n  o n l y  b e  m a d e  a f te r  th e  u n c e r t a in  d a ta  

b e c o m e s  k n o w n .  T h e  f ir s t  c l a s s  o f  d e c i s i o n s  is  c a l le d  th e  f i r s t - s t a g e  d e c i s io n s .  O n  

th e  o th e r  h a n d , th e  d e c i s i o n s  m a d e  a f te r  th e  u n c e r t a in ty  i s  u n v e i le d  a re  c a l le d  

s e c o n d - s t a g e  o r  r e c o u r s e  d e c i s i o n s .  F ir s t  s t a g e  d e c i s i o n s  a re  s tr u c tu r a l a n d  o f t e n  

c o n s i s t  o f  c a p ita l  in v e s t m e n t ,  w h i l e  s e c o n d - s t a g e  d e c i s i o n s  a r e  o f t e n  o p e r a t io n a l .  
P la n n in g  p r o c e s s  c a p a c i t y  e x p a n s io n s  u n d e r  u n c e r t a in ty  a re  o n e  t y p e  o f  s y s t e m s  

w i d e l y  s t u d ie d  u s in g  t h e s e  t e c h n iq u e s  (M u r p h y  e t  a l . ,  1 9 8 2 ;  E p p e n  e t  a l . ,  1 9 8 9 ;  

S a h in id is  e t  a l . ,  1 9 8 9 ;  B e r m a n  a n d  G a n z , 1 9 9 4 ;  L u i a n d  S a h in id is ,  1 9 9 6 ;  A h m e d  a n d  

S a h in id is ,  2 0 0 0 ) .
A n y  d e c i s i o n  to  b u y  a n d  a l lo c a t e  r e s o u r c e s  o r  b u i ld  a  p la n t  

“ h e r e  a n d  n o w ” , th a t i s ,  a t th e  p la n n in g  t im e ,  is  a  f ir s t  s t a g e  d e c i s i o n .  A n y  o th e r  

d e c i s i o n  th a t  i s  ta k e n  a t  a  la te r  t im e  i s  a  s e c o n d  s t a g e  d e c i s i o n .  Y e t ,  s o m e  s tr u c tu r a l  
d e c i s i o n s  c o r r e s p o n d in g  to  a  fu tu r e  t im e  c a n  b e  c o n s id e r e d  a s  a  s e c o n d - s t a g e ,  th a t  is ,  
o n e  m a y  w a n t  to  w a it  u n t i l  s o m e  u n c e r t a in ty  ( n o t  n e c e s s a r i ly  a l l )  i s  r e a l iz e d  to  m a k e  

a d d it io n a l  s tr u c tu r a l d e c i s i o n s  ( h a n d le d  th r o u g h  th e  s o - c a l l e d  m u l t i - s t a g e  m o d e l s ) .  
T h e  g e n e r a l  e x t e n s iv e  fo r m  o f  a  t w o - s t a g e  m ix e d - in t e g e r  l in e a r  s t o c h a s t i c  p r o b le m  

w it h  f ix e d  r e c o u r s e  a n d  a  f in i t e  n u m b e r  o f  s c e n a r io s  i s  ( B ir g e  a n d  L o u v e a u x ,  1 9 9 7 ) :

M o d e l  S P : m a x  E [ p r o f i t ]  =  p sq 'sy s ( 2 .6 )
s u b j e c t  to

A x  =  b  ( 2 .7 )

c tix  +  c t2y s < C  ( 2 .8 )

