
CHAPTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW 

Theoretical background

F ir s t  o f  a ll ,  th e  fu n d a m e n ta l  c o n c e p t  w ith  r e s p e c t  t o  p r o c e s s  in te g r a t io n  

(P r o c e s s -  s y n t h e s is ,  a n a ly s i s ,  a n d  o p t im iz a t io n )  w a s  e x p la in e d  b r ie f ly .  T h e n , t h e  

o v e r v ie w  o f  th e  w a te r  n e t w o r k  s y s t e m  a n d  d e s ig n  w o u ld  h e lp  p o in t  o u t  t h e  

s ig n i f ic a n c e  a n d  p r in c ip le  in  t h is  a r ea . T h is  w a s  f o l l o w e d  b y  t h e  b a s i c  c o n c e p t  

a s s o c ia t e d  w ith  w a t e r  a n d  w a s t e w a t e r  u s e  a n d  m a n a g e m e n t  ( in  p e t r o le u m  r e f in e r y )  s o  

a s  t o  b e  a b le  t o  a p p ly  in  w a t e r /w a s t e w a t e r  n e tw o r k  a n d  s y s t e m  d e s ig n .  E v e n t u a l ly ,  a  

s u m m a r y  o f  th e o r e t ic a l  b a c k g r o u n d  i n v o lv i n g  w i t h  th e  in te g r a te d  s o lu t i o n s  

f r a m e w o r k  in  th e  s y n t h e s is  a n d  d e s ig n  o f  p r o c e s s in g  n e t w o r k s  w a s  in t r o d u c e d  

e m p h a s iz in g  o n  a p p lic a t io n  a n d  d e v e lo p m e n t .

2.1 Process Integration

A  c h e m ic a l  p r o c e s s  i s  a n  in te g r a te d  s y s t e m  a s s o c i a t e d  w it h  i n t e r c o n n e c t io n  

o f  u n it s  a n d  s tr e a m s . T h e  m a n a g e m e n t  o f  p r o b le m  in  p r o c e s s  s h o u ld  n o t  b e  s p e c i f i c  

f o r  b e h a v io u r  o f  p r o b le m  b u t  s h o u ld  id e n t i f y  th e  r o o t  c a u s e s  o f  s u c h  p r o b le m s  

th r o u g h  th e  im p le m e n t a t io n  o f  th e  p r o c e s s  a s  a  w h o le .  E f f e c t i v e  m o d i f i c a t io n  a n d  

p r o c e s s  s y n t h e s is  h a v e  t o  b e  c o n s id e r e d  o n  fo r  th e  in te g r a te d  n a tu r e . H e n c e ,  t h e  

r e s o u r c e  o f  p r o c e s s  in te g r a t io n  is  a  k e y  e le m e n t  in  d e s i g n i n g  a s  w e l l  a s  o p e r a t in g  

w it h  c o s t - e f f e c t i v e  a n d  s u s t a in a b i l i t y  in  p r o c e s s e s  ( E l - H a lw a g i ,  2 0 1 2 ) .
“  P r o c e s s  in te g r a t io n  i s  a  h o l i s t i c  a p p r o a c h  t o  d e s ig n ,  r e tr o f it t in g , a n d  

o p e r a t io n  fo r  th e  u n ity  o f  t h e  p r o c e s s  ”  ( E l- H a lw a g i ,  1 9 9 7 ) .  F o r  in te r a c t io n s  a m o n g  

p r o c e s s  u n its , r e s o u r c e s ,  s tr e a m s , a n d  o b j e c t iv e s ,  p r o c e s s  in te g r a t io n  p r o v id e s  a n  

id e n t ic a l  f r a m e w o r k  t o g e t h e r  w it h  a  p r o f ic i e n t  s e t  o f  m e t h o d o lo g i e s  a n d  e n a b l in g  

t o o l s  fo r  s u s t a in a b le  d e s ig n .  T h e  p r o m in e n c e  o f  p r o c e s s  in te g r a t io n  s t e m s  f r o m  i t s  

a b i l i t y  t o  s y s t e m a t ic a l ly  p r o v id e  a s  f o l lo w s :



6

•  B a s i c  c o m p r e h e n s io n  f o r  t h e  g lo b a l  i n s i g h t s  o f  a  p r o c e s s  a n d  th e  

r o o t  th a t  le a d s  t o  t h e  l im ita t io n  o f  p e r f o r m a n c e

•  T h e  a b i l ity  t o  b e n c h m a r k  f o r  th e  p e r f o r m a n c e  o f  v a r io u s  o b j e c t iv e s  

fo r  t h e  p r o c e s s  a h e a d  o f  d e t a i le d  d e s ig n  t h r o u g h  ta r g e t in g  t e c h n iq u e s

•  E f f e c t i v e  g e n e r a t io n  a n d  s c r e e n in g  o f  s o lu t io n  a lt e r n a t iv e s  to  

a c c o m p l i s h  th e  o p t im a l  d e s ig n  a n d  o p e r a t io n a l  s t r a te g ie s  ( E l- H a lw a g i ,  2 0 1 2 ) .

2 .1 .1  P r o c e s s  S y n t h e s i s
S y n t h e s i s  i n v o lv e s  in t e r c o n n e c t in g  o f  s e p a r a te  e le m e n t s  o r  p u t t i n g  

t h e m  t o g e t h e r  in t o  a  c o h e r e n t  w h o le .  W e s te r b e r g  ( 1 9 8 7 )  d e f in e d  a  p r o c e s s  

s y n t h e s i s  as: “  t h e  d i s c r e t e  d e c i s i o n - m a k i n g  a c t i v i t i e s  o f  c o n j e c t u r i n g  w h i c h  o f  t h e  

m a n y  a v a i l a b l e  c o m p o n e n t  p a r t s  o n e  s h o u l d  u s e ,  a n d  h o w  t h e y  s h o u l d  b e  

i n t e r c o n n e c t e d  t o  s t r u c t u r e  t h e  o p t i m a l  s o l u t i o n  t o  a  g i v e n  d e s i g n  p r o b l e m  ” .
P r o c e s s  s y n t h e s is  i s  a s s o c ia t e d  w ith  th e  a c t i v i t i e s  in  w h i c h  s e v e r a l  

p r o c e s s  e le m e n t s  a r e  in c o r p o r a te d  a n d  t h e  s y s t e m  f l o w  s h e e t  i s  c r e a te d  in  o r d e r  to  

u n d e r g o  c e r ta in  o b j e c t iv e s .  C o n s e q u e n t ly ,  t h e  g o a l  o f  p r o c e s s  s y n t h e s i s  (J o h n s ,
2001)  i s  “  t o  o p t i m i z e  t h e  l o g i c a l  s t r u c t u r e  o f  a  c h e m i c a l  p r o c e s s ,  s p e c i f i c a l l y  t h e  

s e q u e n c e  o f  s t e p s  ( r e a c t i o n ,  d i s t i l l a t i o n ,  e x t r a c t i o n ,  e t c . ) ,  t h e  c h o i c e  o f  c h e m i c a l  

e m p l o y e d  ( i n c l u d i n g  e x t r a c t i o n  a g e n t s ) ,  a n d  t h e  s o u r c e  a n d  d e s t i n a t i o n  o f  r e c y c l e  

s t r e a m s  In  p r o c e s s  s y n t h e s is ,  in p u ts  a n d  o u tp u ts  o f - p r o c e s s  a r e  n e e d e d  t o  

im p r o v e  t h e  s tr u c tu r e  a n d  p a r a m e t e r s  o f  th e  f lo w s h e e t  ( f o r  r e t r o f i t t in g  d e s i g n  o f  

a n  e x i s t in g  p l a n t )  o r  e v e n  c r e a te  a  n e w  f l o w s h e e t  ( f o r  g r a s s r o o t s  d e s ig n  o f  a 

n e w  p la n t )  a s  s h o w n  in  F ig u r e  2 .1  ( E l - H a l w a g i ,  2 0 0 6 ) .

Process
Inputs
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Process 
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& Parameters 
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Process
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Figure 2,1 P r o c e s s  s y n th e s is  p r o b le m s  ( E l - H a lw a g i ,  2 0 0 6 ) .
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G e n e r a l ly ,  a  f e w  p r o c e s s  a lt e r n a t iv e s  b a s e d  o n  e x p e r ie n c e  a n d  

c o r p o r a te  p r e f e r e n c e s  w i t h o u t  a  s y s t e m a t ic  a p p r o a c h  a r e  s y n t h e s iz e d .  T h e  s e l e c t i o n  

o f  th e  a lt e r n a t iv e  a n d  m o s t  p r o m is in g  e c o n o m i c  p o te n t ia l  a n d  u s i n g  it  a s  th e  o p t im u m  

s o lu t io n  m a y  n o t  g u a r a n te e  t h e  rea l o p t im a l  s o lu t io n .  H o w e v e r ,  th e r e  a re  t w o  m a in  

a p p r o a c h e s  th a t  c a n  b e  e m p lo y e d  t o  id e n t i f y  t h e  o p t im a l  s o lu t io n :  th e  s tr u c tu r e  

in d e p e n d e n t  a n d  s tr u c tu r e  b a s e d  a p p r o a c h e s  ( E l - H a lw a g i ,  1 9 9 7 ) .  T h e  s tr u c tu r e  

in d e p e n d e n t  ( o r  t a r g e t in g )  a p p r o a c h  is  b a s e d  o n  th e  s y n t h e s i s  th r o u g h  a  s e q u e n c e  o f  

s ta g e s .  A  d e s i g n  ta r g e t  c a n  b e  id e n t i f ie d  w i t h in  e a c h  s t a g e  a n d  a p p l ie d  in  s u b s e q u e n t  

s ta g e s .  W h e r e a s ,  th e  la t te r  a p p r o a c h  i s  t h e  s t r u c tu r e  b a s e d  w h i c h  i n v o lv e s  w i t h  a  

d e v e lo p m e n t  o f  a  fr a m e w o r k  b y  e m b e d d in g  a ll p o s s i b l e  c o n f ig u r a t io n s  o f  in te r e s t .
T w o  im p o r ta n t  p r o c e s s  s y n t h e s i s  m o d e l s  a r e  th e  h ie r a r c h ic a l  a p p r o a c h  

a n d  th e  “ o n io n  m o d e l ” . T h e  h ie r a r c h ic a l  a p p r o a c h  t o  p r o c e s s  d e s i g n  i s  a  g e n e r ic  

m e t h o d o lo g y  fo r  o u t l in in g  th e  c o n c e p t u a l  f l o w  s h e e t  o f  a  p r o c e s s  th a t  c o n s i s t s  o f :  1. 
B a tc h  v s .  c o n t in u o u s ,  2 . I n p u t -o u tp u t  s tr u c tu r e  o f  t h e  f l o w  s h e e t ,  3 . R e c y c l e  s tr u c tu r e  

o f  th e  f l o w  s h e e t ,  4 . G e n e r a l  s tr u c tu r e  o f  th e  s e p a r a t io n  s y s te m :  V a p o u r  a n d  L iq u id  

r e c o v e r y  s y s t e m ,  5 . H e a t  e x c h a n g e r  n e t w o r k  ( F o o  e t  a l ,  2 0 0 5 ) .  F o r  t h e  la tter , S m ith
( 2 0 0 5 )  p r e s e n te d  t h e  o n io n  m o d e l  ( F ig u r e  2 .2 )  a s  a n  a lt e r n a t iv e  w a y  t o  r e p r e s e n t  th e  

h ie r a r c h ic a l  a p p r o a c h  f o r  p r o c e s s  d e s ig n .  P r o c e s s  d e s i g n  b e g in s  a t t h e  c e n tr e  o f  t h e  

o n io n , w i t h  th e  r e a c to r  a n d  p r o c e e d s  o u tw a r d . T h e  r e a c to r  d e s ig n s  in f l u e n c e  t h e  

se p a r a t io n  a n d  r e c y c le  s y s t e m s  ( t h e  s e c o n d  la y e r  o f  th e  o n io n )  w h i c h  a re  d e s i g n e d  

n e x t .  T h e  r e a c to r  a s  w e l l  a s  s e p a r a to r  a n d  r e c y c le  s y s t e m  e n f o r c e  t h e  a m o u n t  o f  

o v e r a ll  h e a t  r e c o v e r y ;  t h e r e fo r e ,  th e  h e a t  r e c o v e r y  n e t w o r k  s y s t e m  is  d e s ig n e d  n e x t .  
T h e n , t h e  p r o c e s s  u t i l i t y  s y s t e m  is  d e s i g n e d  t o  p r o v id e  a d d it io n a l  h e a t in g  a n d  c o o l i n g  

r e q u ir e m e n ts  th a t  c a n n o t  b e  s a t is f i e d  t h r o u g h  h e a t  r e c o v e r y .  F in a l ly ,  th e  w a t e r  a n d  

e f f lu e n t  tr e a tm e n t  a re  d e s ig n e d  t o  m e e t  t h e  e n v ir o n m e n t a l  r e g u la t io n  ( S m it h ,  2 0 0 5 ) .  

T h e  m o d e l  e m p h a s iz e s  o n  t h e  s e q u e n t ia l  a n d  h ie r a r c h ic a l  n a tu r e  o f  p r o c e s s  f l o w  

s h e e t  s y n t h e s is  ( H a s h im  e t  a l ,  2 0 0 9 ) .
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Figure 2.2 T h e  o n io n  m o d e l  o f  p r o c e s s  d e s i g n  (S m it h ,  2 0 0 5 ) .

2 .1 .2  P r o c e s s  A n a ly s i s
W h e r e a s  t h e  p r o c e s s  s y n t h e s i s  in te n d e d  t o  c o m b in e  t h e  p r o c e s s  

e l e m e n t s  in to  a  c o h e r e n t  w h o l e ,  p r o c e s s  a n a ly s i s  r e la t e s  t o  th e  d e c o m p o s i t i o n  o f  

t h e  w h o l e  p r o - c e s s  in to  i t s  c o n s t i t u e n t  e l e m e n t s  fo r  e a c h  in d iv id u a l  s tu d y  

p e r f o r m a n c e .  T h e r e f o r e ,  p r o c e s s  a n a ly s i s  c a n  b e  c o n t r a s t e d  a n d  c o m p le m e n t e d  

w it h  p r o c e s s  s y n t h e s is .  O n c e  a n  a lt e r n a t iv e  is  g e n e r a t e d  o r  a  p r o c e s s  i s  

s y n t h e s iz e d ,  i t s  d e ta ile d  c h a r a c t e r is t ic s  ( s u c h  a s  f l o w  ra te , c o m p o s i t i o n s ,  

t e m p e r a t u r e ,  a n d  p r e s s u r e )  a r e  p r e d ic te d  u s in g  a n a ly s i s  t e c h n iq u e s .
T h e  a p p r o a c h e s  in c lu d e  m a t h e m a t i c a l  m o d e ls ,  e m p ir ic a l  

c o r r e la t io n s ,  a n d  c o m p u t e r - a i d e d  s im u la t io n  t o o ls .  F u r th e r m o r e , p r o c e s s  a n a ly s i s  

m a y  i n v o lv e  f o r e c a s t in g  a n d  v a l i d a t i n g  p e r f o r m a n c e  t h r o u g h  la b  a n d  p i lo t - p la n t  

s c a le s ,  a n d  e v e n  a c tu a l  ru n s  o f  e x i s t in g  f a c i l i t i e s .  H e n c e ,  th e  p r o c e s s  in p u ts  to g e t h e r  

w it h  th e  p r o c e s s  s tr u c tu r e  a n d  p a r a m e te r s  a r e  k n o w n  in  p r o c e s s  a n a ly s i s  p r o b le m s  

w h i l e  th e  p r o c e s s  o u tp u ts  a r e  r e q u ir e d  t o  d e te r m in e  a s  s h o w n  in  F ig u r e  2 .3  ( E l-  

H a lw a g i ,  2 0 0 6 ) .
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Figure 2.3 P r o c e s s  a n a ly s i s  p r o b le m  ( E l- H a lw a g i ,  2 0 0 6 ) .

2 .1 .3  P r o c e s s  O p t im iz a t io n
P r o c e s s  o p t im iz a t io n  in v o lv e s  s p e c i f i c  t e c h n iq u e s  w h e r e  t h e  b e s t  

s o lu t io n  f r o m  a m o n g  a  s e t  o f  c a n d id a t e  s o lu t io n s  i s  s e le c t e d .  T h e  l e v e l  o f  a  s o lu t io n  

i s  q u a n t i f i e d  b y  a n  o b j e c t iv e  f u n c t io n  ( e .g .  c o s t ,  p r o f it  e t c . )  w h ic h  i s  t o  b e  m in im iz e d  

o r  e v e n  m a x im iz e d .  H o w e v e r ,  t h e  s e a r c h  p r o c e s s  i s  u n d e r ta k e n  s u b j e c t  t o  t h e  s y s t e m  

m o d e l  a n d  l im i t a t io n s  w h i c h  a re  t e r m e d  a s  c o n s tr a in t s .  T h e s e  c o n s t r a in t s  m a y  b e  in  

th e  f o r m s  o f  e q u a l i t y  (m a te r ia l  a n d  e n e r g y  b a la n c e s ,  p r o c e s s  m o d e l l in g  e q u a t io n s  a n d  

t h e r m o d y n a m ic  r e q u ir e m e n ts )  o r  in e q u a l i t y  ( e n v ir o n m e n t a l  p o l i c i e s  a n d  r e g u la t io n s ,  
t e c h n ic a l  s p e c i f i c a t io n s  a n d  t h e r m o d y n a m ic  l im i t a t io n s )  ( E l- H a lw a g i ,  1 9 9 7 ) .  T h e  

o p t im iz a t io n  c o m p o n e n t  in  p r o c e s s  in te g r a t io n  e n f o r c e s  th e  it e r a t io n  p r o c e d u r e  

b e t w e e n  s y n t h e s is  a n d  a n a ly s i s  t o w a r d s  o p t im u m . In  m a n y  c a s e s ,  o p t im iz a t io n  i s  a ls o  

u s e d  w i t h in  th e  s y n t h e s is  a c t iv i t i e s .  F o r  in s t a n c e ,  th e  v a r io u s  o b j e c t i v e s  a r e  

r e c o n c i le d  u s in g  o p t im iz a t io n  in  t h e  t a r g e t in g  a p p r o a c h  fo r  s y n t h e s i s  ( H a s h im  e t  a l . ,
2 0 0 9 ) .

G e n e r a l  fo r m u la t io n  o f  a n  o p t im iz a t io n  p r o b le m  ( S e id e r  e t  a l . , 2 0 0 4 )
T h e  fo r m u la t io n  o f  a n  o p t im iz a t io n  p r o b le m  in v o lv e s :

1. A  s e t  o f  Invariables v a r ia b le ,  X
2 . T h e  s e l e c t i o n  o f  a  s e t  o f  s u i t a b le  d e c i s io n  v a r ia b le s ,  d  f r o m  th e  s e t  X
3 . A  m e a s u r e  o f  g o o d n e s s  c a l le d  a n  o b j e c t iv e  f u n c t io n , f (x )
4. A  se t  o f  Nequation e q u a l i t y  c o n s tr a in t s ,  c (x )= 0
ร. A  s e t  o f  Ninequai in e q u a l i t y  c o n s tr a in t s , g (x )<  0
6 . L o w e r  a n d  u p p e r  b o u n d s  o n  s o m e  o r  a ll o f  t h e  v a r ia b le s ,  x t  < x < x u
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A  g e n e r a l  o p t im iz a t io n  p r o b le m  is  s ta te d  a s  f o l lo w s :

M in im iz e  ( o r  m a x im iz e )  w i t h  r e s p e c t  t o  d , th e  d e s ig n  v a r ia b le s  

f (x ) ,  t h e  o b j e c t iv e  f u n c t io n  

s u b je c t  t o  ( s .t .) :
c (x )= 0 , t h e  e q u a l ity  c o n s tr a in t s  

g (x )<  0 ,- th e  in e q u a l i t y  c o n s tr a in t s  

< x < x u, th e  lo w e r  a n d  u p p e r  b o u n d s

2.2 Water Network and System Design

2 .2 .1  I n tr o d u c t io n
W a t e r  is  u t i l iz e d  in  s e v e r a l  p r o c e s s e s  fr o m  d i f f e r e n t  in d u s tr ie s ,  w h i l e  

th e  c o n t a m in a n t s  a r e  tr a n sfe r r e d  t o  w a te r  a n d  w a s t e w a t e r  m u s t  b e  e l im in a t e d  in  

tr e a tm e n t  p r o c e s s e s  p r io r  to  d i s c h a r g e  t o  th e  e n v ir o n m e n t .  H o w e v e r ,  th e  a w a r e n e s s  

o f  t h e  d a n g e r  t o  t h e  e n v ir o n m e n t  c a u s e d  b y  w a s t e w a t e r  is  in c r e a s in g .  In  s o m e  

a r e a s , w a te r  u s in g  is  l im ite d  in  t h e  fu tu r e . M e a n w h i le  t h e  i m p o s i t io n  o f  r ig o r o u s  

d is c h a r g e  r e g u la t io n  d r iv e s  u p  th e  c o s t  . o f  tr e a tm e n t , r e q u ir in g  c a p ita l  e x p e n s e  w i t h  

l i t t le  o r  n o  p r o d u c t iv e  retu rn . F ig u r e  2 .4  i l lu s tr a t e s  a  s c h e m a t ic  o f  a  t y p i c a l  w a t e r  

a n d  e f f l u e n t  s y s t e m  fo r  a  p r o c e s s in g  s it e . R a w  w a te r  e n te r s  t h e  p r o c e s s  a n d  m ig h t  

n e e d  a n y  p r e tr e a tm e n t  ( s u c h  a s  s a n d  f i lt r a t io n ) .
In  m a n y  s it u a t io n s ,  th e  q u a l i t y  o f  t h e  s u p p l i e d  r a w  w a t e r  i s  

g o o d  e n o u g h  a n d  c a n  b e  fe d  to  t h e  p r o c e s s e s  d ir e c t ly .  W a te r  is  u t i l i z e d  in  s e v e r a l  

o p e r a t io n s  a s  a n  in te r m e d ia te  fo r  r e a c t io n , fo r  c le a n in g ,  a n d  s o  o n . W a t e r  tu r n s  in to  

c o n t a m in a t e d  w a t e r  a n d  i s  d is c h a r g e d . In  F ig u r e  2 .4 ,  s o m e  r a w  w a t e r  i s  r e q u ir e d  

fo r  t h e  s te a m  s y s t e m .  H o w e v e r ,  b e f o r e  e n te r in g  th e  s t e a m  b o i le r ,  it  i s  n e e d e d  

t o  b e  tr e a te d  t o  d i s p o s e  s u s p e n d e d  s o l id ,  d i s s o l v e d  s a lt s  a n d  g a s e s  t o  q u a l i f y  t h e  

b o i l e r  f e e d  w a t e r  ( B F W )  s p e c i f i c a t io n .  A d d i t io n a l ly ,  d e io n iz e d  w a t e r  m ig h t  b e  

r e q u ir e d  in  s o m e  p r o c e s s e s .  T h e  s t e a m  fr o m  t h e  b o i l e r s  i s  d iv id e d  a n d  s o m e  o f  th e  

s t e a m  c o n d e n s a t e  lo s t  to  e f f lu e n t .  T o  r e m o v e  s o l id s ,  th e  b o i l e r  r e q u ir e s  

b lo w d o w n .  D i s s o l v e d  s a lts  a r e  r e m o v e d  b y  th e  io n  e x c h a n g e  b e d s  a n d  

s o lu b l e  io n s  r e q u ir e  t o  b e  r e g e n e r a te d  b y  s a l in e  s o lu t io n s  o r  a c i d s  a n d  a lk a l i s  a n d
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t h e  c o n t a m i n a n t s  g o  t o  d is c h a r g e . In  th e  e n d , t h e  e v a p o r a t iv e  l o s s e s  a n d  

b lo w d o w n  fr o m  th e  c o o l i n g  w a t e r  c ir c u i t  a re  m a d e  u p  b y  e v a p o r a t iv e  c o o l i n g  

s y s t e m s  a s  s h o w n  in  F ig u r e  2 .4 .  A l l  o f  t h e  e f f lu e n t s  is  c o m b in e d ,  t o g e t h e r  w it h  

c o n t a m in a t e d  s to r m  w a te r ,  t h e n  i s  t r e a te d  in  a  tr e a tm e n t  s y s t e m  a n d  d is c h a r g e d  

t o  th e  s u r r o u n d in g s .  R e u s e / r e c y c le  o f  w a t e r  is  n o t  o n l y  s a v e  t h e  c o s t  o f  s u p p l ie d  

f r e s h w a t e r  b u t  a ls o  th e  c o s t  o f  e f f lu e n t  tr e a tm e n t . H e n c e ,  it i s  m o t iv a t e d  t o  r e d u c e  

b o th  f r e s h w a t e r  r e q u ir e m e n t  a n d  w a s t e w a t e r  g e n e r a t io n  b y  w a t e r  r e u s e /r e c y c l e .

