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A p p e n d ix  A -B :  M o d e l D a ta b a s e  fo r  T r e a tm e n t  P r o c e s s e s  a n d  T h e ir
E x p e n d itu r e

M o s t  t y p e s  o f  tr ea tm e n t p r o c e s s  m o d e l  a n d  c o s t  e s t im a t io n  m e th o d  h a v e  
b e e n  r e l ie d  o n  a n d /o r  m o d if ie d  fr o m  th e  m o d e l  d a ta b a se  in  t h e  w o r k  o f  P e n n a t i  
( 2 0 1 2 ) ,  Q u a g lia  ( 2 0 1 3 )  w h i le  s o m e  p r o c e s s e s  a lo n g  w ith  th e ir  c o s t  e s t im a t io n  h a s  

b e e n  p a r t ic u la r ly  g e n e r a te d  a n d  c a lc u la te d  fo r  n e w  s p e c i f i c  p r o b le m  ( c a s e  s tu d y ) .  
T r e a tm e n t  p r o c e s s  d a ta  an d  its  e x p e n d itu r e  a r e  d e m o n s tr a te d  in  a p p e n d ix  A  a n d  B , 
r e s p e c t iv e ly .

A p p e n d ix  C : T h e  A d d it io n a l D a ta  fo r  th e  R e s u lt  o f  C a se  S tu d y

O th er  n e tw o r k  s o lu t io n s , s p e c i f i c a t io n  o f  e f f lu e n t  c o m p o s i t io n  a n d  c o s t  

b r e a k d o w n  fo r  c a p ita l  c o s t  to g e th e r  w ith  o p e r a t in g  c o s t  o f  s o m e  s c e n a r io s  th a t  g a v e  
h ig h e r  T A C  c o m p a r e d  t o  n e tw o r k  s o lu t io n  P I  a r e  r e p o r ted  in  t h is  a p p e n d ix .
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A p p e n d ix  A  T r e a tm e n t  U n i t  O p e r a t io n s  a n d  P r o c e s s  I n te r v a l  M o d e l

B a s e d  o n  th e  d e ta il  o f  p r o c e s s  in te r v a l m o d e l ,  th e  f o l lo w i n g  w a s te w a te r  
tr e a tm e n t  u n it o p e r a t io n s  w i t h  r e sp e c t  t o  p e tr o le u m  r e f in e r y  p la n t  d e s ig n  w e r e  

in c lu d e d  th e  d if fe r e n t  p r o c e s s  d e sc r ip t io n  w ith  r e s p e c t  t o  th e  n u m e r ic a l  d a ta  a n d  

in fo r m a t io n  o f  u t i l i t ie s  r e q u ir e m e n t, r e a c t io n  p r o c e s s ,  a n d  se p a r a t io n  p r o c e s s .  T h e  

t y p e  o f  tr e a tm e n t c a n  b e  d iv id e d  in to  3  s ta g e s :  p r im a ry  tr e a tm e n t ( A 1 - A 2 )  th at d e a ls  

w it h  p h y s ic a l  o p e r a t io n s  t o  r e m o v e  m a in ly  fr e e  o i l  o r  s u s p e n d e d  s o l id s ,  s e c o n d a r y  
tr e a tm e n t  ( A 3 - A 5 )  fo r  th a t  b a s e d  o n  b io lo g ic a l  a n d  c h e m ic a l  p r o c e s s  a n d  ter t ia ry  

tr e a tm e n t  ( A 6 - A 8 )  th a t in c lu d e  m u lt i-o p e r a t io n  fo r  r e m o v in g  - o f  r e s id u a l  
c o n ta m in a n ts .

A 1  G r a v ity  S e p a r a tio n

G r a v ity  p r in c ip le  is  a  se p a r a tio n  b a s e d  o n  th e  w e ig h t  d i f f e r e n c e  c o m p a r e d  
t o  w a te r  th a t c a n  s e p a r a te  fr e e  o il  ( l ig h te r  c o m p o n e n t )  to  th e  s u r fa c e  w h i l e  s o l id  

(h e a v ie r  c o m p o n e n t )  t o  t h e  b o tto m . S in c e  o n ly  th e  p h y s ic a l  o p e r a t io n  is  u se d  fo r  
r e m o v in g  th e  c o n ta m in a n ts  ( o i l  a n d  s o l id )  a s  w a s te ,  th is  ty p e  o f  s e p a r a to r  is  w ith o u t  

a n y  r e a c t io n  o r  tr a n sfo r m a tio n .
A l . l  A m e r ic a n  P e tr o le u m  I n s t itu te  S e p a ra to r  ('A P I)

A n  A P I se p a r a to r  is  a  lo n g  r e c ta n g u la r  b a s in  w ith  e n o u g h  d e te n t io n  

t im e  fo r  f lo a t in g  o i l  to  th e  s u r fa c e  w h i le  th e  s e t t l in g  s o l id  to  th e  b o tto m . T h e n , th e y  
a r e  s k im m e d  a n d  sc r a p e d  o f f  r e s p e c t iv e ly  (E C IP P C , 2 0 0 3 ,  S c h u ltz ,  2 0 0 5 ) .  T h is  
s e p a r a to r  c a n  d is p o s e  e m u ls i f i e d  p a r t ic le s  d o w n  to  1 5  p m  o f  d ia m e te r , a n d  n o r m a lly  

r e d u c e  o il  a s  w e l l  a s  to ta l  s u s p e n d e d  s o l id s  d o w n  t o  5 0  a n d  2 0 0  m g /1  r e s p e c t iv e ly  

( S c h u lt z ,  2 0 0 5 ) .
A  1.1.1 A n  A v e ra g e  R em o va l E ffic ien cy  (W o n g  e t al., 2004, G enera l-

E lec trics, 2012)
-  3 0 .5  %  fo r  C O D  a n d  B O D
-  3 0  %  fo r  T S S
-  7 9 .5  %  fo r  o il  a n d  g r e a s e
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A 1.1.2 Utility Consumption
-  E le c t r ic i ty  fo r  p u m p in g  f lu id  o f  a  g e n e r ic  A P I  sep a ra to r :  

0 .2 2  M J /to n  H 20  (P u c k e t t ,  2 0 0 8 )

F ig u r e  A 1  API se p a r a to r  w ith  b o t to m  s c r a p in g  d e v ic e  (B e r n é  et al., 1 9 9 5 ) .

F ig u r e  A 2  A P I se p a r a to r  w ith  a  c h a in  a  d r u m  o i l  c o l le c t o r  (B e r n é  et al., 1 9 9 5 ) .

A l  .2  C o r r u g a te d  a n d  P a r a lle l  P la te  S e p a r a to r  (C P I /P P I )
C P I /P P I  se p a r a to r  u s e s  th e  s a m e  p r in c ip le  a s  a n  A P I  s e p a r a to r , b u t it 

t i l t e d  p la te s  in  o r d e r  to  h e lp  in c r e a s e  th e  c o l le c t io n  a rea  a s  w e l l  a s  d e c r e a s e  th e  

o v e r a ll  s iz e d . I t c a n  se p a r a te  o i l  d r o p le ts  ( 6  /m i  o f  d ia m e te r )  a n d  r e d u c e  f r e e  o i l  

d r o p le ts  to  1 0  m g/1  ( W o n g  et a l ,  2 0 0 4 )  th a t o i l  d r o p le ts  c o a le s c e  a t th e  b o t t o m - o f  th e  

p la te s  a n d  m o v e  u p w a r d  to  w h e r e  th e  o i l  is  c o l le c t e d  w h i le  t h e  s o l id s  s e t t le  t o  th e  
b o tto m .

A 1.2.1 An Average Removal Efficiency
-  60 %  fo r  T S S  ( A h m e d , 2 0 1 2 )
-  9 0  %  fo r  o i l  a n d  g r e a s e  (A h m e d , 2 0 1 2 )
-  4 2  %  fo r  C O D  a n d  B O D  ( A l  Z a r o o n i  et a l ,  2 0 0 6 )
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A  1.2 .2  U tility  C onsum ption
-  E le c t r ic ity  fo r  p u m p in g  f lu id  se p a r a to r  (a s s u m e d  t o  b e  th e  

s a m e  a s  a n  A P I  sep a ra to r ): 0 .2 2  M J /to n  H 2 O  (P u c k e tt , 2 0 0 8 )

F ig u r e  A 3  C o r r u g a te d  p la te  s e p a r a to r  c o n f ig u r a t io n  (O il-G a s -S e p a r a to r ,  2 0 1 3 ) .

A 2  F lo a ta t io n

In  c a s e  th at g r a v ity  p r in c ip le  c a n n o t  s e p a r a te  v e r y  t in y  a n d  l ig h t  p a r t ic le s  

w ith  th e  e f f e c t iv e  t im e , a  f lo ta t io n  is  c o n s id e r e d  to  h e lp  m o r e  p o te n t ia l ly  s e p a r a te  

s u c h  p a r t ic le s . A ls o ,  t o  e n h a n c e  th e  e f f i c ie n t  o f  f lo a ta t io n , s o m e  in o r g a n ic  c h e m ic a l  

a d d it iv e s  (L e . a lu m in u m , fe r r ic  s a lt s  a n d  a c t iv a te d  s i l ic a )  a s s i s t  t o  c o m p i le  t h e  
p a r t ic le  to g e th e r ,  a n d  e n tr a p  s im p ly  th e  b u b b le  (T c h o b a n o g lo u s  e t a i ,  2 0 0 3 ) .  F in a l ly ,  
th e  f lo a t a t io n  p r o c e s s  s e p a r a te s  a ll  m a te r ia l  a s  w a s t e  w ith o u t  tr a n s fo r m a tio n  a n d  

r e a c tio n .

A 2 . 1 D i s s o lv e d  A ir  F lo a ta t io n  f D A F l
G e n e r a lly , D A F  u n it  in c lu d e s  a ir  in je c t io n  ๒  w a te r  u n d er  p r e s s u r e  

f o l lo w e d  b y  p r e ssu r e  r e le a s e  a n d  th e  f lu id  c o m p r e s s e d  a t 3 1 2 .5  k P a — a n  a v e r a g e
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o p e r a t in g  p r e s su r e  ( T c h o b a n o g lo u s  et a l ,  2 0 0 3 ) .  T h is  u n it  d is p o s e s  s u s p e n d e d  

m a te r ia l  l ig h te r  th a n  w a te r  ( f lo a t in g  p a r t ic le ) . A ir  i s  d is s o lv e d  a fte r  f l o w  h a s  k e p t  in  a  

r e te n t io n  ta n k  u n d e r  p r e s su r e  fo r  s e v e r a l  m in u te s ,  a n d  is  m o v e d  to  th e  f lo ta t io n  ta n k  

b y  a  p r e s s u r e -r e le a s in g  v a lv e  in  o r d e r  to  s c o u r g e  th e  s u s p e n d e d  p a r t ic le  t o  t h e  to p .
A 2 .1.1 An Average Removal Efficiency (General-Electrics, 2012)

-  3 5 .0 %  fo r  C O D
-  7 7 .5 %  fo r  O & G
-  8 2 .5 %  fo r  T S S
-  4 5 .0 %  fo r  B O D  

A 2.1.2  U tility Consumption
-  G lo b a l e le c t r ic i t y  fo r  p u m p in g  f lu id  a n d  k e e p in g  o p e r a t io n :  

0 .5 9  M J /to n  H 20  (W a n g  et a l ,  2 0 1 0 )
-  I n je c te d  a ir  c o n s u m p t io n  fo r  s y s t e m s  w ith o u t  r e c y c le :  1 .0 9  

x i o 2 k g 0 2/ t o n H 20  a n d  =  3 .6 5  x lO '2k g N 2/t o n  H 20 — th e  c o m p o s i t io n  b y  w e ig h t  o f  
d r y  a ir  a re  a ro u n d  2 3 .1 8  fo r  0 2 a n d  7 5 .4 7  fo r  N 2 (T c h o b a n o g lo u s  et a l ,  2 0 0 3 )

-  A d d it iv e  c h e m ic a ls  ( A lu m  d o s e )  fo r  c o a g u la t io n  a n d  
f lo c c u la t io n :  1 .5  x lO '2k g A lu m /t o n H 20  (P a r k a sh , 2 0 0 3 ) .