T sx  +  พ y s =  h s V s e S  ( 2 .9 )

w h e r e  X r e p r e s e n t s  th e  f i r s t - s t a g e  m ix e d - in t e g e r  d e c i s i o n  v a r ia b le s  a n d  y s a re th e  

s e c o n d - s t a g e  v a r ia b le s  c o r r e s p o n d in g  to  s c e n a r io  ร, w h ic h  h a s  p r o b a b i l i ty  p s. T h e  

u n c e r ta in  p a r a m e te r s  in  th is  m o d e l  a p p e a r  in  th e  c o e f f i c i e n t s  q s, th e  m a tr ix  T s, th e  

r e c o u r s e  m a tr ix  พ ,  a n d  in  th e  in d e p e n d e n t  t e r m s  h s.
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H o w e v e r ,  m o d e l  S P  d o e s  n o t  p r o v id e  a n y  c o n t r o l  o v e r  th e  

v a r ia b i l i ty  o f  th e  p r o f it  o v e r  th e  d i f f e r e n t  s c e n a r io s .  F o r  e x a m p l e ,  c o n s id e r  th e  

h is t o g r a m  o f  t w o  f e a s ib le  s o lu t io n s  o f  a  p r o j e c t  s h o w n  in  F ig u r e  2 .1 .  T h e  f ir s t  c a s e  

h a s  a  la r g e r  e x p e c t e d  p r o f i t  ( 3 .3 8 )  th a n  th e  s e c o n d  o n e  ( 3 .3 5 ) ;  h o w e v e r ,  o n e  c a n  

a r g u e  th a t C a s e  I is  r i s k ie r  th a n  C a s e  II. I n d e e d , i f  o n e  d e f in e s  r is k  a s  t h e  p r o b a b i l ity  

o f  p r o f it  to  b e  s m a lle r  th a n  a  c e r ta in  n u m b e r , t h e n  o n e  c a n  c o n c lu d e  th a t  C a s e  I 
c o n t a in s  s e v e r a l  s c e n a r io s  w h e r e  a  s m a ll  p r o f it  i s  e x p e c t e d .  T h e r e f o r e ,  a  r is k - a v e r s e  

d e c i s i o n  m a k e r  w o u ld  p r e fe r  C a s e  II. N e v e r t h e l e s s ,  a l l  th is  d e p e n d s  o n  th e  p r o f it  

e x p e c t a t io n  l e v e l  c h o s e n .  F o r  e x a m p le ,  i f  r is k  i s  n o w  t h o u g h t  o f  a s  th e  p r o b a b i l i t y  o f  

h a v in g  a  p r o f it  o f  7  o r  m o r e , th e n  C a s e  II i s  r is k ie r . H o w e v e r ,  a  r is k - a v e r s e  d e c i s i o n  

m a k e r  w i l l  a lw a y s  p r e fe r  to  lo o k  a t th e  lo w e r  v a lu e  o f  p r o f it  ta r g e t  th a n  a t a  la r g e r  

o n e .
T h is  k in d  o f  p r e f e r e n c e s  c a n n o t  b e  ta k e n  in t o  a c c o u n t  b y  

u s in g  th e  s tr a ig h t  s t o c h a s t ic  m o d e l .  T h e n ,  a  p r o p e r  m e a s u r e  o f  f in a n c ia l  r is k  n e e d s  

to  b e  in c lu d e d .

P r o f i t  H is to g ra m

P ro f it  (M S)

Figure 2.1 P r o f i t  h is to g r a m  fo r  t w o  c a s e s  o f  r e s o u r c e  a l lo c a t io n .

2 . 1 . 2  F in a n c ia l  R is k
T h e  f in a n c ia l  r is k  a s s o c ia t e d  w i t h  a  p la n n in g  p r o j e c t  u n d e r  

u n c e r ta in ty  r is k  is  d e f in e d  a s  th e  p r o b a b i l i ty  o f  n o t  m e e t in g  a  c e r ta in  ta r g e t  o b j e c t iv e  

f u n c t io n  l e v e l  r e fe r r e d  to  a s  Q . T h a t  i s ,  th e  r is k  c o n s t i t u t e d  w i t h  a  d e s ig n  X a n d  a  

ta r g e t  is  th e r e fo r e  e x p r e s s e d  b y  th e  f o l l o w i n g  p r o b a b i l i ty  ( F ig u r e 2 .2 ) :



7

R isk (x ,ท )  =  P (P rofit(x) <  ท )  (2 .10 )

w here P rofit(x) is the actual profit, i.e ., the profit result after the uncertainty has been  
unvieled  and a scenario realized.

