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CHAPTER IV

A c c o r d in g  t o  th e  d e s c r ib e d  c o m p u te r -a id e d  f r a m e w o r k  fo r  s y n t h e s is  a n d  

d e s ig n  o f  in d u str ia l W W T N  p r o b le m , th is  s e c t io n  p r e s e n te d  t h e  d e f in i t io n  o f  

p r o b le m , g e n e r a t io n  o f  a lt e r n a t iv e s , d e v e lo p m e n t  o f  m o d e l ,  c o l le c t io n  o f  d ata , 
fo r m u la t io n  a n d  s o lu t io n  o f  th e  d e s ig n  p r o b le m  th r o u g h  d e v e lo p e d  a n d  m o d if ie d  

m o d e l  h e re  fo r  d if fe r e n t  s c e n a r io s  o f  p e tr o le u m  r e f in e r y  e f f lu e n t  tr e a tm e n t  p la n t  

( e x i s t in g  p r o c e s s ,  g r a s s r o o ts  s y s t e m  a n d  r e tr o f it  d e s ig n  c a s e )  w ith  r e c y c l in g  o p t io n  

a n d  d is tr ib u te d  tr e a tm e n t s y s te m .

4 .1  S ta te m e n t  o f  W W T N  P r o b le m

T h e  o p t im iz a t io n -b a s e d  d e s ig n  a n d  s y n th e s is  o f  W W T N  p r o b le m  in  th is  
w o r k  b a se d  o n  th e  fr a m e w o r k  o f  (Q u a g lia  e t  a l . ,  2 0 1 3 )  c o u ld  b e  s ta te d  a s  f o l lo w s  

(F ig u r e  4 .1 ) :  g iv e n  a re  a  s e t  o f  d if fe r e n t  m u lt ip le  w a s te w a te r  s tr e a m s  ( s o u r c e s )  fr o m  

a n  in d u str ia l p r o c e s s  d e f in e d  b y  th e ir  f l o w  ra te , c o n ta m in a n t  ty p e s  a n d  le v e l ,  a  s e t  o f  

a lt e r n a t iv e  w a s te w a te r  tr e a tm e n t u n its  ( r e la t iv e  t o  r e f in e r y  e f f lu e n t  tr e a tm e n t)  d e f in e d  
b y  d if fe r e n t  fu n c t io n a l  m o d e l  in  e a c h  u n it  ( i .e .  r e m o v a l r a t io , r e a c t io n  c o n v e r s io n  
e t c  ) , a n d  tr e a tm e n t o b j e c t iv e  ( s in k s )  d e f in e d  b y  b o th  m a x im u m  s p e c i f ic a t io n  o f  f l o w  

ra te , c o n ta m in a n t ty p e s  a n d  l e v e l  ( fo r  d is c h a r g e  a n d  r e c y c l in g ) .  T h e  p r o b le m  w a s  t o  

d e te r m in e  th e  o p t im a l  w a te r  tr e a tm e n t n e tw o r k  c o n f ig u r a t io n  in  o r d e r  to  s a t is f y  

c e r ta in  d e f in e d  tr e a tm e n t o b j e c t iv e s  w i t h  r e s p e c t  t o  b o th  e c o n o m ic  a n d  
e n v ir o n m e n ta l  p e r s p e c t iv e s .

WastewaterSources

/  \Effluent from the Other 
process

TreatmentObjectives
(Sink)

/  \
Discharge Recycle to

process units

F ig u r e  4 .1  D e ta i l  o f  W W T N  p r o b le m  s ta te m e n t  pattern .
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4 .2  C a se  S tu d y :  P e tr o le u m  R e f in e r y  E f f lu e n t  T r e a tm e n t  P la n t

A  c a s e  s tu d y  d e a l in g  w ith  p e tr o le u m  r e f in e r y  w a s te w a te r  tr e a tm e n t p la n t  
(F ig u r e  4 .2 )  in  T h a ila n d  ( P T T  G C ) w a s  fo r m u la te d  a n d  s o lv e d  th r o u g h  th e  fo u r  m a m  

s t e p s  o f  th e  m e th o d  d e sc r ib e d  in  c h a p te r  III. T h e  c a s e  s tu d y  w a s  a p p lie d  b y  

c o n s id e r in g  b o th  th e  d e s ig n  o f  b a se  c a s e s  ( P T T ’s  e x is t in g  p r o c e s s  a n d  g r a s s r o o ts  

s y s t e m )  a n d  th e  re tr o f it  d e s ig n  o f  th e  b a s e  c a s e s ,  a n d  e m p h a s iz in g  o n  th e  a s p e c t  o f  
r e c y c l in g  o p p o r tu n ity , in c lu d in g  w ith  d is tr ib u te d  tr e a tm e n t sy s te m .

% ! * > ..... .. E f f l u e n t  t r e a t m e n t  p l a n t  d i a g r a m

( CDU de»star affluentN
- )  ’

Ŵastewater from CRŜ

/other wastewater from Uogas CPlA l Black oiCPl,ETPCPl, AOC J

3 ]

^  CerrtralB

แ2 รOxidation AsOxidation K

F ig u r e  4 .2  P T T ’s  e f f lu e n t  tr e a tm e n t p la n t d ia g r a m  ( s im p l i f i e d  d ia g r a m ).

4 .3  P r o b le m  F o r m u la t io n  (S te p  I)

4 .3 .1  S c o p e  a n d  O b je c t iv e  F u n c t io n
T h e  p u r p o s e  o f  th e  s tu d y  w a s  t o  m o d ify  a n d  d e v e lo p  a  g e n e r ic  m o d e l-  

b a s e d  s y n th e s is  fo r  th e  o p t im iz a t io n  W W T N  p r o b le m  w ith  r e s p e c t  to  p e tr o le u m  

r e f in e r y  e f f lu e n t  tr e a tm e n t p la n t fo r  th e  b e n e f i t  o f  th e  m o d e r n  s o c i e t y  a n d  m o r e  
s p e c i f i c a l ly ,  fo r  r e d u c in g  th e  fr e sh  w a te r  c o n s u m p t io n  to g e th e r  w ith  r e -u s in g  tr e a te d  
w a te r  in  p r o c e s s e s  (F ig u r e  4 .3 ) .  T h e  o b j e c t iv e  (E q . (4 .1 )  o f  th e  o p t im a l  w a s te w a te r  
tr e a tm e n t n e tw o r k  d e s ig n  w a s  t o  m in im iz e  th e  to ta l  a n n u a l iz e d  c o s t  ( T A C )  th r o u g h  

v a r io u s  d e s ig n  s c e n a r io s  f o c u s in g  o n  th e  r e c y c l in g  a s p e c t
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TAC = Costcapital / • a + o "
(1 + 0 "  ■

"i“ (sOSt operation -  Savings ̂ ( 4 .1 )

w h e r e  T A C  c o n s i s t e d  o f  c a p ita l e x p e n d itu r e  ( C A P E X )  a n d  o p e r a t io n a l  
e x p e n d itu r e  (O P E X ) . C A P E X  w a s  a m o r t iz a t io n  b a s e d  o n  a  b a s is  o f  a  1 5 -y e a r  p la n t  

l i f e t im e  a t an  in te r e s t  r a te  o f  5%  p er  a n n u m  w h i l e  O P E X  (u t i l i ty  c o n s u m p t io n  a n d  

w a s t e  d is p o s a l  c o s t )  w a s  o n  a  y e a r ly  b a s is . T h e  S a v in g s  c o s t  w a s  a n  a n n u a l r e d u c t io n  
c o s t  o f  u s in g  r e c y c le d  w a ter .

Desalter makeup
I

Cooling water makeup I

F i g u r e  4 .3  T h e  o v e r a ll  m a s s  f l o w  b a la n c e  b e tw e e n  w a te r -u s in g  p r o c e s s  a n d  
w a s t e w a t e r  tr e a tm e n t p r o c e s s .

4 .3 .2  W a s te w a te r  S o u r c e s  I d e n t if ic a t io n  a n d  C h a r a c te r iz a t io n
M a jo r  p o llu ta n ts  n o r m a lly  fo u n d  a n d  m e a s u r e d  in  P T T  G C  o i l  

r e f in e r y  w a s te w a te r  c o n s is t e d  o f  c a r b o n a c e o u s  o r g a n ic  s p e c ie s  ( r e p r e s e n te d  b y  C O D  
a n d  B O D ) ,  o i l  a n d  g r e a s e ,  s u s p e n d e d  s o lid ,  g a s  (h y d r o g e n  s u l f id e ) ,  io n  (a m m o n iu m  

io n )  a n d  h e a v y  m e ta l  ( i .e .  a r s e n ic ) .  T h e r e fo r e , th e  n u m b e r  o f  c o n ta m in a n t  s p e c ie s ,  
w h ic h  w e r e  in v e s t ig a te d  a n d  c o n s id e r e d  fo r  th is  c a s e  s tu d y , w e r e  p r e s e n te d  in  te r m s  

o f  C O D  ( C h e m ic a l  o x y g e n  d e m a n d ) ,  B O D  ( B io c h e m ic a l  o x y g e n  d e m a n d ) ,  T S S

(to ta l  s u s p e n d e d  s o l id ) ,  F S S  ( F ix e d  s u s p e n d e d  s o l id ) ,  O & G  ( O i l  a n d  G r e a s e ) ,  N H 4 

(a m m o n iu m  io n ) ,  ร  (h y d r o g e n  s u l f id e )  a n d  A s  (A r s e n ic ) .  T h is  c h a r a c te r iz a t io n
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w a s  n e e d e d  in o r d e r  to  d e f in e  a  tr e a tm e n t p r o c e s s  m o d e l  w ith  r e s p e c t  t o  a  r e m o v a l  o f  
t h o s e  c o n ta m in a n ts .