Figure A 4  D i s s o l v e d  a ir  f lo ta t io n  c o n f ig u r a t io n  (P A E -I n c .,  2 0 0 7 ) .
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A 2 .2  I n d u c e d  A ir  F lo a ta t io n  ( I A F )
I A F  u n it is  s im ila r  to  D A F  u n it  b u t th e  a ir  IS in je c te d  b y  a  r e v o lv in g  

im p e lle r . T h e  d i f f e r e n c e  b e t w e e n  I A F  a n d  D A F  u n it is  th a t IA F  h a s  a  m o r e  c o m p a c t  
s iz e  a n d  m o r e  e f f e c t iv e  r e m o v a l  b u t n e e d  h ig h e r  p o w e r  c o n s u m p t io n  ( T c h o b a n o g lo u s  
et a l., 2 0 0 3 ) .

A2.2.1 An Average Removal Efficiency
-  3 5 .0  %  fo r  C O D  (G e n e r a l-E le c tr ic s ,  2 0 1 2 )
-  8 2 .5 %  fo r  T S S  (G e n e r a l-E le c tr ic s ,  2 0 1 2 )
-  4 5 .0 %  fo r  B O D  (G e n e r a l-E le c tr ic s ,  2 0 1 2 )
-  9 0 .0 %  fo r  O & G  (W a n g  et a l ,  2 0 1 0 )

A2.2.2 U tility Consumption
-  G lo b a l  e le c t r ic i t y  fo r  a ll e q u ip m e n t:  0 .6 6  M J /  to n  H o O

(W a n g  et a l ,  2 0 1 0 )
-  I n je c te d  a ir  c o n s u m p t io n  fo r  s y s t e m s  w it h o u t  r e c y c le  1 .0 9  

x lO '2 k g 0 2 /  to n  H 2O  a n d  3 .6 5  x lO '2k g N 2 /  t o n  H 20 — d u e  to  la c k  o f  d a ta , th is  is  

a s s u m e d  a s  D A F  u n it ( T c h o b a n o g lo u s  et a l ,  2 0 0 3 ) .

Effluent

discharge

F ig u r e  A 5  I n d u c e d  a ir  f lo ta t io n  c o n f ig u r a t io n  ( H o w e  et a l ,  2 0 1 2 ).
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A 3  O x id a t io n /P r e c ip ita t io n

C h e m ic a l  o x id a t io n  is  o n e  o f  tr e a tm e n t  p r in c ip le  fo r  o r g a n ic  c o m p o u n d s  in  

w a s t e w a t e r  w h ic h  a r e  r e fr a c to ry , t o x ic  o r  e v e n  in h ib ito r y  to  m ic r o b ia l  g r o w th .  
H o w e v e r ,  th e  o x id a t io n  is o f t e n  n o t  c o m p le t e d  a n d  th e  r e m o v a l  e f f i c i e n c y  for  

s p e c i f i c  ta r g e t  c o m p o u n d  is  l o w  b e c a u s e  o f  m a n y  s id e  r e a c t io n s  c o n s u m in g  th e  

o x id a n t . H e n c e , th e  p a rtia l o x id a t io n  u s in g  o z o n e ,  p e r m a n g a n a te , c h lo r in e , c h lo r in e  

d io x id e ,  a n d  fe r r a te  a s  c o m m o n  o x id a n t  h a s  b e e n  ta k e n  in to  a c c o u n t  a n  im p r o v e m e n t  

o f  w a s te w a te r  tr e a ta b ility ;  fo r  e x a m p le ,  it is  c o m m o n ly  im p le m e n te d  b e fo r e  a  
b io lo g ic a l  tr e a tm e n t (P e r r y  e t a l ,  2 0 0 8 ) .

C h e m ic a l  p r e c ip ita t io n  u s u a l ly  c o n s u m e s  th e  a d d it iv e  c h e m ic a l s  fo r  r e m o v in g  

th e  d i s s o lv e d  a n d  s u s p e n d e d  s o l id  ( e s p e c ia l ly  fo r  m o s t  o f  m e ta ls )  b y  s e d im e n t a t io a  

T h e  h ig h e r  p r e c ip ita t io n  a g e n ts  th a n  th e  s t o ic h io m e t r ic  ra tio n  is  r e q u ir e d  d u e  t o  m a n y  

c o m p e t in g  r e a c t io n s . A d d it io n a l ly ,  th e  o p e r a t io n  a ls o  g e n e r a te s  a  la r g e  a m o u n t  o f  
w a s t e  s lu d g e .

A 3 .1  W e t  A ir  O x id a t io n  ( พ A P I
W A O  p r o c e s s  is  a  t y p e  o f  h y d r o th e r m a l p r o c e s s ,  w a s te w a te r  

tr e a tm e n t a t  e le v a te d  te m p e r a tu r e  a n d  p r e s su r e  o p e r a t io n . T h is  p r o c e s s  is  a p p r o p r ia te  
fo r  w a s te w a te r  c o n s i s t in g  o f  t o o  d i lu te  in o r g a n ic  o r  o r g a n ic  s u b s t a n c e  t o  in c in e r a te  or  

t o o  c o n c e n tr a te d  s u b s ta n c e  fo r  b io lo g ic a l  tr e a tm e n t p r o c e s s . G e n e r a l a v e r a g e  

c o n d it io n s  fo r  W A O  p r o c e s s  in c lu d e  th e  e le v a t e d  te m p e r a tu r e  a t 2 4 7 .5°c, th e  
p r e s s u r e  a t 8 5  bar a n d  r e s id e n c e  t im e s  a t 6 7 .5  m in u te s  (L u c k , 1 9 9 9 ) .

M o s t ly ,  W A O  p r o c e s s  u s e d  a s  a  p r e -tr e a tm e n t s t e p  (n o t  a s  a  c o m p le t e  
tr e a tm e n t)  th a t w a s te w a te r  b e c o m e s  n o n - t o x ic  a n d  lo w  a m o u n t o f  C O D  e n o u g h  t o  b e  

s u ita b le  fo r  b io lo g ic a l  tr e a tm e n t (M is h r a  e t a l . , 1 9 9 5 ) .  T h u s , W A O  s h o u ld  b e  p la c e d  
b e fo r e  b io lo g ic a l  p r o c e s s  t o  r e d u c e  th e  C O D  in  th e  h ig h  C O D  s o u r c e  w h i le  o x id iz in g  

th e  H 2 ร  to g e th er .
F o r  th e  tr e a tm e n t m o d e l  in  th is  su p e r s tr u c tu r e , W A O  is  f o l lo w e d  b y  

th e  f lo c c u la t io n - f lo a t a t io n  u n it ( F F U )  th a t d e f in e d  c o m p le t e ly  a s  m o d if ie d  W A O  in
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th e  o n ly  o n e  p r o c e s s  in te r v a l  (W A O  is  fo r  a  r e a c t io n  p a rt w h i le  F F U  is  fo r  s e p a r a t io n  

part). T o  s im p l if y  th e  r e a c t io n  o f  W A O  p r o c e s s  in  th e  m o d e l ,  o n ly  s o m e  c o m p le t e  

o x id a t io n s  a r e  c o n s id e r e d  a s  fo l lo w s :

T h e  g e n e r a te d  g a s  (C O 2)  a n d  u n r e a c te d  a ir  is  in c lu d e d  a s  w a s t e  w h i l e  
th e  o th e r  g e n e r a te d  s p e c ie s  a fte r  th e  o x id a t io n  r e m a in  d is s o lv e d  in  w a te r .

A 3 .1 .1  A n  A vera g e  C o nversion  o f  R ea c tio n  (Luck, 1999)

-  8 2 .5  %  fo r  C O D  a n d  H 2S
A 3 .1 .2  A n  A vera g e  R em o va l E ffic ien cy  (G enera l-E lectrics, 2012)

-  3 5 .0 %  for C O D

-  7 7 .5 %  fo r  O & G
-  8 2 .5 %  fo r  T S S
-  4 5 .0 %  fo r  B O D  

A 3 .1 .3  U tility  C onsum ption
-  G lo b a l  e le c tr ic i ty  fo r  a ll  e q u ip m e n t:  1 9 .2 7  M J /  to n  FI2O

(W a n g  e t a l.,  2 0 1 0 ,  P e n n a ti, 2 0 1 2 )

-  A ir  fo r  o x id a t io n  a t a v e r a g e  o p e r a t in g  c o n d it io n :  2 4 7 .5  c  

a n d  8 5  atm : 1 .1 8  k g 0 2/k g C  a n d  3 .9 4  k g N 2/k g C  ( th e  to ta l  k g  o f  a ir  p e r  k g  o f  C O D  is
5 .1 2  k g  A ir /  k g C  ); 1 .5 5  k g 0 2 / k g H 2S  a n d  5 .2 0  k g N 2/ k g H 2S. ( th e  to ta l  k g  o f  a ir  p e r  

k g  o f  H 2S  is 6 .7 5  k g  A ir /k g H 2S )— th e  c o m p o s i t io n  b y  w e ig h t  o f  d r y  a ir  a r e  a r o u n d
2 3 .1 8  fo r  0 2 a n d  7 5 .4 7  fo r  N 2 (P e n n a ti, 2 0 1 2 ).

-  T h e  n e c e s s a r y  a m o u n t  o f  e n e r g y  t o  c o m p r e s s  th e  air: 3 2 3 .5 4  
M J /k g C  a n d  4 2 7 .3 9  M J /k g H 2S  ( B ie g le r  e t a l ,  1 9 9 7 ) .

-  I n je c te d  a ir c o n s u m p t io n  fo r  s y s t e m s  w it h o u t  r e c y c le :  1 .0 9  
x lO '2 k g 0 2/ t o n H 20  a n d  3 .6 5  x l 0 '2k g N 2/ t o n H 2O — th e  c o m p o s i t io n  b y  w e ig h t  o f  d ry  

a ir  a re  a r o u n d  2 3 .1 8  fo r  0 2 a n d  7 5 .4 7  fo r  N 2 ( T c h o b a n o g lo u s  e t a l ,  2 0 0 3 ) .

C 18H 19O 9N + I 7 .5 O 9 - > 1 8 C 0 2+ 8 H 20 + N H 3 
H 2ร + 2 0 2 ->  2 F T + S O 42'

( A l )
( A 2 )
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-  A d d i t iv e  c h e m ic a ls  ( A lu m  d o s e )  fo r  c o a g u la t io n  a n d  

f lo c c u la t io n :  1 . 5 x l 0 ' 2k g A lu m /t o n H 2O . H e r e , it is  a s s u m e d  th a t  th e  u t i l i t ie s  fo r  

h e a t in g  a n d  c o o l in g  c a n  b e  n e g le c t e d  d u e  t o  in te g r a t io n  (P a r k a sh , 2 0 0 3 ) .

Figure A6 W e t a ir  o x id a t io n  p r o c e s s  f lo w  d ia g r a m  (E n g le m a n , 1 9 9 4 ) .

A 3 .2  A r s e n ic  O x id a t io n  a n d  P r e c ip ita t io n  (A s O x )
T y p ic a l ly ,  th e  tr e a tm e n t p r o c e s s  w ith  r e s p e c t  to  c o a g u la t io n  a n d  

f i lt r a t io n  is  e m p lo y e d  t o  r e m o v e  a r s e n ic . M o s t  c o m m o n  c o a g u la n t  s u c h  a s  a lu m ,  
fe r r ic  c h lo r id e  fe r r ic  s u l fa te  a n d  l im e  is  u t i l i z e d  f o r  a r s e n ic  r e m o v a l  at v a r io u s  l e v e l  

o f  d e m a n d . N o r m a lly ,  a r s e n ic  in  th e  fo r m  o f  A r s e n a te — A s  ( V )  o r  H 2A s 0 4‘ — is  

n e e d e d  fo r  c o a g u la t io n  p r o c e ss . T h u s , A r s e n ite — A s  (H I) o r  H 3A s 0 3— is n e c e s s a r y  to  

b e  o x id iz e d  fir s t b y  u s in g  c h lo r in e , p e r m a n g a n a te  o f  o z o n e . H o w e v e r ,  g e n e r a l ly ,  th e  
m e c h a n is m  t o  r e m o v e  a r s e n a te  b y  c o a g u la t io n  p r o c e s s  is th e  in te g r a te d  p r o c e s s  
c o m b in in g  p r e c ip ita t io n , c o -p r e c ip ita t io n  a n d  a d s o r p t io n  (C r it te n d e n  e t a l ,  2 0 1 2 ) .