J ÿ
Stormwater

Figure 2.4 A  t y p ic a l  w a t e r  a n d  e f f lu e n t  tr e a tm e n t  s y s t e m  ( S m it h ,  2 0 0 5 ) .

F ig u r e  2 .5 a  s h o w s  t h r e e  o p e r a t io n s  th a t  r e q u ir e  f r e s h w a t e r  a n d  

-p r o d u c e  w a s t e w a t e r .  In  t h e  c o n tr a r y , F ig u r e  2 .5 b  s h o w s  a n  a r r a n g e m e n t  fo r  a  r e u s e  

o f  w a te r  f r o m  O p e r a t io n 2  t o  O p e r a t io n  1. W a te r  r e u s e  in  t h is  w a y  d e c r e a s e s  

w a s t e w a t e r  t w ic e .  H o w e v e r ,  a n y  c o n t a m in a t io n  d e g r e e  a t th e  o u t le t  o f  o p e r a t io n  2  

m u s t  b e  s a t is f i e d  a t th e  in le t  o f  o p e r a t io n  1.
F ig u r e  2 . 5 c  a n d  F ig u r e  2 .5 d  b o th  s h o w  t h e  a r r a n g e m e n ts  w i t h  

r e s p e c t  t o  r e g e n e r a t io n . R e g e n e r a t io n  i s  a n y  tr e a tm e n t  p r o c e s s  th a t  r e g e n e r a t e s  t h e  

q u a li ty  o f  t h e  w a te r  s o  th a t  it i s  a c c e p t a b le  fo r  m o s t  u s e .  F ig u r e  2 . 5 c  s h o w s  t h e  

r e g e n e r a t io n  r e u s e  w h e r e  t h e  c o n t a m i n a t e d  o u t l e t  w a t e r  fr o m  o p e r a t io n  2  i s  u s e d  

d ir e c t ly  in  O p e r a t io n  3 .  T h e  r e g e n e r a t io n  r e u s e  d e c r e a s e s  b o th  th e  f r e s h w a t e r  

c o n s u m p t io n  a n d  th e  w a s t e w a t e r  g e n e r a t io n .  T h e  w a t e r  r e u s e  a l s o  r e m o v e s  s o m e  o f
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th e  e f f lu e n t  lo a d  ( s u c h  a s  k i lo g r a m s  o f  c o n t a m in a n t )  a n d  o t h e r w is e  r e m o v e d  in  t h e  

e f f lu e n t  tr e a tm e n t  b e f o r e  d is c h a r g e .
T h e  la s t  o p t io n  is  s h o w n  in  F ig u r e  2 .5 d  w h e r e  a  r e g e n e r a t io n  p r o c e s s  

i s  u s e d  o n  th e  o u t le t  w a t e r  fr o m  th e  o p e r a t io n s  a n d  t h e  w a t e r  i s  r e c y c le d .  T h e  

d i f f e r e n c e  b e t w e e n  t h e  r e g e n e r a t io n  r e u s e  s h o w n  in  F ig u r e  2 . 5 c  a n d  th e  r e g e n e r a t io n  

r e c y c l in g  s h o w n  in  F ig u r e  2 .5 d  is  t h e  w a t e r  in  r e g e n e r a t io n  r e u s e  o n l y  m o v e s  t h r o u g h  

a n y  o p e r a t io n  o n c e .  F ig u r e  2 .5 c  s h o w s  th a t t h e  w a t e r  g o e s  f r o m  o p e r a t io n  2  t o  

r e g e n e r a t io n , th e n  t o  o p e r a t io n  3  a n d  f in a l ly  d is c h a r g e .  C o n v e r s e ly ,  in  F ig u r e  2 .5 d ,  
th e  w a t e r  c a n  g o  th r o u g h  th e  s a m e  o p e r a t io n . R e g e n e r a t io n  r e c y c l i n g  n o t  o n ly  

r e d u c e s  t h e  a m o u n t  o f  f r e s h w a t e r  a n d  w a s t e w a t e r  b u t  a ls o  r e d u c e s  t h e  e f f lu e n t  lo a d .

£---- Ôperation lj----Fresh Water I... —_---ะไ ^-  ๆOperation 2[->r
Operational---

th! Water Reuse.

1 ̂ -»! Operatic
-̂ Operation 2เ—*j Regeneration jzs ’

-̂--- ► {operation 3เ—
(c > Regeneration Reuse.

—► (operation 11—►]
(Operation 2เ— ?— >1 Regeneration

—»| Operational—J 
Water Reeve le(d) Regeneration Recycling

Figure 2.5 W a te r  r e u s e  a n d  r e g e n e r a t io n  ( S m it h ,  2 0 0 5 ) .

A l t h o u g h  r e g e n e r a t io n  r e u s e  a n d  r e c y c l in g  a r e  s im i la r  in  t e r m s  o f  

th e ir  r e s u lt s ,  r e g e n e r a t io n  r e c y c l i n g  p r o v id e s  la r g e r  r e d u c t io n s  in  th e  v o l u m e  o f  

f r e s h w a t e r  a n d  w a s t e w a t e r  u s a g e .  H o w e v e r ,  r e g e n e r a t io n  r e c y c l i n g  i s  c o n f r o n t e d  

w it h  m a n y  p r o b le m s  b e c a u s e  o f  t h e  h ig h  r e g e n e r a t io n  c o s t s .  M o r e o v e r ,  t h e  

r e c y c l in g  m a y  b u i ld  u p  th e  u n d e s ir e d  c o n t a m in a n t s  in  t h e  r e c y c le ,  s u c h  a s  

m ic r o o r g a n is m s  o r  c o r r o s io n . T h e s e  c o n t a m i n a n t s  c a n n o t  b e  r e m o v e d  in  t h e  

r e g e n e r a t io n  a n d  c a u s e  p r o b le m s  in  t h e  p r o c e s s .
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A p a r t  f r o m  c e n t r a l iz e d  e f f lu e n t  tr e a tm e n t  a s  s h o w n  in  F ig u r e  2 .4 ,  
a n o th e r  a p p r o a c h  t o  t a c k le  w ith  th e  e f f lu e n t  tr e a tm e n t  is  t h e  d is tr ib u te d  e f f lu e n t  

tr e a tm e n t o r  s e g r e g a t e d  e f f lu e n t  tr e a tm e n t  a s  i l lu s tr a te d  in  F ig u r e  2 .6 .  In  a d d it io n  

t o  w a te r  r e u s e  b e t w e e n  O p e r a t io n  2  a n d  O p e r a t io n  1 , d is tr ib u te d  tr e a tm e n t  i s  a d d e d  

t o  th e  o u t l e t  o f  O p e r a t io n  1 a n d  O p e r a t io n  3 . T h e n  a ll  o f  th e  o u t l e t s  a r e  c o m b in e d  

a n d  f e d  t o  t h e  f i n a l  w a s t e w a t e r  tr e a tm e n t  a n d  d is c h a r g e .  T h e  a r r a n g e m e n t  in  

F ig u r e  2 .6  fe a tu r e s  t h e  c o m b i n a t i o n  o f  a  n u m b e r  o f  t h e  e f f lu e n t s  b e f o r e  

d is c h a r g e . T h e  m o r e  c o n t a m in a te d  e f f lu e n t s  fr o m  t h e  O p e r a t io n s  1, 2  a n d  3 r e q u ir e  

t o  b e  d i lu t e d  b y  th e  l e s s  c o n t a m in a t e d  s tr e a m s  b e f o r e  b e in g  t r e a te d  a n d  d is c h a r g e d  

in  th e  a r r a n g e m e n t  in  F ig u r e  2 .4 .  O n - th e  c o n tr a r y , t h e  p r e tr e a tm e n t  o n  th e  o u t l e t  o f  

O p e r a t io n  1 a n d  O p e r a t io n  3 i s  n o t  r e q u ir e d  t h e  d i lu t io n  b e f o r e  f i n a l  e f f lu e n t  

tr e a tm e n t  a n d  d is c h a r g e ,  a s  s h o w n  in  F ig u r e  2 .6 .  T h u s , th e  s t r e a m s  w it h  o n l y  l o w  

c o n t a m in a t io n  n o  lo n g e r  n e e d  t o  b e  tr e a te d .

ContaminatedStormwater

Figure 2.6 D is tr ib u te d  e f f lu e n t  t r e a tm e n t  (S m ith , 2 0 0 5 ) .

G e n e r a l ly ,  th e  c a p ita l  c o s t  o f  tr e a tm e n t  o p e r a t io n s  i s  p r o p o r t io n a l  t o  

th e  to ta l w a s t e w a t e r  f l o w  r a te  w h i l e  t h e  o p e r a t in g  c o s t  in c r e a s e s  w i t h  t h e  d e c r e a s e  o f  

r e m o v in g  c o n t a m in a n t  le v e l .  C o n s e q u e n t ly ,  i f  t w o  s tr e a m s  n e e d  d i f f e r e n t  t r e a tm e n t
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t e c h n o l o g ie s ,  it i s  n o t  n e c e s s a r y  t o  c o m b in e  a n d  tr e a t  t h e  t w o  s t r e a m s  in  b o th  

tr e a tm e n t  o p e r a t io n s  t h a t  w i l l  r a i s e  b o t h  c a p ita l  a n d  o p e r a t in g  c o s t s .  T h e  

d is tr ib u te d  e f f lu e n t  t r e a tm e n t  i s  t o  tr e a t  t h e  e f f lu e n t s  th a t  r e q u ir e s  a  s p e c i f i c  

tr e a tm e n t  t o  p a r t ic u la r  c o n t a m in a n t s .  T h e  a d v a n t a g e  is  t o  a v o id  c o m b in in g  a n d  t o  

in c r e a s e  th e  p o t e n t ia l  fo r  m a te r ia l  r e c o v e r y ,  a n d ,  c o n s e q u e n t l y ,  t o  g e n e r a t e  l e s s  

w a s t e  a n d  l o w e r  c o s t  o f  r a w  m a te r ia ls .  B e f o r e  d e v e lo p in g  w a t e r  s y s t e m  d e s i g n  in  a  

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

w a t e r  c o n t a m in a t io n  a n d  t r e a t m e n t  ( S m it h ,  2 0 0 5 ) .
2 .2 .2  A n a l y s i s  o f  W a t e r  N e t w o r k  P r o b le m s

T ypically, W a te r  i s  u t i l i z e d  in  s e p a r a t i o n  p r o c e s s e s  ( i . e .  e x t r a c t i o n ,  
a b s o r p t i o n  o r  d i s t i l l a t io n  w i t h  s t e a m )  w h e r e  w a t e r  s e r v e s  a s  a  s e p a r a t in g  a g e n t  fo r  

m a s s  e x c h a n g e  o p e r a t io n s .  I n  a d d i t i o n ,  w a t e r  is  n e c e s s a r y  t o  w a s h  v a r io u s  t y p e s  

o f  e q u ip m e n t  a s  w e l l  a s  t o  c o n s u m e  in  s t e a m  b o i l e r s  a n d  in  c o o l in g  w a t e r  c y c le s .
T h e  m in im iz a t io n  o f  f r e s h  w a t e r  u s e  o r  t h e  w a s t e w a t e r  m in im iz a t io n  

h a s  b e e n  th e  f o c u s  o f  m a n y  r e s e a r c h e r s .  T h e  d e c r e a s e  o f  t h e  v o lu m e  o f  f r e s h  w a t e r  

a n d  w a s t e w a t e r  d is c h a r g e  h a s  b e c o m e  o n e  o f  th e  im p o r ta n t  d e s ig n  t a r g e t s  a n d  

o p t im iz a t io n  ( H a s h im  e t a l . , 2 0 0 9 ) .  A s  a  r e s u l t  o f  the h igh  cost o f  w a te r  t r e a t m e n t  

p r o c e s s e s ,  th e  m in im iz a t io n  o f  f r e s h w a t e r  u s a g e  a s  w e l l  a s  w a s t e w a t e r  g e n e r a t io n  

in  p r o c e s s  s y s t e m s  i s  t a k e n  in t o  a c c o u n t  fo r  e n v i r o n m e n t a l  a n d  e c o n o m i c  

s i g n i f i c a n c e .  B o t h  w a t e r - u s in g  p r o c e s s e s  a n d  r e g e n e r a t i o n / t r e a t m e n t  u n i t s  a r e  

t h e  i m p o r t a n t  e f f e c t s  t h a t  l e a d  t o  t h e  o p t i m i z a t i o n  o f  w a t e r  n e t w o r k s .  
F in a lly ,  z e r o  d i s c h a r g e  m a y  b e  r e a c h e d  ( S i e n i u t y c z  e t a i ,  2 0 1 3 ) .

T h e  w a y s  t o  r e d u c e  t h e  a m o u n t  o f  f r e s h w a t e r  b y  w a t e r  n e t w o r k  

o p t i m i z a t i o n  a r e  w a te r  t o  r e u s e  fo r  w a t e r - u s in g  p r o c e s s e s  a n d  w a t e r  

r e g e n e r a t i o n  p r o c e s s e s  t h r o u g h  r e d i s t r ib u t e d  w a te r  t r e a t m e n t .  U s u a l ly ,  F r e s h  

w a t e r  i s  f e d  in  a  p a r a lle l  a r r a n g e m e n t  t o  e a c h  w a t e r  s tr e a m  u s in g  p r o c e s s  in  e x i s t in g  

in d u s tr ia l  c o m p l e x e s .  T h e  o u t l e t  w a t e r  s t r e a m s  a r e  c o m b in e d  a fte r  e a c h  p r o c e s s  a n d  

th e n  m o v e d  t o  c e n tr a l  t r e a tm e n t  o p e r a t io n  ( n o  r e u s e  o r  r e g e n e r a t io n )  a s  s h o w n  in  

F ig u r e  2 .7 .
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Figure 2.7 T r a d it io n a l  w a te r  n e tw o r k :  f r e s h w a t e r  s u p p l ie d  t o  p r o c e s s e s  in  p a r a lle l  
w it h  c e n tr a l  w a t e r  tr e a tm e n t  s ta t io n  ( S i e n i u t y c z  e t  a l ,  2 0 1 3 ) .

T h e  a b o v e  n e tw o r k  c o n s u m e s  a  h ig h  v o lu m e  o f  f r e s h w a t e r  a n d  a l s o  

g e n e r a te s  a  h ig h  q u a n t ity  o f  w a s t e w a t e r .  H e n c e ,  W a te r  r e u s e  i s  a p p l ie d  in  th e  e x i s t in g  

p r o c e s s  in  o r d e r  t o  r e d u c e  t h e  f r e s h w a t e r  r e q u ir e m e n t  in  o th e r  p r o c e s s e s  a s  i l lu s tr a t e d  

in  th e  w a te r  r e u s e  n e tw o r k  ( W R N )  in  F ig u r e  2 .8 .

F r e s h -
w a te r

P r o c e s s  1 J  

' ^ ' ' P r o c e s s  2 ^ ) '  /แ" P r o c e s s  .า^  y

T o  
tr e a tm e n t

Figure 2.8 E x a m p le  o f  w a t e r  r e u s e  n e t w o r k  ( W R N )  ( S i e n i u t y c z  e t  a l . , 2 0 1 3 ) .

H o w e v e r ,  th e  d e s ig n  a n d  o p t im iz a t io n  o f  t h e  W R N s  u s u a l ly  d o  n o t  

t a k e  in to  a c c o u n t  th e  w a s t e w a t e r  t r e a t m e n t s  o r  r e g e n e r a t io n  p r o c e s s e s .  T h u s , a n o t h e r  

s y s t e m  n a m e ly  t h e  w a te r  tr e a tm e n t  n e t w o r k  ( W T N )  h a s  b e e n  d e v e lo p e d  a n d  t h e  

d e s ig n  th e  w a t e r  tr e a tm e n t  p r o c e s s  is  t r e a t e d  a s  a  s e p a r a te  s u b s y s te m . T h e  n e t w o r k  is  

d is tr ib u te d  w it h  m ix in g  a n d  b y p a s s in g  s c h e m e  a s  s h o w n  in  F ig u r e  2  9 .
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Figure 2.9 E x a m p le  o f  d is t r ib u t e d  w a s t e w a t e r  t r e a tm e n t  n e tw o r k  ( W W T N )  

( S i e n i u t y c z  e t a l . , 2 0 1 3 ) .

T h e  r e d is tr ib u te d  s y s t e m  h a s  in d ic a t e d  th e  a d v a n t a g e s  b e c a u s e  o f  th e  

f a c t  th a t  th e  t r e a tm e n t  c o s t  i s  p r o p o r t io n a l  t o  t h e  f l o w  ra te  o f  w a s te w a te r .  H e n c e ,  th e  

e x p e n s e  o f  c e n t r a l iz e d  W W T N  i s  h ig h  in  m o s t  c a s e s  d u e  t o  a  to ta l w a s t e w a t e r  

s tr e a m  f l o w in g  t h r o u g h  a ll t r e a tm e n t  u n its . F o r  a  d is tr ib u te d  tr e a tm e n t , t h e  s tr e a m s  

c a n  b e  e i th e r  t r e a te d  se p a r a te ly  o r  p a r t ia l ly  m ix e d ,  th u s  r e d u c in g  th e  f l o w  r a te  o f  th e  

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

tr e a tm e n t  i s  d e p e n d e n t  o n  an a p p r o p r ia te  tr e a tm e n t  s y s t e m  d e s ig n .  T h e r e f o r e ,  th e  

m a in  o b j e c t iv e  o f  t h e  tr e a tm e n t  p r o c e s s  is  t o  m in im iz e  t h e  w a s t e w a t e r  f l o w  rate. 
F ig u r e  2 .1 0  a n d  F ig u r e  2 .1 1  s h o w  th e  a p p lic a t io n  o f  w a s t e w a t e r  r e g e n e r a t io n  

p r o c e s s e s  w i t h in  th e  w a te r  u s i n g  p r o c e s s  n e t w o r k  th a t  c a n  r e d u c e  m o r e  b o th  

f r e s h w a t e r  c o n s u m p t io n  a n d  w a s t e w a t e r  g e n e r a t io n . T h e  r e g e n e r a t io n  i s  d i v id e d  in to  

t w o  c a s e s :  r e g e n e r a t io n  w i t h o u t  r e c y c le s  in  F ig u r e  2 .1 0  a n d  r e g e n e r a t i o n  w i t h  

r e c y c le s  in  F ig u r e  2 .1 1 .

Fresh- 
พน 1er » (  Process I ) -> Regeneration ~T~*(  1>locCvS 2  l*K>ee>x 3 3 11. >1

Finn!
;atment

Figure 2.10 R e g e n e r a t io n  w i t h o u t  r e c y c le s  ( S i e n i u t y c z  e t  a l . , 2 0 1 3 ) .
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Figure 2.11 R e g e n e r a t io n  w it h  r e c y c le s  ( S i e n i u t y c z  e t  a l . ,  2 0 1 3 ) .

In  th e  p a s t ,  th e  r e g e n e r a t io n  o p e r a t io n s  in  m a n y  w o r k s  w e r e  

im p le m e n t e d  o n ly  t o  r e d u c e  f r e s h w a t e r  in ta k e . H o w e v e r ,  n o n e  o f  t h o s e  w o r k s  

c o n s id e r e d  t h e  l im it a t io n  o f  th e  c o n t a m in a n t  l e v e l  in  t h e  e f f lu e n t s .  T h u s , i t  i s  

n e c e s s a r y  'to  c o p e  w i t h  th e  s tr in g e n t  e n v ir o n m e n t a l  r e g u la t io n  b y  a d d in g  a  f in a l  

tr e a tm e n t. T h a t  i s  c o n t r ib u te d  t o  t h e  w a t e r  n e t w o r k  w ith  r e u s e  a n d  r e g e n e r a t io n  

( W N R R )  N e v e r t h e le s s ,  t h e  d i f f e r e n c e  b e t w e e n  r e g e n e r a t io n  a n d  t h e  tr e a tm e n t  

p r o c e s s e s  w i l l  b e c o m e  ir r e le v a n t  w h e n  t h e  c o n d i t io n  o f  t h e  e n v ir o n m e n t  is  l im i t e d  o n  

th e  f in a l c o n t a m in a n t  l e v e l  o f  e f f lu e n t  s tr e a m s .
A s  c o m p a r e d  t o  th e  พ บ N  a n d  W W T N , t h e  to ta l  ( in t e g r a t e d )  w a t e r  

n e tw o r k  ( T W N )  c o m b in e d  b o th  w a t e r  u s a g e  a n d  tr e a tm e n t  n e t w o r k  ( พ บ T N )  a s  

s h o w n  in  F ig u r e  2 . 1 2 . 'In  T W N , w a t e r  d i s c h a r g e  t o  t h e  e n v ir o n m e n t  m a y  b e  p o s s i b l y  

e l im in a t e d  ( z e r o  l iq u id  d i s c h a r g e )  a n d  it  i s  t h e  id e a l  s o lu t io n  fo r  in d u s tr ia l  

s u s ta in a b i l ity .