W a s te w a te r  s o u r c e s  in  th e  c a s e  s tu d y  c a m e  fr o m  s e v e r a l  e f f lu e n t s  in  

th e  p r o c e s s . H o w e v e r ,  fo u r  m a in  s o u r c e s  w e r e  c o n s id e r e d  a n d  id e n t i f ie d  a s  f o l lo w s :  

S o u r c e  1 w a s  th e  e f f lu e n t  o f  C D U  d e sa lte r  c o m b in in g  w ith  s o u r  w a te r  s tr ip p er ,  
S o u r c e  2  w a s  th e  e f f lu e n t  o f  c o n d e n s a te  r e s id u a l s p lit te r , S o u r c e  3  w a s  th e  e f f lu e n t  o f  

v a r io u s  C P I (s u c h  a s  M O G A S  C P I, B la c k  o i l  C P I  e f f lu e n t )  a n d  s o u r c e  4  w a s  t h e  
e f f lu e n t  o f  d e c a n te r  un it. A l l  s o u r c e s  o f  w a s te w a te r s  w e r e  c h a r a c te r iz e d  b y  th e  f l o w  

ra te  a n d  th e  c o n c e n tr a t io n  o f  th e ir  c o n ta m in a n ts  a s  s h o w n  in  T a b le  4 .1 .
4 .3 .3  W a ter  S in k s  a n d  U s e r s  I d e n t if ic a t io n  a n d  C h a r a c te r iz a t io n

A  d is c h a r g e  o f  tr e a te d  w a te r  to  s e a  is  th e  o n ly  o n e  o p t io n  in c lu d e d  in  
th e  e x is t in g  p r o c e s s  o f  P T T  G C  th at is  a b id e d  b y  T h a ila n d  r e g u la t io n . H o w e v e r ,  in  

o rd er  to  r e d u c e  th e  d is c h a r g e  an d  f r e s h  w a te r  c o n s u m p t io n  in  th e  p r o c e s s ,  in  th is  

w o r k , th e  r e c y c lin g  a lt e r n a t iv e s  o f  tr e a te d  w a te r  t o  p r o c e s s  w e r e  c o n s id e r e d .  
T y p ic a l ly ,  th e  m a in  w a te r  c o n s u m p t io n  in  a  r e f in e r y  w a s  c o n c e r n e d  w ith  th e  c o o l in g  

s y s t e m , th e  b o ile r  fe e d  w a te r  s y s t e m s  a n d  th e  p r o c e s s  u n its , i.e . d e s a lte r  m a k e u p . 
T h u s , th e s e  th r e e  w a te r  s in k s  a s  r e c y c l in g  o p t io n s  to g e th e r  w ith  t h e  d is c h a r g e  t o  s e a  

w e r e  id e n t if ie d  a s  th e  o p t io n s  o f  th e  tr e a tm e n t o b j e c t iv e  in th e  c a s e  s tu d y . T h e s e  
w a te r  s in k s  a r e  d e s ig n a te d  a s  fo l lo w s :  D is c h a r g e  t o  s e a — W W D  (s in k  9 1 ) ,  R e c y c l e  a s  

b o ile r  f e e d  w a te r  m a k e u p — B F W  (s in k  9 2 ) ,  R e c y c le  a s  c o o l in g  w a te r  m a k e u p — c w  
( s in k  9 3 )  a n d  R e c y c le  t o  d e sa lte r  m a k e u p — D S  (s in k  9 4 ) .

T h e  l im it  c o m p o s i t io n s  a n d  f lo w  r a te s  in  e a c h  w a te r  s in k  w e r e  

r e p o r te d  in  T a b le  4 .1 . M o r e o v e r ,  th e  lim it  c o n c e n tr a t io n s  o f  e a c h  r e c y c le d  w a te r  s in k  

in c lu d e d  n o t  o n ly  th e  p o l lu ta n ts  c o n s id e r e d , bu t a ls o  a ll  o th e r  s p e c ie s  th a t m ig h t  b e  
a ls o  g e n e r a te d  d u rin g  tr e a tm e n t o p e r a t io n . In b r ie f , th e  f l o w  r a te  a n d  th e  
c o n t a m in a t io n  le v e l  a s  w e l l  a s  ty p e  o f  th e  w a s te w a te r  a n d  th e ir  l im ita t io n  w e r e  b a s e d  
o n  lite ra tu re  in fo r m a tio n  a s  w e l l  a s  r e q u ir e d  s p e c if i c a t io n s  o f  th e  p la n t  (T a b le  4 .1 ) .
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T a b le  4 .1  W a s te w a te r  in f lu e n t  ( s o u r c e s ) — f l o w  r a te  a n d  c o m p o s i t io n ;  T r e a tm e n t  

o b j e c t iv e s  ( s in k s ) — lim ita t io n s  o n  th e  m a x im u m  f l o w  r a te  a n d  p o l lu ta n t  

c o n c e n tr a t io n s ;  L im ita t io n  o f  w a s te w a te r  b e fo r e  e n te r in g  to  b io trea te r

Data IOM Wastew ater influent specification 
1 2  3 4

Water effluent specification 
ว BFW* CW* DS

Flow rate t/h 22 51 2 4 - 337 213 40
COD mg/1 5014 4564 1750 9335 120 5 75 -
BOD mg/1 1770 1611- 618 3295 20 - - -
TSS mg/1 561 3163 - 4681 50 5 50 -
O&G mg/1 893 236 - 2380 5 25 25 10
FSS mg/1 281 1581 - 2340 25 5 50 -
NH + mg/1 66 85 - - 35 1.9 1.3 100
H2ร mg/1 12 14 - - 1 5 - 20
As 'mg/1 - - 18 - 0.25 0.25 0.25 -

so 42' mg/1 - - - - - 0.05 500 -
cr mg/1 - - - - - 3.2 302 10
Na+ mg/1 - - - - - 6.8 - - -

*Some data taken from Otts (1963), Selby e t  a l . (1996). 
CSIRO (2008), IPIECA (2010)

1 Alexander (2007), Asano e t  a l. (2007),

4 . 3 .4  S p e c ia l  D e s i g n  C o n s tr a in ts  D e f in i t io n
B a s e d  o n  n e c e s s a r y  c o n s tr a in ts  o f  tr e a tm e n t p r o c e s s , s p e c ia l  d e s ig n  

c o n s tr a in ts  w e r e  c o n s id e r e d  a n d  d e f in e d  a s  s h o w n  in  th e  T a b le  4 .2 .  In  th is  c a s e ,  b io 
trea te rs- c a n n o t  a c c e p t  th e  h ig h  le v e l  o f  s o m e  p o l lu ta n ts  ( e s p e c ia l ly  h e a v y  m e ta l)  

b e c a u s e  h e a v y  m e ta ls  c a n  in h ib it  o r  a f f e c t  h a r m fu lly  t o  th e  m ic r o o r g a n is m  in  th e  b io 
trea ters . T h u s , th e  s p e c ia l  c o n s tr a in ts  w e r e  s p e c if i e d  to  a v o id  s u c h  a  p r o b le m .

Table 4.2 L im ita t io n  o f  w a s te w a te r  b e fo r e  e n te r in g  t o  b io trea te r

Composition Unit Concentration 1
NPL,+ mg/1 <60
COD mg/1 <15๓
As mg/1 <0.25
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4.4 Generation of Alternatives (Step II)

4 .4 .1  T r e a tm e n t P r o c e s s  T a sk s  a n d  T h e ir  A lte r n a t iv e s  I d e n t i f ic a t io n
T h e  p o s s ib le  tr e a tm e n t p r o c e s s  fo r  su p e r s tr u c tu r e  w e r e  c o n s id e r e d  o n  

t h e  b a s is  o f  th e  p o l lu ta n ts  ( w i t h  r e s p e c t  t o  th e  c a s e  s tu d y )  t o  b e  r e m o v e d , o r  th e  

p r in c ip le  (T c h o b a n o g lo u s  e t  a l. ( 2 0 0 3 ) ;  I P I E C A  ( 2 0 1 0 ) )  o n  w h ic h  th e  tr e a tm e n t  w a s  
- r e l i e d  on . A  lis t  o f  th e  tr e a tm e n t u n its  c o n s id e r e d  in  th is  w o r k  is  s h o w n  in  T a b le  4 .3