F o r  th e  tr e a tm e n t m o d e l  in  th is  su p e r s tr u c tu r e , A s O x  u n it  is  a  
tr e a tm e n t  s e r ie s  d e f in e d  c o m p le t e ly  in th e  o n ly  o n e  p r o c e s s  in te r v a l th a t o x id a t io n  
p r o c e s s  is  fo r  a  r e a c t io n  p art w h i le  f lo c c u la t io n - f lo a t a t io n  u n it  (F F U )  fo r  

c o a g u la t io n /p r e c ip ita t io n  is  fo r  s e p a r a t io n  part. T o  s im p l if y  th e  r e a c t io n  in  th e  m o d e l ,
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th e  f o l lo w i n g  o x id a t io n  p r o c e s s  w ith  s o d iu m  h y p o c h lo r id e  u s e d  a s  o x id a n t  is  

c o n s id e r e d  as:

H 3 A s 0 3 + N  a O C  1 ->  H 2 A s 0 4'+ N a ++  c r  + H + ( m o n o v a le n t )  ( A 3 )

A 3 .2 .1  A n  A vera g e  C o nversion  o f  R ea c tio n  (Pennati, 2012)

-  9 9 .0  %  fo r  a r s e n ic  (a t  2 0 0 %  e x c e s s  r a te  o f  o x id a n t )
A 3 .2 .2  A n  A vera g e  R em o va l E ffic ien cy

-  9 0 .5  %  fo r  H 2A S O 4' (C r it te n d e n  e t a l ,  2 0 1 2 )
-  3 0 .0  %  fo r  H 3 A S O 3  (D u a r te  e t a l., 2 0 0 9 )
-  3 5 .0  %  fo r  C O D  (G e n e r a l-E le c tr ic s ,  2 0 1 2 )
-  7 7 .5 %  fo r  O & G  (G e n e r a l-E le c tr ic s ,  2 0 1 2 )
-  8 2 .5 %  fo r  T S S  (G e n e r a l-E le c tr ic s ,  2 0 1 2 )
-  4 5 .0 %  fo r  B O D  (G e n e r a l-E le c tr ic s ,  2 0 1 2 )

A 3 .2 .3  U tility  C onsum ption
-  E le c t r ic i ty  p o w e r  t o  ru n  th e  e q u ip m e n t: 3 .9 6 M J /t o n  H 2O

(P e n n a t i ,  2 0 1 2 )
-  O x id a n t  (2 0 0 %  e x c e s s ) :  1 .7 7 3 k g N a 0 C l /k g H 3A s 0 3 ( S o r l in i

e t a l ,  2 0 1 0 )
-  A v e r a g e  c o a g u la n t  (F e C l3): 1 .5 4 5 x 1 0 '3 k g F e C y k g F E O  

(C r it te n d e n  e t a l ,  2 0 1 2 )
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Figure A 7  T y p ic a l  c h e m ic a l  o x id a t io n  s y s t e m  (IP L E C A , 2 0 1 0 ) .

A4 Stripping

S tr ip p in g  p r o c e s s  is  e m p lo y e d  fo r  r e m o v a l o f  c o m p o u n d  in  w a s te w a te r  b y  

tr a n sfe r r in g  t o  t h e  g a s  p h a s e  th a t is  b a s e d  o n  th e  te m p e r a tu r e  b u t in v e r s e ly  s o lu b i l ity .  
M o s t  c o m p o u n d s  in r e f in e r y  w a s te w a te r s  s im p ly  a f f e c t e d  t o  b e  s tr ip p e d  a r e  H 2S  a n d  
N H 3 (o r  N H 4+). U s u a l ly ,  th e  s tr ip p in g  a g e n t  is  s te a m  fo r  s u c h  c o m p o u n d  a n d  o th e r  

a r o m a tic s  w h i l e  a ir  is  a ls o  u s e d  fo r  v o la t i l e  o r g a n ic  c o m p o u n d s . T h e  g e n e r a l  s tr ip p er  
c o n c e r n s  w it h  a  d o w n w a r d  w a te r  f l o w  th r o u g h  a  tra y ed  o r  p a c k e d  t o w e r  a n d  a n  

u p w a r d  f l o w  o f  s tr ip p in g  s te a m  or  g a s  fo r  r e m o v in g  c o n ta m in a n ts . F o r  th e  

s u p e r s tr u c tu r e , th r e e  s te a m  s tr ip p in g  e q u ip m e n t  a re  c o n s id e r e d  a s  th e  c o m b in a t io n  o f  

t w o  c o lu m n s  fo r  s tr ip p in g  o f  b o th  h y d r o g e n  s u l f id e  a n d  a m m o n iu m  ( ร พ ร ) ,  o n ly  o n e  

c o lu m n  fo r  H y d r o g e n  s u l f id e  s tr ip p in g  ( S S )  an d  o n ly  o n e  c o lu m n  fo r  A m m o n ia  
s tr ip p in g  ( N S ) .

A 4 .1  S o u r  W a ter  S tr ip p e r  ( ร พ ร )
T y p ic a l  r e f in e r y  w a te r  s tr ip p e r  u s e s  b o th  a  h e a t in g  m e d iu m  a n d  

s tr ip p in g  g a s  b e c a u s e  o f  h ig h e r  e f f i c i e n c y  (W o n g  et a l ,  2 0 0 4 ) .  N o r m a lly ,  H 2S  is  

l ik e ly  to  b e  s tr ip p e d  m o r e  e a s i ly  th a n  N H 3 , s o  to  in c r e a s e  th e  e f f i c i e n c y  fo r  t w o  
c o lu m n s  ( ร พ ร  u n it):  N H 3  is  f ix e d  w ith  m in e r a l a c id  o r  f lu e  g a s  w h i l e  H 2ร  is
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s tr ip p e d , t h e n  th e  a s c e n d in g  s te a m  is  c o n d e n s e d  a n d  th e  g a s  is  s e n t  t o  a  s u lfu r  

r e c o v e r y  p la n t;  N e x t ,  N H 3 i s  s tr ip p e d  a n d  r e c o v e r e d  a s  h ig h  p u r ity  a m m o n ia  (u n d e r

t h e  o p e r a t in g  te m p e r a tu r e  o f  th e  fir s t a n d  s e c o n d  c o lu m n  is  4 0  c  a n d  1 0 0  c  , 
r e s p e c t iv e ly  (E c k e n f e ld e r  e t a l ,  2 0 0 8 ) .

A 4 .1 .1  A n  A v e ra g e  R em o va l E ffic ien cy  (E cken fe ld er e t a l ,  2008)

-  9 8 .0 %  fo r  H 2S
-  8 2 .0 %  fo r  N H 3 

A 4 .1 .2  U tility  C onsum ption

-  E le c t r ic i ty  fo r  t h e  o p er a tio n : 1 9 .6 6  M J /to n H 20 - t w o  c o lu m n
(P a r k a sh , 2 0 0 3 )

-  S t e a m  a s  a  s tr ip in g  m e d iu m  a n d  fo r  te m p e r a tu r e  r e g u la t io n :
2 4 3 .1 6  M J /to n  H 20  (P e n n a t i ,  2 0 1 2 ) .

-  C o o l in g  w a te r  fo r  te m p e r a tu r e  r e g u la t io n :  1 .7 5
k g C W /k g H 20  (P e n n a ti, 2 0 1 2 )

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

b e c a u s e  o f  r e la t in g  to  p H .

T

I
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Figure A8 S c h e m e  o f  th e  s o u r  w a te r  s tr ip p er  (P e n n a ti, 2 0 1 2 ) .
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A 4 .2  EL.S  S tr ip p er  ( S S )

zee

H;.s
stripper

Figure A9 S c h e m e  o f  th e  h y d r o g e n t  s u l f id e  s tr ip p e r  (P e n n a t i ,  2 0 1 2 ) .

A 4 .2 .1  A n  A v e ra g e  R em o va l E ffic ien cy  (E cken fe ld er  et a l ,  2008)

-  9 8 .0  %  fo r  H 2S  
A 4 .2 .2  บ tility  C onsum ption

-  E le c t r ic ity  fo r  th e  o p er a tio n : 9 .8 3  M J /to n H 20  (P a r k a sh ,
2 0 0 3 ) .

-  S te a m  a s  a  s tr ip in g  m e d iu m  a n d  fo r  te m p e r a tu r e  r e g u la t io n :  

8 9 .8 1  M J /to n H 20  (P e n n a ti, 2 0 1 2 ) .
-  C o o l in g  w a te r  fo r  te m p e r a tu r e  r e g u la t io n :  1 .0 0

k g C W /k g H 20  (P e n n a t i ,  2 0 1 2 )
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A 4 .3  N H 2  S tr ip p e r  ( N S )

-?.TC—► f ‘ \  55 * c " '■  ■ j — * OCX-

KM.ytnppcr

F ig u r e  A 1 0  S c h e m e  o f  th e  a m m o n ia  s tr ip p e r  (P e n n a t i ,  2 0 1 2 ) .

A 4 .3 .1  A n  A vera g e  R e m o v a l E ffic ien cy  (E cken fe ld er e t  al., 2008)

-  9 8 .0  %  fo r  H 2S

-  8 2 .0 %  fo r  N H 3 

A 4 .3 .2  U tility  C onsum ption

-  E le c t r ic ity  fo r  th e  o p e r a tio n : 9 .8 3  M J /to n H 20  (P a r k a s h ,
2 0 0 3 ) .

-  S te a m  a s  a  s t r ip in g  m e d iu m  a n d  fo r  te m p e r a tu r e  r e g u la t io n :  
4 0 0 .5 1  M J /to n  H 20  (P e n n a t i ,  2 0 1 2 ) .

-  C o o l in g  w a t e r  fo r  te m p e r a tu r e  r e g u la t io n :  2 .2 5
k g C W /k g H 20  (P e n n a ti, 2 0 1 2 ) .

A 4 .4  A ir  S tr ip p e r  (A ir S )
T h is  t y p e  o f  s tr ip p ers  i s  s im ila r  t o  s te a m  s tr ip p in g  in  a s p e c t  o f  

p r in c ip le  b u t n o r m a lly  is  e m p lo y e d  fo r  a m m o n ia  r e m o v a l.
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A 4 .4 .1  R e m o v a l E ffic ie n c y  (E cken fe ld er e t al., 2008)

-  9 8 . 0 %  fo r  H 2S

-  8 2 .0 %  fo r  N H 3

A 4 .4 .2  U tility  C o n su m p tio n  (Pennati, 2012).

-  E le c t r ic ity  fo r  th e  o p er a tio n : 9 .8 3  M J /to n H 20
-  S t e a m  a s  a  s tr ip in g  m e d iu m  a n d  fo r  te m p e r a tu r e  r e g u la t io n :

4 0 0 .5 1  M J /to n H 20
-  C o o l in g  w a t e r  fo r  te m p e r a tu r e  r e g u la t io n :  2 .2 5

k g C W /k g H 20
-  A ir  n e e d e d  fo r  s tr ip p in g : 7 8 .4 8  k g N 2/ t o n H 20  a n d  2 3 .4 4  

k g 0 2/ t o n H 20 — th e  c o m p o s i t io n  b y  w e ig h t  o f  d ry  a ir  is  a ro u n d  2 3 .1 8  fo r  0 2 a n d  

7 5 .4 7  fo r  N 2.

A5 Biological Treatment

B io lo g ic a l  w a s t e w a t e r  tr e a tm e n t is a  p r o c e s s  in v o lv in g  m ic r o o r g a n is m  th a t  

is  im p o r ta n t  fo r  r e m o v in g  v a r io u s  o r g a n ic  m a tters . H o w e v e r ,  tr a d it io n a l  b io lo g ic a l  
p r o c e s s  c a n  b e  d iv id e d  in to  2  m a in  ty p e s :  a e r o b ic  b io lo g ic a l  t r e a tm e n t  ( th e  p r o c e s s  

r e q u ir e s  o x y g e n  fo r  th e  m ic r o o r g a n is m ’s  r e s p ir a t io n  s y s t e m )  a n d  a n a e r o b ic  
b io lo g ic a l  tr e a tm e n t ( th e  p r o c e s s  d o e s  n o t  req u ire  o x y g e n  fo r  th e  m ic r o o r g a n is m ’ s  

r e sp ir a t io n  s y s te m ) . F o r  th is  s u p e r s tr u c tu r e , o n ly  a e r o b ic  b io lo g ic a l  tr e a tm e n t  is  
c o n s id e r e d .