S ince profit can be related to a sum m ation over a set o f  independent 
scenarios, w e  have

R isk (x , ท )  =  ^ ] p sz s(x ,Q ) (2 .11 )

w here z s(x ,Q ) is a n ew  binary variable that takes the value o f  1, w h en  Profits(x) <  Q , 
and zero otherw ise.

This equation constitutes a form al defin ition  o f  financial risk for tw o-  
stage stochastic  problem s. W hen profit has a continuous probability distribution, 
financial risk -d e fin e d  as the probability o f  not m eeting  a target profit (Q ), can be 
express as:

R isk (x ,Q ) =  J f(x,Ç)dÇ (2 .12 )

w here f(x ,^ ) is the profit probability distribution function.

Figure 2.2 D efin ition  o f  risk (D iscrete C ase).
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A  m ore straightforward w ay o f  assessin g  and understanding the 
trade-offs b etw een  risk and profit is to use the cum ulative risk curve, as depicted in  
Figure 2 .3 for the continuous case, w h ich  is the lim it for a large num ber o f  
scenarios.

Risk

Figure 2.3 R isk curve (C ontinuous case).

In order to illustrate the u sefu ln ess o f  the ab ove m u lti-objective  
form ulation, consider a set o f  hypothetical so lu tion s as dep icted  in Figure 2 .4 . 
S olu tion s 2 and 3 m axim ize the exp ected  profit w ith  m inim um  financial risk at 
targets Q 2 and Q i, resp ectively . Thus, m in im izin g  risk at each target independently  
o f  others targets results in d esign s that perform  w ell around the speci ÎC  target but do 
poorly  in the rest o f  the range. W hen risk, on the other hand, is m in im ized  for every  
target at the sam e tim e, so lu tion s that perform  w ell in the entire range o f  interest 
m ay be found. Barbara and B agajew icz  (2 0 0 3 ) proposed a m ultiobjective  
m eth od o logy  to generate all these curves. T his m eth od ology  u ses either a 
m ultiparam etric approach, or a penalty function approach. B oth guarantee pareto- 
optim ality.
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Risk

Figure 2.4 Spectrum  o f  solutions.

2 .1 .3  Environm ental R isk
Environm ent risk is defined  as the probability that a substance or 

situation w ill produce harm over sp ecific  conditions. R isk  is  a com bination  o f  tw o  
factors: the probability that an adverse event w ill occur and the con seq u en ce o f  the 
adverse e ffect, (P residentia l/C ongressional C om m ission , 1997).

A llen  and Shonnard (2 0 0 2 ) analyzed  the various aspects o f  h o w  risk 
is a ssessed  and described the environm ental risk into three groups: voluntary risk, 
involuntary risk and natural disaster. The voluntary risk is norm ally associated  w ith  
the know n and quantifiable d ischarge o f  certain ch em ical into the air, water and 
terrain, w h ile  the involuntary is related to a release resulting from  uncontrollable  
actions, such as system  or equipm ent failures, and the natural disaster includes  
flood s, earthquakes, and other disasters that are beyond  hum an control.

The ex istin g  w ay  o f  th inking about risk is that the plant from w hich  
em ission s are analyzed  is fixed , that is, the s izes o f  equipm ents are know n and the  
lev e l o f  operations (throughput) are a lso  know n. H ow ever, plants are subject to a) 
variable dem and and consequently  variable throughput, b) deteriorating equipm ent 
that affect perform ance and e ffic ien cy , c) fou ling, d) other econ om ic  con d ition s that 
su ggest a d ifferent operation, like for exam ple, recycle  a by-product m ore w hen  its 
price g o es  dow n. A ll these su ggest a variety o f  scenarios, for w h ich  second  
operational d ecision s (secon d  stage d ecision s) are a function  o f  the d esign  variables 
(first stage d ecision s).
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U sin g  the so lu tion  from  the stochastic p lanning problem  one obtains  
n ew  valu es o f  the exp ected  environm ental im pact (0 ) that represent the realization o f  
the individual scenarios. T hese values are sm aller than the in d ices obtained so lv in g  
the scenario separately using the determ inistic m odel. Therefore, the risk associated  
w ith  each scenario is defined  by:

R isk (x ,9 ) =  P (0 (x ) > 0 * )  (2 .1 3 )

W here 0 =  virtual environm ental im pact, and 0* is the environm ental im pact 
aspiration lev e l (m inim um  im pact desired). A s before, binary variables, sim ilar to z s 
are d efined  and a defin ition  o f  environm ental risk sim ilar to financial risk is 
constructed.