4 .4 .2  S u p e r s tr u c tu r e  C o n s tr u c tio n
T h e  m o d e l  d a ta b a s e  r e g a r d in g  tr e a tm e n t p r o c e s s  in te r v a l o f  Q u a g lia  

e t al. ( 2 0 1 3 )  w a s  re fe rred  t o  a n d  m o d if ie d  in  th is  c a s e  s tu d y  t o  c o n s tr u c t  th e  W W T N  

s u p e r s tr u c tu r e  fo r  a  s p e c i f i c  p r o b le m . B a s e d  o n  th e  e x i s t in g  p r o c e s s  a n d  m o d e l  

d a ta b a se , th e  p r o c e s s  C P I u n it  w a s  r e p r e s e n te d  a s  C P I /P P I  u n it in te r v a l. T h e  H 2S  
o x id a t io n  u n it a n d  f lo c c u la t io n  f lo a ta t io n  u n it ( F F U 1 & 3 )  th a t  r e m o v e d  m a in ly  H 2S ,  
N H 3; c o d  O & G , T S S  w e r e  c o n s id e r e d  a n d  fo r m u la te d  a s  W A O  u n it— m o d if ie d  a s  a  
s e r ie s  o f  tr e a tm e n t w ith  f lo c c u la t io n  f lo a ta t io n  in  a  p r o c e s s  in ter v a l— c o m b in e d  w ith  

A ir S  un it. T h e  r o le  o f  a r s e n ic  o x id a t io n  u n it f o l lo w e d  b y  f lo c c u la t io n  f lo a t a t io n  u n it  
( fo r  p r e c ip ita t io n )  r e m o v e d  m a in ly  a r se n ic , C O D  O & G  a n d  T S S . It w a s  r e p r e s e n te d  

b y  A s O x  u n it g e n e r a te d  a s  n e w  s e q u e n t ia l  tr e a tm e n t w ith in  p r o c e s s  in ter v a l. In  
a d d it io n , B io tr e a te r  in v o lv in g  a  b io lo g ic a l  tr e a tm e n t  w a s  r e p r e s e n te d  b y  T F  a n d  A S  

u n it. F in a lly , a ll  te r t ia r y  tr e a tm e n t  u n its  ( G A C , IE , E D , M F /U F  a n d  N F /R O )  w e r e  se t  
u p  a s  a lte r n a t iv e  s u p p o r t in g  trea tm e n t u n its  fo r  a  h ig h e r  s p e c i f i c a t io n  o f  w a te r  

e f f lu e n t  (th a t c a n  r e m o v e  v a r io u s  c o n ta m in a n ts )  in  th e  fu tu re . In  c o n c lu s io n ,  to ta l  
u n its  in  th e  m o d if ie d  su p e r s tr u c tu r e  w e r e  c la s s i f i e d  a s  e q u iv a le n t  u n its  ( fo r  e x is t in g  
p r o c e s s )  a n d  a lt e r n a t iv e  u n its  ( fo r  p o te n tia l e x p a n s io n  o f  e x i s t in g  p r o c e s s )  a s  r e p o r te d  
in  T a b le  4 .4 .

M o r e o v e r ,  e a c h  trea tm e n t p r o c e s s  ta sk  a ls o  in c lu d e d  a  b y p a s s  s y s t e m  
( fo r  sp lit  o p t io n )  to  d e s ig n  a  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 . T h u s , th e  
m o d if ie d  s u p e r s tr u c tu r e  in  t h e  F ig u r e  4 .4  c o u ld  r e p r e se n t  m o r e  th an  7 0 ,0 0 0  p o s s ib le  

a lt e r n a t iv e  tr e a tm e n t c o n f ig u r a t io n s .
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T a b le  4 .3  L is t  o f  w a s te w a te r  tr e a tm e n t  p r o c e s s  s e l e c t e d  in  th e  su p e r s tr u c tu r e

Principle Process interval 
(treatment process) AI)I) res iation Number

ID
Gravity separation American Petroleum Institute separator API 101

Corrugated and parallel plate separator CPI/PPI 102
Floatation Dissolved Air Floatation DAF 111

Induced Air Floatation IAF 112
Oxidation and Wet air oxidation WAO 121
precipitation Arsenic oxidation and precipitation AsOx 151
Stripping Sour Water Stripper รพร 131

H2 ร Stripper SS 132
-NF13 Stripper NS 141
Air Stripper AirS 142

Biological treatment Trickling Filter TF 161
Rotating Biological Contactor RBC 171
Activated Sludge AS 172
Activated Carbon assisted activated PACT 173
sludge 174
Membrane Biological Reactor MBR

Adsorption Adsorption on Granular Activated GAC 181
Carbon

Electrostatic Ion Exchange IE 191
separation Electrodialysis ED 192
Tertiary Microfiltration/Ultiafiltration MF/UF 201
filtration Nanofiltration/Reverse Osmosis NF/RO 211
- Bypass-No treatment BP 1-BP 11 103, 113,

(Empty interval) 122, 133,
143, 152,
162, 175,
182, 193,
202, 212
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Figure 4.4 S c h e m a t ic  r e p r e s e n ta t io n  o f  su p e r s tr u c tu r e  fo r  r e f in e r y  e f f lu e n t  tr e a tm e n t  
n e tw o r k .

Table 4 .4  T r e a tm e n t p r o c e s s  ta s k s  a n d  a lt e r n a t iv e s

Task Existin'» process Treatment Process interval 
Equivalent unit Alternative unit

1 Process CPI CPI/PPI API Bypass
2 - - DAF, IAF Bypass
3 H2S oxidation ModifïedWAO - Bypass
4 + รพร,SS Bypass
5 FFU 1&3 AirS NS Bypass

Arsenic oxidation .
6 + AsOx - Bypass

FFU 4&5
7
8 Bio-treaters TF

AS RBC, PACT, MBR
Bypass
Bypass

9 - - GAC Bypass
10 - - IE, ED Bypass
11 - - MF/UF Bypass
12 - - NF/RO Bypass
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4 .5  Model Development and Data Collection (Step n i )

F o r  m o d e l  o f  w a s te w a te r  c h a r a c te r iz a t io n  a n d  w a s te w a te r  tr e a tm e n t p r o c e s s  

( s im p le  s h o r t-c u t  m o d e l) ,  th e y  w e r e  c o n s id e r e d  a n d  b a s e d  o n  th e  s a m e  m e th o d  

p r o p o s e d  b y  Q u a g lia  e t al. ( 2 0 1 3 )  e x c e p t  t h o s e  e q u a t io n s  fo r  r e a c t io n  o f  a q u e o u s  

d is s o lu t io n  a n d  w a te r  p u m p in g  c o s t  b a se d  th e  o n  p r e s su r e  d r o p  w e r e  n o t c o n s id e r e d  

in  th is  w o r k  fo r  s im p l if ic a t io n .  A n  a d d it io n a l  d a ta  fo r  n e w  tr e a tm e n t p r o c e s s  IS 

r e p o r te d  in  T a b le  4 .4  w h i l e  th e  c o m p le t e  lis t  fo r  a ll  c o m p o n e n ts  ( 3 3  s p e c ie s )  in  th e  
c a s e  s tu d y  is  s h o w n  in  T a b le  4.5 .

F o r  m o d e l  o f  n e tw o r k , th e  n e tw o r k  o f  tr e a tm e n t in te r v a l n a m e ly  s in g le  
s tr e a m  p r o b le m  w a s  d e f in e d  a s  t h e  “ n o n -s p l it  option -” w h e r e  a  m a x im u m  o f  o n e  

in te r v a l p er  tr e a tm e n t ta s k  w a s  a l l o w e d  w h i le  th e  m u lt i- s tr e a m  p r o b le m  w a s  d e f in e d  
a s  th e  “ s p lit  o p t io n ” w h e r e  a  m a x im u m  o f  t w o  in te r v a ls  p er  tr e a tm e n t  ta sk  a n d  th e  

s e l e c t io n  o f  m o r e  th a n  o n e  e f f lu e n t  a re  a l lo w e d . A d d it io n a l ly ,  in  th is  w o r k  th e  c a s e  
s tu d y  fo r  e x is t in g  p r o c e s s  ( b a s e  c a s e )  n e tw o r k  p r o b le m  w a s  fo r m u la te d  a s  th e  n o n 
sp lit  o p t io n  w h i le  fo r  th e  r e tr o fit  p r o c e s s ,  b o th  n o n -s p lit  a n d  s p l i t  o p t io n s  w e r e  
fo r m u la te d . A ls o ,  th e  m o d e l  d a ta b a se  w ith  r e s p e c t  to  g e n e r ic  tr e a tm e n t m o d e l  w a s  

im p le m e n te d  an d  m o d if ie d  o n  th e  s p e c i f i c  p r o b le m .

Table 4.5 L is t  fo r  a ll c o m p o n e n t  c o n s id e r e d  in  th e  c a s e  s tu d y

Contaminants Utilities Species generated 1
h20 EL so 42-
COD LPS MO
h2s cw OCT
FSS h3po4 CT
NHf H2SO4 ILAsCVO&G NaOH Na+

HjAsOjJOC
BOD

GAC
C02, N2, Ch  

NG~ 
Alum 

NaOCl C6H80 7
FeClj
NHj
Cl2

I f
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4 .6  O p t im iz a t io n  P r o b le m  F o r m u la t io n  a n d  S o lu t io n  (S te p  IV )

4 .6 .1  O p t im iz a t io n  P r o b le m  F o r m u la t io n
T h e  d if fe r e n t  s c e n a r io s  w e r e  c o n s id e r e d  w it h  r e s p e c t  t o  e f f lu e n t  

s e l e c t io n  a n d  re q u ir e d  s tr u c tu r e  o f  th e  o p t im a l s o lu t io n  b y  c o n s id e r in g :
1. N u m b e r  o f  w a te r  e f f lu e n t:  r e s u lt in g  in  th e  d e f in i t io n  o f  s in g le 

e f f lu e n t  ( i f  o n ly  o n e  e f f lu e n t  c a n  b e  s e le c t e d )  a n d  m u lt i - e f f lu e n t  s c e n a r io s
2 . W a ter  r e c y c le  re q u ir e m e n t: r e s u lt in g  in  th e  d e f in i t io n  o f  z e r o -  

l iq u id  d is c h a r g e  ( i f  c o m p le t e  r e c y c le  o f  th e  w a te r  s tr e a m  is  r e q u ir e d )  a n d  n o n -z e r o  

l iq u id  d is c h a r g e  s c e n a r io s .
3 . S tr u c tu r e  o f  th e  tr e a tm e n t p r o c e ss:  r e s u lt in g  in  th e  d e f in i t io n  

o f  s p l i t  (d is tr ib u te d  tr e a tm e n t /e f f lu e n t  s y s t e m )  a n d  n o n -s p l i t  ( c e n tr a l iz e d  
tr e a tm e n t /e f f lu e n t  s y s t e m )  o p t io n s ,  a s  d e sc r ib e d  a b o v e .