F o r  a e r o b ic  s y s t e m , p u re  o x y g e n  o r  a ir IS s u p p lie d  fo r  r e s p ir a t io n  o f"  
m ic r o o r g a n is m s  u s in g  n u tr ie n ts  (E c k e n f e ld e r  e t a l., 2 0 0 8 ) — i.e . n itr o g e n  a n d  

p h o s p h o r u s — a n d  th e  s u b s tr a te s  t o  g e n e r a te  e n e r g y  a s  w e l l  a s  s y n t h e s iz e  th e  n e w  
c e llu la r  m a ter ia l a n d  b y -p r o d u c t . In  s o m e  c a s e ,  th e  s y s t e m  r e q u ir e d  s p e c i f i c  
c o n d it io n s  s u c h  a s  te m p e r a tu r e  o r  p H  to  h a s te n  t h e  ra te  o f  th e  s y s t e m . H o w e v e r ,  th e  

d e ta il  o f  r e la te d  fa c to r s  n e e d s  t o  b e  c o n s id e r e d  in  a  d e ta ile d  m o d e l l in g  o f  th e  
b io lo g ic a l  p r o c e s s  th at c a n  b e  fo u n d  in  T c h o b a n o g lo u s  e t al. ( 2 0 0 3 ) .  B u t  fo r  a  s im p le  

r e p r e s e n ta t io n  o f  th e  p r o c e s s  u n it , t h o s e  a r e  n e g le c t e d .
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M o r e o v e r ,  th e  o n ly  r e a c t io n  o f  b io lo g ic a l  p r o c e s s  fo r  b a c te r ia l s y n t h e s is  in  

te r m s  o f  th e  p s e u d o - s p e c ie s  is  c o n s id e r e d  a s  fo l lo w s :  (a d a p te d  fr o m  T c h o b a n o g lo u s  

e t al. ( 2 0 0 3 ) ,  E c k e n fe ld e r  e t al. ( 2 0 0 8 ) ) .

w h e r e  c  (a s  C 18H 19O 9N )  r e p r e s e n ts  th e  c a r b o n a c e o u s  s u b s tr a te  a n d  M O  

( C 5H 7N O 2 )  r e p r e se n ts  th e  b io m a s s  s y n t h e s iz e d  w h i le  n e g le c t in g  t h e  b y -p r o d u c ts .  
T h u s , th e  e q u a t io n  b e c o m e s .

C ,8 H 19O 9N + ( ( 3 5 - 1 0 c) /2 )  0 2+ ( c- 1 ) N H 3 -  c C 5H 7N 0 2+ ( 1 8 - 5 c ) C 0 2+ ( 8 - 2 c ) H 20  ( A 5 )

w h e r e  o n ly  N H 3 h a s  b e e n  c o n s id e r e d  a s  a  n u tr ien t in  th e  s to ic h io m e tr y . T h e  

p a ra m eter  c  is:

th a t y  is th e  m a s s  y ie ld  o f  s u b s tr a te  to  b io m a s s ,  w ith  MWc =  3 9 3  g /m o l  a n d  M W mo 
= 1 1 3  g /m o l .  B a s e d  o n  H a r r e m o ë s  et al. ( 1 9 9 3 )  th at y  is  g e n e r a lly  a r o u n d  0 .5  - t h e  

c o n s id e r a t io n  in  a q u e o u s  s o lu t io n  a m m o n ia  th a t to ta l ly  io n iz e d — t h e  r e a c t io n  A 5  

b e c o m e s

c  1 8H 19O 9N + 8 . 8 O 2+ 0 . 7 4 N H 4+ -»  0 .5 C 5H 7 N 0 2+ 9 .3 9 C 0 2+ 4 .5 2 H 20 + 0 . 7 4 H f ( A 7 )

A d d it io n a l ly ,  t o  m a in ta in  th e  n o r m a l lo a d in g  c o n d it io n s  in  th e  a e r a t io n  ta n k , 
th e  n u tr ie n ts  ( i .e .  n it r o g e n  a n d  p h o s p h o r u s )  m u st b e  e n o u g h  fo r  tr e a t in g  
b io d e g r a d a b le  s o lu b le  C O D  b e c a u s e  in  t h e  in d u str ia l w a s te w a te r  tr e a tm e n t th e  
n u tr ien t d e f ic ie n c y  g e n e r a l ly  o c c u r s  ( T c h o b a n o g lo u s  e t a l., 2 0 0 3 ) .  H o w e v e r ,  it is  a ls o  
p o s s ib le  th a t s o m e  c o n ta m in a n ts  m a y  b e  in h ib ito r y  o r  t o x ic  t o  th e  m ic r o b e s  in  th e  
in d u str ia l w a s te w a te r  tr e a tm e n t  (E c k e n fe ld e r  e t a l.,  2 0 0 8 ) .

C + 0 2+ N u tr ie n ts  -*  M O + C 0 2+ H 20 + B y p r o d u c t ( A 4 )

c  =  ( y ) ( M W c /M W MO) ( A 6 )
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T h e  n e c e s s a r y  u t i l i t ie s  in  b io lo g ic a l  t r e a tm e n t  p r o c e s s  a r e  a s  f o l lo w s :
-  E le c t r ic i t y  fo r  o p e r a t io n  ( s p e c i f i e d  fo r  e a c h  t e c h n o lo g y )
-  O x y g e n  s u p p ly  in  fo r m s  o f  a ir  ( c h e a p e r  a n d  m o r e  r e a d ily  a v a i la b le  

th a n  p u r e  o x y g e n )
-  N u tr ie n ts  (T h e  r u le  o f  th u m b  a c c o r d in g  to  w h ic h  n u tr ie n ts  s h o u ld  

b e  a d d e d  is N : P = 5 : 1 (H a r r e m o ë s  e t  a l ,  1 9 9 3 ,  E c k e n fe ld e r  e t  a l ,  2 0 0 8 ) .
T h e  u n r e a c te d  O 2 a n d  N 2 , th e  g e n e r a te d  b a c te r ia , to g e th e r  w ith  th e  se p a r a te d  

s o l id  a n d  th e  o i l  a n d  g r e a s e  a r e  c o n s id e r e d  a s  w a s t e  s lu d g e . A ls o ,  th e  r e m o v a l  

e f f i c i e n c ie s  o f  th e  c a r b o n a c e o u s  m a te r ia l  b a s e d  o n  th e  c o n v e r s io n  o f  r e a c t io n  A 7  a s  

w e l l  a s  th e  w a s te  fr a c t io n  is  v a r ie d  o n  e a c h  b i o lo g ic a l  tr e a tm e n t t e c h n o lo g ie s .

A 5 .1  T r ic k l in g  F ilte r  (T F )
T r ic k l in g  f i lt e r  c o n s i s t s  o f  a  p a c k e d  b e d  o f  r o c k  o r  p la s t ic  c o a t e d  b y  

b io lo g ic a l  s l im e  to  g e t  w a s te w a te r  to  b e  s p r in k le d  o n  th e  m e d iu m  w ith  th e  s y s t e m  o f  

r o ta t in g  d is tr ib u tio n  a b o v e  b e d , a n d  f o l lo w e d  b y  a  c la r if ie r  t o  s e t t le  s lo u g h  o f  th e  

s l im e  ( T c h o b a n o g lo u s  e t  a l ,  2 0 0 3 ,  W o n g  e t  a l ,  2 0 0 4 ) .  T h e  o x id a t io n  p r o c e s s  o f  
c a r b o n  d io x id e ,  w a te r , a n d  b y -p r o d u c t s  o c c u r s  a f te r  w a s te w a te r  h a s  p a s s e s  t h e  s l im e ,  
o r g a n ic s ,  a n d  th e  m ic r o b ia l  m a s s  a c q u ir e  th e  o x y g e n .

E lo w e v e r , in  r e f in e r y  w a s te w a te r  tr e a tm e n t, t r ic k lin g  f i lt e r  is  u s u a lly  

e m p lo y e d  a s  a  p r im a r y  p r o c e s s  b e f o r e  b e in g  tr e a te d  in  a n  a c t iv a t e d  s lu d g e  p r o c e s s  
(T c h o b a n o g lo u s  e t  a l ,  2 0 0 3 ) .

A 3 .1 .1 A n  A v e ra g e  C onversion  o f  R eaction
-  6 0 .0  %  fo r  C O D  (Q a s im , 1 9 9 8 , G e n e r a l-E le c tr ic s , 2 0 1 2 )

A 5 .1.2 A n  A vera g e  R em o va l E ffic ie n c y
-  6 5 .0  %  fo r  O & G  (G e n e r a l-E le c tr ic s ,  2 0 1 2 )
-  7 2 .5  %  fo r  T S S  (G e n e r a l-E le c tr ic s ,  2 0 1 2 )
-  7 2 .5  %  fo r  B O D  (P e n n a t i ,  2 0 1 2 )

A 5 .1 .3 U tility  C onsum ption
-  E le c t r ic ity  fo r  th e  o p e r a t io n :  0 .5 1  M J /t o n H 20  (E P A , 1 9 7 6 )
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-  O x y g e n  s u p p ly  in  fo r m s  o f  air. 9 .6 9 7  k g N 2/k g C  a n d  2 .8 9 7
k g 0 2/k g C  (P e n n a ti, 2 0 1 2 )

-  N u tr ie n ts :  0 .0 1 9  k g N H 3 /k g C  a n d  0 .0 1 3  k g H j P O y k g C
(P e n n a ti, 2 0 1 2 )

WASTEWATERFROM
EQUALIZATION 1 ROTARY

จ ุ^  DISTRIBUTOR

TRICKLING FILTER

GRAVITYCLARIFIER

Effluenl

Waste Sudge

F ig u r e  A l l  T r ic k lin g  f i l t e r s  (IP IE C A , 2 0 1 0 ) .

A 5 .2  R o ta t in g  B io lo g ic a l  C o n ta c to r  1R B C 1
R o ta t in g  B io lo g ic a l  C o n ta c to r  g e n e r a lly  IS s u ita b le  t o  r e m o v e  B O D  

( T c h o b a n o g lo u s  et a i ,  2 0 0 3 )  th at its  e f f i c i e n c y  c a n  b e  e n h a n c e d  w i t h  in c r e a s in g  th e  
n u m b e r  o f  R B C s  in  s e r ie s ,  te m p e r a tu r e  c o n tr o l, s lu d g e  r e c y c le  a n d  c h e m ic a l  

a d d it io n . O w in g  t o  m o d e l  d e s ig n  e a s y  t o  e x p a n d  a n d  th e  a b i l ity  to  k e e p  s h o c k  lo a d s  
fr o m  h ig h  m ic r o o r g a n is m  c o n c e n tr a t io n s , it is in te r e s t in g  a p p lic a t io n  fo r  in d u s tr ia l  
tr e a tm e n t p r o c e s s .

A 5 .2.1 A n  A vera g e  C onversion  o f  R ea c tio n  (T yagi e t a l., 1992)

-  8 0 .0  %  fo r  C O D
A 5 .2 .2 A n  A vera g e  R em o va l E ffic ien cy  (T yagi e t a i ,  1992)

-  8 0 .0 %  fo r  O & G
-  8 0 .0 %  fo r  T S S
-  8 0 .0 %  fo r  B O D
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A 5 .2 .3  U tility  C onsum ption

-  E le c t r ic ity  fo r  th e  o p e r a t io n  2 .3 7  M J /to n  (E P A , 1 9 7 6 )
-  O x y g e n  s u p p ly  in  fo r m s  o f  air: 1 2 .9 3 0  k g N 2/k g C  a n d  3 .8 6 2  

k g 0 2/k g C  (P e n n a ti, 2 0 1 2 )
-  N u tr ie n ts :  0 .0 2 6  k g N f f }  /k g C  a n d  0 .0 1 8  k g F F P C V k g C

(P e n n a t i ,  2 0 1 2 )

F i g u r e  A 1 2  R o ta t in g  b io lo g ic a l  c o n t a c to r  s y s t e m  (I P IE C A , 2 0 1 0 ) .