M easuring the P rocess ’ Environmental Impact 
Starting from  the w ork by M allick  et al. (1 9 9 6 ), the approach taken  

to m easure the p ro cess’ ร environm ental im pact (0 ) is the use o f  a non-m onetary  
valuation technique that calcu lates the environm ental im pact o f  each chem ical 
presented in  the w aste stream in term o f  environm ental im pact units (E IU ) per 
kilogram  o f  product produced.

e = ( Z Z  Wimj;iOj)/p (2 .14)

where
W j =  flo w  rate o f  w aste stream i (kg/h)
m j ;j =  m ass fraction o f  com ponent j in w aste stream  i

B ased  on  the w ork by D avis et al. (1 9 9 4 ), the environm ental im pact 
index (® ) is g iv en  by:

®  =  (H um an health effect + environm ental e ffec t) X  (exposure potential) (2 .15 )  
H um an health effect — H V ora|D 50+  H V j nhalationLC50 ~tHVCarcinogenity H V o th e r  (2 .1 6 )  

Environm ental e ffect =  H V oraiD50 + H V f,shLC50 + H V fishNOEL ( 2 . 1 7 )
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Exposure potential = H V b o d +  H V hydrolisis + H V b c (2.18)

where the hazard values HVj for each end point i are calculated using toxicological 
information specific to each chemical as described by Davis et al. (1994).

For chronic terms, the carcinogenity and other specific effects, 
toxicological endpoints are calculated based on the classification presented in the 
hazard ranking system final rule (Federal Register, 1990) and in the Bouwes and 
Hassur (1997) methodology.

Subsequently, if these emissions, as well as other possible accidental 
release are not taken into account, the environmental impact of the process might not 
be correctly evaluated. In this context, a release factor (r) that accounts for the 
release potential of a particular stream -  including waste and non-waste stream 
incorporated into later equation.

1, whereas for non-waste streams, 0<r<l,. Estimate r is equivalent to calculating the 
probability of obtaining a release from a specific stream. This can be done by 
considering past data and experiences related to the process under study or basing on 
the categories presented by Kolluru (1995), according to expected frequency of the 
release.

(2.19)

The release factor can take values from 0 to 1. For waste streams, r =

2.1.4 Uncertainty Sources
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T a b le  2 .1  Uncertainty sources (Dantus and High, 1999)

Type Example
Process model 
uncertainty

Kinetic constants, physical properties, transfer 
coefficients

Process uncertainty Flow rate and temperature variations, stream quality 
fluctuations

Economic model and 
environmental impact 
model uncertainty

Capital costs, manufacturing costs, direct costs, 
release factors, and less tangible costs

External uncertainty Product demand, prices, feed stream availability, 
feed composition

Regulatory uncertainty Modified emission standards, and new environment 
regulations

Time uncertainty Investment delays (i.e. the project might have a 
better performance in the future)

2.2 Literature Survey

Grauer, Lewandowski & Wierzbiciki (1984) described methods for solving 
multiple-objective optimization problems by considering at multiple-objective 
decision analysis from the point of view of the type of optimization problems which 
must be solved in the design, control and production planning of chemical 
engineering systems as well as surveying existing methods. Moreover, they gave an 
overview of the existing software, provided an overview of computer codes 
(especially IIASA software) and discussed application in engineering field. In 
conclusion, they gave overview in the way of multiple-objective optimization.
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During the past several decades, the use of integration techniques as a 
design tool to minimize the operating and capital costs of chemical plant has matured 
considerably and evolved into a common practice in the process industries. Also as a 
result of serious concerns about environmental problems in recent years, the 
multiple-objective programming (MOP) was applied to balance the economic and 
environmental effects. Chang & Hwang (1996) showed how they developed process 
integration methods for waste minimization in the utility systems of chemical process 
with maximization in economic. The study was to assess the feasibility and practical 
value of incorporating gas emission models into existing mathematical formulations 
and solving the resulting problem with multiple-objective optimization technique. 
One can conclude that the mixed-integer linear program (MILP) model is suitable for 
the design of a wide variety of utility systems; furthermore, the goal programming 
(GP) method is a natural and sensible design tool for establishing a compromise 
among conflicting objectives.