T h e  s c e n a r io  l is t  w a s  d e f in e d  th r o u g h  th e  c o m b in a t io n  o f  th e  
a b o v e m e n t io n e d  fo r m u la t io n s  r e s u lt in g  in  th e  s tr u c tu r e  r e p o r ted  in  F ig u r e  4 .5  fo r  

b o th  n e w  s y s t e m  (g r a s s r o o ts  s y s t e m )  a n d  th e  r e tr o f it  d e s ig n  in  o r d e r  to  fe a tu r e  th e  
a d v a n ta g e s  o f  th e  t o o l  th a t c o u ld  e f f e c t iv e ly  s y n t h e s iz e  a n d  o p t im iz e  th e  c o m p le x  

p r o b le m  w ith  a  m o r e  d e ta ile d  r e p r e s e n ta t io n  o f  w a te r  n e tw o r k  d e s ig n  th r o u g h  th e  
m a th e m a tic a l  m o d e l  in  d if fe r e n t  s c e n a r io s .

H o w e v e r ,  z e r o  l iq u id  d is c h a r g e  c a s e  fo r  a  s in g le  e f f lu e n t  s c e n a r io  

c o u ld  o n ly  b e  m o d e l le d  b y  t w o  p o s s ib le  a lt e r n a t iv e s , n a m e ly  c w  a n d  B F W . B e c a u s e  

th e  r e q u ir e m e n t  fo r  d e sa lte r  m a k e u p  w a s  le s s  th a n  th e  to ta l  f l o w  o f  w a s te w a te r  
s o u r c e s  in  th e  c a s e  s tu d y , th u s ,  d e s a l t e r  m a k e u p  c a n n o t  b e  a n  o p t io n  fo r  z e r o  liq u id  
d is c h a r g e  c a s e  in  s in g le  e f f lu e n t  s c e n a r io . In  c o n c lu s io n ,  a ll  n e tw o r k  s c e n a r io s  th at  

w e r e  c o n s id e r e d  in  n e tw o r k  s e t  p  ( E x is t in g  p r o c e s s  d e s ig n  a n d  its  r e tr o f it  d e s ig n )  a n d  

G  (G r a s s r o o ts  s y s t e m  d e s ig n  a n d  its  r e tr o f it  d e s ig n )  a r e  s h o w n  a s  F ig u r e  4 .5 .
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F ig u r e  4 .5  C la s s i f ic a t io n  o f  p r o b le m  s c h e m e  fo r  n e tw o r k  p r o b le m  P 1 - P 9  a n d  G i 
r o .

4 .6 .2  O p t im iz a t io n  P r o b le m  S o lu t io n
F r o m  th is  m o d if ic a t io n  o f  g e n e r a l  m o d e l  fo r m u la t io n  a s  w e l l  a s  

s p e c i f i c  p r o b le m s  in th is  w o r k  c o u ld  b e  fo r m u la te d  b y  th e  s p e c i f i c a t io n s  o f  d if fe r e n t  
v a r ia b le s  o f  a  b a s e  c a s e  p r o c e s s  a n d  r e tr o fit  d e s ig n  s c e n a r io s — f ix in g  a ll  o r  part o f  

th e  n e tw o r k  t o p o lo g y  a n d  w a te r  e f f lu e n t  s e le c t io n  a n d  f lo w s .  M o r e o v e r , t w o  o p t io n s  

(n o n -s p l i t  a n d  s p l i t )  o f  th e  s p e c i f i c  p r o b le m  w e r e  e m p lo y e d  b a se d  o n  th e  d if fe r e n t  
s o lu t io n  s tr a te g ie s  in  th e  f o l lo w in g s :

4 .6 .2 .1  O ne-S tage S o lu tion  S tra teg ies  f o r  L P /M IL P  M o d e l (D irect 
L ineariza tion)
D ir e c t  l in e a r iz a t io n  w a s  e m p lo y e d  fo r  n o n -s p lit  o p t io n  o f  th e  

p r o b le m  a n d  w a s  s o lv e d  th r o u g h  s o lv e r  C P L E X  (R o s e n th a l ,  2 0 1 2 ) .  A ls o ,  th is  M I L P  
s o lu t io n  w a s  lo a d e d  a s  in it ia l iz a t io n  fo r  M I N L P  m o d e l.

4 .6 .2 .2  Tw o-Stage So lu tion  S tra teg ies  f o r  N LP '/M IN LP  M o d e l  
(Sequentia l S o lu tion  P rocedure)
B e c a u s e  o f  th e  s p l i t  o p t io n  'a l lo w in g  fo r  th e  s e l e c t io n  o f  

m a x im u m  tw o  in te r v a ls  p er  tr e a tm e n t ta sk , th e  p r o b le m  w a s  fo r m u la te d  a s  M I N L P  
m o d e l. F o r  t w o  s t a g e s ,  L o a d in g  in it ia l iz a t io n  p o in t  fr o m  M I L P  s o lu t io n  a n d  f ix e d
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b in a r y  v a r ia b le s  ( o n ly  o n e  tr e a tm e n t in te r v a l a s  M I L P  s o lu t io n )  w e r e  a  p r e lim in a r y  

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

D I C O P T  (G r o ss m a n n  e t a l ,  2 0 0 2 )  in  s e c o n d  s t a g e  r e s p e c t iv e ly  fo r  b o th  b a s e  c a s e s  
a n d  th e ir  re tro fit  d e s ig n  c a s e s  (F ig u r e  4 .6 ) .

F ig u r e  4 .6  T w o -S ta g e  s o lu t io n  s tr a te g y .

T h e  s ta t is t ic s  s o lu t io n  o f  b o th  M IL P  a n d  M I N L P  p r o b le m  o b ta in e d  in  th is  
m o d e l  c o n ta in e d  d if fe r e n t  n u m b e r  o f  v a r ia b le s , e q u a t io n s , b in a r y  v a r ia b le s  to g e th e r  

w ith  a n  a v e r a g e  C P U  t im e  a s  s h o w n  in  T a b le  4 .6 .

T a b le  4 .6  O p t im iz a t io n  p r o b le m  s o lu t io n  s ta t is t ic s

Model statistics No S|plit option Split option
Design problem (configuration) PTT GAMS PTT GAMS
Model MILP MILP MINLP MINLP
Number of variables 247022 247022 247088 247084
Number of binary variables 10 32 10 7
Number of equations 406351 406351 406511 406507
Number of non-linear equation - - 9216 9120
Relative optimality tolerance 0.00001 0.00001 0.00001 0.00๓1
Average CPU time(s) -9 ~11 -2640 -5710
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4 .6 .3  O p t im iz a t io n  P r o b le m  R e s u lt s
In  a c c o r d a n c e  w ith  th e  c a s e  s tu d y , th e  m o d e l  w a s  h ig h l ig h te d  b y  th e  

a p p lic a t io n  in  th e  c a s e  s tu d y  th a t w a s  d iv id e d  in to  t w o  m a in  p arts: th e  f ir s t  c a s e  w a s  
P T T ’s  c o n f ig u r a t io n  c a s e  ( B a s e  c a s e  o f  e x i s t in g  p r o c e s s  a n d  its  r e tr o fit  d e s ig n  c a s e s )  

a n d  th e  G A M S ’ c o n f ig u r a t io n  c a s e  ( B a s e  c a s e  o f  g r a s s r o o t s  s y s t e m  a n d  its  r e tr o f it  

d e s ig n  c a s e s ) .  In  o r d e r  to  m in im iz e  th e  w a s t e w a t e r  d is c h a r g e  g e n e r a t io n  a n d  fr e s h  
w a te r  c o n s u m p t io n , s e v e r a l  o p t io n s  w e r e  in c lu d e d  to  s tu d y  t h e  r e c y c l in g  o f  tr e a te d  

w a s te w a te r  a t th e  e f f lu e n t  ( s in k )  a s  a lt e r n a t iv e  tr e a tm e n t o b j e c t iv e s .
T h e  r e su lts  in e a c h  o p t im a l  n e tw o r k  s o lu t io n  w e r e  c o n s id e r e d  in  

te r m s  o f  p r o c e s s  s p e c if ic a t io n  a n d  e c o n o m ic  b e n e f it .  A d d it io n a l ly ,  in  o r d e r  t o  fe a tu r e  