Figure 2.12 T h e  d i v i s i o n  o f  a  to ta l  w a t e r  n e tw o r k  ( T W N )  o n  w a t e r - u s in g  n e t w o r k s  

( พ บ N ร) a n d  w a s t e w a t e r  tr e a tm e n t  n e t w o r k s  ( W W T N s )  ( J e z o w s k i ,  2 0 1 0 ) .
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W h e r e a s  th e  o b j e c t i v e  m a y  o f t e n  f o c u s  o n  t h e  m in im iz a t io n  o f  f r e s h  

w a t e r  c o n s u m e d  a n d  w a s t e w a t e r  tr e a te d , th e  to ta l c o s t  ( c a p ita l  a n d  o p e r a t io n  c o s t )  

s h o u ld  b e  c o n s id e r e d  a s  w e l l .  T h e  c o s t  o f  r e g e n e r a t io n  o r  tr e a tm e n t  is  r e g a r d e d  in  

W R N , W N R R  a n d  T W N  d e s ig n  m e th o d .  H o w e v e r ,  s o m e  m e t h o d s  s t i l l  i n v o l v e  w i t h  

t h e  p ip in g  c o s t  a s  w e l l  a s  t h e  n u m b e r  o f  c o n n e c t io n s .  A d d i t io n a l ly ,  it i s  p o s s i b l e  t o  

a p p ly  a n  e n v ir o n m e n ta l  im p a c t  in t o  t h e  d e s ig n .
T y p ic a l ly ,  a  to ta l  w a t e r  n e t w o r k  in c lu d e s  s e v e r a l  w a t e r  s o u r c e s ,  w a te r  

u s in g  o p e r a t io n s ,  a lo n g  w ith  t r e a tm e n t /r e g e n e r a t io n  p r o c e s s e s  a n d  w a s t e  d i s p o s a l  

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

r e d is t r ib u te  a m o n g  s o u r c e s ,  p r o c e s s  a n d  s in k s  e v e n  r e u s e  a n d  r e g e n e r a t io n  p r o c e s s .
In  s o m e  s y s t e m s ,  b a t c h - w is e  o p e r a t io n  ta n k s  a r e  a ls o  ta k e n  in to  

a c c o u n t  f o r  w a te r  u s in g  n e t w o r k s  w h i l e  s o m e  a p p ly  in  c o n t in u o u s  o p e r a t io n  m o d e .  
F u r th e r m o r e , th e  w a t e r  n e t w o r k  a n d  h e a t  in te g r a t io n  c a n  b e  s im u l t a n e o u s l y  

c o n s id e r e d  s in c e  s o m e  o p e r a t io n s  o r  s i t e s  m a y  r e q u ir e  a  c e r ta in  w a t e r  t e m p e r a tu r e  o r  

e v e n  a  c e r ta in  p h a s e  o f  w a te r  ( S ie n i u t y c z  e t a i ,  2 0 1 3 ) .
2 .2 .3  A p p r o a c h e s  t o  W a t e r  N e t w o r k  D e s i g n  f O v e r v ie w )

G e n e r a l ly ,  th e  a p p r o a c h e s  to  t h e  w a te r  n e t w o r k  p r o b le m  c a n  s e p a r a te  

in t o  t w o  t e c h n iq u e s :  in s ig h t - b a s e d  (h e u r is t ic  o r  w a t e r  p in c h  t e c h n iq u e )  a n d  

o p t im iz a t io n - b a s e d  ( s y s t e m a t ic -  o r  m a th e m a t ic a l -b a s e d ) .  T h e  fo r m e r  a p p r o a c h  i s  a  

s im p le  m e th o d  b u t a t tr a c t iv e  s o lu t io n .  H o w e v e r ,  th e  m a jo r  d i s a d v a n t a g e  o f  t h e  w a te r  

p in c h  t e c h n iq u e  o c c u r s  w h e n  a p p ly in g  t o  a  s y s t e m  w i t h  a  la r g e  n u m b e r  o f  

c o n t a m in a n ts .  M e a n w h i le ,  t h e  la t te r  a p p r o a c h  c a n  b e t t e r  d e a l  w i t h  a  c o m p l e x  

p r o b le m  e s p e c ia l l y  in  th e  c a s e  o f  m u l t ip le  c o n t a m in a n t s ,  o r  a  s y s t e m  w i t h  v a r io u s  

c o n s tr a in t s  ( J e z o w s k i ,  2 0 1 0 ) .
2 .2 .3 .1  In s ig h t-b a sed  M e th o d

T h e  l im i t in g  c o m p o s i t e  c u r v e  d ia g r a m  i s  th e  f ir s t  a n d  m a y  b e  

th e  s t r o n g e s t  in s ig h t - b a s e d  m e t h o d .  T h is  is  c a l le d  th e  w a t e r  p in c h  m e th o d .  T h e  id e a  

o f  w a t e r  p in c h  t a r g e t in g  is  r a th e r  a s s o c ia t e d  w i t h  th e  c o m p o s i t e  c u r v e  ( C C )  p lo t  in  

t h e  h e a t  p in c h  a n a ly s i s ,  e s p e c ia l ly ,  t h e  w a t e r  c o m p o s i t e  c u r v e  w h i c h  i s  t a r g e t in g  fo r  a  

m in im u m  f l o w  r a te  o f  f r e s h w a t e r  in  t h e  w a t e r  u s in g  n e t w o r k  ( พ บ N ) .  In  a d d it io n ,  th e  

s a m e  c o n c e p t  a n d  t e c h n iq u e  c a n  b e  a p p lie d  t o  th e  w a s t e w a t e r  tr e a tm e n t  n e t w o r k  

( W W T N ) .  T h e  s a m e  c o n c e p t  e m p lo y e d  in  t h e  e x i s t in g  t a r g e t in g  a p p r o a c h e s  fo r
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id e n t i f y in g  t h e  m in im u m  u t i l i t ie s  in  t h e  h e a t  p in c h  a n a ly s i s  is  a l s o  im p le m e n t e d  in  

t h e  w a te r  n e t w o r k  t o  c o m p u t e  th e  f r e s h  w a t e r  a n d  w a s t e w a t e r  ta r g e t s  ( J e z o w s k i ,
2 0 1 0 ) .  In  s e v e r a l  r e s e a r c h e s ,  th e  m a th e m a t ic a l  o p t im iz a t io n  t e c h n iq u e  h a s  b e e n  

d e v e lo p e d  a n d  a p p lie d  in  th e  w a te r  n e t w o r k  d e s ig n  t o  d e a l  w i t h  t h e  d i f f i c u l t i e s  a n d  

l im it a t io n s  o f  t h e  w a t e r  p in c h  a p p r o a c h .
2 .2 .3 .2  O p tim iza tio n -b a se d  M e th o d

T h is  m e th o d  i s  u s u a l ly  e m p lo y e d  f o r  a  s u p e r s tr u c tu r e  

o p t im iz a t io n  p r o b le m  t o  p e r fo r m  s im u l t a n e o u s  c a lc u la t io n s  in  s e v e r a l  s t e p s  t o  

id e n t i fy  t h e  ( g l o b a l )  o p t im u m  s o lu t io n .  A d d i t io n a l ly ,  s o m e  a u t o m a t e d  t a r g e t in g  

m e t h o d s  c o m b i n e  b o th  p in c h  in s ig h t  a n d  o p t im iz a t io n .  It i s  n o t e d  th a t  s o lv i n g  t h e  

s u p e r s tr u c tu r e  o f  w a t e r  u s in g  n e t w o r k  w i t h o u t  r e g e n e r a t io n  p r o c e s s e s  is  e a s ie r  th a n  

s o lv in g  t h e  h e a t  e x c h a n g e r  n e tw o r k  p r o b le m  b e c a u s e  o f  t h e  f ix e d  n u m b e r  o f  w a t e r  

u s in g  p r o c e s s e s .  O th e r  b e n e f i t s  o f  th e  o p t im iz a t io n  a p p r o a c h  in c lu d e  t h e  c a p a b i l i t y  t o  

c a rry  n o n l in e a r i t ie s  a n d  a ll t o p o l o g ic a l  i s s u e s .  H o w e v e r ,  t h e  s u p e r s tr u c tu r e  

fo r m u la t io n  c a n  b e  m o r e  c o m p l e x  d e p e n d in g  o n  t h e  n u m b e r  o f  t r e a tm e n t  u n it s  a s  

w e l l  a s  th e  n u m b e r  o f  a p p a r a tu s e s  a n d  t h e ir  a r r a n g e m e n t .
E v e n  th o u g h , m o s t  s u p e r s tr u c tu r e  a r e  f r e q u e n t ly  p r o p o s e d  fo r  

m a s s - t r a n s fe r  w a t e r  u s in g  p r o c e s s e d ,  t h e  n o n - m a s s  tr a n s fe r  u n it s  a r e  a l s o  in c lu d e d  

s tr a ig h t fo r w a r d ly .  T h is  s i g n i f i e s  th e  f l e x ib i l i t y  o f  t h e  m e t h o d  w h ic h  i s  a  s ig n i f ic a n t  

a d v a n ta g e . T h e  s p e c i f i c  c o n d i t io n s  s u c h  a s  t h e  s e q u e n t ia l  a r r a n g e m e n t  o f  t r e a tm e n t  

u n it s  c a n  b e  e m b e d d e d  a n d  s im p ly  m o d i f i e d  b y  th e  s u p e r s tr u c tu r e  a s  w e l l .
T y p ic a l ly ,  th e  s u p e r s tr u c tu r e  m o d e l  m a y  in c lu d e  b in a r y  

v a r ia b le s  t o  a c c o u n t  fo r  f i x e d  c o s t  o f  e q u ip m e n t  i n v e s t m e n t  c h a r g e s  a s  w e l l  a s  f o r  

t o p o lo g ic a l  c o n s tr a in t s .  It i s  d i f f i c u l t  t o  s o lv e  fo r  r e s u lt in g  c o m p l e x  M I N L P  

fo r m u la t io n , e s p e c ia l l y  w h e n  s e e k in g  a  g lo b a l  o p t im u m  a n d  h a s  t o  a d d r e s s  a  la r g e  

s c a le  p r o b le m . H o w e v e r ,  th e r e  a re  s e v e r a l  w a y s  t o  c o p e  w i t h  s u c h  d i f f i c u l t y  a n d  t h e y  

a r e  d iv id e d  a s  f o l lo w s :
( 1 )  D ir e c t  l in e a r iz a t io n
( 2 )  G e n e r a t io n  o f  “g o o d ” s ta r t in g  p o in t ( s )
( 3 )  S e q u e n t ia l  s o lu t io n  p r o c e d u r e
( 4 )  M e t a - h e u r is t ic  o p t im iz a t io n  a p p r o a c h e s
( 5 )  G lo b a l  ( d e t e r m in is t ic )  o p t im iz a t io n
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•  D ir e c t  l in e a r iz a t io n
F o r  n o n - m a s s  tr a n s fe r  p r o c e s s e s ,  a  f i x e d  o u t le t  

c o n c e n t r a t io n  w i l l  b e  d e f in e d  f o r  a  l in e a r ity  o f  c o n s t r a in t s  in  a  w a te r  u s in g  n e tw o r k  

b o t h  w i t h  a n d  w i t h o u t  r e g e n e r a t io n  p r o c e s s e s .  F o r  m a s s  tr a n s fe r  p r o c e s s e s ,  s in g le  

c o n t a m in a n t  p r o b le m  c a n  b e  e a s i l y  l in e a r iz e d  b y  a s s u m in g  t h e  o p t im a l  c o n d i t io n s  

th a t  w e r e  p r o v e n  b y  ( B a g a j e w i c z  e t a l . , 2 0 0 1 ) .  T h e  c o n d i t io n s  s ta te  th a t  p r o c e s s e s  

u s in g  f r e s h w a t e r  m u s t  fe a tu r e  t h e  m a x im u m  o u t le t  -c o n c e n tr a t io n  o f  a t l e a s t  o n e  

c o m p o n e n t  ( c a l le d  th e  k e y  c o m p o n e n t ) .  A l s o ,  th e  c o n d i t io n  o f  c o n c e n t r a t io n  

m o n o t o n ic i t y  w a s  d e r iv e d  a n d  p r o v e n  fo r  th e  k e y  c o m p o n e n t .  T h e s e  n e c e s s a r y  

c o n d i t io n s  c o r r e s p o n d  to  th e  o p t im a l  w a t e r  a l lo c a t io n  p la n n in g  p r o b le m  th a t  

c o n s id e r s  w a s t e w a t e r  r e u s e  a n d  w h e r e  t h e  o b j e c t iv e  i s  t o  m in im iz e  t h e  f r e s h  w a t e r  

c o n s u m p t io n .  In c a s e  o f  m u l t ip le  c o n t a m in a n ts ,  th e  m o d e l  i s  l in e a r iz e d  b y  u s in g  

s im i la r  c o n d i t io n s  f o r  k e y  c o n t a m in a n t s  ( S a v e l s k i  e t a l . , 2 0 0 3 )  a n d  a l s o  r e q u ir e s  th e  

a p p lic a t io n  o f  “ a lt e r n a t iv e s ” b y  b r a n c h in g  a n d  g e n e r a t in g  s p e c ia l  s e q u e n c e s  o f  

w a t e r - u s in g  p r o c e s s e s  ( B a g a j e w i c z  e t a l . , 2 0 0 0 ) .  In  a d d it io n  W a lc z y k  e t a l. ( 2 0 0 8 )  

c o u ld  l in e a r iz e  t h e  w a t e r  u s in g  n e t w o r k  m o d e l  w i t h  l o g ic a l  c o n d i t io n s  fo r  c h o o s i n g  

t h e  p a r a m e te r  o f  w a t e r  u s in g  p r o c e s s  a m o n g  h e u r is t ic a l ly  s e l e c t e d  c o n d i t io n s .  T h is  

d id  n o t  r e q u ir e  a  b r a n c h in g  s c h e m e ;  h o w e v e r ,  th e  s o lu t io n  d o e s  n o t  y ie ld  o r  

g u a r a n te e  th e  g lo b a l  o p t im u m  b u t y ie ld s  n e a r  th e  g lo b a l  o p t im u m  (a t w o r s t )  o v e r  a  

s h o r t  C P U  t im e  (r e a c h e d  a  b e t t e r  s o lu t io n  th a n  th e  r e s u lt  o f  th e  p r e v io u s  w o r k ) .T h e  

s o lu t io n  c a n  b e  m o r e  im p r o v e d  w i t h  N L P  s o lv e r .

•  G e n e r a t io n  o f  “g o o d ” s ta r tin g  p o in t ( s )
F o r  d e te r m in in g  th e  g lo b a l  o p t im u m , a  d e t e r m in is t ic  

o p t im iz a t io n  is  s ta r te d  w ith  a  s u i t a b le  in i t ia l i z a t io n  ( m o s t  o f t e n  u s in g  in  W W T N  fo r '  

s e q u e n t ia l  a r r a n g e m e n ts  o f  a v a i la b le  t r e a tm e n t  p r o c e s s e s  ( C h e w  e t a i ,  2 0 0 9 ) .  
C o m m o n ly ,  t h e  s ta r t in g  p o in t  c a n  b e  fo u n d  th r o u g h  p r o b le m  l in e a r iz a t io n .  F o r  

in s t a n c e ,  th e  f ix e d  o u t le t  c o n c e n t r a t io n s  a t th e  m a x im u m  v a lu e s  a re  u s e d  a s  t h e  

s ta r t in g  p o in t s  f o r  m a s s - t r a n s fe r  w a t e r - u s in g  o p e r a t io n s  in  g e n e r a l  p r a c t ic e .

•  S e q u e n t ia l  s o lu t io n  p r o c e d u r e
T h e  N L P  m o d e l  w a s  a p p lie d  a n d  t h e  p r o c e d u r e  w a s  d o n e  b y  

a s s u m in g  m a x im u m  c o n c e n t r a t io n s  a n d  r e la x in g  e q u a l i t i e s  in t o  in e q u a l i t ie s  ( D o y l e  e t
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a l ,  1 9 9 7 ) .  S o m e  a d d it io n a l  c o n s t r a in t s  in c lu d in g  th e  m a x im u m  w a s t e w a t e r  f l o w  r a te s  

w e r e  s p e c i f i e d  t o  in c r e a s e  t h e  c o n v e r g e n c e .
T h e  p r o c e d u r e  (G u n a r a tn a m  e t a l ,  2 0 0 5 )  fo r  s o lv i n g  th e  

T W N  p r o b le m  i s  a s  f o l lo w s :
( i )  R e l a x  th e  m a te r ia l  b a la n c e  w i t h  f i x in g  t h e  o u t le t  

c o n c e n t r a t io n  a t th e  m a x im u m  a n d  in t r o d u c e  s la c k  v a r ia b le s  t o  t h e  b a la n c e  e q u a t io n  

fo r  M I L P  fo r m u la t io n
( i i )  U s e  f l o w  r a te s  f r o m  th e  s o lu t io n  a s  a  s ta r t in g  

p o in t  f o r  th e  L P  m o d e l  s o lu t io n  a n d  s o l v e  fo r  n e w  c o n c e n t r a t io n  v a lu e s ,  w h i c h  a re  

e m p lo y e d  a s  d a ta  f o r  M I L P  in  th e  n e x t  s t e p  (T h e  M I L P - L P  m o d e l  s o lu t io n ) .
( i i i )  A f t e r  r e a c h in g  th e  c o n v e r g e n c e  ( t h e  s u m  o f  

s la c k s  i s  “ s m a l l” ) ,  th e  s o lu t io n  o f  t h e  fu ll  M I N L P  s u p e r s tr u c tu r e  m o d e l  i s  o b ta in e d .
F o r  W W T N , t h e  p r o c e d u r e  is  s o lv e d  in  c y c l e s  a n d  it  

e m p lo y s  t h e  p a ir  L P - N L P  w ith  th e  s o lu t io n  fr o m  L P  a s  th e  s ta r t in g  p o in t  fo r  N L P .  
A ls o  t o  g e n e r a t e  t h e  L P  r e la x a t io n , it  h a s  t o  f ix  t h e  s p ilt  f r a c t io n s  w ith  s t e p w i s e  

c h a n g e s  f o r  a  g iv e n  p a r a m e te r .

•  M e t a - h e u r is t ic  o p t im iz a t io n  a p p r o a c h e s
T h is  a p p r o a c h  c a n  b e  c a l le d  a l s o  th e  s t o c h a s t i c  

o p t im iz a t io n .  T h e  g e n e t i c  a lg o r i t h m s  ( G A s )  (T s a i  e t a l ,  2 0 0 1 )  o r  A d a p t iv e  r a n d o m  

se a r c h  ( A R S )  ( P o p le w s k i  e t a l ,  2 0 0 7 )  a r e  a p p lie d  f o r  b o th  th e  พ บ N  ( J e z o w s k i  e t a l ,  
2 0 0 7 )  a n d  ( P o p l e w s k i  e t a l ,  2 0 0 7 )  p r o b le m s . T h e  a p p lic a t io n  o f  a d d it io n a l  g o a l  

f u n c t io n s  w i t h  s u i t a b le  p e n a lt y  te r m  i s  n e c e s s a r y  fo r  th is  a p p r o a c h . T h e  w a t e r  

n e tw o r k  p r o b le m  i s  n o n l in e a r it f e s  b e c a u s e  o f  th e  b i l in e a r  te r m s;  t h e r e fo r e ,  th e  d ir e c t  

s o lu t io n  o f  e q u a l i t i e s  in  t h e  s e q u e n t ia l  p r o c e d u r e  is  t h e  m o s t  e f f e c t i v e  m a n n e r .

•  G lo b a l  ( d e t e r m in is t ic )  o p t im iz a t io n
T h e  a p p r o a c h  i s  a s s o c ia t e d  w ith  a  s p a t ia l  b r a n c h  a n d  

c o n tr a c t  a lg o r i t h m s  f o r  N L P  a s  w e l l  a s  p i e c e w is e  u n d e r -a n d  o v e r - e s t im a t o r s  ( f o r  

e s t im a t io n  o f  n o n c o n v e x  te r m s ) ,  a n d  b r a n c h -a n d -b o u n d  s c h e m e s  f o r  b in a r y  

v a r ia b le s .( ( Z a m o r a  e t a l ,  1 9 9 8 ,  G r o s s m a n n  e t a l ,  2 0 0 4 ,  F lo u d a s  e t a l ,  2 0 0 5 ,  
K a r u p p ia h  e t a l ,  2 0 0 8 ) .

T h u s , it c a n  b e  s e e n  th a t  t h e  m e t h o d o lo g i e s  u s e d  in  th e  

p r o c e s s  in te g r a t io n  c a n  b e  d iv id e d  in t o  t w o  s e c t io n s :  th e  m e t h o d  i n v o lv i n g
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m a th e m a t ic a l  p r o g r a m m in g  t e c h n iq u e s  a n d  a n o th e r  i n v o lv i n g  th e  p in c h  a n a ly s i s  

t e c h n iq u e s  a s  s h o w n  in  F ig u r e  2 . 1 3 .  In t h e  m in im iz a t io n  o f  w a t e r  p r o b le m , F ig u r e
2 . 1 4  s h o w s  v a r io u s  s o lu t io n  t e c h n iq u e s  a n d  th e  p r o c e s s  in te g r a t io n  t o o l s  f o r  s o lv i n g  

t h e  p r o b le m  ( H a s h im  e t a l . , 2 0 0 9 ) .

Figure 2.13 T h e  t o o ls  o f  p r o c e s s  in te g r a t io n  (F la s h im  e t a i ,  2 0 0 9 ) .

Problem

Objective

S o lu t io n
Technique

a i ,  2 0 0 9 ) .
Figure 2.14 Solution techniques for water and wastewater minimization (Flashim e t
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2.3 W ater and W astewater Use and Management (in Petroleum Refinery)

2 .3 .1  O v e r v i e w  o f  W a t e r /W a s t e w a t e r  in  P e tr o le u m  R e f in e r y
P e tr o le u m  r e f in e r ie s  a r e  c o m p le x  s y s t e m s  th a t  c o n s i s t  o f  d i f f e r e n t  a n d  

v a r io u s  u n it  o p e r a t io n  a n d  d e p e n d  o n  t h e  s p e c i f i c  r e f in e r y  c o n s id e r e d  s u c h  a s  s iz e ,  
c r u d e , p r o d u c t s  a n d  th e ir  o p e r a t io n s ,  w h i c h  d e m a n d  a  la r g e  w a t e r  c o n s u m p t io n  w i t h  

r e s p e c t  t o  o th e r  in d u s tr ie s  ( I P I E C A , 2 0 1 0 ) .  A n  in te r e s t in g  c a s e  s tu d y  in  w a t e r  

m a n a g e m e n t  fo r  r e f in e r ie s  a r e  c h a r a c te r iz e d  d u e  t o  a n  in t e n s iv e  u s e  o f  w a t e r ,  a n d  

a ls o  o f t e n  lo c a t in g  in  c o u n t r ie s  w h i c h  a r e  s c a r c e  in  f r e s h  w a t e r  (P e n n a t i ,  2 0 1 2 ) .  À  

ty p ic a l  r e f in e r y  f l o w  d ia g r a m  i s  s h o w n  in  F ig u r e  2 .1 5 .