A 5 .3  A c t iv a te d  S lu d g e  ( A S )
T y p ic a l ly ,  a c t iv a t e d  s lu d g e  in v o lv e s  th e  t w o  m a in  e q u ip m e n t:  a n  

a e r a t io n  a n d  r e a c tio n  ta n k  (fo r  c o n v e r t in g  s u b str a te  b y  m ic r o o r g a n is m s ) ,  a n d  s e t t l in g  
ta n k  ( fo r  se p a r a tin g  b io m a s s  fr o m  p u r if ie d  w a te r ) . T h e  p a rt o f  th e  b io m a s s  is  
r e c y c le d  to  m a in ta in  t h e  m ic r o o r g a n is m ’s  c o n c e n tr a t io n  w h i le  t h e  e x c e s s  b io m a s s  a s  

w e l l  a s  p a rt o f  s u s p e n d e d  s o l id s  b e c o m e s  w a s t e  (E c k e n fe ld e r  e t a l ,  2 0 0 8 ) .  F o r  th is  

s u p e r s tr u c tu r e , o n ly  a  s im p le  m o d e l  o f  a c t iv a t e d  s lu d g e  is  c o n s id e r e d  h e r e  fo r  

r e p r e s e n t in g  a s  a  p r o c e s s  in ter v a l ( n o t  in c lu d in g  a  d e ta ile d  d e s ig n  s u c h  a s  H y d r a u l ic  

R e te n t io n  T im e , S o l id  R e te n t io n  T im e .) .  F u r th e r m o r e , a c c o r d in g  t o  th e  p r o c e s s  

in te r v a l  m o d e l, th e  a e r a t io n  a n d  c la r if ic a t io n  ta n k s  a re  n e c e s s a r y  t o  b e  lu m p e d  
t o g e th e r  in  th e  r e a c t io n  s e c t io n  w h i l e  w a s te  s e c t io n  is  p la c e d  b e h in d  a s  s h o w n  in  

F ig u r e  A 1 4 .
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WASTE
SLUDGE

Figure'A13 Activated sludge system (IPIECA, 2010).

Figure A14 Representation of activated sludge as a process interval (Pennati,
2012).

A5.3.1 An Average Conversion o f Reaction (General-Electrics, 2012)
-  72.5 % for COD

A5.3.2 An Average Removal Efficiency
-  89.5 % for BOD
-  72. ร % for TSS
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-  89.5 % for O&G 
A J. S. 3 U tility  C onsum ption

-  Electricity for the operation: 2.02 MJ/tonH20  (EPA, 1976)
-  Oxygen supply in forms of air: 11.717 kgN2/kgC and 3.500 

kg02/kgC (Pennati, 2012)
-  Nutrients: 0.023 kgNff /kgC and 0.016 kgH',P04/kgC

(Pennati, 2012)
A5.4 Powdered Activated Carbon Treatment (PACT!

Powdered activated carbon treatment is to improve the efficiency of 
activated sludge by the addition of the powdered activated carbon that is able to 
control by the carbon dose—varying from 20-200 mg/'l (Tchobanoglous e t a l., 2003, 
Eckenfelder e t a l., 2008). This process assists to buffer toxic metal loads, does not 
need the up-front metals precipitation and generate less sludge volume than activated 
sludge system (Meidl, 1997). However, the carbon dose is probably reduced with the 
excess sludge, so carbon regeneration is needed to continue the application at large 
plants.

CAROON 
SM o

WASTEWATER
FROM A

COUALIZATION

AIR

BLOWERS

AF RATION TANK

Q -

h tthir*fït

Figure A15 Powdered activated carbon treatment system (IPIECA, 2010).
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A5.4.1 An Average Conversion o f  Reaction (Meidl, 1997)
-  94.8% for COD

A5.4.2 An Average Removal Efficiency
-  99.0 %  for BOD(Meidl, 1997)
-  92.0 % for TSS (Meidl, 1997)
-  90.0 % for O&G (Eckenfelder et al., 2008)

A5.4.3 Utility Consumption
-  Electricity for the operation: 2.02 MJ/ton (EPA, 1976)
-  Oxygen supply in forms of air: 15.318 kgN2/kgC and 4.576 

kg02/kgC (Pennati, 2012)
-  Nutrients: 0.031 kgNEh /kgC and 0.021 kgFEPO+dcgC

(Pennati, 2012)
-  Powdered activated carbon dosage: 0.11 - kg/tonfEO

(Pennati, 2012)
A5.5 Membrane Bioreactor (MBR1

Membrane bioreactor configuration is similar to activated sludge 
process but use a membrane unit instead of the sedimentation tank. The advantages 
are a high concentration of biomass in the reactor as well as reactor volume 
decreasing, and enhanced product quality. The two MBR configurations have been 
applied: i) external system (the membrane modules are outside the bioreactor and ii) 
submerging system (the membranes are immersed in the reactor tank. However, 
mostly, the latter configuration is applied under the aerobic system used for scouring 
the immersed membrane, for suspending the biomass and for reducing fouling by 
creating cross-flow along the membrane (Pennati, 2012).
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T o  D i s c h a r g e

Figure A16 Membrane'bioreactor system (IPIECA, 2010).

A5.5.1 An Average Conversion o f Reaction (Pennati, 2012)
-  90.0% for COD

A5.5.2 An Average Removal Efficiency (Pennati, 2012)
-  90.0 % for BOD 

' -  97.0% for TSS
-  90.0 % for O&G 

A5.5.3 Utility Consumption
-  Electricity for the operation: 3.31 MJ/ton (EPA, 1976)
-  Oxygen supply in forms of au-: 14.546 kgN2/kgC and 4.357 

kg02/kgC (Pennati, 2012)
-  Nutrients: 0.029 kgNH3 /kgC and 0.020 kgH3 P0 4 /kgC

(Pennati, 2012)
-  Chemicals for membrane maintenance: 3x10’5

kgNaOCl/kgH20 and lxl0 '5 kgCôHsOî^O (Judd, 2010)
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A6 Adsorption

Adsorption process is usually employed for removing the refractory 
organics (that general biological treatment cannot or is hard to remove) in industrial 
wastewater by using activated carbon as an adsorbent. Two most common type of 
activated carbon are powdered activated carbon (PAC, 200-400 mesh) and granular 
activated" carbon (GAC, 10-40 mesh). GAC costs higher than PAC, but is easy for 
regenerating and using in the counter current contactor (Perry et a i ,  2008).

For the regeneration process, there are many processes such as thermal 
regeneration, steam, or solvent extraction, acid or base treatment, or chemical 
oxidation (Eckenfelder e t a l ,  2008). However, in wastewater treatment application, 
thermal regeneration is mostly employed(Perry e t a i ,  2008). Thermal regeneration 
process involves drying, desorption at high temperature heat treatment (650 to 980 
°C) through steam, flue gas, and oxygen (Eckenfelder e t a l ,  2008).

A6.1 Adsorption on Granular Activated Carbon (GAC)
For tertiary treatment, GAC adsorption has generally a bed that is for 

treatment at flow rate between 50 and 400 m3/h, at cross sectional area between 5 
and 30 m2 and length between 1.8 and 4 m, with a void fraction between 0.38 and 
0.42; the approach velocity is 5-15 m/h and the operation time between 100 and 600 
days (Tchobanoglous e t a l ,  2003).

From Sand Filter

Figure A17 Activated carbon system (IPIECA, 2010).
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A6.1.1 An Average Removal Efficiency
-  80.0 % for COD(General-Electrics, 2012)
-  83.0 % for BOD (General-Electrics, 2012)
-  75.0 % for TSS (General-Electrics, 2012)
-  85.0 % for O&G (General-Electrics, 2012)
-  20.0 % for NIT; (General-Electrics, 2012)
-  45.0 % for As3+ (Duarte et a l,  2009)
-  95.0 % for As5+ (Duarte et a i,  2009)

A6.I.2 Utility Consumption
-  Electricity for the operation: 3.72 MJ/tonH20  (EPA, 1976)
-  Make-up carbon: 0.64 kgGACVtonlEO—under the

Assumption that an average of 7.5% of this carbon is lost (Eckenfelder et a l,  2008)
-  Steam, flue gas and natural gas for regeneration furnace: 

12.70 xlO'3 GJ of LPS/tontEO (Sebastiani et a l ,  1994), 4.96 kgCCVtonEEO 
(Sebastiani et a l,  1994) and 2.27 kgNG/tonlEO (EPA, 1976, Perry et a l,  2008)

A7 Electrostatic Separation

Based on electrostatic forces for separation in wastewater treatment process, 
the ion exchange and the electrodialysis are considered as follow:

A7.1 Ion Exchange (IE)
Ion exchange is a process that an insoluble exchange material by 

different ion species in solution replaces given ion species (cations exchange for 
hydrogen or even sodium while anions for hydroxyl ions). The ion exchange unit is 
applicable for both a batch process (that the resin is stirred with water until the 
complete reaction and the spent resm IS removed, regenerated and then reused) and a 
continuous process (that the water passed through resin on a bed or packed column, 
and then the resin is regenerated after having exhausted). This application is
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implemented not only for disposal of dissolved solids, heavy metals, and nitrogen, 
but also for water softening (hardness reduction).

For a cationic membrane, the general equation for ion exchange 
mechanism is represented as:

nR'A++Bnf~  Rn'Bn++nA+ (A8)

where R’ is the anionic group on the membrane, Bn+ is the removed 
cation, and A+ is released cation in solution (generally if ) . Moreover, H 2 S O 4  is used 
for the regeneration process.

Rn~Bn+ + (ท/2)H2S04~  nRH + Bn+ +(n/2)S042' (A9)

Conversely, for an anionic membrane, the general equation for ion 
exchange mechanism is represented as:

nR+A' + B"~ RfB"- + nA‘ (A10)

where R+ is the cationic group on the membrane, Bn" is the removed 
anion, and A’ is released anion in solution (generally OH'). Moreover, NaOH is used 
for the regeneration process.

RfB"' + nNaOH~ nR+OIT + nNa+ (Al 1 )

However, to apply on the simple process interval, the model compute 
only the amount of regenerating chemicals consumption (without reaction) and the 
ions are considered as a waste.
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Granular strong Acid strong Base Activated Cation Exchange Anion Exchange

Figure A18 Ion exchange treatment system (IPIECA, 2010).

A7.I.I An Average Removal Efficiency
-  95%. for all the ions (Pennati, 2012)

A7.1.2 Utility Consumption
-  Electricity for operation: 3.72 MJ/tonH20 —under the 

assumption that the consumption is equal to running a GAC adsorption bed, given 
the similarity of their structure (EPA, 1976)

-  Chemicals for regeneration based on the stoichiometric 
calculation, the equation A12 is for each mole of removed cation Bn+ and ท/2 moles 
of required H2 SO4

PH2 SO4 Bn+ = (ท/2)(MW H2S04)/( MW B1̂  wt) (A12).

where ท IS the valence of the removed ion while wt is the weight 
purity of H2S04. Also, the equation A13 is for each mole of removed anion Bn' and 
ท moles of required NaOH

pNaOHB"' = (ท)(MW NaOH)/( MW Bn‘ wt) (A13)
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where ท is the valence of the removed ion while wt is the weight 
purity of NaOH.

A7.2 Electrodialysis (ED)
Electrodialysis uses the electric potential causing ion to migrate 

between two electrodes for separating ionic components of a solution by 
semipermeable ion-selective membranes. This process is normally retained the 
wastewater for 10 to 20 days. The most problem of the process is salt precipitation 
on the membrane together with clogging by residual colloidal organic material. Thus, 
the adsorption on active carbon and- precipitation is valuable to precede the 
membrane.

Negative pole V

low TDS า product
\j waterStream Examples of:0 Calions Na+ 1 Ca++ 0 Anions Cf . CO3"

Figure A19 Electrodialysis process (Buros e t a l., 1990).

A 7 .2 .1  A n  A  verage  R em o va l E ffic ien cy
-  20.0% for water—as retentate (Tchobanoglous e t a l., 2003)
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-  50.0 for all the ions (Pennati, 2012)—the product recovery is 
between 75% and 85% (Tchobanoglous et al., 2003),thus around 20% of water is wasted in 
the retentate. Removal of all the ions is estimated to be 50%.