'  th e  a d v a n ta g e s  o f  th e  t o o l  th at c o u ld  e f f e c t i v e ly  s y n t h e s iz e  a n d  o p t im iz e  th e  c o m p le x  

p r o b le m  w ith  a  m o r e  d e ta ile d  r e p r e s e n ta t io n  o f  w a te r  n e tw o r k  d e s ig n  th r o u g h  th e  
m a th e m a tic a l  m o d e l  in  d if fe r e n t  s c e n a r io s ,  d if fe r e n t  c a s e s  w e r e  c o m p a r e d  t o  e a c h  
o th e r  a s  fo l lo w s :

4 .6 .3 .1  B ase C ase a n d  R e tro fit D esign  o f  E x is tin g  P ro cess  (N e tw o rk  
P ’s)
N e tw o r k  s o lu t io n  w ith  p r o c e s s  s p e c i f i c a t io n  a n d  c o s t  

b r e a k d o w n  a n a ly s is  fo r  b a se  c a s e  (n e tw o r k  P I )  a n d  its  r e tr o f it  d e s ig n  (n e t w o r k  P 2 -  
P 9 )  w e r e  s u m m a r iz e d  a s  fo l lo w s :

T h e ir  c o n n e c t io n  o f  tr e a tm e n t u n its  a n d  e f f lu e n t  s tr e a m s  in  a ll  
n e tw o r k  s c e n a r io s  a r e  s h o w n  in  T a b le  4 .7 .  It IS o f  in te r e s t  t o  n o t e  th a t s o m e  s c e n a r io s  

fo r  s o m e  r e c y c le d  e f f lu e n t  r e q u ir e d  m o r e  a d d it io n a l  tr e a tm e n t  p r o c e s s e s  ( I E , E D ,  
M F /U F  a n d  N F /R O )  in  ord er to  p o l is h  th e  w a s te w a te r  fo r  r e c y c l in g  t o  c w  o r  B F W  
m a k e u p .



T a b le  4 .7  N e t w o r k  c o n n e c t io n  o f  P T T ’s c o n f ig u r a t io n  c a s e

N etw ork Connection of treatment units
PI CPI/PPI BP2 WAO BP4 Airs AsOx TF AS BP9 BP10 BP11 BP12 WWD
P2 CPI/PPI BP2 WAO BP4 AirS AsOx TF AS BP9 BP 10 BP11 BP12 WWD

BP3 BP6
P3 CPI/PPI BP2 WAO BP4 AirS AsOx TF AS BP9 ED MF/UF NF/RO cw
P4 CPI/PPI BP2 WAO BP4 AirS AsOx TF AS BP9 ED MF/UF NF/RO cw

BP3 BP 5 BP6 BP 8
P5 CPI/PPI BP2 WAO BP4 AirS AsOx TF AS BP9 IE MF/UF NF/RO BFW
P6 CPI/PPI BP2 WAO BP4 AirS AsOx TF AS BP9 IE MF/UF NF/RO BFW

BP3 BP5 BP6 BP10 1

P7 CPI/PPI BP2 WAO 1BP4 AirS AsOx TF AS BP9 BP 10 BP11 BP12 WWD
BP3 BP 5 BP6 DS

P8 CPI/PPI BP2 WAO BP4 AirS AsOx TF AS BP9 ED MF/UF NF/RO CW
BP3 BP6 BP7 BP11 ' BP 12 DS

P9 CPI/PPI BP2 WAO BP4 AirS AsOx TF AS BP9 IE MF/UF NF/RO BFW
BP3 BP5 BP6 BP 10 BP11 BP 12 DS

104
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Although some network scenarios could produce various 
recycled effluent without wastewater discharge, retentated waste water could be 
generated in the filtration unit (MF/UF and NF/RO) as a result o f retentated water 
during treatment operation and must be wasted for disposal as shown in the network 
scenarios P3-P6 and P8-P9. The network P7 generated part o f recycled water to DS 
makeup without any additional filtration processed so it included only wastewater 
discharge and recycled water. The different water effluent fraction (WEF) o f all 
network scenarios are presented in Figure 4.7

W a t e r  E f f l u e n t  F r a c t i o n  (W E F )

0% 20% 40% 60% 80% 100%

■  D isch a rg e  

a W a s te  

a  R e cy c le

F ra c t io n  o f  w a te r  e f f lu e n t

Figure 4.7 Water Effluent Fraction (WEF) o f network P1-P9.
In term o f cost analysis, TAC breakdown comparison is 

illustrated in Figure 4.8 while the detail o f TAC is summarized in Table 4.8 that high 
proportion cost in TAC is an operational cost. As shown in Figure 4.8, cost of 
network PI mainly results from both WAO and AsOx. Its TAC was 25.246 M$/y. 
Among all retrofit scenarios, there were two scenarios (networks P2 and P7) that 
reduced TAC while network P8  had similar TAC to the base case, but could produce 
recycled water to c w  makeup more than 70 %. Other networks contributed to higher 
TAC due to the investment and operational cost of filtration unit for process o f c w  
and BFW generation.
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T o t a l  a n n u a l i z e d  c o s t

0 10 20 30 40 50 60

C o st (M $ / y e a r)  '

a  CPI/PPI

■  W A O  

a  A irS

■  A sO x  

mTf 
iiAS
85 IE 

พ ED 
M F / U F  

N F/R O

Figure 4.8 Cost breakdown (Total annualized cost) for network solution P1-P9.

Table 4.8 Summation of cost for each network solution P1-P9

Network
Opex (MS)

Waste disposal Utility Capex (MS) Sa'.ing(MS) TAC (MS)
PI MILP 1.256 18.553 5.437 0.0๓ 25.246
P2 MINLP 1.454 12.916 5.437 0.0๓ 19.807
P3 MILP 1.324 41.806 5.675 0.๓8 48.796
P4 MINLP 0.838 30.025 5.675 0.๓8 36.529
P5 MILP 1.304 47.2๓ 5.603 0.220 53.886
P6 MINLP 1.574 39.050 5.602 0.220 46.005
P7 MINLP 1.454 12.884 5.437 0.๓8 •19.767
P8 MINLP 1.548 18.111 5.618 0.011 25.266
P9 MINLP 1.550 24.438 5.535 0.116 31.407

When compared to network PI (Figure 4.9), the fraction o f  
split stream in the network P2, P7 and P 8  could be bypassed so as to help decrease 
the operating cost o f such treatment unit tasks. Moreover, network P7 and P8  could 
produce the recycled water (DS or c w  makeup) to the process that not only led to
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savings cost through reduction in fresh water, but also reduced the wastewater 
discharge simultaneously.

In network P2 (Figure 4.11), despite no any recycled water 
generation, TAC was lower than base case (-21.54%) because o f this network 
involved the stream splitting, resulting in partially bypass the treatment units with 
high OPEX (WAO and AsOx). This was a retrofit design with distributed treatment 
system.

Meanwhile, network P7 (Figure 4.13) could generate recycled 
water to DS makeup (51.20% of total water effluents) requiring no additional 
treatment as well as the bypass stream before entering WAO, Airs and AsOx units. 
Thus, TAC was reduced (-21.70%) due to savings cost of DS makeup effluent and 
part o f stream to bypass. This also helped decrease wastewater discharge.

Network P8  (Figure 4.15) had similar TAC to base case; 
however, this retrofit design presented zero liquid discharge option that all 
wastewater stream was treated as recycled water to c w  and DS makeup. This 
indicated the improvement on the environmental impact. Even though, the network 
P8  required additional treatment units (ED, MF/UF and NF/RO) to further polish the 
water to meet with high specification o f c w  makeup, TAC is not high as compared 
to networks P3 and P4 since part o f the stream could be split as bypass (before the 
inlet o f WAO, AsOx, TF and MF/UF) and as recycled water to DS makeup.

With reference to these result o f network solutions, they could 
be simplified as a treatment process scheme as shown in Figure 4.10, Figure 4.12, 
Figure 4.14 and Figure 4.-16.

Note: the configuration of other network solutions was reported in Appendix c.
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Figure 4.9 Network solution (PI) o f PTT’s configuration with only discharge (sink 
91)-MILP model.

Figure 4.10 Simplified network of network solution (PI).
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Figure 4.11 Network solution (P2) o f PTT’s configuration with only discharge (sink 
91)-MINLP model.

Figure 4.12 Simplified network of network solution (P2).
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Figure 4.13 Network solution (P7) o f PTT’s configuration with non-zero liquid 
discharge for discharge (sink 91) and desalter makeup (sink 94)-MINLP model

Figure 4.14 Simplified network of network solution (P7).
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Figure 4.15 Network solution (P8 ) of PTT’ร configuration with zero liquid 
discharge for cooling water makeup (sink 93) and desalter makeup (sink 94)-MINLP 
model.

Figure 4.16 Simplified network of network solution (P8 ).

Furthermore, the results o f the effluent composition for 
networks with TAC reduction are shown in Table 4.9. Other networks are reported in 
Appendix c . Also, it indicated that the effluent compositions o f all retrofit design are 
optimized and are approaching the limitation or specification of the treatment 
objectives.