PRODUCTS

Refinery 
Fuel G as

LPG

Regular
Gaaoëne

Premium
GasoSne

Solvents

Aviation
Fuels

Diesels

Heating Oils

Lube oas

Greases

Asphalts

Industrial
Fuels

Coke

Figure 2.15 T y p ic a l  R e f in e r y  F lo w  D ia g r a m  ( P e l le g r in o  e t a l . , 2 0 0 7 ) .

F ir s t ,  th e  c r u d e  i s  s e n t  t o  th e  d i s t i l la t io n  u n it  t o  s e p a r a te  d i f f e r e n t  

h y d r o c a r b o n  g r o u p s  o r  l ig h t  a n d  h e a v y  f r a c t io n s .  T h e n , h e a v y  h y d r o c a r b o n  

m o le c u l e s  a r e  c r a c k e d  in t o  s m a lle r  h y d r o c a r b o n  m o le c u l e s  w ith  h e a t  o r  c a t a ly s t  u s i n g  

( th r o u g h  V is b r e a k in g ,  C a ta ly t ic  c r a c k in g , C o k in g  e t c . ) .  N e x t ,  t w o  o r  m o r e
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h y d r o c a r b o n  m o le c u l e s  w i l l  f o r m  a  la r g e r  m o le c u l e  in  a lk y la t io n  a n d  p o ly m e r iz a t io n  

( c o m b in a t io n )  t o  p r o d u c e  h ig h  o c t a n e  g a s o l i n e  b le n d in g  s t o c k  w h i l e  h y d r o c a r b o n  

a r r a n g e m e n t  fo r  p r o d u c in g  a  n e w  m o le c u l e  w ith  d i f f e r e n t  c h a r a c t e r is t ic s  a re  

g e n e r a l ly  o c c u r r e d  in  c a t a ly t ic  r e f o r m in g  a n d  is o m e r iz a t io n .  M o r e o v e r ,  su lfu r ,  
n it r o g e n  a s  w e l l  a s  h e a v y  m e t a l s  a n d  o th e r  im p u r it ie s  in  p e tr o le u m  p r o d u c t s  n e e d  t o  

b e  r e m o v e d  b y  t r e a t in g  w i t h  s w e e t e n in g /s u l f u r  r e m o v a l  u n it ,  g a s  tr e a tm e n t  u n it  a n d  

c a t a ly t ic  h y d r o tr e a t in g . A l s o ,  b le n d in g  i s  u s e d  t o  o b t a in  th e  f in a l  p r o d u c t s  a n d  

e v e n t u a l ly ,  s p e c ia l  p r o d u c t s  s u c h  a s  lu b r ic a t in g  o i l ,  g r e a s e ,  w a x  a n d  a s p h a lt  a re  

p r o d u c e d  in  v a r io u s  p r o c e s s e s .
G e n e r a l ly ,  w a t e r  i s  u t i l i z e d  in  r e f in e r ie s  a s  c o o l i n g  t o w e r  m a k e u p , f ir e  

w a t e r /c o n s t r u c t io n  w a te r ,  b o i l e r  f e e d  w a te r ,  d e s a lt e r  a n d  fo r  v a r io u s  w a s h in g  

o p e r a t io n s  t o g e t h e r  w ith  o th e r  c h e m ic a l  p r o c e s s in g  in  r e f in e r y . M o s t ly ,  w a t e r  i s  u s e d  

in  fo r m  o f  s t e a m  in  m a n y  u n it s ;  fo r  e x a m p le ,  s te a m  s tr ip p in g , s w e e t e n in g ,  a lk y la t io n ,  
e tc .  T h e  g e n e r a l  w a t e r  c o n s u m p t io n  in  a  r e f in e r y  i s  s h o w n  in  F ig u r e  2 . 1 6  (P e n n a t i ,  
2012).

11%
Fire water/ 

construction 
water

20%
Boile r feed 

water

10%
Water fo r 

process units

6% Backwash
Potable water & rinse

Figure 2.16 W a t e r  c o n s u m p t io n  in  r e f in e r y  ( H w a n g  e t a l . , 2 0 1 1 ) .

In  t h e  r e f in e r y , w a t e r  c a n  b e  c a s c a d e d  o r  r e u s e d  in  m a n y  s i t e s .  M o s t  

o f  w a t e r  u t i l i z e d  in  r e f in e r y  c a n  b e  c o n s i s t e n t ly  r e c y c le d  w i t h in  t h e  p r o c e s s .
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H o w e v e r ,  th e r e  a re  s o m e  l o s s e s  t o  t h e  e n v ir o n m e n t  s u c h  a s  s t e a m  l o s s e s ,  c o o l i n g  

t o w e r  e v a p o r a t io n  a n d  d r if t in g  o r  e v e n  w a te r  l e a v in g  w it h  t h e  p r o d u c ts .  S o m e  

p r o c e s s e s  n e e d  a  c e r ta in  c o n t in u o u s  w a t e r  in ta k e  t o  th e  o p e r a t io n  s u c h  a s  s t e a m  

g e n e r a t in g  o r  c o o l i n g  w a t e r  s y s t e m s  W a t e r  b a la n c e  f o r  a  r e f in e r y  s h o w n  in  F ig u r e
2 .1 7  i s  a n  o v e r a l l  s c h e m a t ic  fo r  a  s t e p  to w a r d  o p t im iz a t io n  o f  w a t e r  u s a g e ,  r e c y c le  

a n d  r e u s e  a s  w e l l  a s  t h e  o p t im iz a t io n  o f  th e  p e r f o r m a n c e  o f  w a t e r  a n d  w a s t e w a t e r  

tr e a tm e n t  s y s t e m s  ( I P I E C A , 2 0 1 0 ) .  F ig u r e  2 .1 8  i l lu s tr a t e s  th e  t y p ic a l  w a t e r  f l o w  in  

th e  r e f in e r y .

Rain

Surface W afer I

Purchased Water I

Water in Crude

L _
Ground Water

Steam Losses

Refinery Process Units

Recycle

Cooling Tower 
* Evaporation & 
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------ --------- ►

Figure 2.17 A  s c h e m a t ic  e x a m p le  o f  th e  t y p ic a l  w a t e r  b a la n c e  in  a  r e f in e r y  

( I P I E C A , 2 0 1 0 ) .

Figure 2.18 T y p ic a l  w a t e r  f l o w  in  r e f in e r y  ( H w a n g  e t a l . , 2 0 1 1 ) .
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T h e  w a s t e w a t e r  g e n e r a t e d  in  p e t r o le u m  r e f in e r y  i s  h ig h  v a r ia b i l i t y  in  

f l o w  r a te  a n d  c o m p o s i t io n .  T y p ic a l l y ,  w a s t e w a t e r  c o n s i s t s  o f  s u s p e n d e d  s o l id s ,  
a m m o n ia ,  h y d r o c a r b o n s ,  p h e n o ls  a n d  o th e r  c o m p o u n d s  ( T a b le  2 .1 ) .  C o o l i n g  t o w e r ,  
b o i le r  b lo w d o w n ,  s t r ip p in g  w a te r ,  w a s h  w a t e r  a n d  o th e r  r e la te d  p r o c e s s  w a t e r  a r e  th e  

s o u r c e  o f  w a s t e w a t e r .  H o w e v e r ,  t h e  a m o u n t  o f  w a s t e w a t e r  d i s c h a r g e d  a n d  i t s  

c o m p o s i t io n  is  d e p e n d e n t  o n  t h e  c h a r a c t e r is t ic  o f  e a c h  r e f in e r y , th e  c r u d e  o i l  

p r o p e r t ie s ,  th e  t y p e  o f  p r o c e s s  a s  w e l l  a s  t h e  f in a l m ix e d  p r o d u c t  a n d  th e  

t r e a tm e n t /d is p o s a l  p r o c e s s .
S o u r  w a s t e w a t e r s  c o n t a in in g  a m m o n ia ,  p h e n o l s ,  s u l f id e  a n d  o th e r  

o r g a n ic  c h e m ic a l  c o m p o u n d  c a n  b e  p r o d u c e d  in  r e f in e r y  p r o c e s s .  T h e y  a r e  g e n e r a t e d  

fr o m  w a t e r  th a t  c o n t a c t s  d ir e c t ly  w i t h  a  h y d r o c a r b o n  s tr e a m . A d d i t io n a l ly ,  s p e n t  

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

a c id  s o lu t io n  a n d  t o  s e p a r a te  a c id ic  m a te r ia ls  o f  c r u d e  o i l  i s  t h e  c a u s e  o f  s p e n t  

c a u s t ic  fo r m a t io n . A c i d i c  r e a c t io n  p r o d u c t s  m a y  b e  g e n e r a te d  b y  a  c h e m ic a l  t r e a t in g  

p r o c e s s ,  a n d  a c i d i c  m a te r ia ls  p r o d u c e d  d u r in g  th e r m a l a n d  c a t a ly t ic  c r a c k in g .  
F u r th e r m o r e , c a u s t ic s  a r e  a d d e d  t o  a  d e s a l t e r  t o  n e u tr a l iz e  a c id s  a n d  r e d u c e  c o r r o s io n  

a n d  im p le m e n t e d  f o r  w a s h in g  t h e  i s o m e r iz a t io n ,  a lk y la t io n , d r y in g  a n d  s w e e t e n in g  

u n its .

T a b l e  2 .1  L is t  o f  t y p ic a l  w a te r  c o n t a m in a n t s  in  r e f in e r y  ( H w a n g  e t a l., 2 0 1 1 )
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2 .3 .2  O v e r v ie w  o f  W a s t e w a t e r  T r e a tm e n t  (P e tr o le u m  R e f in e r y )
T h e  tr e a tm e n t  p r o c e s s  fo r  w a s t e w a t e r  in  a  r e f in e r y  c a n  b e  c la s s i f i e d  

in t o  b o th  p r im a r y  a n d  s e c o n d a r y  p r o c e s s e s ,  o r  e v e n  a  te r t ia r y  p r o c e s s .  S o m e  

r e f in e r ie s  h a v e  t o  a ls o  p o l i s h  th e  d i s c h a r g e  s t r e a m  t o  m e e t  e n v ir o n m e n t a l  r e g u la t io n .  
T h e  d is t i l la t io n  u n it s  a n d  fr a c t io n a to r s  g e n e r a t e  s o u r  w a s t e w a t e r  c o n t a in in g  h ig h  

c o n c e n tr a t io n  o f  a m m o n ia  a n d  s u l f id e s ,  th u s  it  n e e d s  t o  b e  tr e a te d  b e f o r e  m ix in g  w i t h  

t h e  m a in  w a s t e w a t e r  s trea m . G e n e r a l ly ,  t h i s - i s  e m p lo y e d  b y  a ir  o r  s t e a m  s tr ip p in g  in  

a t o w e r  to  r e m o v e  h y d r o g e n  s u l f id e ,  a m m o n ia  a n d  o th e r  o r g a n ic  s u lfu r  c o m p o u n d s .  
T h e n , th e  w a s t e w a t e r  is  m o v e d  t o  th e  p r im a r y  tr e a tm e n t  o r  t o  t h e  s e c o n d a r y  

tr e a tm e n t . A ls o ,  t h e  s tr ip p e d  w a t e r  c a n  b e  r e u s e d  in  th e  d e s a l t e r  b e c a u s e  a  h ig h  g r a d e  

w a t e r  is  n o t  n e e d e d  in  s u c h  a  u n it  (P e n n a t i ,  2 0 1 2 ) ,
V a r io u s  t y p e s  o f  w a s t e w a t e r  tr e a tm e n t  p r o c e s s e s  th a t  a re  u s u a l ly  

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

r e f in e r y  w a s t e w a t e r  tr e a tm e n t s y s t e m  a s  w e l l  a s  th e  in f lu e n t  c o n d i t io n s  a n d  th e  l e v e l  

o f  tr e a tm e n t  r e q u ir e d . F ig u r e  2 . 1 9  a n d  F ig u r e  2 .2 0  s h o w  e x a m p le s  o f  t h e  s y s t e m  fo r  

r e f in e r y  w a te r  u s e  a n d  tr e a tm e n t .

FRESH WATER

TREATED w a t e r

N O N -TR E A TE O  WATER

W ATERUSING
subsystem

WASTEWATER
TREATINGSUBSYSTEM

DISCHARGE

Figure 2.19 S y s t e m  fo r  r e f in e r y  w a t e r  u s e  a n d  tr e a tm e n t  (T a k a m a  e t a l . , 1980).
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[ I water using subsystem
V ///X  WASTEWATER TREATING SUBSYSTEM

Figure 2.20 General system structure for refinery water use and treatment (Takama 
ฝ ฟ ., 1980).

The standard limitation o f a refinery to discharge wastewater to open 
surfaces as shown in Table 2.2 (i.e. sea, river etc.) or to a municipal drain are greatly 
dependent on the refinery layout. Additionally, the maximum allowable level for 
each contaminant in water in a recycle stream is specific to the industrial site. 
Usually, the regulation for contaminants in refineries is focused on oil and grease, 
BOD5, c o d , total suspended solids, total and hexavalent chromium, phenolic 
compounds, ammonia, sulfides, pH and temperature (Pennati, 2012).
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Table 2.2 General system structure for refinery water use and treatment (Hwang et 
a i ,  2011)

1 Parameter Unit Refinery average 1
Temperature c 45
pH ร.บ. 5.5-9.0
Chemical oxygen demand (COD) mg/1 200
Biological oxygen demand (BOD) mg/1 30
Total suspended solids (TSS) mg/1 45
Oil/grease mg/1 10
Phenols mg/1 1
Sulfides mg/1 0.5
Nitrogen (i.e. Ammonia) mg/1 10
Phosphates (inorganic) mg/1 0.5
Cynides mg/1 1
Iron mg/1 2
Free chlorine mg/1 0.6
Chromium as CrO) mg/1 0.3
Zinc mg/1 0.001-0.05

The wastewater treatment process is intended to purify the natural 
water process and to eliminate wastewater contaminants that might interrupt with 
natural process. A traditional system for wastewater treatment consists o f physical, 
biological or even chemical processes. The alternative methods for wastewater 
treatment are divided into three main stages: (1) primary (physical process) 
treatment, (2) secondary (biological process) treatment, and (3) tertiary (combination 
o f  physical, chemical, and biological process) or advanced treatment as shown in 
Figure 2.21. However, it should include a preliminary treatment, disinfection and 
sludge management (treatment and disposal) depending on the necessary regulation 
requirement o f wastewater characteristics (Lin et a i ,  2007).
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PreliminaryTreatment

Raw wastewateriT____
Scree n ine-------I

Cum m inu tor

PrimaryTreatment

SecondaryTreatment

AdvancedTreatment

Figure 2.21 Flow chart for wastewater treatment processes (Lin et a l ,  2007).

In industrial wastewater, contaminants can be appeared in various 
types o f free oil, suspended solids, hydrocarbons, heavy metals, salts, to pathogens. 
The degree o f contamination such as pH, color, odor and so on is also an important 
wastewater characteristic and needed to be identified. Both type and amount o f  
pollutant in wastewater is significantly dependent on each industrial process. 
Although, at present, it can quantify the contamination o f  a water stream, the 
presence o f some species in wastewater cannot be traced if  their quantity is very 
small. Since a very wide range o f  different organic compounds contain in the
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wastewater, the amount of each individual compound is quite difficult or even 
impossible to quantify completely. Hence, the most collective analyses for the 
organics are often performed by the biochemical oxygen demand over 5 days 
( B O D 5 ) ,  the chemical oxygen demand ( C O D )  and the total organic carbon ( T O C ) .  

For the nutrients such as nitrogen and phosphorous, they can be proposed in several 
forms in wastewater and have to be observed to avoid eutrophication. Heavy metals 
causing toxic and sulfurous compounds causing unpleasant odors must be also 
handled. Moreover, the temperature and the alkalinity in wastewater discharge can 
vary the conditions of the receiving water surface. Meanwhile, suspended solids 
together with oil and grease may be dangerous for the environment. Other toxic 
compounds (such as phenols, benzene) are also worth paying attention. Especially, to 
recycle the treated water to process units, the contaminant level must be controlled 
stringently to satisfy all the constraints of the receiving process (Pennati, 2012).

• Biochemical oxygen demand (BOD).
This standardized test measures the oxygen utilized by

microorganisms in contact with the wastewater over a five-day period at 20° c  
(BOD5). The test can be continued until more than 20 days for measuring the 
ultimate demand. However, the BOD5 test provides a good indication for the effluent 
affecting on the environment.

• Chemical oxygen demand (COD)
In this test, acidic potassium dichromate is employed in the 

oxidation process whereas a silver sulfate is needed to support the oxidation of 
organic compounds. Typically, COD value is higher than BOD5 value because the 
COD test oxidizes only slow biodegradable matters. Even though the COD test can 
oxidize strongly in the environment, certain organic compounds may be oxidized 
slowly, or not at all.

• Total organic carbon (TOC)
This test measures the carbon dioxide generated when a 

wastewater sample is under a strong oxidizing environment. The sample is oxidized
with a high temperature (800 to 900° C) stream (air) in a furnace and then the C 02 
evolution is measured. Other strong oxidizing environments can also be employed,
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e.g chemical oxidation. The inorganic carbon compounds need to be eliminated 
before testing with additional acid for converting to carbon dioxide in order to obtain 
the TOC requirement. The carbon dioxide must be stripped by a sparge carrier gas 
(Smith, 2005).

Generally, the refinery wastewater treatment plants consist of primary 
and secondary oil/water separation, followed by biological treatment, and tertiary 
treatment (if necessary), as shown in Figure 2.22.

Oil tc _ Oil TO

Sludge Slbdge

Figure 2.22 Typical refinery wastewater treatment (IPIECA, 2010).

For the treatment system of wastewater in a refinery, it requires two 
steps to remove free oil from the collected wastewater before entering into biological 
systems.

The oil removal is implemented by using an API separator followed 
by a dissolved air flotation (DAF) or induced air flotation (IAF) unit. Then, the 
fluctuations causing the sudden variation of flow and concentration are minimized or 
reduced by equalization system. Next, they are sent to the aeration tank/clarified 
which performs the biological system. Finally, the outlet wastewater from clarifier is 
moved to the tertiary treatment (if necessary) prior to discharge (IPIECA, 2010).

• Primary treatment
This step involves a physical operation that is usually 

gravity separation in order to remove the floating and settleable matters. Typically, 
the primary treatment comprises of an oil/water separator and this is followed by a 
secondary oil/water/solids separation step (DAF or IAF) (IPIECA, 2010).
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S e d im e n t a t io n ,  f i l t r a t io n  o r  g r it  r e m o v a l  i s  u s e d  t o  s e p a r a te  f r e e  o i l  a n d  s o l id s .  
G e n e r a l ly ,  f r e e  o i l  i s  s e p a r a te d  b y  f lo a t in g  o n  t h e  s u r fa c e  w h i l e  s o l i d s  a r e  s e t t le  t o  th e  

b o t t o m  b y  ( A P I  a n d /o r  C P I /P P I ) ,  a n d  t h e n  th e  o il  i s  s k im m e d  a n d  s c r a p e d  o f f ,  
r e s p e c t iv e ly .  F o r  t h e  r e s t  o f  e m u ls i f i e d  o i l  w i t h /w it h o u t  t h e  a d d it io n  o f  c o a g u la n t s ,  
t h e y  a re  s e p a r a te d  b y  I A F / D A F / D N F  s y s t e m s .  S o l id  a n d  o i ly  s lu d g e  g e n e r a t e d  

f r o m  t h e s e  t r e a tm e n ts  a r e  h a r m fu l a n d  n e e d  t o  b e  t r e a te d  p r io r  t o  d is p o s a l  b y  

d e w a t e r in g  a n d  in c in e r a t io n  (P e n n a t i ,  2 0 1 2 ) .
N o t e  :

A P I  =  A m e r ic a n  P e t r o le u m  I n s t i tu te  s e p a r a to r  

C P I /P P I  =  C o r r u g a te d  o r  p a r a lle l  p la t e  in te r c e p to r  

I A F /D A F /D N F = I n d u c e d  a ir  f l o t a t io n  o r  d i s s o lv e d  a ir /n it r o g e n  f lo t a t io n  

•  S e c o n d a r y  T r e a tm e n t
T h is  s t e p  a s s o c ia t e s  w i t h  th e  b i o l o g i c a l  t r e a tm e n t  th a t  is  t h e  

m o s t  u s e d  t r e a tm e n t  t e c h n o l o g y  fo r  th e  e l im in a t io n  o f  d i s s o lv e d  o r g a n ic  c o m p o u n d s .  
G e n e r a l ly ,  t h e  b i o l o g i c a l  t r e a tm e n t  c a n  b e  d iv id e d  in t o  t w o  p r o c e s s e s :  s u s p e n d e d  

g r o w t h  p r o c e s s e s ;  a n d  a t ta c h e d  g r o w th  p r o c e s s e s .
S u s p e n d e d  G r o w t h  P r o c e s s e s

T h e  m ic r o o r g a n is m s  a re  c o m p l e t e ly  m ix e d  w i t h  t h e  

o r g a n ic  in  t h e  l iq u id  a n d  k e p t  a s  s u s p e n d e d  l iq u id  in  th is  p r o c e s s .  O r g a n ic  

c o n s t i t u e n t s  a r e  u s e d  a s  f o o d  o f  m ic r o o r g a n is m  t o  g r o w  a n d  c lu m p  u n t i l  b e c o m in g  

t h e  a c t iv e  b io m a s s .  T h e  m o s t  c o m m o n  p r o c e s s  u s e d  in  p r a c t ic e  i s  a c t iv a t e d  s lu d g e  

p r o c e s s .
A t t a c h e d  G r o w t h  P r o c e s s e s

T h e  m ic r o o r g a n is m s  a re  a t ta c h e d  t o  a n  in e r t  p a c k in g  

s t u f f  th a t  c a n  b e  r o c k s ,  g r a v e l ,  p la s t ic  m a te r ia l  a n d  s e v e r a l  s y n t h e t ic  m a te r ia ls .  T h e  

w a s t e w a t e r  w i l l  c o n t a c t  w i t h  t h e  m ic r o o r g a n is m s  o n  m e d ia  a n d  tr a n s fo r m  t o  b io m a s s  

a n d  C 0 2 -  T h e  b io m a s s  f i lm  o n  t h e  m e d ia  w i l l  b e  m a in ta in e d  u n t i l  g r o w in g  a n d

r e a c h in g  a  c e r ta in  t h ic k n e s s  a n d  f in a l ly  b e  r e m o v e d  a s  s lo u g h  ( I P I E C A , 2 0 1 0 ) .  
E x a m p le s  f o r  b i o l o g i c a l  tr e a tm e n t  in  b r ie f :

T h e  a c t iv a t e d  s lu d g e  s y s t e m s
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T h e  b a c te r ia l m a s s  is  s u s p e n d e d  in  th e  b a s in  a n d  

th e n  s e p a r a te d  th r o u g h  a  c la r if ie r  a n d  f in a l ly  r e c y c le d  b a ck . A d d it io n a l ly ,  t h e  s y s t e m  

c a n  b e  im p r o v e d  w i t h  a n  a d d it io n  o f  p o w d e r e d  a c t iv a te d  c a r b o n  (P A C T  p r o c e s s )  fo r  

b e tte r  e f f ic ie n c y .

sh a ft  w ith  d isk s .