A 7 .2 .2  U tility  C onsum ption
-  Electricity for the operation: 34.20 MJ/tonfEO

(Tchobanoglous e t a i ,  2003)
-  Chemicals for backwashing and washing (assumed to be as 

for the other membranes)

A8 Filtration

Filtration process involves a membrane retaining some components from 
passing of pressureized wastewater by pump. The permetate is withdrawn at 
atmospheric pressure while waste stream is removed or recirculated to other 
treatment unit. The membrane is regenerated by backwashing, cleaning and 
subsequently replacing after the permeate flux and the percentage of rejection has 
begun decreasing.

The different types of membrane filtration base on the driving force 
(hydrostatic pressure difference) and the sieve size. The membrane performance 
depends on the impermeability and permeability. Cellulose acetate membranes 
provide a pleasant material for most of membrane because of the combination of the 
impermeability and permeability (Eckenfelder e t a l ,  2008).

The feed wastewater often needs to be pretreated to reduce and prevent the 
bacterial growth on the membrane or membrane fouling (especially nanofiltration 
and reverse osmosis units). The disposal processes for concentrated waste stream 
include water discharge (for small discharge), land application, evaporation ponds or 
deep well injection (Tchobanoglous et a l ,  2003).

Microfiltration (MF) membrane typically made of acrylonitrile, nylon, and 
polytetrafluoroethylene is the least cost and widely appeared on the market
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(Tchobanoglous e t a l ,  2003). This membrane can dispose suspended solid, part of 
bacteria, and also be used as a pretreatment step for reverse osmosis.

Ultrafiltration (UF) membrane has a smaller pore size than MF membrane 
that can remove dissolved solid—i.e. colloids, proteins and carbohydrates except 
sugars or salts—(Tchobanoglous e t a l ,  2003) However, MF and UF can be lumped 
with the same process interval because of the analogous application and 
performance.

Nanofiltration (NF) membrane typically made of polyamide or cellulose 
acetate (Tchobanoglous e t a l ,  2003) can removed specific dissolved compound (i.e. 
metallic ions, bacteria etc.)

Reverse osmosis (RO) system employs the natural reverse osmotic process 
from pressurized water feeding through a membrane against the natural osmotic 
gradient. Typically, to reduce the membrane fouling, the microfiltration or 
ultrafiltration which removes colloids is considered as a pretreatment step 
(Eckenfelder et a l ,  2008).

Similarly, the NF and RO can be considered as a lumped process in the same 
process interval. However, regarding the recirulation system of stream towards other 
equipment, the model for the superstructure does not include it

Table A1 Membrane filtration based hydrostatic pressure difference (Tchobanoglous
e t a l., 2003)

1 Process Pore size Permeate Constituents removed 1
Microfiltration Macropores Water, dissolved solutes TSS

(> 50nm)
Ultrafiltration Mesopores Water, small molecules, Macromolecules, colloids

(2-50nm)
Nanofiltration Micropores Water, very small Small molecules, some hardness

(< 2nm) molecules, ionic solutes
Reverse osmosis Dense Water, very small Very small molecules, hardness,

(< 2nm) molecules, ionic solutes sulfates, nitrate, sodium, other ions
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URraî* raton Modules 2 Stage Nanafi-fraton

Figure A20 Microfiltration/ultrafiltration with nanofiltration (IPIECA, 2010).
pHCwrecton

Figure A21 MicrofiltrationÂiltrafiltration with reverse osmosis (IPIECA, 2010).

A8.1 Microfiltration/Ultrafiltration fMF/UFl
A  8.1 .1  A n  A vera g e  R e m o v a l E fficiency' (T ch o b a n o g lo n s e t a i ,  2003)

-  14.5% for retentated water
-  70-100 % for different ions 

A 8 .1 .2  U tility  C onsum ption
-  Electricity for the operation: 6.12 MJ/tonfEO

(Tchobanoglous e t a l ,  2003)
-  Chemicals for backwashing and washing: 4.45 xlO'4 

kgCytonEEO (Eckenfelder e t a l ,  2008, Staff, 2011, Pennati, 2012)
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-  P r e tr e a tm e n t c h e m ic a l  - a c i d  o r  b a s ic  s o lu t io n  fo r  p H  

r e g u la t io n :  0 .1 7  k g H î S O V k g ^ O  a n d  0 .0 2  k g N a 0 H / k g H 2 0  ( T c h o b a n o g lo u s  e t a l ,  
2 0 0 3 ,  P a rk  e t a l. , 2 0 1 0 ,  E P A , 2 0 1 2 ,  P e n n a ti, 2 0 1 2 )

A 8 .2  N a n o f i lt r a t io n /R e v e r s e  O s m o s is  (N F /R Q l  

- A S. 2. J R em o va l E ffic ien cy
-  2 0 .0 %  fo r  re te n ta te d  w a te r  ( T c h o b a n o g lo u s  e t a l. , 2 0 0 3 )

-  9 0 -1 0 0 %  fo r  d iffe r e n t  io n s  ( T c h o b a n o g lo u s  e t a l . , 2 0 0 3 ,  
E c k e n f e ld e r  e t al., 2 0 0 8 ,  P e n n a ti, 2 0 1 2 )

A 8 .2 .2  U tility  C onsum ption
-  E le c t r ic ity  fo r  th e  o p e r a t io n :  3 5 .1 0  M J /t o n H 2 0

( T c h o b a n o g lo u s  e t a l ,  2 0 0 3 )
-  C h e m ic a ls  fo r  b a c k w a s h in g  a n d  w a s h in g :  4 .4 5 x 1  O'4

k g C l2 /to n H 20  (E c k e n fe ld e r  et a l ,  2 0 0 8 ,  S ta ff, 2 0 1 1 ,  P e n n a ti, 2 0 1 2 )
-  P r e tr e a tm e n t c h e m ic a l  - a c i d  o r  b a s ic  s o lu t io n  fo r  p H  

r e g u la t io n :  0 .1 7  k g H 2 S 0 4 /k g H 20  a n d  0 .0 2  k g N a O H /k g H 20  ( T c h o b a n o g lo u s  e t a l ,  
2 0 0 3 ,  P a rk  e t a l ,  2 0 1 0 ,  E P A , 2 0 1 2 ,  P en n a ti, 2 0 1 2 )

M o r e o v e r ,  th e  a d d it io n a l a s s u m p t io n s  in  th e  m o d e l  w e r e  c o n s id e r e d  for:
•  T h e  r e m o v a l o f  th e  p s e u d o s p e c ie s  c  w a s  e q u a l to  C O D .
•  I f  th e  r e m o v a l o f  B O D 5  w a s  lo w e r  th a n  th e  C O D , th e  r e m o v a l  o f  

th e  B O D 5  w a s  b a s e d  o n  th e  C O D .
•  T h e  r e m o v a l o f  t h e  F S S  w a s  e q u a l to  th e  T S S .

In  c o n c lu s io n ,  a l l  p a r a m e te r s  u t il iz e d  in  th e  m o d e l l in g  c a n  b e  s u m m a r iz e d  a s
follows



Table A2 Specific utility consumption of each treatment process

EL
LPS
cw
NH»*
HiPO«
Oj
Oj
Oj
Nj
Nj
Nj
Alum
GACC02
NO
NtOCl
CsHjO?H3so4
HjS04
HjS04
HjS04
HjS04
HjS04
HjS04
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
NaOH
H*
NaOCl
FeClj
NaOH

c
Hi 3 
HjO 
HjO
c
c
HjO
c
HjS
HjO
c
HjS
HjO
HiO
HjO
HjO
HjO
HjO
HjO
NH„*Cr**
On*
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Ftj*
Fe>
HjO
po/
so/
Cl
CO/
ocr
CN'
NOj
NOj-
HCOj
C
HjAiOj 
HjO 
HjAsO 4'

3.24E+03
4.27E+03

1.09E-05 1.09E-03 1.09E-03
1.18E+O0 
1.56E+00

3.65E-03 3.65E-03 3.63E-03
3.96E+O0 
5.22E+00 
1.30E-031.50E-05

2.43E+02 8.98E+01 4.01E+02 1.90E+02
1.75E+00 l.OOE+OO 2.25E+00 2.23E+00

\u » K NK l«

1.09E-03

3.63E-03

1.90E-02
1.30E-02
2.90E+00

9.70E+00

2.60E-02
1.80E-02
3.86E+00

1.29E+01

2.30E-02
1.60E-02
3.30E+00

U7E+01

3.10E-02
2.10E-02
4.38E+O0

1.33E+01

1.10E-01

2.90E-02
2.00E-02
1.20E-02
4.33E+00

1.43E+01

1.00E-03
2.00E-03

O.OQE+OO
O.OOE+OO

2.92E+00
6.08E+00
3.04E+00
2.63E+O0
1.89E+00
2.83E-KJ0
1.26E+00
8.33E-01
1.13E+00
1.33E+O0
7.77E-01
1.54E+00
6.43E-01
8.69E-01
6.36E-01

1.70E-01 1.70E-01

2.00E-02 2.00E-02

1.76E+00
2.84E-01

I
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Table A3 Waste fraction of each treatment process

0.350 0.330 0.350 0.350
H]S
NHjFSS
N202
MO
CO,
so /CH
PO/
c/*cr*c fFe'*F."

1.000 0.980 0.98 0 0.980
0.30 0 0.600 0.825 0.830 0.823

1.000
1.000
1.000

0.825

0.300 0.300 0.300

cr
CO/
ocr
Ct»(PO<WOH)j
CaCO,Cr(OH]i
Fe<OH)j
H*
NH/ 0.820 0.820 0.820
O&G 0.795 0.900 0.775 0.930 0.773 0.775
HjAiOi 0.300
H,AsO« 0.950
Nâ*
TSS 0.300 0.600 0.825 0.830 0.823 0.823
BOD 0.350 0.420 0.450 0.450 0.450 0.450

I

kl» PAC I Alii K !ริน'I K NI R<l
0.200 0.150 0.200

0.780 0 900

0.970 0.9800.730 0.800 0.730 0.920 0.970
1.000 1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000 1.000
1 000 1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000 1.000

0.950 0.500 0.010 0.980
0.950 0.500 0.980
0.950 0.300 0.010 0.980
0.930 0.500 0.910 0.980
0.930 0.500 0.910 0.980
0.950 0.500 0.980
0.930 0.500 0.980
0.950 0.300 0 980
0.930 0.500 0.010 0.980
0.950 0.500 0.980
0.950 0.500 0.980

1.000 1.000
1.000 1.000
1.000 l 000
1.000 1.000

0.950 0.500 0.100 0.980
1.000 1.000

0.813
0.875 0 930
0.950 0.500 0.010 0.980

0.970 0.980
0.830 0.900
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Table A 4  Conversion of each reaction

Reactant Process Eq. (A7 Eq. (A1 Eq.(A2 Eq.(A3
c TF 0.600
c RBC 0.800
c AS 0.725
c PACT 0.948 -

c MBR 0.900
c WAO - 0.830
h2s WAO 0.830
H3AS03 AsOx 0.990
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Appendix B Investment and Operations Cost for Treatment Process in the 
Model

B1 Capital Cost

Data collection for capital cost, the total capital cost was calculated by

Capex = ร 1nvkk (B1)kk

where Invkk is the capital cost for process interval kk, which is usually 
expressed as (power function)

lnv  -  Ac . F B'U (B2)ln v kk ACtk r kk

where Ack11 and B ca  are coefficients determined by the cost function relating 
between flow rate and capital cost found in literature or estimated on the basis of the 
process. Present capital cost will be estimated with chemical engineering plant cost 
index (CEPCI), cost of equipment in 2013 (Hillestad, 2012, Ulrich e t a l ,  2013). In 
order to keep the objective function linear, the above equation is linearized as shown 
in the following equation (linear function).

Jnvu  = A c \ k - y kk + B c \ kFa  (B3)

Moreover, the parameters A c'a  and B e'a  are found by linear regression of
the function in the neighboorhood of the flow rate (if/  is the total flow rate, eight 
points are taken between 0.01 f  and 1.99 f ) .