Table 4.9 Comparison of wastewater effluent composition for network solution PI, P2, P7 and P8
I

Component PI
WYVI)

P2
WYVI)

Network solution 
P7

WYVI) DS C’W
P8

l)S

Limitation

WWD c w DS
COD mg/1 33.678 120.000 120.0๓ 120.0๓ 34.554 388.246 120 75 -

BOD mg/1 12.290 20.000 20.000 20.000 5.997 73.068 20 - -
TSS mg/1 5.236 34.191 34.182 34.182 11.435 192.635 50 50 -

O&G mg/1 0.514 • 2.358 2.357 2.357 0.585 10.000 5 25 10
FSS mg/1 2.618 17.095 17.091 17.091 5.717 96.317 25 50 -

NH + mg/1 33.472 27.955 35.000 35.000 1.300 15.576 35 1.3 100
H2S mg/1 0.043 0.093 0.335 0.335 0.216 0.150 1 - 20
As mg/1 0.020 0.011 0.011 0.011 0.001 0.007 0.25 0.25 _
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In conclusion, Networks P8, P2 and P7 are better to the best 
promising system of the retrofit design, respectively and they contribute to better 
economic and environmental perspectives compared to network P I.

4.6.3.2 Base Case and Retrofit Design o f Grassroots Process
Network- solution with process specification and cost 

breakdown analysis for base case o f grassroots process (network G l) and its retrofit 
design (networks G2-G9) were summarized as follows:

In grassroots system design, network configurations 
(treatment processes) for the base case were selected independently (20 treatment 
processes and 12 bypasses). It could be noted that the grassroots design chose 6 out 
of 7 treatment processes the same as the existing process. Details of the design are as 
follows:

The connection of treatment units and effluent streams in all 
network scenarios are shown in Table 4.10. For grassroots system design, IAF was 
selected in the treatment task 1 while other treatment units were still the same as the 
base case o f the existing process. Moreover, its retrofit design for recycled water to 
c w  makeup (Network G3, G4 and G8) required additional two treatment processes 
(tertiary stage) namely GAC and IE; however, the retrofit design for recycled water 
to BFW makeup (Network G5, G6 and G9) selected different additional treatment 
processes including IE, MF/UF and NF/RO.



Table 4.10 Network connection of GAMS’ configuration case

Network Connection of treatment units
G1 CPI/PPI IAF WAO BP4 AirS AsOx TF AS BP9 BP10 BP11 BP12 WWD
G2 CPI/PPI IAF WAO BP4 Airs AsOx TF AS BP9 BP10 BP11 BP12 WWD

BP3 BP6
G3 CPI/PPI IAF WAO BP4 AirS AsOx TF AS GAC IE BP11 BP12 c w
G4 CPI/PPI IAF WAO BP4 AirS AsOx TF AS GAC IE BP11 BP12 c w

BP3 BP5 BP6 BP7
G5 CPI/PPI IAF WAO BP4 AirS AsOx TF AS BP9 IE MF/UF NF/RO BFW
G6 CPI/PPI IAF WAO BP4 AirS AsOx TF AS BP9 IE MF/UF NF/RO BFW

BP3 BP5 BP6 BP 10
G7 CPI/PPI IAF WAO BP4 AirS AsOx TF AS BP9 BP 10 BP11 BP12 WWD

BP3 BP5 BP6 DS
G8 CPI/PPI IAF WAO BP4 AirS AsOx TF AS GAC IE BP11 BP12 CW

BP3 BP5 BP6 BP7 DS
G9 CPI/PPI IAF WAO BP4 AirS AsOx TF AS BP9 IE MF/UF NF/RO BFW

BP3 BP5 BP6 BP 10 BP11 BP12 DS

»
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It IS o f interest to note that the scenarios with recycle stream 
to c w  makeup (networks G3, G4 and G8) did not produce any wastewater discharge 
or any retentated wastewater for disposal. Hence, these scenarios indicated the 
potential o f retrofit design as zero liquid discharge aspect. For targeting effluent of 
BFW make up, these scenarios did not produce any wastewater discharge stream 
(ZLD aspect); however, the retentated wastewater was present due to the waste from 
MF/UF and NF/RO units. The network G7 generated part of recycled water to DS 
makeup without any additional filtration process so it included only wastewater 
discharge and recycled water. The different water effluent fractions (WEF) o f all 
network scenarios are presented in Figure 4.17.

W a t e r  E f f l u e n t  F r a c t i o n  (W E F )

■  D isch a rg e  

a W a s te  

ฒ R e cy c le

F ra c t io n  o f  w a t e r  e f f lu e n t

Figure 4.17 Water Effluent Fraction (WEF) of network G1-G9.

When considering the cost, TAC breakdown comparison is 
illustrated in Figure 4.18 while the details o f TAC are summarized in Table 4.11. 
OPEX is the highest contribution in TAC, which is in agreement with the case o f  
existing process. As shown in Figure 4.18, TAC (21.463 M$/y) o f network PI mostly 
resulted from both WAO and AsOx unit. However, the grassroots design (network 
G l) could present the network configuration and its process specification with lower
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TAC than the existing process (-14.984 %) due to the addition o f IAF unit that 
helped pretreat the wastewater before treating in WAO and AsOx units.

In the case of retrofit scenarios for grassroots process, there 
were another five scenarios (networks G2-G4 and G7-G8) that gave a lower TAC 
than the base case o f the existing process (network PI) while other networks gave 
higher TAC because o f the addition in CAPEX and OPEX of the filtration unit to 
produce high water quality for BFW makeup. However, it could notice that although 
the network G9 led to a higher TAC (+7.09 %) than network PI, it is o f interest to 
design the ZLD option to produce high amount of BFW makeup.

T o t a l  a n n u a l i z e d  c o s t

C o st (M $ / y e a r)

พ  CPI/PPI 

a IAF 

a  W A O  

a  A irs  

a  A sO x  

a  TF  

M A S  

ฒ G A C  

a  IE

พ  M F / U F  

N F/R O

Figure 4.18 Cost breakdown (Total annualized cost) for network solution G1-G9.
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T a b le  4 .1 1  S u m m a t io n  o f  c o s t  fo r  e a c h  n e tw o r k  s o lu t io n  G 1 -G 9

Network
O p ex  (MS)

W aste disposal Utility Capex (MS'; Saving! MS) TAC (MS)
G l MILP 1.230 14.793 5.440 0 .๓ 0 21.463
G2 MINLP 1.474 7.314 5.440 0 .๓ 0 14.228
G3 MILP 1.230 16.590 5.732 0.015 23.537
G4 MINLP 1.587 6.767 5.733 0 .015 14.071
G5 MILP 1.277 43 .430 5.607 0 .220 50.094
G6 MINLP 1.608 34.640 5.605 0 .220 41.632
G7 MINLP 1.474 7.223 5.440 0 .๓ 8 14.130
G8 MINLP 1.587 6.767 5.733 0.015 14.071
G9 MINLP 1.584 20.030 5.538 0 .116 27.036

C o m p a r in g  t o  t h e  b a s e  c a s e  o f  n e tw o r k  P I  (F ig u r e  4 .9 ) ,  
N e t w o r k  G 1 (F ig u r e  4 .1 9 )  c o u ld  im p r o v e  t h e  T A C  a s  m e n t io n e d  b e fo r e . F o r  n e tw o r k  
G 2  (F ig u r e  4 .2 1 ) ,  its  c o n f ig u r a t io n  w a s  s im ila r  t o  n e tw o r k  G l ,  b u t th e r e  w e r e  s o m e  

sp lit  s tr e a m  a t th e  in le t  o f  W A O  a n d  A s O X  u n its . A s  a  c o n s e q u e n c e ,  r e tr o fit  d e s ig n  
o f  n e tw o r k  G 2  g a v e  lo w e r  T A C  ( - 4 3 .6 4 2 % )  c o m p a r e d  to  n e tw o r k  P I .

In  n e tw o r k s  G 3  (F ig u r e  4 .2 3 )  a n d  G 4  (F ig u r e  4 .2 5 ) ,  G A C  a n d  

I E  u n its  w e r e  s e le c t e d  in  o r d e r  to  m e e t  t h e  s p e c if i c a t io n  o f  c w  m a k e u p , p r o v id in g  a  

lo w e r  C A P E X  a n d  O P E X  th a n  t h o s e  f i lt r a t io n  p r o c e s s e s  ( i .e .  M F /U F  a n d  N F /R O )  

w ith o u t  g e n e r a t io n  o f  a n y  r e te n ta te d  w a s te w a te r .  I t  c o u ld  b e  n o te d  th a t  I A F  u n it w a s  
s e le c t e d  t o  h e lp  p r e tr e a t in  th e  p r im a r y  tr e a tm e n t s t a g e  in  a ll  n e tw o r k  G ’s  fo r  

w a s te w a te r  p r e tr e a tm e n t;  th e r e fo r e , in s te a d  o f  th e  r e q u ir e m e n t fo r  h ig h  c a p a b le  

tr e a tm e n t p r o c e s s  ( s u c h  a s  M F /U F , N F /R O  u n its ) ,  G A C  a n d  IE  u n its  w e r e  s e le c t e d  to  