T h e  t r ic k lin g  f i lt e r  o r  t h e  ro ta tin g  b io lo g ic a l  c o n t a c to r  

A  b io f i lm  g r o w s  o n  a  f ix e d  b e d  o r  o n  a  r o ta t in g

A e r a te d  l a g o o n s  o r  s ta b i l iz a t io n  p o n d s
T h e s e  c o n ta in  a  b a s in  fo r  p r o v id in g  w a s t e w a t e r  to  

rest u n d e r  th e  b io m a s s  a c t io n . (T h is  is  n o t  c o m m o n ly  u s e d  b e c a u s e  o f  th e  

r e q u ir e m e n ts  o f  h u g e  g r o u n d  su r fa c e .
M em b ra n e  b io rea cto r

T h e  s y s t e m  c o m b in e s  a n  a c t iv a t e d  s lu d g e  w i t h  a  

m ic r o f i ltr a t io n  m e m b r a n e . T h e  m e m b r a n e  b io r e a c to r  a c ts  to w a r d s  th e  n i t r o g e n o u s  
s p e c ie s  in  th e  w a s te w a te r . H o w e v e r ,  b o th  n itr if ic a t io n  ( c o n v e r s io n  o f  a m m o n iu m  t o  
n itr ite  a n d  th e n  t o  n itra te )  a n d  d e n itr i f ic a t io n  ( c o n v e r s io n  o f  n itr a te  to  n itr o g e n  g a s )  
c a n  b e  a c h ie v e d  d e p e n d in g  o n  th e  o p e r a t in g  c o n d it io n s  a n d  t h e  e x is t in g  o x y g e n .

T h e s e  b io lo g ic a l  tr e a tm e n t p r o c e s s e s  g e n e r a t e  

b io m a s s  s lu d g e  th at h a s  t o  b e  d e w a te r e d  a n d  tr e a te d  b e fo r e  d is p o s a l  (P e n n a t i ,  2 0 1 2 ) .
•  T ertiary  T r e a tm e n t

T h e  te r t ia r y  tr e a tm e n t is  r e q u ir e d  w h e n  it is  n e e d e d  t o  m e e t  

th e  s tr in g e n t  d is c h a r g e  l im ita t io n  s u c h  a s  T S S ;  C O D , d i s s o lv e d  a n d  s u s p e n d e d  
m e ta ls , a n d  tr a c e  o r g a n ic s  ( i .e . p o ly a r o m a t ic  h y d r o c a r b o n s  ( P A H s ) )  o r  t o  b e  r e c y c le d  

to  p r o c e s s e s  th at re q u ir e d  a  c e r ta in  l e v e l  o f  c o n ta m in a n ts  ( I P IE C A , 2 0 1 0 ) .
T h is  tr e a tm e n t s t e p  c o n ta in s  a  v a r io u s  a lt e r n a t iv e s  b a s e d  o n  

a  w id e  r a n g e  o f  te c h n iq u e s  s u c h  a s  a ir /s tr e a m  s tr ip p in g , a d s o r p t io n  w ith  a c t iv a t e d  
c a r b o n  o r  sa n d , o x id a t io n  w ith  c h lo r in e , h y d r o g e n  p e r o x id e ,  o r  o th e r  o x id a n ts ,  
p r e c ip ita t io n  o f  m e ta ls  o r  p h o s p h o r o u s ,  f i lt r a t io n  w ith  a  f in e  m e m b r a n e  

(m ic r o f i lt r a t io n , n a n o  f iltr a tio n , u ltr a f iltr a t io n  o r  r e v e r s e  o s m o s is ) .
H o w e v e r ,  d is in f e c t io n  is  n e c e s s a r y  i f  p a th o g e n s  p r e s e n t  in  

th e  w a s te w a te r  s trea m . T h u s , l e v e l s  o f  w a s te w a te r  tr e a tm e n t c a n  b e  s u m m a r iz e d  in
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th e  T a b le  2 .3 .  In  a d d it io n , T a b le  2 .4  a n d  T a b le  2 .5  i l lu s tr a te  u n it  o p e r a t io n s  a n d  

tr e a tm e n t p r o c e s s e s  to  r e m o v e  s o m e  c o m m o n  c o n ta m in a n ts  (P e n n a t i ,  2 0 1 2 ) .

Table 2.3 L e v e ls  o f  w a s te w a te r  tr e a tm e n t ( T c h o b a n o g lo u s  et a l ,  2 0 0 3 )

Treatment level Description1 Treatment level Description H
Preliminary Removal of wastewater constituent such as rags, sticks, floatables, grit 

and grease that may cause maintenance or operational problems with 
the treatment operations, processes, and ancillary systems

Primary Removal of a portion of the suspended solids and organic matter from 
the wastewater

Advanced primary Enhanced removal of suspended solids and organic matter from the 
wastewater. Typically accomplished by chemical addition or filtration

Secondary Removal of biodegradable organic matter (in solution or suspended) 
and suspended solids. Disinfection is also typically included in the 
definition of conventional secondary treatment.

Secondary with 
nutrient removal

Removal of biodegradable organics, suspended solid, and nutrients 
(nitrogen, phosphorus, or both nitrogen and phosphorus) -

Tertiary Removal of residual suspended solids (after secondary treatment), 
usually by granular medium filtration or microscreens. Disinfection is 
also typically a part of tertiary treatment. Nutrient removal is often 
included in this definition.

Advanced Removal of dissolved and suspended materials remaining after normal 
biological treatment when required for various water reuse applications
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Table 2.4 U n it  o p e r a t io n s  a n d  p r o c e s s e s  u s e d  to  r e m o v e  c o n s t i tu e n t s  fo u n d  in  

w a s te w a te r  (T c h o b a n o g lo u s  et a i ,  2 0 0 3 )

Constituent Unit operation or process1 Constituent Unit operation or process
Suspended solid Screening 

Grit removal 
Sedimentation 
High-rate clarification 
Flotation
Chemical precipitation 
Depth filtration 
Surface filtration

Biodegradable organics Aerobic suspend growth variations 
Aerobic attached growth variations 
Anaerobic suspended growth van at ions 
Anaerobic attached growth variations 
Lagoon variations 
Physical-chemical systems 
Chemical oxidation 
Advanced oxidation 
Membrane filtration

Nutrients
Nitrogen Chemical oxidation (breakpoint chlorination) 

Suspended-growth nitrification and denitrification variations 
Fixed-film nidification and denitrification variations

Phosphorus

Air stripping 
Ion exchange 
Chemical treatment 
Biological phosphorus removal

Nitrogen and phosphorus 
Pathogens

Biological nutrient removal variations 
Chlorine compounds 
Chlorine dioxide 
Ozone
Ultraviolet (UV) radiation
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Table 2 .5  S u m m a r y  o f  tr e a tm e n t  p r o c e s s e s  fo r  s o m e  c o m m o n  c o n ta m in a n ts  (S m ith ,  
2 0 0 5 )

Suspended solids Dispersed oil Dissohed organic
Gravity separation Coalescene Biological oxidation (aerobic,
Centrifugal separation Centrifugal separation anaerobic, reed beds)
Filtration Flotation Chemical oxidation
Membrane filtration Wet oxidation Activated carbon

Thermal oxidation Wet oxidation
Thermal oxidation

Ammonia Phenol Heavy metals
Steam stripping 
Air stripping ' 
Biological nitrification 
Chemical oxidation 
Ion exchange

Solvent extraction 
Biological oxidation (aerobic) 
Wet oxidation 
Activated carbon 
Chemical oxidation

Chemical precipitation 
Ion exchange 
Adsorption 
Nanofiltration 
Reverse osmosis 
Electrodialysis

Dissohed solids Neutralization Sterilization
Ion exchange Acid Heat treatment
Reverse osmosis Base uv light
Nano-filtration
Electrodialysis
Crystallization
Evaporation

Chemical oxidation

2.3 .2 .1  R ecycle  a n d  R euse Issues
B y  la c k in g  o f  fr e sh  w a te r  in m a n y  a r e a s  a n d  th e  r e q u ir e m e n ts  

o f  h ig h  a m o u n t  o f  ra w  w a te r  in  th e  r e f in e r y , r e c y c le  a n d  r e u s e  o f  w a te r  a r e  a t tr a c t iv e  
i s s u e s . T o  r e c y c le /r e u s e  w a te r  in  a  r e f in e r y , th e  p e r fo r m a n c e  a n d  th e  p o s s ib i l i t y  o f  
w a te r  r e c y c le /r e u s e  s h o u ld  b e  e v a lu a te d  to g e th e r  w ith  th e  r e f in e r y  w a s te w a te r .

T y p ic a l  u s e  o f  w a te r  in r e f in e r ie s  c a n  b e  d is tr ib u te d  a s

fo l lo w s :
•  p r o c e s s  w a ter :

-  d e s a lte r  m a k eu p
-  c o k e r  q u e n c h  w a te r
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-  c o k e r  c u tt in g  w a te r
-  f la r e  s e a l  d r u m
-  F C C  s c r u b b e r s
-  h y d r o tr e a te r s

•  b o i le r  f e e d w a t e r  m a k e u p
•  c o o l in g  w a te r  m a k e u p
•  p o ta b le  w a te r
•  f ir e  w a te r
•  u t i l i ty  w a te r

F r o m  w a te r  u s e s  in  r e f in e r y  a s  s h o w n  a b o v e ,  th e  p r o c e s s  w a te r ,  
b o ile r  fe e d w a te r  a n d  c o o l in g  t o w e r  m a k e u p  a r e  th e  b ig g e s t  c o n s u m p t io n  (a s  s h o w n  in  

F ig u r e  2 .1 6 )  a n d  a r e  id ea l c a n d id a te s  fo r  w a te r  r e c y c le . T a b le  2 .6  a n d  T a b le  2 .7  

i l lu s tr a te  th e  g e n e r a l  s p e c if ic a t io n  o f  c o n ta m in a n t  l e v e l s  n e e d e d  fo r  th e s e  w a t e r s  a n d  
th e  s u m m a r y  o f  r e f in e r y  w a s te w a te r  r e u s e , r e s p e c t iv e ly .  T h e s e  v a lu e s  s h o u ld  b e  o n ly  

e m p lo y e d  fo r  g e n e r a l  p u r p o s e  in fo r m a tio n ;  h o w e v e r ,  th e  d e t a i le d  e v a lu a t io n  o f  th e  

r e f in e r y  s p e c i f i c  a p p lic a t io n  is  r e q u ir e d  b e f o r e  in it ia t in g  a n y  w a te r  r e u s e  a n d  it is 

s o l e l y  d e p e n d e n t  o n  s u c h  p r o c e s s e s  ( I P I E C A , 2 0 1 0 ) .
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T a b le  2 .6  C o n ta m in a n t  s p e c if ic a t io n  fo r  r e u s e  w a te r  (I P I E C A , 2 0 1 0 )

1 Water category Contaminant specification Potential source of re-use water
Desalter makeup • Sulphide: < 10 mg/1 • Stripped sour water

• Ammonia: < 50 mg/1 • Vacuum tower overhead
• Total dissolved solids (TDS): < 200 
mg/1

• Crude tower overhead

Coker quench water • Total suspended solids: < 100 mg/1
• Biological solids: none

”• H2ร and other odorous compounds:

• Stripped sour water

none
Coke cutting water • Total suspended solids: < 100 mg/1

• Biological solids: none
• H2S and other odorous compounds: 
none

• Stripped sour water

Boiler feedwater • Conductivity: < 1 pS/cm • Treated and upgraded refinery
makeup (quality • Hardness: < 0.3 mg/1 wastewater
required is highly • Chlorides: < 0.05 mg/1
dependent on the • Sulphates: < 0.05 mg/1
pressure of steam • Total silica: < 0.01 mg/1
being produced) • Sodium: < 0.05 mg/1

• Dissolved oxygen: < 0.007 mg/1
-

Cool๒g tower • Conductivity: <6,000 pS/cm • Treated and upgraded refinery
makeup • Alkalinity: < 3,000 mg/1

• Chlorides: < 1,500 mg/1
• Suspended solids: < 150 mg/1

wastewater
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Table 2 .7  S u m m a r y  o f  r e f in e r y  w a s te w a te r  r e u s e  ( I P IE C A , 2 0 1 0 )

Technology Suitability
Media filtration Removes suspended solids but not dissolved solids. Treated water 

notsuitable for cooling water or boiler feedwater makeup but can be used for 
other uses such as utility water or fire water.

Ultrafiltration cr Removes suspended solids (to a greater extent than media filtration) but not
microfiltration dissolved solids. Treated water not suitable for cooling water or boiler 

feedwater makeup but can be used for other uses such as utility water or fire 
water.

Ultrafiltration or Removes both suspended and dissolved solids. Treated water suitable for all
microfiltration, with uses m the refinery' including cooling tower and boiler feedwater makeup
reverse osmosis
Ultrafiltration or Removes both suspended and dissolved solids. Treated water suitable for all
microfiltration, with 
nanofiltration

uses in the refinery including cooling tower and boiler feedwater makeup. 
Salt rejection is lower than reverse osmosis but this system can be operated 
at a lower pressure than RO systems

Ion exchange Removes both suspended and dissolved solids. Treated water suitable for all 
uses in the refinery including cooling tower and boiler feedwater makeup. 
Usually applicable when the dissolved solids concentration is less than 400 
mg/1.

E v e n tu a l ly ,  t h e  tr e a tm e n t a lte r n a tiv e , a s  w e l l  a s  th e ir  s p e c i f i c  

d e s ig n  is  d e -p e n d e n t  o n  th e  t y p e  a n d  th e  l e v e l  o f  c o n ta m in a n ts  a p p e a r in g  in  th e  

w a s te w a te r . M o s t  o f  a fo r e m e n t io n e d  c o n ta m in a n ts  a n d  t h e  tr e a tm e n t o p t io n s  a re  
g e n e r a l  fo r  a n y  t y p e  o f  in d u str ia l w a s te w a te r  tr e a tm e n t p la n t  o r  p e tr o le u m  r e f in e r y .

H o w e v e r , th e  s tru ctu re  a n d  p e r fo r m a n c e  o f  th e  w a s te w a te r  
tr e a tm e n t a lo n g  w it h  th e  o p e r a t in g  p a ra m eters  a n d  th e  s p e c if i c a t io n s  fo r  e a c h  u n it  
h a v e  to  b e  a d ju s te d  fo r  th e  s p e c i f i c  c a s e  t o  a c c o m p lis h  th e  b e st  p e r fo r m a n c e .  
T y p ic a l ly ,  a  c e r ta in  tr e a tm e n t s e q u e n c e  is  e m p lo y e d  t o  trea t a  s p e c i f i c  t y p e  o f  

in d u s tr ia l w a s t e w a t e r  a n d  th e  a lte r n a t iv e s  a re  c o n v in c e d  m o s t ly  in c o m m o n  p r a c t ic e  
a n d  p r e v io u s  e x p e r ie n c e  a s  w e l l  a s  e n g in e e r in g  in s ig h t  (P e n n a t i ,  2 0 1 2 ) .
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2.4 The Integrated Solutions Framework for Synthesis and Design of 
Processing Networks (Quaglia e t a i ,  2012)

T h e  fr a m e w o r k  c o n s is t s  o f  5  s t e p s  in c lu d in g  t h e  p r o b le m  d e f in it io n , d a ta  

c o l le c t io n ,-  m o d e l  d e v e lo p m e n t ,  m a th e m a tic a l  s o lv in g ,  a n d  r e s u lt s  a n a ly s is .  A  

s c h e m a t ic  r e p r e s e n ta t io n  o f  th e  w o r k f lo w  is  illu s tr a te d  in  F ig u r e  2 .2 3 .

Optimal detailed solution

Figure 2.23 T h e  in te g r a te d  b u s in e s s  a n d  e n g in e e r in g  fr a m e w o r k  (Q u a g lia  e t  a l . , 
2 0 1 2 ) .

S t e p  1: D e f in e  t h e  p r o b le m  b y  id e n t ify in g  t h e  s c o p e ,  th e  s c e n a r io  w it h  

r e s p e c t  t o  a n a ly s is  a n d  s e le c t in g  th e  o b j e c t iv e  f u n c t io n  to g e th e r  w ith  a l l  t h e
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a d d it io n a l  p e r fo r m a n c e  a n d  s u s ta in a b i l it y  in d ic a to r s . M o s t  d a ta  in v o lv e s  w ith  

b u s in e s s  a n d  s t r a te g ic  c o n s id e r a t io n s .
S te p  2: C o l le c t  th e  a v a i la b le  in d u str ia l, c o m m e r c ia l  a n d  r e g u la to r y  d a ta  

r e g a r d in g  th e  p r o b le m  a n d  m a n a g e  w it h  r e s p e c t  to  a  p r e -d e f in e d  k n o w le d g e  s tru c tu re . 
In  a d d it io n , th e  p o te n t ia l  ra w  m a te r ia ls  a n d  p r o d u c ts  a re  id e n t if ie d , a n d  t h e  d if fe r e n t  

p r o c e s s in g  a lt e r n a t iv e s  a re  d e f in e d  in  th e  fo r m  o f  a  su p e r s tr u c tu r e  (F ig u r e  2 .2 4 ) ,  
c o m p o s in g  o f  a  n e tw o r k  o f  p r o c e s s  in te r v a ls  (P I )  a n d  a  l is t  o f  lo g ic a l  c o n s tr a in t s  to  

e l im in a t e  in f e a s ib le  a n d /o r  r e d u n d a n t a lte r n a t iv e s  (F ig u r e  2 .2 5 ) .

Process
p

►  —

0

Figure 2.24 S c h e m a t ic  r e p r e s e n ta t io n  o f  th e  su p e r s tr u c tu r e  (Q u a g lia  et a l ,  2 0 1 2 ) .

; Utilities I Ch*?mrî»is IN

Figure 2.25 G e n e r ic  p r o c e s s  in te r v a l s tr u c tu r e  fo r  a  d e f in it io n  o f  p r o c e s s  c o n s tr a in t s  
(Q u a g lia  e t a l ,  2 0 1 2 ) .
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S t e p  3: C o l le c t  a n d  g e n e r a te  a ll  m o d e ls  n e e d e d  to  fo r m u la te  a  m a th e m a t ic a l  

p r o b lem . T h e  m o d e ls  a s s o c ia t e  w ith  e a c h  o f  th e  p r o c e s s  in te r v a ls  o f  th e  

su p e r s tr u c tu r e , to g e th e r  w ith  m o d e ls  fo r  c o s t /v a lu e  a n d  s u s ta in a b i l ity  m e tr ic s  th a t  a re  
n e e d e d  to  c o m p u te  t h e  o b j e c t iv e  f u n c t io n  a n d  t h e  p e r fo r m a n c e  m e tr ic s  d e f in e d  in  

s te p  1.
H o w e v e r ,  a ll  m o d e ls  a r e  v a l id a te d  a g a in s t  th e  e x p e r im e n ta l  in fo r m a t io n  o r  

a v a i la b le  in d u str ia l k n o w le d g e .  T h e  su p e r s tr u c tu r e , t h e  o b j e c t iv e  fu n c t io n , a n d  a l l  

lo g ic a l ,  o p e r a t io n a l  a n d  p r o c e s s  c o n s tr a in t s  a re  c o m p i le d  t o  fo r m u la te  th e  M I N L P  

p ro b lem :

M in  z = f(x , y, p )
S t. g ( x , y , p ) > 0  

h(x, y , p ) = 0  
x E X 1 
y E ( 0 , l ) m 
p E P 1

w h e r e / i s  a n  o b j e c t iv e  f u n c t io n  fo r  th e  e c o n o m ic  p o te n t ia l,  X  r e p r e s e n ts  th e  

v e c to r  o f  c o n t in u o u s  v a r ia b le s , y  is  th e  v e c to r  o f  b in a r y  v a r ia b le s , X  is  a  c o n t in u o u s  

f e a s ib le  r e g io n  o f  c o n t in u o u s  v a r ia b le s  d e f in e d  b y  th e ir  lo w e r  a n d  u p p e r  b o u n d s , g  
a n d  h a r e  th e  v e c t o r s  o f  in e q u a lity  a n d  e q u a l ity  c o n s tr a in t s , r e s p e c t iv e ly .

S t e p  4: S o lv e  th e  M I N L P  p r o b le m  fo r m u la te d  in  s te p  3 . T h e  s o lu t io n  
p r o v id e s  th e  o p t im a l v a lu e  o f  th e  o p t im iz a t io n  v a r ia b le s  (w h e r e - th e  b in a r y  r e p r e s e n t  

th e  o p t im a l  s tr a te g ic  d e c is io n s  a n d  th e  c o n t in u o u s  v a r ia b le s  r e p r e s e n t  th e  o p t im a l  
ta c t ic a l d e c i s io n s ) ,  a lo n g  w ith  th e  o b j e c t iv e  f u n c t io n  a n d  th e  p e r fo r m a n c e  m e tr ic s  

c a lc u la te d  a t th e  o p t im a l  s o lu t io n .
S t e p  5: E v a lu a te  th e  id e n t if ie d  s o lu t io n  b a s e d  o n  th e  r e s u lts  in  s te p  4  s o  a s  to  

d e c id e  w h e th e r  to  p r o c e e d  to  its  im p le m e n ta t io n . I f  n e e d e d , th e  d e ta ile d  m o d e l l in g  
a n d  o p t im iz a t io n  o f  t h e  s e le c t e d  a lt e r n a t iv e  a re  p e r fo r m e d  in  th is  s te p  b y  u s in g  a 

p r o p er  p r o c e s s  s im u la to r .
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Literature review

In  th e  lite r a tu r e  r e v ie w , it s u m m a r iz e s  p r e v io u s  w o r k s  r e g a r d in g  th e  d e s ig n  

o f  w a te r  a n d  w a s te w a te r  n e tw o r k . S e c t io n  2 .5  d e s c r ib e s  b r ie f ly  th e  s ta te  o f  th e  art 

o f  t h e  o p t im a l d e s ig n  o f  th e  w a te r  n e tw o r k  s y s t e m  ( s y n t h e s is  a n d  d e s ig n  a p p r o a c h )  

a n d  a ls o  r e fe r s  t o  th e  lite ra tu re  r e v ie w  fr o m  v a r io u s  a u th o r s . F o r  o th e r  s e c t io n s ,  a  
to ta l  w a te r  n e tw o r k , w a te r  u s in g  n e tw o r k  a n d  w a s te w a te r  tr e a tm e n t n e tw o r k  a re  
r e v ie w e d  o n  s e c t io n s  2 .6  2 .7  a n d  2 .8  r e s p e c t iv e ly .  A d d it io n a l ly ,  s e c t io n s  2 .6  2 .7  

a n d  2 .8  c a n  b e  a ls o  c la s s i f ie d  b y  th e  c h a r a c te r is t ic  o f  d e s ig n ,  c o n c e p t ,  o b j e c t iv e ,  
p r o b le m  a lo n g  w it h  th e  s o lu t io n , m e th o d  a n d  o th e r  fa c to r s . H o w e v e r ,  th is  r e v ie w  

f o c u s e s  m a in ly  o n  th e  o p t im iz a t io n -b a s e d  m e th o d  (a n d  m a y  in c lu d e  s o m e  p r e v io u s  

w o r k s  in c o r p o r a tin g  o f  b o th  th e  in s ig h t -b a s e d  m e th o d  a n d  th e  o p t im iz a t io n -b a s e d  

m e th o d  fo r  a d d r e s s in g  th e  p r o b le m ).