Thus, linear regression of flow rate in the neighborhood of the flow rate in 
case study is used to find the linearized equipment cost parameters that parameter 
Ac'u. and B c'a  are y-axis intersection and slope respectively.
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The data for capital cost of treatment units is collected in the model as 
shown in Table B1 :

Table B1 Summary of linearized capital cost parameters

API CPI/PPI DAF IAF W A O ร พ ร s s

Ac'u 815375.00 896913.0CT 6 1 8 8 1 .๓ 42079.08 4 0 ๓ 0 ๓ . ๓ 210588 .00 105294.00

B e '» 8.03 8.83 2.07 1.41 624.71 11.88 5.94

NS AirS A sO \ TF AS RBC PA C T

A c ' u 105294.00 105294.00 475380.00 6 1 8 8 1 .๓ 181419.00 0 .๓ 181419.00

Be'* 5.94 5.94 3.01 2.07 3.76 11.21 3.76

M BR GAC IE ED M F /U F N F /R O

A c ' a 419586.00 2 2 3 6 0 2 0 .๓ 2 4 8 7 0 .๓ 1 0 ๓ 0 ๓ . ๓ 238167.00 8 1 9 2 5 .๓

B e '* 12.98 6.67 3.18 19.05 9.22 6 .16

Bl.l American Petroleum Institute Separator (API) and Corrugated and 
Parallel Plate Separator (CPI/PPI)
Capital cost for API separator can be estimated from (Puckett, 2008), 

and can be linearized as shown in Figure B1. And due to lack of data, the price of a 
- CPI/PPI separator is assumed to be 10 % more of the API designed for the same flow 

rate (Figure B2).
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API
2 5 0 0 0 0 0

5 0 0 0 0 0

0 J ---------- T.........................  T----------T--------  -T---------- r ---------r- r---------
0  2 0 0 0 0  4 0 0 0 0  6 0 0 0 0  8 ๓ 0 0  1 ๓ ๓ 0  1 2 0 ๓ 0  1 4 0 ๓ 0  1 6 0 0 ๓  1 8 0 ๓ 0

Flow  rate (k g /h )

Figure B1 Capital cost estimation of API separator.

CPI/PPI

5 ๓ ๓ 0

0  2 ๓ ๓  4 ๓ ๓  6 ๓ ๓  8 ๓ ๓  1 ๓ ๓ 0 1 2 0 ๓ 0  1 4 0 ๓ 0  1 ๓ ๓ 0  1 8 0 ๓ 0  
F low  rate (k g /h )

Figure B2 Capital cost estimation of CPI/PPI separator.
B1.2 Dissolved Air Flotation (DAT) and Induced Air Flotation (IAF)

Capital cost for DAF unit can be estimated from (EPA, 1976) and can 
be linearized as shown in Figure B3. Additionally, it has been reported that the ratio 
between IAF equipment (capital) cost and DAF is around 0.68 (ECIPPC, 2003)
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.Thus, this ratio is used to scale the DAF cost function in order to obtain the IAF cost 
function.

D A F500000 -r-----------------
450000

0 20000 40000 60000 80000 100000 120000 140000 160000 180000Flowrate (kg/h)

F ig u r e  B 3  Capital cost estimation of dissolved air flotation.
B1.3 Wet Air Oxidation (พ AO)

Capital cost for WAO unit can be estimated from (Hyman e t a l. , 2001) 
and can be linearized as shown in Figure B4.

W A O30000000 r
25000000 j— --------------------------  A

0 10000 20000 30000 40000 50000 60000
F l o w  r a t e  ( k g / h )

Figure B4 Capital cost estimation of wet air oxidation.
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B1.4 Steam Stripping of Ammonia (NS)
The capital costs of a stripping column are estimated on the basis of 

those reported in EPA (1976) for an ammonia stripping column (Figure B5), while 
steam stripping for hydrogen sulfide (SS) and air stripping (AirS) are considered 
same as ammonia stripping. For the sour water stripper (รพร), two columns are 
involved, and consequently the costs are doubled.

NS

0  2 0 0 0 0  4 0 0 0 0  6 0 0 0 0  8 0 0 0 0  1 0 0 0 0 0  1 2 0 0 0 0  1 4 0 0 0 0  1 6 0 0 0 0  1 8 0 0 0 0
F low  ra te  (k g /h )

Figure B5 Capital cost estimation of steam stripping for ammonia.

B1.5 Arsenic Oxidation (AsOx)
The capital costs of the chemical oxidation are estimated on the basis 

of those reported in EPA (1976) for a breakpoint chlorination equipment combined 
with chemical coagulation for AsOx unit as shown in the Figure B6.
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O x id a t io n
7 0 0 0 0 0  ๆ -

0 I ----- 1------ T------ T------ r----- .-------r------ T-------T------ :
0  2 0 0 0 0  4 0 0 0 0  6 0 0 0 0  8 0 0 0 0  1 0 0 0 0 0 1 2 0 0 0 0 1 4 0 0 0 0 1 6 0 0 0 0 1 8 0 0 0 0

F lo w  r a te  ( k g /h )

Figure B6 Capital cost estimation of arsenic oxidation combined with coagulation.

B1.6 Trickling Filter (TF)
Capital cost for trickling filter can be estimated from EPA (1976), 

and can be linearized as shown in Figure B7.
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T F
600000 1

0 4 ------------ 7---------------------------T------------ 1--------“ T-------------- 1--------- -------------------------------- -10 20000 40000 60000 80000 100000 120000 140000 160000 180000
Flow r a t e  (kg/h)

Figure B7 Capital cost estimation of trickling filter.

B1.7 Activated Sludge (AS) and Powdered Activated Carbon Treatment 
(PACT!
Capital cost for activated sludge can be also estimated from EPA 

(1976) , and can be linearized as shown in Figure B8. Moreover, the capital costs of a 
powdered activated carbon treatment are the same as the activated sludge system, 
with the addition of the initial carbon present in the sludge, the feeding system of the 
carbon makeup or the regeneration system. At this stage, these additional items are 
neglected.
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AS
9 ๓ 0 0 0  
8๓๓0 
7 ๓ 0 0 0  

• 6๓๓0 
5 0 0 ๓ 0  
4 ๓ ๓ 0  

' 3 ๓ ๓ 0  2๓๓0 
1๓๓0

y  = 3 .764X + 1 8 1 4 1 9

2 ๓ ๓  4 ๓ ๓  6 ๓ ๓  8 ๓ ๓  1 ๓ ๓ 0  1 2 0 ๓ 0  1400Ô 0 1 6 0 ๓ 0  1 8 0 ๓ 0
ศ อ พ  ra te  (k g /h )

Figure B8 Capital œst estimation of activated sludge.
B1.8 Rotating Biological Contactor (RBC)

Capital cost for Rotating Biological Contactor can be estimated from 
EPA (1976), and can be linearized as shown in Figure B9.

RBC
2๓๓๓------------------------------
1 8 0 ๓ ๓1๓๓๓ฐ 140๓๓--------y = 11.214X

s  1 2 0 ๓ ๓  R2 = 0 .9 9 9 8
" 100๓๓ I  8๓๓0
ร 6๓000 4๓๓0 2๓๓0 0

0  2 ๓ ๓  4 ๓ ๓  6 0 0 0 0  8 ๓ ๓  1 ๓ ๓ 0  1 2 0 ๓ 0  1 4 0 ๓ 0  1 ๓ ๓ 0  1 8 0 ๓ 0
Flow  ra te  (k g /h )

Figure B9 Capital cost estimation of rotating Biological Contactor.
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B 1 .9  G ra n u la r  A c t iv a t e d  C a r b o n  A d s o r p t io n  ( G A C )
C a p ita l c o s t  fo r  G ran u lar  a c t iv a te d  c a r b o n  a d s o r p t io n  c a n  b e  e s t im a te d  

fr o m  E P A  ( 1 9 7 6 ) ,  an d  c a n  b e  l in e a r iz e d  a s  s h o w n  in  F ig u r e  B IO .

G A C
1600000 
1400000 
1 2 0 ๓ 0 0  
1 ๓ ๓ ๓  

8 ๓ ๓ 0  
6 ๓ ๓ 0  
4๓ ๓ 0  
2 ๓ ๓ 0  

0
2 ๓ ๓  4 ๓ ๓  6 ๓ ๓  800๓ 1 ๓ ๓ 0  120๓0 140๓0 1 ๓ ๓ 0 180๓0 

Flow ra te  (kg /h)

F ig u r e  B IO  C a p ita l c o s t  e s t im a t io n  o f  g r a n u la r  a c t iv a te d  ca rb o n  a d s o r p t io n .

B 1 .1 0  M e m b r a n e  B io r e a c to r  ( M B R )
F o r  m e m b r a n e  b io r e a c to r , th e  c a p ita l  c o s t  is  c o n s id e r e d  a n d  

e s t im a te d  a s  th e  s u m m a t io n  o f  th e  a c t iv a t e d  s lu d g e  a n d  m ic r o fd tr a t io n  u n it.

B l . l l  E le c tr o d ia l  v a s  is  (E D I
T h e  c a p ita l  c o s t  o f  e le c tr o d ia ly s is  is  c a lc u la te d  a n d  e s t im a te d  fr o m  

th e  c o r r e la t io n  rep o rt b y  S a jta r  e t  a l .  ( 2 0 0 9 )  a s  s h o w n  in  F ig u r e  B 1 1.
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E D

0 2๓00 4 ๓ ๓  6๓ ๓  8 ๓ ๓  1๓๓0120๓0140๓01 ๓ ๓0180๓0
Flow ra te  (kg/h)

F i g u r e  B l l  C a p ita l c o s t  e s t im a t io n  o f  e le c tr o d ia ly s is .

B 1 . 1 2  I o n  E x c h a n g e  ( I E ) .  M ic r o /U ltr a f l ir ta t io n  (M F /U F 1  a n d  

N a n o f i l t r a t io n /R e v e r s e  O s m o s is  (N F /R O )
T h e s e  u n its  w e r e  e s t im a te d  fr o m  s im u lta n e o u s  C o m p lia n c e  T o o l.  

T h a t is  r e tr ie v e d  fr o m  E P A  ( 2 0 1 2 ) .  T h u s , t h o s e  l in e a r iz e d  c o r r e la t io n  a r e  s h o w n  in  
F ig u r e  B 1 2  (fo r  I E ) , F ig u r e  B 1 3  ( fo r  M F /U F )  a n d  F ig u r e  B 1 4  (N F /R O ) .

IE
600๓0

0 2 ๓ ๓  4 ๓ ๓  6๓ ๓  800๓ 1๓๓0120๓0140๓ณ ๓๓0180๓0
Flow ra te  (kg/h)

Figure B12 Capital cost estimation of ion exchange.
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F ig u r e  B 1 3  C a p ita l c o s t  e s t im a t io n  o f  m ic r o filtr a t io n /'u ltr a filtr a tio n .

N F / R O
1 2 0 ๓ ๓

Flow  ra te  (k g /h )

F ig u r e  B 1 4  C a p ita l c o s t  e s t im a t io n  o f  n a n o f i l t r a t io n /r e v e r s e  o s m o s is .
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B 2  U t i l i t y  C o s t

U t i l i t y  c o s t  is  b a se d  o n  v a r io u s  r e fe r e n c e s  a s  s h o w n  in  T a b le  B 2 . H o w e v e r ,  
part o f  u t i l i t ie s  is  a s s u m e d  t o  b e  a v a i la b le  fo r  free ;  fo r  e x a m p le :  a ir  a n d  c a r b o n  

d io x id e  (th a t c a n  b e  a v a i la b le  a s  a  f lu e  g a s  fr o m  th e  p la n t) .