trea t w a te r  t o  a n  a p p r o p r ia te  l e v e l  t o  m e e t  th e  c w  m a k e u p  s p e c if i c a t io n .  A l s o ,  th e  
b y p a s s  s tr e a m s  o f  n e tw o r k  G 4  w e r e  im p le m e n te d  fo r  W A O , A ir S , A s O x  a n d  T F  
u n its . T h e  b e n e f i t s  o f  t h e s e  b y p a s s  d e s ig n s  n o t  o n ly  g i v e  th e  lo w e r  in  T A C  ( - 6 .7 6 9 %  
a n d  - 4 4 .2 6 4 % , r e s p e c t iv e ly ) ,  bu t a l s o  o b ta in  a  d e s ig n  o f  z e r o  l iq u id  d is c h a r g e .  
A d d it io n a l ly ,  th e  c o n f ig u r a t io n  a n d  p r o c e s s  s p e c if ic a t io n  r e g a r d in g  tr e a tm e n t  p r o c e s s  
o f  n e tw o r k  G 8  (F ig u r e  4 .2 9 )  w a s  th e  s a m e  a s  n e tw o r k  G 4 , b u t n e tw o r k  G 4  o n ly  

r e c y c le  w a te r  to  c w  m a k e u p  w h e r e a s  n e tw o r k  G 8  r e c y c le  w a te r  t o  c w  a n d  D S
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m a k e u p  (4 8 .9 6 %  a n d  5 1 .0 4 % , r e s p e c t iv e ly ) .  M o r e o v e r ,  th e  s a v in g s  c o s t  c o n s id e r e d  

fo r  r e c y c le d  w a te r  p r ic e  o f  D S  m a k e u p  w a s  a p p r o x im a te ly  e q u a l  to  c w  m a k e u p . In  

th is  w o r k , th e  C A P E X  w ith  r e s p e c t  to  t h e  a d d it io n a l  c o s t  o f  s p lit te r , m ix e r  a n d  p ip in g  

b e f o r e  s p lit t in g  a n d  s e n d in g  t o  r e c y c le d  w a te r  in  th e  w a te r -u s in g  p r o c e s s  (m a k e u p  

u n it s )  w a s  a ls o  n e g le c t e d  fo r  s im p l if ic a t io n .  T h u s , p e r c e n ta g e  T A C  r e d u c t io n  o f  b o th  

s c e n a r io s  w a s  s t i l l  th e  s a m e . H o w e v e r ,  n e tw o r k  G 4  is a  b e t te r  p r o m is in g  r e tr o fit  

d e s ig n  b e c a u s e  w a te r  c o n s u m p t io n  o f  th e  r e f in e r y  p r o c e s s  fo r  cw  i s  r e q u ir e d  

s ig n i f ic a n t ly  m o r e  th a n  D S .
In  a d d it io n , N e t w o r k  G 7  (F ig u r e  4 .2 7 )  in c lu d e d  m a n y  b y p a s s  

s tr e a m s  (a t  W A O ,-A ir S , A s O x  a n d  T F ) a n d  c o u ld  p r o d u c e  part o f  r e c y c le d  w a te r  fo r  

D S  m a k e u p  ( 5 1 .0 4 % ) ,  h e n c e , it r e q u ir e d  n o  a d d it io n a l  tr e a tm e n t  u n its . T h u s , th e  

r e d u c t io n  o f  T A C  c o m p a r e d  to  n e tw o r k  P I  w a s  4 4 .0 3 1 % .
A c c o r d in g  t o  t h e s e  r e s u lt s  o f  n e tw o r k  s o lu t io n s ,  n e tw o r k s  

G 1 - G 4  an d  G 7 -G 8  c o u ld  b e  s im p l i f i e d  a s  a  tr e a tm e n t p r o c e s s  s c h e m e  a s  s h o w n  in  
F ig u r e  4 .2 0 ,  F ig u r e  4 .2 2 ,  F ig u r e  4 .2 4 ,  F ig u r e  4 .2 6 ,  F ig u r e  4 .2 8  a n d  F ig u r e  4 .3 0 ,  
r e s p e c t iv e ly .

N o t e : th e  c o n f ig u r a t io n  o f  o th e r  n e tw o r k  s o lu t io n s  w a s  r e p o r te d  in  A p p e n d ix  c.
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F i g u r e  4 .1 9  N e t w o r k  s o lu t io n  ( G l )  o f  G A M S ’ c o n f ig u r a t io n  w ith  o n ly  d is c h a r g e  
( s in k  9 1 )-M E L P  m o d e l.

F ig u r e  4 .2 0  S im p li f i e d  n e tw o r k  o f  n e tw o r k  s o lu t io n  ( G l ) .
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F i g u r e  4 .2 1  N e tw o r k  s o lu t io n  ( G 2 )  o f  G A M S ’ c o n f ig u r a t io n  w ith  o n ly  d is c h a r g e  
( s in k  9 1 ) -M I N L P  m o d e l .

F ig u r e  4 .2 2  S im p li f ie d  n e tw o r k  o f  n e tw o r k  s o lu t io n  (G 2 ) .
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F ig u r e  4 .2 3  N e tw o r k  s o lu t io n  ( G 3 )  o f  G A M S ’ c o n f ig u r a t io n  w i t h  z e r o  l iq u id  
d is c h a r g e  fo r  c o o l in g  w a te r  m a k e u p  ( s in k  9 3 ) - M I L P  m o d e l.

Figure 4.24 Simplified network of network solution (G3).
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F i g u r e  4 .2 5  N e t w o r k  s o lu t io n  ( G 4 )  o f  G A M S ’ c o n f ig u r a t io n  w it h  z e r o  l iq u id  

d is c h a r g e  fo r  c o o l in g  w a te r  m a k e u p  ( s in k  9 3 )-M E N L P  m o d e l.

Figure 4.26 Simplified network of network solution (G4).
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F ig u r e  4 .2 7  N e t w o r k  s o lu t io n  (G 7 )  o f  G A M S ’ c o n f ig u r a t io n  w i t h  n o n - z e r o  liq u id  

d is c h a r g e  fo r  d is c h a r g e  ( s in k  9 1 )  an d  d e s a lte r  m a k e u p  ( s in k  9 4 ) - M I N L P  m o d e l.

Figure 4.28 Simplified network of network solution (G7).
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F i g u r e  4 .2 9  N e t w o r k  s o lu t io n  ( G 8 )  o f  G A M S ’ c o n f ig u r a t io n  w it h  z e r o  liq u id  

d is c h a r g e  fo r  c o o l in g  w a te r  m a k e u p  ( s in k  9 3 )  a n d  d e sa lte r  m a k e u p  ( s in k  9 4 ) - M I N L P  

m o d e l.

F i g u r e  4 .3 0  S im p l i f i e d  n e tw o r k  o f  n e tw o r k  s o lu t io n  (G 8 ) .

T h e  p r o c e s s  s p e c i f i c a t io n  fo r  e f f lu e n t  c o m p o s i t io n  fo r  th e  

n e tw o r k s  th a t g a v e  a  r e d u c t io n  in  T A C  is  ta b u la te d  in  T a b le  4 .1 2 .  T h e  s p e c if i c a t io n  
o f  o th e r  n e tw o r k s  w a s  r e p o r te d  in  A p p e n d ix  c. A ls o ,  it in d ic a te d  th a t  th e  e f f lu e n t  
c o m p o s i t io n  o f  a l l  b a s e  c a s e  a n d  re tro fit  d e s ig n  o f  g r a s s r o o t s  s y s t e m  is  o p t im iz e d  to  

a p p r o a c h  th e  l im ita t io n  o r  s p e c if ic a t io n  o f  th e  trea tm e n t o b j e c t iv e s  a s  t h e  r e tr o f it  

d e s ig n  o f  e x i t in g  p r o c e s s .



T a b le  4 .1 2  C o m p a r is o n  o f  w a s t e w a t e r  e f f lu e n t  c o m p o s i t io n  fo r  n e tw o r k  s o lu t io n  G l-G (4  a n d  G 7 - G 8

C om ponent C l
W W D

C 2
W W D

G 3
c w

N etw ork  solution
G 4 G 7  

CW  W W D  DS CW
G 8

D.S

L im itation  

W W D  CW DS

COD mg/1 21 .899 1 2 0 .0 ๓ 4.380 75 .000 1 2 0 .0 ๓ 1 2 0 .0 ๓ 75 .000 75 .000 120 75 -
BO D mg/1 6 .762 13.850 1.150 7.695 13.852 13.852 7 .695 7 .695 20 - -
TSS mg/1 0 .890 10.503 0.223 12.014 10.503 10.503 12.014 12.014 50 50 -

O&G mg/1 0 .036 0 .279 0 .005 0 .144 0 .279 0 .279 0 .144 0 .144 5 25 10
FSS mg/1 0.445 5.251 0.111 6.007 5.251 5.251 6 .007 6 .007 1 25 50 -

n h 4 + mg/1 26.421 20.624 1.057 1.300 35 .000 35.000 ,1 .30 0 1.300 35 - 1.3 100

H S mg/1 0.043 0 .122 0.043 2.047 0 .992 0 .992 2.047 2 .047 1 - 20
A s mg/1 0 .020 0 .006 0 .000 0 .000 0 .006 0 .006 0 .000 0 .000 0.25 0 .25 -

to

I
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In  su m m a r y , n e tw o r k s  G 4 , G 8 , G 7 , G 2 , G 1 a n d  G 3  a re  th e  m o s t  

p r o m is in g  s y s t e m  a s  a  p r e lim in a r y  g u id e l in e  fo r  th e  re tr o f it  d e s ig n  b a s e d  o n  th e  

g r a s s r o o ts  s y s t e m  th at g a v e  b e tter  e c o n o m ic  a n d  e n v ir o n m e n ta l  p e r s p e c t iv e s  

c o m p a r e d  t o  e x is t in g  p r o c e s s ,  r e s p e c t iv e ly .