2.5 The Review and State of The Art on Optimal Design of Water Network 
System

W a te r  is  o n e  o f  th e  m o s t  im p o r ta n t n a tu ra l r e s o u r c e s  a n d  u s e d  in  th e  p r o c e s s  
in d u stry . O n  th e  c o n tra ry , w a s te w a te r  g e n e r a te d  in th e  d if f e r e n t  p r o c e s s e s  a n d  u t i l i ty  

s y s t e m s  n e e d s  to  b e  tr e a te d  b e f o r e  d is c h a r g e  to  th e  e n v ir o n m e n t . H o w e v e r ,  th e  

a m o u n t  o f  fr e sh  w a te r  u s a g e  a n d  th e  in c r e a s e  o f  p r o c e s s in g  w a s te w a te r  tr e a tm e n t  

c o s t  h a v e  b e e n  t h e  m o t iv a t io n  t o  e f f i c ie n t ly  m in im iz e  th e  a m o u n t  o f  w a te r  u s a g e  a n d  

w a s te w a te r  g e n e r a t io n  fo r  p r o c e s s  in d u s tr ie s  in  r e c e n t  y ea rs  ( Y o o  et  a l ,  2 0 0 7 ) .
O v e r  th e  p a s t  d e c a d e s , th e r e  h a s  b e e n  a  c o n c e r n  f o c u s e d  o n  th e  e n d - o f - p ip e  

w a s te w a te r  tr e a tm e n t, a n d  later  s h i f t e d  to w a r d s  th e  m a x im iz in g  o f  w a te r  r e u s e  fr o m  
c o n v e n t io n a l  w a te r  tr e a tm e n t t o  m o r e  s u s ta in a b le  w a te r  m in im iz a t io n  a c t iv it ie s .  
W a te r  r e u s e  s ta r te d  a s  o n e  o f  th e  a c t iv e  a r e a s  fo r  w a te r  m in im iz a t io n  a c t iv i t i e s  s o  a s  
to  r e d u c e  th e  to ta l  w a te r  c o n s u m p t io n  a n d  w a s te w a te r  tr e a tm e n t c o s t s  in  t h e  e a r ly  
e ig h t ie s .  M o r e o v e r ,  a  d e s ir e d  g o a l  fo r  g r a s s r o o ts  a n d  r e tr o f it  d e s ig n s  a re  ta k e n  in to  
a c c o u n t  fo r  th e  z e r o  w a te r  d is c h a r g e  c y c le s  ( H a s h im  et  al . , 2 0 0 9 ) .  H o w e v e r ,  m a n y  

e f fo r t s  h a v e  b e e n  in c r e a s in g ly  c r e a te d  n o t  o n ly  th e  en d  o f  p ip e  t e c h n o lo g ie s  b u t a ls o
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a im in g  to w a r d  th e  c le a n  p r o d u c t io n  t e c h n o lo g y  b y  th e  fu n d a m e n ta l  s tru c tu ra l  
c h a n g e s  t o  e x te n d  w a te r  r e u s e  o r  d e c r e a s e  t h e  w a s te w a te r  g e n e r a tio n .

T h e r e  a r e  tw o  s t r a te g ie s  im p le m e n t e d  fo r  r e d u c in g  th e  w a te r  d e m a n d  in  a  

plant: t h e  m o d i f i c a t io n  o f  in d iv id u a l p r o c e s s  a n d  u t i l i ty  u n its  t o  re d u c e  th e ir  

in h e r e n t  w a te r  d e m a n d  ( i .e .  in c lu d in g  r e p la c in g  w a t e r - c o o l in g  w ith  a ir  c o o l in g ) ,  a n d  

th e  e n g in e e r in g  in s ig h t  fo r  s e e k in g  th e  o p p o r tu n it ie s  t o  u s e  th e  w a te r  e f f lu e n t  fr o m  
o n e  o p e r a t io n  to  s a t is f y  t h e  w a te r  r e q u ir e m e n t  o f  a n o th e r  o r  th e  s a m e  o p e r a t io a  F o u r  

m e th o d s  a re  u s e d  to  m in im iz e  th e  w a te r  u sa g e : p r o c e s s  c h a n g e s ,  w a te r  r e u s e ,  
r e g e n e r a t io n  r e u s e  a n d  r e g e n e r a t io n  r e c y c l in g .  In  m a n y  c a s e s ,  th e  w a te r  m a y  r e q u ir e  

s o m e  r e g e n e r a t io n  p r io r  to  r e u se  s u c h  a s  p H  a d ju s tm e n t , f i ltr a t io n , m e m b r a n e  
se p a r a tio n , e t c .  In  p a r t icu la r , s y s t e m a t ic  s tr a te g ie s  fo r  s u c h  r e u s e  m a x im iz a t io n  c a n  

r e d u c e  f r e s h  w a te r  u s a g e  a n d  w a s t e w a t e r  d is c h a r g e s  lo w e r  th a n  5 0 %  o r  m o r e  a n d  c a n  

a ls o  s ig n i f ic a n t ly  r e d u c e  th e  c a p ita l  in v e s t m e n t  in tr e a tm e n t o p er a tio n .
T h e  t w o  a p p r o a c h e s  ( Y o o  e t a l ,  2 0 0 7 )  to  o b t a in in g  fu n d a m en ta l d e s i g n s  o f  

t h e  w a t e r  n e t w o r k  s y s t e m s  a r e  a s  f o l l o w s :

2 .5 .1  I n s i g h t - b a s e d  M e t h o d  (W a te r  P in c h )
T h is m eth o d  is a  s t e p w i s e  a p p r o a c h  in  i d e n t i f y i n g  th e  m i n i m u m  

f r e s h w a t e r  f lo w  rate a s  w e ll  a s  s y n t h e s i z i n g  a  w ater  u s in g  n e tw o rk , a n d  is a ls o  

e f f e c t iv e  fo r  d i s c o v e r in g  th e  o p e r a t io n a l  b o t t le n e c k s  a n d  r e v a m p in g  e x i s t in g  w a ter  

u sin g  n e t w o r k s ,  t h a t  i s  u sed  in th e  f o l l o w i n g  s e q u e n c e :
1 . I d e n t i f y  th e  m i n i m u m  f r e s h w a t e r  f lo w  rate
2 . C o n s t r u c t a  p r e lim in a r y  water r a ise  n e t w o ik
3 . S im p li f y  th e  n e t w o r k  i n  s t e p  2  t h r o u g h  a  h e u r i s t i c  a p p r o a c h  b y  

r e d u c i n g  th e  nu m ber o f  w ater  reu se o p e r a t io n
4 . I d e n t i f y  w a ter  reu se  lim ited  reg ion s and  s u g g e s t  p r o c e s s  c h a n g e s  

to  further red u ce  th e  m in im u m  f r e s h w a t e r  f l o w  ra te
2 .5 .2  O p t i m i z a t i o n - b a s e d  M e t h o d  ( M a th e m a t ic a l  T e c h n i q u e !

T h is  m e th o d  y ie ld s  a  m in im u m  v a lu e  fo r  th e  fr e s h w a te r  f l o w  r a te  

s u b je c t  to  c o n s tr a in ts  in  c e r ta in  s it u a t io n s  ( i . e . ,  la r g e  m u lt ip le  c o n ta m in a n t  p r o b le m s ) .  
T h is  m e th o d  is  a p p r o p r ia te  w h e n  th e  a lt e r n a t iv e  m o d e l  in  e a c h  w a te r  u s e  o p e r a t io n  is  

f le x ib le .  T h e s e  m a y  in c lu d e  c o n n e c t io n , o p e r a t in g , a n d  p ip in g  a n d  p u m p in g  c o s t s .  In
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a d d it io n , th e  o p t im iz a t io n -b a s e d  m e th o d  m a y  id e n t ify  a  lo c a l  o p t im u m  rath er  th a n  

th e  g lo b a l o p t im u m  b e c a u s e  th e  m a th e m a tic a l  o p t im iz a t io n  a p p r o a c h  o f  N L P  a n d  

M I N L P  is s e n s i t iv e  to  th e  c h o i c e  o f  in it ia l v a lu e s .  H o w e v e r ,  th e  tw o  a p p r o a c h e s  a re  

c o m p le m e n ta r y . T h e  c o n c e p tu a l  g r a p h ic a l  d e s ig n  a b i l ity  im p r o v e s  t h e  e n g in e e r in g  

u n d e r s ta n d in g  w h i l e  th e  m a th e m a tic a l  m o d e l  a l lo w s  th e  c o m p le x  p r o b le m  

m a n a g e m e n t.
T h e  w a te r  n e tw o r k  s y s t e m  h a s  b e e n  a n  a c t iv e  a rea  o f  r e s e a r c h  fo r  th e  

p a st th r e e  d e c a d e s  th at th e  s e m in a l  w o r k  w a s  p u b lis h e d  s in c e  1 9 8 0 , a n d  is  a  m a jo r  
to p ic  o f  p r o c e s s  s y s t e m  e n g in e e r in g . H o w e v e r ,  th e  re a l d e v e lo p m e n t  fo r  w a te r  

n e tw o r k  s y s t e m  d e s ig n  a n d  s y n t h e s is  h a s  s ta r ted  s in c e  1 9 9 4 . T h is  r e v ie w  w i l l  

e m p h a s iz e  o n  th e  m a th e m a tic a l  o p t im iz a t io n  a p p r o a c h  a n d  s h o w  th e  d e v e lo p m e n t  a s  

w e l l  a s  e x t e n s io n  in  th is  a rea  fr o m  th e  p a s t  to  p r e se n t .
H u a n g  e t al. ( 1 9 9 9 )  p r o p o s e d  a  m a th e m a tic a l  p r o g r a m m in g  m o d e l  fo r  

d e te r m in in g  th e  o p t im a l w a t e r  u s a g e  a n d  tr e a tm e n t n e tw o r k  ( พ บ T N )  in  a n y  
c h e m ic a l  p la n t . T h e  a im s  o f  th e  m o d e l  w e r e  t o  m in im iz e  t h e  a m o u n t o f  fr e s h  w a te r  

c o n s u m p t io n  a n d /o r  w a s te w a te r  trea tm e n t c a p a c ity . T h is  m o d e l  c o n s i s t e d  o f  th e  
d e s ig n  e q u a t io n s  o f  a ll  w a s t e w a t e r  tr e a tm e n t p r o c e s s e s  a n d  a ll  u n its  w h ic h  u t i l iz e d  

e ith e r  p r o c e s s  o r  u t il ity  w a te r . T h e  m o d e l  c a n  a c h ie v e  m o r e  c o m p r e h e n s iv e  
in te g r a tio n  o n  a  p la n t  w id e  s c a le  a s  w e l l  a s  m o r e  r e l ia b le , m o r e  a c c u r a te , a n d  m o r e  

c o s t - e f f ic ie n t  a lt e r n a t iv e s  a n d  m u c h  fa s te r  in  s y n t h e s iz in g  th e  n e tw o r k .
T h e n , B a g a j e w ic z  ( 2 0 0 0 )  p r e s e n te d  a  f ir s t  fu ll r e v ie w  o f  th e  

p r o c e d u r e s  t o  d e s ig n  a n d  r e tr o f it  w a te r  n e tw o r k s  a s  w e l l  a s  th e  m e th o d s  p r o p o s e d  u p  

t o  th e  y ea r  2 0 0 0  w ith  th e  d e s ig n  o f  t w o  in te r a c t in g  s u b s y s t e m s  ( t h e  fr e s h w a te r  
to g e th e r  w ith  w a s te w a te r  r e u s e  a llo c a t io n  a n d  w a s te w a te r  trea tm e n t p r o b le m ) . T h is  

e m p h a s iz e d  th a t  th e  m a th e m a tic a l  p r o g r a m m in g  c a n  p r o d u c e  g lo b a l ly  o p t im a l  
s o lu t io n s  a n d  p r a c t ic a lly  im p o r ta n t  s u b -o p t im a l  s o lu t io n s  w h i l e  c o n c e p t u a l  in s ig h ts  
w e r e  im p le m e n te d  t o  b u ild  th e  m o d e ls .

N e x t ,  Y o o  et al. ( 2 0 0 7 )  c o n s id e r e d  n e w  a n d  e x is t in g  t e c h n o lo g ie s  fo r  
th e  s y s t e m a t ic  d e s ig n  o f  w a te r  r e u s e  n e tw o r k s  fo r  w a te r  a n d  w a s te w a te r  

m in im iz a t io n  in  o r d e r  t o  in te g r a te d  th e  w a te r  r e s o u r c e  m a n a g e m e n t  fo r  c le a n  

p r o d u c tio n . T h is  w o r k  a ls o  s h o w e d  th e  a lt e r n a t iv e  s o lu t io n s ,  e v o lu t io n a r y  s o lu t io n s  
a n d  s to c h a s t ic  d e s ig n  a p p r o a c h e s  t o  w a te r  s y s t e m  d e s ig n  a lo n g  w ith  s o m e  r e s e a r c h
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c h a l le n g e s  e n c o u n te r e d  in  th is  f ie ld  s u c h  a s  s im u lta n e o u s  w a te r  a n d  e n e r g y  

m in im iz a t io n , e n e r g y -p in c h  d e s ig n , a n d  e c o - in d u s tr ia l  p a r k s  (E IP ).
T h e  s e c o n d  r e v ie w  w a s  d o n e  b y  F o o  ( 2 0 0 9 ) .  T h is  w o r k  o n ly  p r e s e n te d  

a  s ta te -o f - th e -a r t  o v e r v ie w  o f  th e  in s ig h t -b a s e d  t e c h n iq u e s  (P in c h  a n a ly s is )  

d e v e lo p e d  in  th e  2 1 s t  c e n tu r y , e s p e c ia l ly  fo r  a  s in g le  im p u r ity  n e tw o r k  o f  th e  f ix e d  

f l o w  ra te  p r o b le m s . H is  r e v ie w  c o m p a r e d  t h e s e  r e c e n t  in s ig h t -b a s e d  t e c h n iq u e s  a n d  

t h o s e  d e v e lo p e d  fo r  th e  f ix e d  lo a d  p r o b le m s  in  th e  p a s t  d e c a d e . T h e  r e v ie w  in c lu d e d  

th e  d e ta il o f  v a r io u s  f l o w  r a te  ta r g e t in g  t e c h n iq u e s  d e v e lo p e d  fo r  w a te r  r e u s e /r e c y c le ,  
r e g e n e r a t io n , a n d  w a s te w a te r  tr e a tm e n t to g e th e r  w ith  th e  n e tw o r k  d e s ig n  te c h n iq u e s  

fo r  im p le m e n t in g  th e  ta r g e ts . H o w e v e r ,  it w a s  p r e d ic te d  th a t w a te r  p in c h - a n a ly s is  
t e c h n iq u e s  w o u ld  r e m a in  a c t iv e ,  s in c e  th e r e  w e r e  s t i l l  s o m e  r e s e a r c h  g a p s  t o  b e  

f i l le d .
In  th e  s a m e  y e a r , th e  d e f in i t io n  a n d  c o n c e p t  o f  th e  w a te r /w a s t e w a t e r  

a llo c a t io n  p r o b le m  fo r  p r o c e s s  p la n ts  a n d  th e ir  a p p r o p r ia te  a r c h ite c tu r e  m o d if ie d  a n d  
s im p l if ie d  w i t h  th e  d if fe r e n t  a s s u m p t io n  u s e d  in  e a c h  o f  th e  s u b s y s t e m s  a s  w e l l  a s  

w ith  th e  in te r a c t io n  a m o n g  th e  s u b s y s t e m s  w e r e  d i s c u s s e d  b y  B a g a j e w ic z  e t al. 
( 2 0 0 9 ) .  T h e  r e su lt  s h o w e d  th r o u g h  e x a m p le s  th a t d if fe r e n t  stru ctu ra l c h o ic e s  c a n  

m a k e  s ig n if ic a n t  c h a n g e s . A d d it io n a l ly ,  th e y  h a v e  s u g g e s t e d  a  c o m p le t e  w a te r  
s y s t e m  c o m p r is in g  o f  o n e  m o r e  s u b s y s t e m  a n d  th e  w a te r  p r e tr e a tm e n t s u b s y s te m .  
T h is  w o r k  a ls o  in v e s t ig a te d  th e  p r e d ic t io n s  o f  f r e s h w a te r  c o n s u m p t io n , to ta l a n n u a l  
c o s t  a n d  z e r o  d is c h a r g e  c y c le s  a n d  th e  im p a c t  o f  p r o p e r  m o d e l l in g  o n  t h e s e  

p a ra m eters .
N e x t ,  a  th ird  a n d  th e  la te s t  r e v ie w  w a s  s ta te d  b y  J e z o w s k i  ( 2 0 1 0 ) .  H e  

d e sc r ib e d  lite r a tu r e  a n n o ta t io n s  o n  th e  พ N  p r o b le m  fr o m  th e  y e a r  1 9 8 0 . T h is  r e v ie w  
a ls o  p r o v id e d  a n  a n a ly s is  o f  th e  W N  p r o b le m  fo r m u la t io n , to g e th e r  w it h  a n  o v e r v ie w  

o f  s o lu t io n  t e c h n iq u e s  a s  w e l l  a s  s ta t i s t ic s  a n d  c la s s i f i c a t io n s  o f  th e  l ite r a tu r e  
a n n o ta t io n s . F in a lly ,  h e  p r e s e n te d  th o u g h ts  o n  th e  d ir e c t io n  o f  fu tu r e  re se a r c h .

T h o s e  r e v ie w s  in d ic a te d  a  n o t ic e a b le  a c c o m p lis h m e n t  o f  p u b l ic a t io n s  
in  r e c e n t  y e a r s . H o w e v e r ,  w a t e r  n e t w o r k  s y s t e m  a n d  m a n a g e m e n t  p r o b l e m  
a r e  n e c e s s a r y  t o  f u r t h e r  d e v e l o p  f o r  m a x i m i z i n g  t h e  b e n e f i t s .  M o r e o v e r ,  

th e r e  is  s t i l l  a  n e e d  fo r  m o r e  f l e x ib le  a n d  e f f e c t iv e  a p p r o a c h e s  w it h  e x te n d e d
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p r a c t ic a l a p p l ic a t io n s  b e c a u s e  o f  th e  in c r e a s in g  c o n c e r n  o n  s c a r c e  w a te r  r e s o u r c e s ,  
to g e th e r  w ith  s tr in g e n t  r e g u la t io n s  o n  w a s t e w a t e r  d is c h a r g e  a n d  su s ta in a b il ity .

G e n e r a lly , th e  g e n e r a l  d ia g r a m  o f  w a te r  n e tw o r k  d e s ig n  a r e  c o m p r is e d  

o f  fr e s h w a te r  s tr e a m s , p r o c e s s in g  u n its ,  tr e a tm e n t  u n its  a n d  d is p o s a l /w a s t e  s tr e a m s  a s  

s h o w n  in  F ig u r e  2 .2 6 .  N e v e r t h e le s s ,  th e  m a jo r  o f  w a te r  n e tw o r k  a r c h ite c tu r e  c a n  b e  

d iv id e d  in to  th r e e  s y s t e m s  a n d  e a c h  s y s t e m  c a n  a ls o  h a v e  d if fe r e n t  c h a r a c te r is t ic s  

d e p e n d in g  o n  n a tu r e  o f  th e  p r o b le m , m e th o d , d e s ig n ,  c o n c e p t  a n d  o th e r  fa c to r s  ( s u c h  

a s  s tr a te g ie s  fo r  o p t im iz a t io n , c o s t  a s p e c t  e tc .) .  T h e  m a in  p r o b le m s  a r e  th a t th e  

p r o b le m s  a re  s in g le  o r  m u lt ip le  c o n t a m in a n ts  a n d  th e  c o n s tr a in t s  b a s e  o n  c o m p o n e n t s  

o r  p r o p e r tie s . T h e  in s ig h t -b a s e d  o r  o p t im iz a t io n -b a s e d  m e t h o d  is  im p le m e n te d  a n d  
f in a l ly ,  th e  d e s ig n  in c lu d e d  r e c y c le ,  r e u s e , b y p a s s ,  o r  e v e n  r e g e n e r a t io n  a s  w e l l  a s  

w h ic h  s u p e r s tr u c tu r e  c o n c e p t  t h e y  a re  c o n s tr u c te d . T h u s , th e  r e s t  o f  th is  s e c t io n  
r e v e a ls  th e  d e v e lo p m e n t  ๒  th is  f i e ld  fr o m  m a n y  r e s e a r c h e r s  o v e r  th e  p a s t  t w o  

d e c a d e s .  T h r e e  w a te r  n e tw o r k  s y s t e m s  w i l l  b e  c o v e r e d  a s  f o l lo w s :

W a s t e w a t e r

F ig u r e  2 .2 6  T h e  g e n e r a l  d ia g r a m  o f  w a te r  n e tw o r k  d e s ig n  (B a g a j e w ic z ,  2 0 0(3 ).

2 .6  T o ta l W a t e r  N e tw o r k  (T W N )

T h is  n e tw o r k  is  in te g r a te d  b e t w e e n  p r o c e s s in g  u n it s  a n d  tr e a tm e n t u n its  a n d  

e a c h  s tr e a m  c a n  b e  in te r c o n n e c te d  t h o r o u g h ly  a m o n g  t h e  u n it s  in  th e  s u p e r s tr u c tu r e  

a s  s h o w n  in  F ig u r e  2 .2 7 .
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F ig u r e  2 .2 7  T h e  d ia g r a m  o f  w a te r  u t i l iz a t io n  s y s t e m s  fo r  to ta l w a te r  n e tw o r k  
(B a g a j e w ic z ,  2 0 0 0 ) .