T a b le  B 2  U t i l i t y  c o s t

U tility U nit Cost P u rity Heat content 
(kJ/kg)

Source

Electricity S/MJ 1.889x10 ^ - - บ . S.EIA (2012)
LPS

6 bar, 160 c° $/MJ 4.269x10‘3 - 2081.4 Towler e t  a i  (2013)

MPS

20 bar, 210 c° $/MJ
6.349x1 O'6

- 1899.3 Towler e t  a l. (2013)

c w ,  10C° increment $/kg
2.642xl0"5

- -4.186 Towler e t  a l. (2013)

NG $/kg 6.962x10"' - 62238.4 บ . S. E l A  (2012) 
Perry e t  a l. (2 ๓ 8 )

n h 3 $/kg 6.025x10 '1 1 - ICIS (2006)

H 3PO4 $/kg 8.091x10-' 0.75 - IC IS (2006)

h 2s o 4 $/kg 6.700x102 0.93 - - ICIS (2006)

NaOH s/kg 7.263x10-’ 1 - ICIS (2006)
GAC $/kg 2.094 - - Remy e t  a l. (2012)
PAC $/kg 2.๓0 - - Remy e t  a l. (2012)
A lum $/kg 3.700x10-’ 0.17 - ICIS (2006)
CôH80 7 $/kg 1.213 1 - ICIS (2006)
NaOCl S/kg 1.942xl0"4 0.13 - ICIS (2006)
C l2 $/kg 2.580x10-’ 1 _ ' ICIS (2006)

FeClj $/kg 7.233x10 1 - ICIS (2006)

B 3  W a s t e  D i s p o s a l  C o s t

W a s te s  fr o m  e a c h  tr e a tm e n t  p r o c e s s  n e e d e d  t o  b e  d is p o s e d  b y  d if fe r e n t  
tr e a tm e n t p r o c e s s  b e fo r e  r e le a s in g  t o  th e  e n v ir o n m e n t . T h u s , th is  to ta l a n n u a l iz e d  

c o s t  is  in c lu d e d  th e  c o s t  fo r  w a s t e  d is p o s a l. F o r  c o n s id e r a t io n  in  th e  m o d e l ,  th e  
w a s te  d is p o s a l  c o s t  is  d iv id e d  in to  t w o  m a in  ty p e s ;  t h e  d is p o s a l  c o s t  fo r  s o l id  w a s t e  

( s lu d g e )  a n d  liq u id  w a s t e  (r e te n ta te ) . H o w e v e r ,  s o l id  w a s t e  d is p o s a l  is  a ls o  c la s s i f i e d
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fo r  th r e e  fo r m s  o f  s lu d g e :  i) g e n e r ic  s lu d g e  i i )  o i ly  s lu d g e  a n d  ii i )  b io s lu d g e .  
T h e r e fo r e , in  th e  m o d e l  (P e n n a t i ,  2 0 1 2 ) ,  e a c h  t y p e  o f  d is p o s a l  b a s e d  o n  w a s t e  

e f f lu e n t  fo r  a ll tr e a tm e n t  p r o c e s s  is  c o n s id e r e d  a s  f o l lo w s :  a  d is p o s a l  o f  g e n e r ic  
s lu d g e , o i l y  s lu d g e ,  b io s lu d g e  a n d  r e te n ta te . T h e  c o s t  o f  d is p o s a l  ( A l f k e  e t  a l ,  1 9 9 9 ,  
E c k e n fe ld e r  e t  a l ,  2 0 0 8 ,  M a la e b  e t  a l ,  2 0 1 1 ,  P e n n a t i ,  2 0 1 2 )  is  r e p o r te d  in  th e  T a b le  

B 3 .

T a b le  B 3  W a s te  d is p o s a l  c o s t

Oily sludge 1.54

Biosludge 1.618

B 4  W a t e r  C o s t

T h e  p r ic e  o f  r e c y c le d  w a te r  e f f lu e n t  r e p r e s e n te d  a s  fr e s h  w a te r  fo r  th e  

p r o c e s s  in  T a b le  B 4  in c lu d e s  th e  p r ic e  o f  b o i le r  f e e d  w a ter , c o o l in g  w a te r , a n d  
d e sa lte r  w a te r  (th a t is  a s s u m e d  t o  b e  e q u a l to  c o o l in g  w a te r ) (G le ic k  e t  a l ,  2 0 0 8 ,  
P e n n a t i , 2 0 1 2 ,  T o w le r  e t  a l ,  2 0 1 3 ) .

T a b le  B 4  W a te r  c o s t

Type o f w ater Cost (ร/น!')

Boiler feed water makeup 0.551 xlO"3

Cooling water makeup 0.026 xlO ’3

Desalter water makeup 0.026 xlO"3
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A p p e n d i x  c  T h e  a d d i t io n a l  d a t a  f o r  t h e  r e s u l t  o f  c a s e  s t u d y

C l  F o r  t h e  N e t w o r k  S o l u t io n s  a n d  T h e i r  E f f lu e n t  S p e c i f i c a t i o n

C l  . l  B a s e  C a s e  a n d  R e tr o f i t  D e s ig n  o f  E x is t in g  P r o c e s s  fP T T )

H ~ทิพิ๐"ไ / '■ _-gL ■ ท ^

F ig u r e  C l  N e tw o r k  s o lu t io n  (P 3 )  o f  P T T ’s  c o n f ig u r a t io n  w i t 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 ) - M I L P  m o d e l.

F i g u r e  C 2  N e t w o r k  s o lu t io n  (P 4 )  o f  P T T ’s  c o n f ig u r a t io n  w i t 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 ) - M I N L P  m o d e l.
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F ig u r e  C 3  N e tw o r k  s o lu t io n  (P 5 )  o f  P T T ’s  c o n f ig u r a t io n  w ith  z e r o  l iq u id  d is c h a r g e  
fo r  b o i le r  f e e d  w a te r  m a k e u p  (s in k  9 2 ) - M I L P  m o d e l.

F ig u r e  C 4  N e t w o r k  s o lu t io n  (P 6 )  o f  P T T ’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  b o ile r  f e e d  w a te r  m a k e u p  ( s in k  9 2 ) - M I N L P  m o d e l.
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F i g u r e  C 5  N e t w o r k  s o lu t io n  ( P 9 )  o f  P T T ’s  c o n f ig u r a t io n  w i t h  z e r o  liq u id  d is c h a r g e  

fo r  b o i le r  w a te r  m a k e u p  (s in k  9 2 )  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 .

T a b le  C l  C o m p a r is o n  o f  w a s te w a te 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  P 3  

a n d  P 4

Component
N etw ork solution (P TT) 

M IL P  (P3) M IN L P  (P4)

L im ita tion

C ooling w ater makeup

COD mg/1 1.362 7 5 .0 ๓ 75

BOD mg/1 0.384 27.977 -

TSS mg/1 0.006 1.214 50

O&G mg/1 0 .๓ 0 0 .๓ 4 25

FSS mg/1 0 .๓ 3 0.607 50

N I V mg/1 0.554 1.300 1.3

H ,s mg/1 0.080 6.942 -

As mg/1 0 .๓ 2 0 .๓ 0 0.25
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T a b le  C 2  C o m p a r is o n  o f  w a s te w a te 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  P 5  

a n d  P 6

Component
N etw ork 

M IL P  (P5)

solution (PTT) 

M IN L P  (P6)

L im ita tio n

Boiler feed w a te r makeup

COD mg/1 1.090 5 .๓ 0 5

BOD mg/1 0.307 0.598 _

TSS mg/1 0 .๓ 5 0.047 5

O&G mg/1 0 .๓ 0 0 .๓ 0 25

FSS mg/1 0 .๓ 2 0.023 5

n h 4 + mg/1 0.044 0.126 1.9

H2S m g/1 ' 0.064 2.074 5

As mg/1 0 .๓ 0 0 .๓ 0 0.25

T a b le  C 3  C o m p a r is o n  o f  w a s te w a te 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  P 9

Component

N etw ork solution (PTT) 

M IN L P  (P9)

Bo ile r feed w ater Desalter

L im ita tion  

Bo ile r feed w ater Desalter

COD mg/1 5 .๓ 0 154.513 5 -

BOD mg/1 0.598 23.905 - -

TSS mg/1 0.047 53.246 5 -

O&G mg/1 0 .๓ 0 3.504 25 10

FSS mg/1 0.023 26.623 5 -

NH + mg/1 0.126 58.699 1.9 100

H S mg/1 2.075 1.410 5 20

As mg/1 0 .๓ 0 0 .๓ 6 0.25 -
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C l  .2  B a s e  C a s e  a n d  R e tr o f i t  D e s ig n  o f  G r a s s r o o ts  P r o c e s s

F i g u r e  C 6  N e t w o r k  s o lu t io n  ( G 5 )  o f  G A M S ’ c o n f ig u r a t io n  w ith  z e r o  liq u id  

d is c h a r g e  fo r  b o i le r  f e e d  w a te r  m a k e u p  ( s in k  9 2 ) -M I L P  m o d e l .

F ig u r e  C 7  N e t w o r k  s o lu t io n  ( G 6 )  o f  G A M S ’ c o n f ig u r a t io n  w ith  z e r o  l iq u id  

d is c h a r g e  fo r  b o ile r  f e e d  w a te r  m a k e u p  ( s in k  9 2 ) -M I N L P  m o d e l .
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F i g u r e  C 8  N e t w o r k  s o lu t io n  ( G 9 )  o f  G A M S ’ c o n f ig u r a t io n  w ith  z e r o  l iq u id  

d is c h a r g e  fo r  b o i le r  w a te r  m a k e u p  ( s in k  9 2 )  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.

T a b l e  C 4  C o m p a r is o n  o f  w a s te w a te 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 5  

a n d  G 6

Component
Netw ork 

M IL P  (G5)

solution (G AM S) 

M IN L P  (G6)

L im ita tion

Boiler feed w ater makeup

COD mg/1 0.709 5 .๓ 0 5

BOD mg/1 0.169 0.377 -

TSS mg/1 0.0Ô1 0.012 5

O &G mg/1 0 .๓ 0 0 .๓ 0 25

FSS mg/1 0 .0 ๓ 0 .๓ 6 5

N H ,+ mg/1 0.035 0.180 1.9

H2S mg/1 0.064 5 .๓ 0 5

As mg/1 0 .0 ๓ 0 .0 ๓ 0.25
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T a b le  C 5  C o m p a r is o n  o f  w a s te w a te 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 9

Component

N e tw o rk  solution (G A M S ) 

M IN L P  (G9)
L im ita tion

B o ile r feed w ater Desalter Boiler feed M ilte r Desalter

COD mg/1 5 .๓ 0 154.517 5 -

-  BOD mg/1 0.377 15.089 - -

TSS mg/1 0.012 13.070 5 -

O&G mg/1 0 .๓ 0 0.339 25 10

FSS mg/1 0 .๓ 6 6.535 5 -

n h 4+ mg/1 0.180 57 .7๓ 1.9 100

H S mg/1 5 .๓ 0 3.399 5 .  20

As mg/1 0 .๓ 0 0 .๓ 6 0.25

C 2  F o r  t h e  C o s t  E v a l u a t i o n
C 2 .1 B a s e  c a s e  a n d  R e tr o f it  D e s ig n  o f  E x is t in g  P r o c e s s  (P T T )

J

1  P4
P3
P2
P I

C a p i t a l  c o s t  * CPI/PPI

■  W A O  

a  A irs  

I ■  AsOx

a  TF 

® AS 

V. IF 

ร; ED

0  2  4  6  8  1 0  M F/U F
C o st (M $ /y e a r )  ® NF/RO

F ig u r e  C 9  C o s t  b r e a k d o w n  (C a p ita l c o s t )  fo r  n e tw o r k  s o lu t io n  P 1 - P 9 .
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O p e r a t i n g  c o s t
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Figure CIO C o s t  b r e a k d o w n  (O p e r a t in g  c o s t )  fo r  n e tw o r k  s o lu t io n  P 1 -P 9 .  

C 2 .2  B a s e  C a s e  a n d  R e tr o f it  D e s i g n  o f  G r a s s r o o ts  P r o c e s s

G 9

G8

G7

%G6 

1 G5
0»
z G4

G3

G2

G1

C a p i t a l  c o s t

B1

4  6

Cost (M $ / y e a r)
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B  CPI/PPI 

B IA F  

B  W A O  

B A ir S  

B A sO x 

asTF 

H A S  

H G A C  

H IE

l  M F /U F  

ร: N F/RO

Figure C ll C o s t  b r e a k d o w n  (C a p ita l  c o s t )  fo r  n e tw o r k  s o lu t io n  G 1 -G 9 .
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O p e r a t i n g  c o s t
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Figure C12 C o s t  b r e a k d o w n  (O p e r a t in g  c o s t )  fo r  n e tw o r k  s o lu t io n  G 1 -G 9 .
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