4 .7  T h e  A n a l y s i s  a n d  D i s c u s s io n  o f  t h e  O v e r a l l  R e s u l t s

T h e  o v e r a ll  r e s u lts  o f  th e  o p t im iz a t io n  s o lu t io n  s te p  w e r e  c la s s i f i e d  in  t w o  

m a in  d e s ig n  o p tio n s :  l). B a s e  c a s e  o f  e x i s t in g  p r o c e s s  a n d  its  r e tr o f it  d e s ig n  ii). B a s e  
c a s e  o f  g r a s s r o o t s  p r o c e s s  a n d  its  re tro fit  d e s ig n .

O v e r a l ly  a  n u m b e r  o f  a s p e c t s  h a v e  b e e n  c o n s id e r e d  in  th e  d e s ig n  o f  w a te r  

n e tw o r k  in c lu d in g  th e  n u m b e r  o f  w a te r  e f f lu e n t  o p t io n s ,  w a te r  r e c y c le  r e q u ir e m e n t  

a n d  s tr u c tu r e  o f  th e  tr e a tm e n t p r o c e s s  a n d  th e s e  a s p e c t s  h a v e  c o n tr ib u te d  to  th e  
r e d u c t io n  in  T A C  a n d  th e  im p r o v e m e n t  in  e n v ir o n m e n ta l  im p a c t. S o m e  s c e n a r io s  
c o u ld  p r o d u c e  v a r io u s  r e c y c le d  w a te r  e f f lu e n t s ,  r e d u c in g  th e  c o n s u m p t io n  o f  f r e s h  
w a te r  a n d  r e -u s in g  m o r e  p r o c e s s e d  w a te r  a n d  at th e  s a m e  t im e , r e d u c in g  th e  a m o u n t  

o f  w a te r  w h ic h  in d ir e c t ly  le d  to  th e  r e d u c t io n  in  e n e r g y  d e m a n d .
T h e  c o m p a r i s o n  a m o n g  1 8  n e t w o r k  s c e n a r io s  f o r  b o t h  b a s e  c a s e s  a n d  t h e i r  

r e t r o f i t  d e s i g n  a r e  r e p o r t e d  w i t h  d i f f e r e n t  r e s u l t s  in
F ig u r e  4 .3 1 .  T h is  f ig u r e  p r e s e n ts  th e  tw o  b e n e f i t  in d ic a to r s  o f  tren d  fo r  

r e d u c t io n  o f  T A C  (m a in  in d ic a to r )  a t y - a x is  a n d  W W D R  (m in o r  in d ic a to r )  a t x - a x i s -  
in  e a c h  s c e n a r io .  T h e r e fo r e , th e  m o r e  n e tw o r k  s c e n a r io s  w e r e  p lo t te d  n e a r  th e  o r ig in  

p o in t ,  th e  m o r e  b e n e f i t s  in  th e  e c o n o m ic  a n d  e n v ir o n m e n ta l  im p a c t  a s p e c t s  t h e y  

a tta in ed . T h e  b e s t  s c e n a r io  o b ta in e d  f r o m  re tro fit  d e s ig n  o f  th e  e x i s t in g  p r o c e s s  
(n e tw o r k  P ’s )  w a s  n e tw o r k  P 7  th a t c o u ld  b e  a n a ly z e d  th e  b e n e f i t s  w ith  r e s p e c t  to  c o s t  

b r e a k d o w n  a n d  e n u m e r a te d  e n v ir o n m e n ta l  im p a c t  in d ic a to r s  c o m p a r e d  t o  th e  
e x is t in g  p r o c e s s  (n e tw o r k  P I )  a s  s h o w n  in  T a b le  4 .1 3 .



127

T A C  a n d  YVVYDR c o m p a r i s o n
60

50

^ 4 0

10

0

1  P5

111
i  G5 1
พ  P3 1
♦  ™ 1
♦  G6 1

1
4  P4 1

1
f  p9 1

. G9
PS -  _ _ ------------------4 -  E C -------------------
G3 1  G1

' ♦  P7 T «
4  G 4 and G8 ❖  G 7

-----------------!---

^  G2 1 1 1 1 1------------------------ ?-------------------------
0 20  40 60 80 100

W W  DR (t/h)
#  Network P Network G

F ig u r e  4 .3 1  T A C  a n d  W W D R  ( W a s te w a te r  d is c h a r g e  ra te) c o m p a r is o n  o f  n e tw o r k  p  

( e x i s t in g  p r o c e s s )  a n d  G  (g r a s s r o o ts  p r o c e s s ) .

T a b le  4 .1 3  N e tw o r k  c o m p a r is o n  b e t w e e n  e x i s t in g  p r o c e s s  ( P I )  a n d  re tr o f it  p r o c e s s  
(P 7 )

Index N etw o rk  PI N etw ork P7 % R elative
(E xistin g  process) (R etrofit process) variation

Econom ie aspect
TAC M $/y 25.246 19.767 -21 .702
Capex M $/y 5.437 5 .437 0 .0 ๓
Opex M $/y ' 19.809 14.338 -2 7 .619
Utility cost M $/y 18.553 12.884 -3 0 .556
Waste disposal cost M $/y 1.256 1.454 15.764
Saving cost M $/y 0.000 0 .๓ 8 0 .0 ๓

Environmental aspect
Water discharged t/h 78.402 3 8 .4 ๓ -5 1 .022
Water wasted t/h 0 .000 0 .๓ 0 0 .0 ๓
Water recycled t/h 0.000 39.993 0 .0 ๓
Total water Oh 78.402 78 .393 -0.011
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A d d it io n a l ly ,  th e  b e s t  s c e n a r io  o b ta in e d  fr o m  th e  re tr o f it  d e s ig n  o f  

g r a s s r o o ts  p r o c e s s  (n e tw o r k  G ’s )  w a s  n e tw o r k  G 4 . T h is  n e tw o r k  p r o v id e d  h ig h  

p e r c e n ta g e  o f  T A C  r e d u c t io n  a n d  w a te r  e f f lu e n t  w ith  r e s p e c t  to  Z L D  a s p e c t  fo r  cw . 
T h u s , it is m o r e  in te r e s t in g  a n d  p r o m is in g  re tr o f it  d e s ig n  th a n  n e tw o r k  P 7 . T h e  

b e n e f i t s  w ith  r e s p e c t  t o  c o s t  b r e a k d o w n  a n d  e n u m e r a te d  e n v ir o n m e n ta l  im p a c t  

in d ic a to r s  c o m p a r e d  to  th e  e x i s t in g  p r o c e s s  (n e tw o r k  P I )  a r e  r e p o r te d  in  T a b le  4 .1 4 .

- T a b l e  4 .1 4  N e t w o r k  c o m p a r is o n  b e tw e e n  e x i s t in g  p r o c e s s  ( P I )  a n d  r e tr o f it  p r o c e s s  

( G 4  a n d  G 8 )

Index
N etw ork PI 

(E xisting  process)
N etw ork G 4 and G8 

(R etrofit process)
% R elative  
variation

Econom ic aspect
TAC M $/y 25 .246 14.071 -44.264
Capex M $/y 5.437 5.733 5.444
Opex M $/y 19.809 8.354 -57.827
Utility cost MS/y 18.553 6.767 -63.526
W aste disposal cost M $/y 1.256 1.587 26.354
Saving cost M$/y 0 .000 0.015 0 .๓ 0

Environmental aspect
Water discharged t/h 78.402 0 .000 0 .๓ 0
Water wasted t/h 0 .000 0 .0 ๓ 0 .0 ๓
Water recycled t/h 0 .000 78.358 0 .0 ๓
Total water t/h 78.402 78.358 -0 .056

In  s u m m a r y , th e  c o m p a r is o n  a m o n g  a ll  s c e n a r io s  ( n e w  s y s t e m  a n d  re tr o f it  
d e s ig n )  o f  th e  c a s e  s tu d y  e m p h a s iz e d  o n  th e  im p r o v e m e n t  o f  p r o c e s s /p la n t  s c a le  fo r  
e c o n o m ic a l  ( T A C )  a n d  e n v ir o n m e n ta l  im p a c t  ( พ E F /W W D R )  p e r s p e c t iv e s  in  a n  
e f f e c t i v e  t im e  fr a m e . T h e  W W T N  d e s ig n s  o b ta in e d  fr o m  t h e  d e v e lo p e d  m o d e l  w e r e  
e x p e c t e d  to  b e  a b le  t o  b e  im p le m e n te d  a s  b e n e f ic ia l  p r e lim in a r y  g u id e l in e  fo r  

d e ta ile d  d e s ig n  ( in v o lv in g  w ith  d e ta ile d  e n g in e e r in g  a n d  d im e n s io n in g  o f  u n it  

o p e r a t io n s )  to g e th e r  w ith  p r o c e s s  s im u la t io n  o f  a  p ilo t  p la n t  s c a le  a n d /o r  e n te r p r ise  
s c a le  t o  a c q u ir e  fo r  c o m p le t e  d e ta ile d  m o d e l l in g  o f  tr e a tm e n t p r o c e s s  d e s ig n .
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