2 .6 .1  S in g le  C o n ta m in a n t P r o b le m
2 .6 .1 .1  In s ig h t-b a sed  a n d  O p tim iza tio n -b a sed  M e th o d

W ith regenera tion
T h e  in te g r a te d  p r o c e s s  w a te r  m a n a g e m e n t  in c o r p o r a t in g  w it h  

r e g e n e r a t io n  a n d  r e c y c le  th r o u g h  a  s in g le  tr e a tm e n t u n it b y  g r a p h ic a l  t e c h n iq u e  a n d  

a n a ly t ic a l  a lg o r ith m s  w a s  a d d r e s s e d  b y  B a n d y o p a d h y a y  et al. ( 2 0 0 8 ) .  T h e ir  
m a n a g e m e n t  o f  w a te r  in p r o c e s s  u n its  w a s  to  m in im iz e  th e  fr e s h w a te r  c o n s u m p t io n  

an d  t o  o p t im iz e  w a s te w a te r  tr e a tm e n t in  th e  p r o c e s s . A  s in g le  tr e a tm e n t u n it  w a s  
a p p lie d  fo r  r e g e n e r a te d  w a te r  p r o d u c t io n  to g e th e r  w ith  b e in g  a c c e p t e d  f r o m  th e  

e n v ir o n m e n ta l  r e g u la t io n s .
2 .6 .2  M u lt ip le  C o n ta m in a n t P r o b le m

2 .6 .2 .1 In s ig h t-b a sed  M e th o d
W ith a n d  w ith o u t regenera tion
K u o  et al. ( 1 9 9 8 )  p r e s e n te d  a  n e w , s y s t e m a t ic  m e th o d  o f  

d e s ig n  o p t io n  fo r  th e  in te r a c t io n s  b e tw e e n  w a te r -u s in g  o p e r a t io n s  a n d  e f f lu e n t  

tr e a tm e n t in  th e  p r o c e s s  in d u str ie s . T h is  in tr o d u c e d  th e  m in im iz a t io n  o f  e f f lu e n t  

tr e a tm e n t c o s t  a n d  e n a b le s  th e  t r a d e - o f f  b e tw e e n  th e  w a te r  m in im iz a t io n  a n d  e f f lu e n t  
tr e a tm e n t s y s t e m s  th r o u g h  r e -u s e  or  r e c y c lin g .

2 .6 .2 .2  O p tim iza tio n -b a sed  M e th o d
W ithout re sen era tio n  (F igure  2 .2 8  )
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F ig u r e  2 .2 8  T h e  c o n c e p tu a l  d ia g r a m  fo r  w a te r -u s in g  u n it s  w ith  a n  im p l ic it  e n d - o f -  

p ip e  (w ith o u t  r e g e n e r a t io n )  (F a r ia  e t a l ,  2 0 0 9 ) .

T h e  s e m in a l  w o r k  w a s  p u b lis h e d  s in c e  1 9 8 0  b y  T a k a m a  e t  al. 
( 1 9 8 0 )  th a t a p p lie d  th e  s u p e r s tr u c tu r e  c o n c e p t  fo r  w a te r  n e tw o r k  p r o b le m  in  a  

s y s t e m a t ic  m a n n e r . T h e  p r o b le m  w a s  im p le m e n te d  t o  m in im iz e  th e  to ta l  c o s t  an d  
s u b je c te d  t o  c o n s tr a in ts  d e r iv e d  f r o m  m a te r ia l b a la n c e s  a n d  in te r r e la t io n s h ip s  a m o n g  

w a te r -u s in g  u n its  a n d  w a s te w a te r - tr e a t in g  u n its  o r -s p lit  r a t io s  (a t  th e  p o in t  w h e r e  a  
w a te r  s tr e a m  is  s p l i t  in to  m o r e  th a n  t w o  s tr e a m s ) . T h e  o p t im iz a t io n  p r o b le m  w a s  

s o lv e d  b y  u s in g  t h e  C o m p le x  m e th o d  i llu s tr a te d  b y  its a p p lic a t io n  to  a  p e tr o le u m  
r e f in e r y .

M o r e o v e r ,  A lv a - A r g a e z  e t al. ( 1 9 9 8 )  p r o p o s e d  th e  s y n t h e s is  

a n d  d e s ig n  o f  in d u s tr ia l w a te r  s y s t e m s  in te g r a te d  b e tw e e n  t h e  w a te r  p in c h  a n a ly s is  

a n d  m a th e m a tic a l  p r o g r a m m in g  to o ls .  T h e  o p t im iz a t io n  o f  a  su p e r s tr u c tu r e  m o d e l  
in c lu d e d  a ll  th e  p o s s ib le  fe a tu r e s  o f  a  d e s ig n , th e  a u to m a te d  m e th o d  is b a s e d  o n  a  

d e c o m p o s it io n  s c h e m e  a n d  o n  a  r e c u r s iv e  p r o c e d u r e  (b y  u s in g  a  b r a n ch  a n d  b o u n d  
a lg o r ith m  to  f in d  e a c h  o p t im a l p o in t ) .  T h is  n e w  a p p r o a c h  a n d  th e  d e s ig n s  a  n e tw o r k  

fr o m  th e  a p p lic a t io n  in  p e tr o le u m  r e f in e r y  fe a tu r e d  m in im u m  to ta l  a n n u a l iz e d  c o s t  
w h e r e  th e  c o m p le x i t y  o f  th e  n e tw o r k  stru c tu re  is  d o m in a te d  b y  th e  m a n y  d e s ig n e r s  

a n d  p r a c t ic a l c o n s tr a in ts . H o w e v e r ,  th is  w o r k  a v o id e d  th e s e  d r a w b a c k s  b y  
p e r fo r m in g  a  s im u lta n e o u s  o p t im iz a t io n  o f  th e  o v e r a ll  s y s te m .

T h e  im p r o v e d  o p t im iz a t io n  s tr a te g ie s  fo r  g e n e r a t in g  p r a c t ic a l  
w a te r  u s a g e  a n d  tr e a tm e n t n e tw o r k  s tru c tu re s  ( พ บ T N s )  w e r e  p r o p o s e d  b y  C h a n g  e t  
al. ( 2 0 0 5 ) .  T h e  m o d if ic a t io n  o f  N L P  m o d e l  fo r m u la t io n s  w a s  in tr o d u c e d  in to  th e  

d e s ig n  p r o c e d u r e , e s p e c ia l ly ,  a n  in c o r p o r a t io n  o f  a d d it io n a l  d e s ig n  o p t io n s  a s  w e l l  a s



51

a  d e te r m in a t io n  o f  th e  n u m b e r  o f  r e p e a te d  tr e a tm e n t u n its  in  th e  su p e r s tr u c tu r e . T h e  

m e th o d  p r o v id e d  a  g o o d  in it ia l  g u e s s  t o  e n h a n c e  c o n v e r g e n c e  e f f i c i e n c y .

FRESH r

F ig u r e  2 .2 9  P r o p o s e d  su p e r s tr u c tu r e  fo r  th e  r e tr o f it  o f  r e c y c le ,  r e u s e  a n d  
r e g e n e r a t io n  n e tw o r k s  ( S o t e lo -P ic h a r d o  e t a l ,  2 0 1 1 ) .

In  a d d it io n , S o te lo -P ic h a r d o  et al. ( 2 0 1 1 )  p r e s e n te d  a  n e w  

g e n e r a l  m a th e m a tic a l  p r o g r a m m in g  m o d e l  fo r  th e  o p t im a l r e tr o f it  o f  m a te r ia l  
c o n s e r v a t io n  n e tw o r k s . T h e  m o d e l  w a s  c o n s id e r e d  r e c y c le ,  r e u s e  a n d  r e g e n e r a t io n  

s c h e m e s  (F ig u r e  2 .2 9 )  b a se d  o n  a  d is ju n c t iv e  p r o g r a m m in g  fo r m u la t io n  th a t w a s  
r e fo r m u la te d  a s  a n  M I N L P  p r o b le m . T h e  r e u se  o f  th e  e x i t in g  tr e a tm e n t  u n its  a n d  

th e ir  m o d if ic a t io n  fo r  th e  c a p a c ity  a n d  p e r fo r m a n c e  o f  th e  e x is t in g  u n its  a s  w e l l  a s  
th e  in s ta l la t io n  o f  n e w  tr e a tm e n t u n it s  a n d  e v e n  th e  r e c o n f ig u r a t io n  o f  th e  p ip e s  o r  
e x is t in g  n e tw o r k s  w e r e  c o n s id e r e d  a s  w e l l .  T h is  w a s  d o n e  to  s a t is fy  th e  m o r e  

s tr in g e n t  p r o c e s s  and  e n v ir o n m e n ta l  c o n s tr a in t s  a t  th e  m in im u m  c o s t ,  a n d  e a s y  t o  

m o d ify  to  c o n s id e r  d if fe r e n t  o b je c t iv e  f u n c t io n s ,  th e  p la n t  la y o u t , s itu a t io n  t o  id e n t i fy  

th e  a p p r o p r ia te  p ip e  a n d  p u m p in g  c o s t s .
W ith regenera tion  (F igure  2 .30)
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F ig u r e  2 .3 0  T h e  c o n c e p tu a l  d ia g r a m  fo r  w a te r -u s in g  u n its  a n d  r e g e n e r a t io n  p r o c e s s  

w it h  a n  im p lic it  e n d - o f - p ip e  (F a r ia  e t a l ,  2 0 0 9 ) .

T h e  a p p r o a c h  fo r m u la te d  a s  m ix e d  in te g e r  l in e a r  p r o g r a m m in g  

(M I L P )  a n d  n o n lin e a r  p r o g r a m m in g  (N L P )  in  t h e  tw o - s t e p  o p t im iz a t io n  a p p r o a c h  
w e r e  p r o p o s e d  b y  P u tr a  e t al. ( 2 0 0 8 ) .  T h e  m e th o d  g e n e r a te d  m u lt ip le  o p t im u m  

s o lu t io n s  fo r  th e  t o t a l  w a te r  s y s t e m  d e s ig n  p r o b le m  w ith  a d d it io n a l  d e c o m p o s i t io n  

in to  s u b -s y s te m s :  w a te r  r e u se , r e g e n e r a t io n  a d d e d  to  r e u s e , W W T N . T h is  a p p r o a c h  

c o n s id e r e d  p r o c e s s  a n d  p r a c t ic a l c o n s tr a in ts  a s  w e l l  a s  g iv in g  th e  m u lt ip le  s o lu t io n s  

to w a r d  a  m in im u m  ta r g e t  o f  f r e s h  w a te r  c o n s u m p t io n  a n d /o r  to ta l  a n n u a l c o s t ,  th is  

a p p r o a c h  w a s  c o n s id e r e d  a s  a  u se r  in te r a c t iv e  to o l.

F ig u r e  2 .3 1  G e n e r a l iz e d  s u p e r s tr u c tu r e  fo r  th e  d e s ig n  o f  in te g r a te d  p r o c e s s  w a te r  

n e tw o r k s  ( A h m e t o v ic  e t a l ,  2 0 0 4 ) .
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A h m e t o v ic  et al. ( 2 0 0 4 )  p r o p o s e d  a  g e n e r a l  su p e r s tr u c tu r e ,  
w h ic h  c o n s is t e d  o f  m u lt ip le  s o u r c e s  o f  w a te r , w a te r -u s in g  p r o c e s s e s ,  w a s te w a te r  

tr e a tm e n t a n d  p r e -tr e a tm e n t o p e r a t io n s , to g e th e r  w ith  a  m o d e l  fo r  th e  g lo b a l  

o p t im iz a t io n  t o  d e s ig n  th e  in te g r a te d  p r o c e s s  w a te r  n e tw o r k s  a s  w e l l  a s  its  s e p a r a te  

s u b s y s te m s . -T h is  su p e r s tr u c tu r e  in c lu d e d  a ll  f e a s ib le  in te r c o n n e c t io n s  o f  w a te r  

r e u s e , w a te r  r e g e n e r a tio n  r e u s e , w a te r  r e g e n e r a t io n  r e c y c l in g ,  lo c a l  r e c y c l in g  a r o u n d  
p r o c e s s  a n d  tr e a tm e n t u n its  in  th e  n e tw o r k  a s  w e l l  a s  m u lt ip le  w a te r  s o u r c e s  u s e d  in  

v a r io u s  o p e r a t io n s , a n d  in c o r p o r a te d  b o th  m a ss  tra n sfe r  a n d  n o n -m a s s  tr a n sfe r  
o p e r a t io n s  ( F ig u r e  2 .3 1 ) .

T h e  p r o p o s e d  m o d e l  b y  A h m e t o v ic  et a l  ( 2 0 0 4 )  w a s  
fo r m u la te d  as- a  N o n lin e a r  P r o g r a m m in g  ( N L P )  a n d  a s  a  M ix e d  I n te g e r  N o n lin e a r  

P r o g r a m m in g  (M I  N L P )  p r o b le m  c o n t a in in g  b in a r y  v a r ia b le s . F o r  M I N L P , th e  c o s t  o f  

p ip in g  a n d /o r  s e le c t io n  o f  t e c h n o lo g ie s  fo r  tr e a tm e n t w e r e  m o d e l le d  t o  f in d  o p t im a l  

n e tw o r k  d e s ig n s  w ith  d if fe r e n t  n u m b e r  o f  s tr e a m s  in  th e  p ip in g  n e tw o r k . T h is  w o r k  

p r e s e n te d  th e  b o u n d s  o n  th e  v a r ia b le s  th a t  a r e  d e r iv e d  a s  g e n e r a l  e q u a t io n s  o b ta in e d  

b y  p h y s ic a l  in s p e c t io n  o f  t h e  su p e r s tr u c tu r e . F u r th e r m o r e , t o  e x p e d i t e  t h e  g lo b a l  
o p t im iz a t io n  s e a r c h , l o g i c  s p e c i f i c a t io n  n e e d e d  to  u s e  fo r  s o lv i n g  m o d e l .  T h is  w o r k  

a ls o  p r o p o s e d  a  t w o - s t a g e  p r o c e d u r e  fo r  s o lv in g  la r g e - s c a le  m o d e ls .
A fte r w a r d , K a r u p p ia h  et al. ( 2 0 0 6 ) ,  A h m e t o v ic  e t al. ( 2 0 1 0 )  

a n d  A h m e t o v ic  e t  a l. ( 2 0 1 1 )  e m p lo y e d  s u c h  a  g e n e r a l  s u p e r s tr u c tu r e  (F ig u r e  2 .3 1 )  to  

a d d r e s s  th e  s u p e r s t r u c t u r e  p r o b le m  o f  o p t im a l s y n t h e s is  o f  an  in te g r a te d  w a te r  

s y s t e m  in to  a  s in g le  n e tw o r k . In  th e  w o r k  o f  K a ru p p ia h  e t al. ( 2 0 0 6 ) ,  T h e  p r o b le m  

w a s  ta k e n  th e  fo r m  o f  a  n o n - c o n v e x  G e n e r a l iz e d  D is j u n c t iv e  P r o g r a m  ( G D P )  
a l lo w in g  a n  a lt e r n a t iv e  o f  d if fe r e n t  tr e a tm e n t  t e c h n o lo g ie s  fo r  th e  r e m o v a l  o f  t h e  
v a r io u s  c o n ta m in a n ts  in  th e  w a s te w a te r  s tr e a m s . F o r  A h m e t o v ic  e t al. ( 2 0 1 0 ) ,  t h e y  

p r o p o s e d  s tr a te g ie s  to  r e a d ily  o b ta in  n e tw o r k s  o f  v a r y in g  d e g r e e s  o f  c o m p le x i t y  b y  
l im it in g  th e  n u m b e r  o f  p ip in g . A n d  a  y e a r  a fte r , A h m e t o v ic  e t a l. ( 2 0 1 1 )  h a s  a p p lie d  
th e  p r o p o s e d  m o d e l  to  s o lv e  in d u str ia l w a te r  n e tw o r k  p r o b le m s  a s  w e l l  a s  t o  e s ta b l is h  

o p t im a l t r a d e -o f f s  b e tw e e n  th e  n e tw o r k  c o s t  a n d  n e tw o r k  c o m p le x i t y  w i t h  r e a s o n a b le  

c o m p u ta t io n a l  t im e  fo r  s o lv in g  t o  g lo b a l  o p t im a lity .
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2 .7  A  R e v ie w  o n  W a t e r  U s in g  N e tw o r k  ( พ บ N )

T h e  a t te n t io n  in  r e d u c in g  w a te r  u s a g e  in  p r o c e s s  s y s t e m  (F ig u r e  2 .3 2 )  fo r  

s u s ta in a b i l it y  h a s  a r is e n  in  r e c e n t  y e a r s  b e c a u s e  o f  th e  s c a r c ity  o f  w a te r  r e s o u r c e s  a s  

w e l l  a s  t h e  in c r e a s e  o f  fr e sh  w a te r  a n d  w a s te w a te r  tr e a tm e n t c o s t .  P r o c e s s  in te g r a t io n  

te c h n iq u e s  fo r  t h e  w a te r  n e tw o r k  s y n t h e s is  h a v e  b e e n  a d o p te d  a s  a  p r o m is in g  t o o l  to  

r e d u c e  fr e sh  w a te r  a n d  w a s te w a te r  f l o w  ra te s  th r o u g h  w a te r  r e u s e /r e c y c le  in  th e  

p la n t. In  p a rticu la r , a  m a th e m a tic a l p r o g r a m m in g  t e c h n iq u e  h a s  b e c o m e  a  u s e f u l  t o o l  

fo r  th e  d e s ig n  o f  o p t im a l  w a te r  n e tw o r k s  b e c a u s e  o f  th e  l im ita t io n s  o f  c o n c e p t u a l  

a p p r o a c h e s  in  d e a l in g  w ith  c o m p le x  in d u s tr ia l w a te r  s y s t e m s  c o n s i s t in g  

m u lt ic o n ta m in a n t .

W a ste w a te r

F ig u r e  2 .3 2  T h e  g e n e r a l  d ia g r a m  o f  w a te r  u s in g  n e tw o r k  s y s t e m  ( B a g a j e w ic z ,  
2 0 0 0 ).

2 .7 .1  S in g le  C o n ta m in a n t P r o b le m
2 .7 .1.1 In s ig h t-b a sed  M e th o d

W ithout reg en era tio n -R eu se  (F igure 2 .33)

Freshwater
Process I —I

Process 2 Wastewater

F ig u r e  2 .3 3  G e n e r a l  d ia g r a m  fo r  w a te r  n e tw o r k  s y s t e m  w it h  r e u s e  (H a s h im  e t a l ,
2 0 0 9 ) .
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D u n n  e t al. ( 2 0 0 1 )  p r e s e n te d  th e  d e s ig n  t e c h n iq u e s  w h ic h  

c o n s is t e d  o f  a  t w o - s t a g e  g r a p h ic a l  a p p r o a c h  in  a n y  w a s t e w a t e r  strea m s. In  th e  f ir s t  

s ta g e ,  th e  w a te r  p in c h  d ia g r a m  w a s  u s e d  t o  id e n t ify  th e  k e y  d e s ig n  ta r g e t s  ( i .e . ,  th e  
m in im u m  fr e s h w a te r  r e q u ir e m e n t , th e  a m o u n t  o f  w a te r  r e c y c l in g  a n d  r e u s e  e tc .) .  In  

t h e  s e c o n d  s t a g e ,  th e  s o u r c e - s in k  m a p p in g  d ia g r a m s  w e r e  u s e d  t o  id e n t ify  th e  w a te r  

r e c y c lin g  a n d  r e u s e  n e tw o r k , a n d  a n y  a lt e r n a t iv e  n e tw o r k s .
T h e  ta r g e t in g  fo r  th r e s h o ld  p r o b le m s  a n d  p la n t -w id e  

in te g r a tio n  o f  w a te r  n e tw o r k  th r o u g h  th e  n u m e r ic a l  t o o l  o f  w a te r  c a s c a d e  a n a ly s is  
( W C A )  w e r e  a d d r e s s e d  b y  F o o ,  D  C . ( 2 0 0 8 ) .  T o  r e d u c e  th e  o v e r a ll  f r e s h  w a te r  a n d  

w a s te w a te r  f l o w  ra te s  s im u lta n e o u s ly ,  th is  w o r k  h a s  s e n t  w a te r  s o u r c e s  a c r o s s  

d if fe r e n t  g e o g r a p h ic a l  z o n e s  in  p la n t -w id e  in te g r a tio n  th a t  th e  m a in  r u le  is  to  u s e  

e x c e s s  w a te r  fr o m  th e  a r e a  b e lo w  p in c h  in  th e  o th e r  a rea  a b o v e  p in c h  (n o  

r e g e n e r a t io n  p r o c e s s )
2 . 7 . 1.2 O p tim iza tio n -b a sed  M e th o d

W ith resen era tio n -reu se /recyc lin e  (F igure  2 .34)

F ig u r e  2 .3 4  G e n e r a l  d ia g r a m  fo r  w a te r  n e tw o r k  s y s t e m  w ith  r e g e n e r a t io n -r e u s e  

( l e f t )  an d  r e g e n e r a t io n - r e c y c l in g  (r ig h t)  (H a s h im  e t al., 2 0 0 9 ) .

M e a n w h ile ,  B a g a j e w ic z  e t al. ( 2 0 0 1 )  a d d r e s s e d  th e  o p t im u m  
d e s ig n  o f  w a te r  u s in g  n e tw o r k  s y s t e m s  w i t h  a  r e g e n e r a t io n  a n d  w it h o u t  r e g e n e r a t io n  

th r o u g h  th e  a p p lic a t io n  o f  th e  n e c e s s a r y  c o n d i t io n s  o f  o p t im a l it y  b y  a l l o w i n g  a n  L P  
o r  M T T P  fo r m u la t io n  d e p e n d in g  o n  th e  o b j e c t iv e  fu n c t io n  o f  c h o ic e .
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2 .7 .2  M u lt ip le  C o n ta m in a n ts  P r o b le m
2 .7 .2 .1  In s ig h t-b a sed  M e th o d

With a n d  w ith o u t regenera tion
W a n g , Y . e t a l  ( 1 9 9 4 )  a d d r e s s e d  t h e  m in im iz a t io n  o f  th e  

w a s te w a te r  p r o b le m  in  v a r io u s  p r o c e s s  in d u s tr ie s . T w o  s im p le  d e s ig n  m e th o d s  

a l lo w e d  ta r g e ts  ( fo r  m a x im iz a t io n  w a te r  r e -u s e )  t o  b e  a c h ie v e d  in th e  d e s ig n .  T h e  
d e s ig n  w a s  to  m a x im iz e  th e  u s e  o f  th e  a v a i la b le  c o n c e n tr a t io n  d r iv in g  f o r c e s  in  

in d iv id u a l  p r o c e s s e s  a n d  t o  m in im iz e  th e  n u m b e r  o f  w a te r  s o u r c e s  fo r  in d iv id u a l  
p r o c e s s e s  v ia  b y p a s s in g  a n d  m ix in g . T h e  a p p r o a c h  d e v e lo p e d  c a n  id e n t ify  p o s s ib le  

a lt e r n a t iv e  s tr u c tu r e s  fo r  th e  s a m e  p r o b le m , a n d  t h o s e  d e s ig n  fe a tu r e s  a re  e s s e n t ia l  to  
a c h ie v e  th e  ta r g e t  a n d  o p tio n . F u r th e r m o r e , r e g e n e r a to r  d e s ig n  c a n  e v a lu a te  th e  e f f e c t  

o f  a  r e g e n e r a to r  o n  th e  o v e r a ll  s y s t e m , a n d  th e  a p p r o a c h  c o u ld  b e  u s e d  to  h e lp  s p e c i f y  

th e  m o s t  a p p r o p r ia te  r e g e n e r a to r  t y p e  a n d  s p e c if ic a t io n .
2 .7 .2 .2  O p tim iza tio n -b a sed  M e th o d

W ithout resen era tio n

F ig u r e  2 .3 5  T h e  s c h e m a t ic  r e p r e s e n ta t io n  o f  th e  w a te r -u s in g  n e tw o r k s  w ith  
r e u s e /d ir e c t  r e c y c le  ( D o y le  e t a l., 1 9 9 7 ) .