In 1999, Dantus & High studied about multiple-objective optimization 
approach under uncertainty in waste minimization. This work used two competing 
objectives: maximize profit and minimize the environmental impact. The former is 
measured by using the annual equivalent profit (AEP) tool and the latter using the 
environmental impact index. The AEP included the usual costs associated with the 
process, as well as the various waste related costs, for which a detailed discussion 
was given including the different ways available to estimate them. On the other 
hand, environmental impact index included toxicological characteristics of each 
chemical presented in the process stream and its release potential. Furthermore, they 
used stochastic programming with multiple-objective optimization technique to 
evaluate the uncertainty in optimizing the two competitive objectives. This 
accomplished using the process simulator ASPEN PLUS.

Then Lim, Floquet & Joulia (1999) discussed optimization of process by 
performing along an infeasible path with successive quadratic programming (SQP) 
algorithm. One of the objective functions, the global pollution index function, is 
based on environmental impact index calculated by using the hazard value (HV). The 
other is cost-benefit function. To analyze the bi-objective optimization, the 
noninferior solution curve (Pareto curve) was formed using summation of weighed
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objective function (SWOF), GP, and parameter space investigation (PSI) methods 
within a chemical process simulator. It can find the ideal compromise solution set 
based on the Pareto curve. The multi-objective problem was then interpreted by 
sensitivity and elasticity analyses of the Pareto curve that give the decision basis 
between the conflicting objectives.

For the similar method for optimization of multiobjective process planning 
under uncertainty, Rodera, Bagajewicz & Trafails (2002) presented that the single
objective MILP stochastic programming model could be treated as a multi-objective 
programming problem by using multi-parametric decomposition. The point estimate 
weighed-sums approach is one of the possible methods that can be used to obtain the 
set of efficient solution. This method makes use of the probabilities of each scenario 
to weight the respective objectives. However, because of the mixed-integer linear 
nature of the problem at hand, only supported efficient solutions are found by this 
method. Reformulation of the problem as an augmented weighed Tchebycheff 
program makes possible to computation of all efficient solutions. The objective is to 
scan the efficient frontier to provide the decision maker with the freedom to select 
the solution by aspiration levels. Different methods of specifying these aspiration 
levels are possible. This paper represented an iterative procedure based on the use of 
lower bound of the net present value that facilitates the assessment of economic risk 
of a project.

For the risk management, Barbara & Begajewicz (2003) tried to develop 
new mathematical formulations for problems dealing with planning and design under 
uncertainty that allow management of financial risk according to the decision 
maker’s preference. A major step toward this objective was the use of formal 
probabilistic definition of financial risk. In addition to this, the connection between 
down side risk and financial risk were discussed. Using two definitions, new two- 
stage stochastic programming models that are able to manage financial risk were 
developed. The advantages of the proposed approaches are that they maintain the 
original MILP structure of the problem. Comparisons with the robustness approach 
to risk management were made. It is shown that the probabilistic definition of the 
financial risk should be used to better capture the trade-off between expectation and 
variability of the objective function. Especially because the use of the upper partial
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mean may unnecessarily penalize favorable scenarios, resulting in non-optimal 
solutions that provide misleading information about the variability of the objective. 
The performance of these solutions obtained with the robustness approach from 
standpoint of financial risk was also discussed showing how solution that are 
considered “robust” may exhibit high levels of financial risk due to the non
optimality of the second-stage decisions.
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