T o  m in im iz e  th e  c o n s u m p t io n  o f  th e  w a te r  u s in g  p r o c e s s ,  
D o y l e  e t al. ( 1 9 9 7 )  h a s  d e v e lo p e d  a  n e w  m e th o d  fo r  ta r g e t in g  m a x im u m  w a t e r  r e u s e  
(F ig u r e  2 .3 5 ) .  T h e  o b j e c t iv e  w a s  t o  m in im iz e  w a te r  u s e  a n d  w a s te w a te r  g e n e r a t io n  

th r o u g h  r e u s e  in  p r o c e s s  s y s t e m s . T w o  a p p r o a c h e s  w e r e  e m p lo y e d :  a  f ix e d  m a s s  lo a d  
( s o lv e d  a s  a  n o n lin e a r  o p t im iz a t io n  p r o b le m ) a n d  f ix e d  o u t le t  c o n c e n tr a t io n  ( s o lv e d  
a s  a  lin e a r  o p t im iz a t io n  p r o b le m ). T h e ir  w o r k  p r e s e n te d  a  c o m b in a t io n  o f  t h e  l in e a r  

m o d e l  u s e d  a s  a n  in it ia l iz a t io n  fo r  n o n lin e a r  o p t im iz a t io n . A ls o ,  it s h o w e d  th e
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sequential linearization of the พบN nonlinear model applied to find a near-global 
optimum solution. Moreover, Yang e t al. (2000) have minimized effectively 
wastewater with reusing for maximum extension in existing plant and introduced a 
mathematical approach to design an optimal wastewater reuse network (WWRN) as 
well.

For sustainability in environment, Lim e t al. (2008) has 
developed a model to synthesize an environmentally friendly water network system 
(WNS). The approach minimized environmental impacts of a WNS and 
integrating life cycle assessment (LCA) into the objective function of the model to 
evaluate the environmental effect scores (EESs) together with optimizing tradeoffs 
among their EESs. This model can be used to effectively improve the 
environmental performance of a WNS on both implementing a new water system 
and in retrofitting an existing water system. The integration of LCA into the model 
enabled the minimization of the total environmental impacts and the optimization of 
the tradeoffs among the environmental impacts of principal contributors. In 
addition, the model can be also applied to other process integration technologies, 
such as heat or hydrogen network synthesis, in order to improve the 
environmental performance of various processes and systems.

Then, Poplewski e t al. (2010) addressed the problem of 
designing water usage network consisting of fixed flow rate water using processes 
with a mixed-integer linear programming (MILP) optimization model of พบN 
superstructure. This approach was applied to several industrial scenarios, various 
performance indices and imposing eonditions of continuous variables.

Apart from such a problem, the optimization problem can be 
also involved the multiobjective. Thus, Li e t al. (2011) developed a systematic 
multiobjective optimization procedure to generate appropriate realistic in water using 
network designs. This work was solved by three water-using mathematical 
programming models (one nonlinear program and two mixed-integer nonlinear 
programs) sequentially to satisfy different criteria (minimum freshwater usage, 
minimum interconnection number and minimum total throughput).
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Figure 2.36 The schematic representation of a water-using network that H is head 
processes, I is intermediate wastewater user process and T is terminal wastewater 
user processes (Savelski e t ah , 2003).

Furthermore, Savelski e t ah  (2003) presented necessary 
conditions of optimality for multiple contaminants in water allocation systems 
(Figure 2.36) in refineries and process plants. The freshwater minimization and the 
conditions must feature the maximum outlet concentration of at least one component 
(called the key component). Additionally, the condition of concentration 
monotonicity was derived and proven for the key component.

Additionally, Ponce-Ortega e t ah (2009) presented an 
approach to optimize simultaneously direct recycle-reuse networks along with the 
wastewater treatment processes (Centralized system ) as shown in Figure 2.37 
through MINLP model to satisfy the environmental regulations. The model I S  applied 
with a disjunctive programming formulation and considered treatment technologies. 
The property-based and environmental constraints such as toxicity, theoretical 
oxygen demand, pH, color, and odor were taken into account. The MINLP model 
was formulated and used to minimize the total annual cost of the system.
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Process

Figure 2.37 Source-sink representation for mass and property integration including 
waste treatment (Nâpoles-Rivera e t a l ,  2010).

Fresh Sources P'ocess
r-T-ๆ  r— \1 kL J

— ---------*■ Wastew3tcr
-ฯ 3 i------* 5 1—*

Environmental constraints
(Properties constraints andComponent constraints)

Figure 2.38 The conceptual diagram for water-using network system with properties 
constraints and component constraints (Ponce-Ortega e t a l ,  2009).
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W ith regenera tion  a n d  c o m p o n en t co n stra in ts  (F igure  2 .38 )

Fresh

Source 1 
Source 2 
Source I 

Soutce Nv,,r„

Figure 2.39 The structural representation of the problem for source and sink system 
with interception networks (Gabriel et a i ,  2005).

Dunn et al. (2001) presented a design technique, which 
comprises of a single nonlinear optimization program based on general water 
allocation principles. The goal was to minimize the wastewater discharged (or 
maximize the amount of recycled wastewater) and to determine the treatment/ 
regeneration operation position by system analysis (not optimized) using the 
transshipment model. For standard disposal site, the model of superstructure was 
formulated as an LP problem while the irrigation field (or spray field) as a disposal 
site for land application technology was formulated as an NLP problem. Their 
network could illustrate in Figure 2.39.



61

Fresh Sources

Sources
a.

t -  ร-:

interceptors
Tn-finnf/rgin

/;. 1 ~ " 5» f .. U-a.SU'

'รุ- - ''“''.•.•1

Figure 2.40 The structural representation for the recycle-reuse strategy for the multi 
component case with discretized units of treatment technologies (Nâpoles-Rivera et 
a i ,  2012).

One of significant strategies for pollution prevention is 
recycling and reuse material. However, in several cases, such strategies and waste 
streams may not be feasible due to the intolerable levels of contaminants that can be 
detrimental to the performance of process or can enlarge the unacceptable levels (it 
may not be able to manage effectively contaminant level in wastewater). Hence, 
selective pollutant removal by using separation devices or interceptors was 
represented as interception. Gabriel e t al. (2005) developed a systematic method for 
the simultaneous synthesis of material recycle-reuse and waste interceptions 
networks as shown in Figure 2.40. The solution alternatives were a source- 
interception-sink structural representation. A general mathematical model was 
reformulated by reason of nonconvexities so that the problem yields a linear program
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and effective global optimum of the solution. The problem reformulation was 
decomposed by source substreams and interceptors. Furthermore, the performance 
and cost of interceptor could be calculated for pre-synthesis that did not decline 
exactness of the model.

Subsequently, Nâpoles-Rivera et al. (2012) presented the 
approach for that the separation of all the components presented in the mixture in 
only one unit, and that the removal efficiency was a function of the design and 
operation variables of the selected technology as well as the stream characteristics. 
The method comprised of a two-step and a simplifying superstructure as the result of 
the nonlinear and nonconvex nature of the optimization model. First, this was to 
solve a pre-synthesis problem to identify the performance and cost of interceptors 
with specific tasks. Second, this was to formulate a representation that avoids the 
mixing of different streams in the treatment system. Moreover, the model showed 
convenient robustness properties that could be used in extensions to include 
uncertainty considerations by reason of its linear formulation.

Fresh water
From regenerationunitsFrom other process units *

c'urHamination liMJfJ

■ Q ■ >
Process unit

To discharge
ĝeneration

To otlpcr process
To discharge

From process units
From otherregeneration units Regeneration unit

To process units
To otherregeneration units

Figure 2.41 Generic elements of the superstructure of water-using unit with 
regeneration unit (Boix e t a i ,  2011).

However, regeneration recycling water networks were more 
interested so as to enhance the minimization of water use. Feng e t al. (2008) used 
model coupling with superstructure to optimize regeneration recycling water 
networks (Figure 2.41) at the stage of grass-roots design; a fixed removal ratio and
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fixed outlet concentrations (treatment technology is not a decision variable and the 
arrangement of treatment units is not variable).

Moreover, the number of interconnections among processes 
was also set as the objective function to simplify the network structure. In this work, 
the problem was solved step by step as virtually a multiobjective problem because of 
several important parameters on regeneration recycling involved for minimization of 
the freshwater consumption, regenerated water flow rate and contaminant 
regeneration load.

In the same year, Faria e t a i  (2008) proposed the approach to 
create MILP by discretization one of the variables (concentration interval) of the 
bilinear terms for addressing water allocation problems, which contained the 
non linearities and non-convexities (due to bilinear terms) and determining the global 
optimum. For an interval elimination procedure proposed, it could reduce the gap 
between this lower bound and the upper bound that identified the feasible space 
shrinks after each iteration and the global optimum. Also, this approach can be 
applied to maximize outlet concentration from regeneration processes under the 
minimum freshwater flow rate condition

To recover the maximum water, Hashim e t al. (2009) showed 
the development of a Model for Optimal Design of Water Networks (MODWN) 
applicable for water operations involving contaminants and utilities. This work was 
analysed in two stages: fresh water savings mode (MILP) which is solved to provide 
some initial values for the second stage, and economic mode (MINLP) that is used to 
optimize an existing design of water systems by considering elimination, reduction, 
reuse, outsourcing as well as regeneration and cost constraints simultaneously to 
select the best water minimization schemes. In addition, the MODWN has effectively 
yielded more accurate results and would be very beneficial for the design and retrofit 
of municipal and industrial water networks.

Next, Boix e t al. (2011) presented a multiobjective optimal 
design of multicontaminant industrial water networks under three antagonist 
objectives (the freshwater flow rate at the network entrance linked to environmental 
purposes, the water flow rate at the inlet of regeneration units related to 
economical insight, and the number of interconnections in the network associated
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with the network complexity). The generic formulation of a wide variety of the water 
allocation problem (WAP) given as a set of nonlinear equations with binary variables 
represented the presence of interconnections in the network. The MINLP solution 
procedure was implemented with the set of efficient solutions in the form of Pareto 
fronts.

Recently, the water network synthesis in refinery has been 
considered again by Hwang e t al. (2011) by using water pinch technology and a 
mathematical optimization programming individually for the latest technology of 
water network synthesis and its applications. This work referred to case study 
focusing on practical application to industry from refinery complex, and provided 
more reliable and achievable solutions for the minimization of fresh water 
consumption and wastewater effluents. Water pinch technology was employed at the 
first step for maximum water saving target and the second step employed the 
mathematical modelling for the improvement of water networks for raw water saving 
and cost reduction of waste water effluents.

Figure 2.42 The general representation of the source-regeneration-sink 
superstructure with mixers and splitters (Khor e t a l ,  2011).

Besides, Khor e t al. (2011) proposed the detailed nonlinear 
mechanistic model representation for water regeneration network synthesis (Figure 
2.42). This incorporated within superstructure-based an overall MINLP optimization 
framework (both continuous variables for water flow rates and contaminant
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concentrations and binary variables for selection of piping interconnections). The 
model produced a rigorous cost-based relation, and enabled a simultaneous 
evaluation of both direct water reuse/recycle and regeneration-reuse/recycle 
opportunities.

- In addition, the approach was not limited to only demonstrate 
on membrane separation-based partitioning regeneration unit by investigating the 
interactions ofa single stage reverse osmosis network, but also was certainly possible 
to apply with multiple treatment technologies in series or parallel ( for example, a 
sequence of an ultrafiltration unit and an RO unit). However, the complexity 
occurred from the arrangement of these two technologies and the determination of 
intermediate composition.

W ith reg en era tio n  a n d  p ro p e r ty -b a se d  co n s tra in ts  (F igure
2 .4 3 F ig u re  2.45)

Sources SinksProperty constraintsPp -'P < Pp, < p~f*
<rî_î>—-_ Gi! Pp. - 

i - 2J_-2 Property ___ ' c2 p,. 2
» InterceptionNetwork ~--- --- i *Ns-*, n-3—c ” Waste 1

Environments constraints
p„ rytUv-,-

Figure 2.43 Recycle and reuse network scheme with property interception network 
(Nâpoles-Rivera et a i ,  2010).
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Figure 2.44 Recycle and reuse network scheme with property interception network 
in-plant treatment system (Nâpoles-Rivera e t a l., 2010).

To develop toward an environmental sustainability, Ponce- 
Ortega e t al. (2010) showed a mathematical formulation for the direct recycle and 
reuse networks analysing process and environmental constraints simultaneously 
(Figure 2.43-Figure 2.45). The proposed model was implemented by mass and 
property integration strategy. In addition, the property constraints for the process 
sinks and the environmental constraints were considered such as pH,'density, COD, 
color or even odor (those properties caused pollution to the environment and are 
difficult to quantify in terms of composition.). The model got rid of the nonlinearities 
of the system and managed the bilinear term in order that a global optimal solution 
can be identified for the minimization of TAC.
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Fresh sources
r - 1

Figure 2.45 Simplified formulation for recycle and reuse mass and property 
integration (Nâpoles-Rivera e t a l., 2010).

Afterward, Nâpoles-Rivera e t al. (2010) presented the model 
comprised of process and environmental constraints likew ise the above 
m ethod proposed by Ponce-Ortega e t al. (2010), while a global optimization 
technique was solved by the MINLP problem with bilinear terms in the 
property balances. Simultaneously, Nâpoles-Rivera e t al. (2010) proposed such a 
model that the property interceptors involved a set of disjunction formulation.
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Later, Ponce-Ortega e t al. (2011) the optimal design 
considered simultaneously to minimize the total annual cost and an overall 
Environmental Impact (El). Additionally, the property operators and segregation of 
the process stream were employed for a global optimization and yielded a quasi- 
1 in ear model.

Recently, Vâzquez-Castillo et al. (2012) introduced a 
multiobjective systematic approach to the property-based synthesis of batch water 
networks. The approach considered the process intensification aspect by the 
simultaneously minimizing the economic objective and safety objective. The 
constraints of concentration-based, water characteristics and property-based on 
process sinks were taken into account. A multi-objective model was formulated as an 
MINLP problem which consisted of logical variables, mass and property sinks and 
environmental constraints as well as time restrictions. By the reason of quasi-linear 
model, the global optimal solutions could be identified.

2.8 A Review on Wastewater Treatment Network (WWTN)

The water network system for industrial process is a complex problem 
relating different trade-offs. Additionally, the consideration for problem about 
freshwater resources as well as rigorous environmental regulations on discharge has 
also driven to identify and develop water recovery together with disposal strategies. 
The water system is not only improved by such strategies but also modified by 
principle involving water re-use, regeneration and recycling or even process changes 
(i.e. wet cooling towers cannot be replaced by air-coolers, etc ). Hence, the 
development of a systematic method should be intended to deal with the large 
dimension of problem in term of various pollutants, several treatment processes or 
complexity of the process.

In 1994, Gupta e t al. (1994) have improved the concept of “mass exchange 
network (MEN)” synthesis to address for multicomponent of waste reduction 
problems which frequently desire the removal of multiple toxic species from plant 
streams. To decompose the network synthesis problem and optimize the total 
network simultaneously, the State Space Approach was employed for the evaluation
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of the actual unit operation, and the distribution network. In addition, the different 
sub-networks for the flows and unit operations provided absolute flexibility to select 
among all possible configurations.

2.8.1 Single Contaminant Problem
2 .8 .1 .1 O p tim iz a tio n -b a s e d  M e th o d

D is tr ib u te d  w a s te w a te r  tre a tm e n t s y s te m

Figure 2.46 Superstructure model of wastewater treatment networks (Lili e t  a l ,
2006).

Lili e t  a l. (2006) presented a new water network design 
(Figure 2.46) based on the variable removal ratio of the treatment process. The plug- 
flow reactor model of Monod and Andrews was employed to calculate the removal 
ratio and solve the wastewater network incorporating with pinch method and 
mathematical programming. The method identified the general optimal solution of 
the minimum total annual cost.

2.8.2 Multiple Contaminant Problem
2 .8 .2 .1  I n s ig h t-b a s e d  M e th o d

D is tr ib u te d  w a s te w a te r  tr e a tm e n t sy s te m
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W A S TE W A TE R  S TR E A M S T R E A T M E N T  P R O C E S S E S

-Figure 2.47 General design of wastewater treatment systems (Wang, Y.-P. et a l ,  
1994).

The distributed effluent treatment can reduce the capital and 
operating costs while centralized treatment will combine two waste streams needed 
different treatment technologies that cause treating expense for the combined streams 
more expensive than individual treatment of the separate streams. Wang, Y.-P. et al.
(1994) presented and developed a design of distributed effluent treatment systems by 
setting targets for effluent flow rates through the treatment processes in order to 
minimize treatment cost. The design for distributed system should first segregate 
effluent stream and combine them when it I S  suitable (Figure 2.47).

However, previous methods were unsuccessful to address 
the problem of multiple treatment process, Kuo e t  a l. (1997) presented the 
improvement in design of distributed effluent treatment systems and extended an 
existing system to retrofit cases. The treatment network for multiple contaminants is 
developed in a staged approach t h a t  targets and design was implemented 
repeatedly. The treatment flow rate was targeted and the distribution of the 
load between multiple treatment processes was addressed in this method. 
Although, it cannot guarantee the minimum flow rate for multiple contaminants, it 
could introduce towards the best solutions. The wastewater decomposition 
concept has been guided to consider for treatment process sequence.
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2 .8 .2 .2  O p tim iz a tio n -b a s e d  M e th o d
D is tr ib u te d  w a s te w a te r  tr e a tm e n t s y s te m  
Galan e t a l. (1998) presented the optimum design of a 

distributed wastewater network for reducing the concentration of several 
contaminants (Figure 2.53). A heuristic search procedure was proposed to find a 
good upper bound of the global optimum of different objective functions. Also, 
the method was based on the successive solution of a relaxed linear model and the 
original nonconvex nonlinear problem which often exhibits local minimum and 
causes convergence difficulties. The procedure was solved as a relaxed LP (MILP) of 
the original nonconvex model and to use this solution as a starting point of the NLP- 
problem. Additionally, the model was also included the selection of different 
treatment technologies (the arrangement of technology units was fixed: one unit for 
each technology) and for handling membrane separation modules.

Later, Hamad e t  al. (2003) applied a mass integration concept 
for reducing wastewater treatment and discharge in mini-industrial plants. The 
functional analysis, graphical analysis tools, and mathematical formulation were used 
as a solution procedure to reduce the size of the problem. Additionally, the 
comparison among all scenarios of interception/separation was implemented by 
sensitivity analysis to identify the optimal cost-effective solutions (minimization of 
wastewater discharge). The solution associated with an existing settling tank of the 
wastewater stream, reverse osmosis and evaporation to satisfy environmental 
target, while segregation, recycling, and mixing strategies were carried out to 
reduce the cost of treatment.
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Figure 2.48 The superstructure of WWTN (Poplewski e t a l ,  2007, Statyukha e t a l ,
2007).

With more concern on economy and environment in 
optimizing wastewater treatment network, Poplewski e t a l  (2007) addressed a 
single-stage optimization based on simultaneous approach to design an optimal - 
wastewater treatment network (WWTN) as shown in Figure 2.48. They used a direct 
stochastic random search technique to deal with complex nonlinear problem.

To show the application via a real case study from industrial 
process, Statyukha et al. (2007) developed a sequential method implemented pinch 
techniques followed by mathematical programming to minimize wastewater 
treatment and piping cost for wastewater treatment network design (WWTN). 
Additionally, this method applied models for treatment process and also retrofit the



73

system in industrial plants. The WWTN design procedure in treatment processes 
considered removal ratios and flow rates change.

Moreover, by reason of the uncertain data and specific 
conditions of realistic problems, Statyukha e t al. (2008) presented WWTN through a 
simple sequential approach. This approach employed water pinch techniques for an - 
initial structure and followed by mathematical techniques for minimization of 
treatment process cost. The superstructure consisting of splitters, mixers and piping 
sections used as starting point for nonlinear optimization.

And next year, Dzhygyrey et al. "(2009) employed a 
sequential approach to consider the relation between removal ratio and treatment 
flow rate as well as concentration of certain contaminants for treatment processes. 
This provided the contaminant losses and gains in particular treatment process and 
could determine the total flow rate change within a design procedure of the 
wastewater treatment network. The approach was applied to solve various industrial 
plant problems to design and retrofit wastewater treatment systems.

Figure 2.49 Superstructure of the end-of-pipe technologies wastewater network 
(Galân e t a l ,  2011).

However, The real industrial wastewater treatment networks 
has been designed by Galân e t al. (2011). They have proposed a superstructure,
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which was formulated as an M1NLP for wastewater treatment network design. The 
important feature has been the incorporation of best available technologies for the 
removal of the contaminants (following a specified sequence to avoid reducing the 
efficiency in the downstream technologies). The real world process problems could 
be addressed, and the optimal solution involved filtration, microfiltration, reverse 
osmosis and aerobic biological treatment (Figure 2.49).

Water I Removal
Sources Task 1

Removal Removal
Task 2 Task ท

Water
Sirsks

Figure 2.50 The schematic representation of the superstructure architecture 
(Pennati, 2012).

Recently, Pennati (2012) proposed a systematic method 
framework for the formulation and solution of water network problems. The 
optimization was formulated as a Mixed Integer-Linear or Non-Linear Programming 
(MIP/MINLP), and solved to determine the best wastewater treatment process among 
a set of different predefined alternatives, according to selected optimum criteria. A 
superstructure of available technologies for water purification was used to identify 
different process paths dividing the treatment operation in tasks to remove the 
various pollutants. For each task, it was considered various alternatives among 
process units currently used in industry (Figure 2.50).

This systematic method offered a comprehensive 
characterization of the water stream and a functional model of the treatment units. 
Also the method showed its ability to handle the complexity and the dimension of an
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industrial problem as well as flexibility for the evaluation of different scenarios. 
Hence, it made a useful tool for the design of wastewater treatment network systems 
for a new plant, retrofitting or expansion of existing plants that provide various 
contaminants and allows a more descriptive model of the treatment units.
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