
CHAPTER m  
METHODOLOGY

3.1 Equipment and Software

3.1.1 Equipment
Laptop computer (Asus, 2.4 Ghz Intel Pentium B980, RAM 4 GB, 

Microsoft Windows 7 and Microsoft Office 2007)
3.1.2 Software

GAMS version 23.9.5, Microsoft Excel, and Plot digitizer

3.2 A Framework of Wastewater Treatment Network Design and Synthesis 
Problem

Steps for synthesis and design of water/wastewater network in Figure 3.1 
and model database relied on an earlier work of Quaglia (2013) and Pennati (2012) 
were employed in this work. Several modifications and improvement have been 
performed to develop a generic model-based synthesis for the optimization of water- 
wastewater network problem with different scenarios—adding recycling options 
and/or distributed wastewater treatment systems—as follows:



77

แ ^^

1. P ro b le m  d e fin it io n

r

-
2.G e n e ra tio n  o f  a lte rn a tiv e s

> r

3. M o d e l d e v e lo p m e n t  a n d  data  c o lle c t io n CjiS

1 r
4. O p tim iz a tio n  p ro b le m  fo rm u la tio n  a n d  / ' t T  

s o lu t io n  a n d  a n a ly s is  '\j-|

W o r k f lo w

D a t a f lo w

S o ftw a re  t o o l

Figure 3.1 Procedure Flow Diagram for optimal WWTP synthesis and design 
(adapted from Quaglia (2013)).

3.2.1 Problem Definition (Step I)
3 .2 .1 .1  S ta te  th e  P ro b le m  a n d  S co p e

The desired problem was identified and stated the goal of the 
study together with the scope of the optimization-based design and synthesis of water 
network to achieve a determined objective function.
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3 .2 .1 .2  In v e s tig a te  a n d  Id e n tify  W a s te w a te r  S o u rc e s  a n d  T h e ir  
P o llu ta n ts

3 .2 .1 .3  In v e s tig a te  a n d  I d e n tify  W a s te w a te r  S in ks (T re a tm e n t  
O b je c tiv e s  a t  th e  E fflu en t) a n d  T h e ir  P o llu ta n ts
Major pollutants (i.e. solid, oil and grease etc.) normally were 

found and measured in the problem concerning any wastewater treatment plant. 
Consequently, the number of contaminant species in both wastewater sources 
(influent) and sink (effluent) were investigated, characterized and considered in order 
to define a treatment process model with respect to a removal of those contaminants. 
All wastewater sources and sinks based on the problem, -environmental regulation, 
engineering insight and practical strategies were identified by the flow rate and the 
concentration of their contaminants.

3 .2 .1 .4  D e fin e  S p e c ia l  D e s ig n  C o n s tra in ts
Due to a wide variety of wastewater pollutant as well as 

treatment technologies in each specific problem based on different wastewater 
treatment process in any plants, special design constraints on some treatment process 
were needed to define (Le. the pollutant limit for inlet stream of the treatment 
process) to complete necessary design conditions.

3.2.2 Generation of Alternatives (Step II)
3 .2 .2 .1 Id e n tify  th e  T rea tm en t O p e ra tio n  in T a sk s a n d  th e  P r o c e s s  

A lte r n a tiv e s
The purpose of the wastewater treatment step (task) was to 

reduce the pollutants usually found in an industrial wastewater so as to meet a 
limitation of the environmental regulation or any specification of water stream 
required. Typically, the wastewater treatment can be classified into three stages 
(Tchobanoglous e t  a l . , 2003): a primary treatment that involves physical operations 
to remove free oil and suspended solid; a secondary treatment that involves chemical 
or biological operation for removal of dissolved contaminants as well as organic 
compounds; and a tertiary treatment that is needed to remove the residual 
contaminants or refractory compound or even heavy metals. In the superstructure, it 
included a wide variety of technologies commonly implemented in an industrial
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process, which is organized sequentially on the basis of the pollutants to remove on 
treatment principle. A comprehensive overview of each technologies regarding 
wastewater treatment operation was presented in Tchobanoglous e t  a l. (2003). Each 
treatment unit was modelled with respect to the functional general description 
relating to the specific type and the amount of utilities consumption, the waste 
generation, as well as the removal ratio of the pollutant by reaction or separation. 
Moreover, the alternatives in each treatment process task were considered for a 
flexible and various treatment processes.

3 .2 .2 .2  S y n th e s ize  th e  S u p e rs tru c tu re  C o n fig u ra tio n
According to the superstructure definition (Quaglia, 2013), the 

configuration started with the stream of wastewater sources at the first column, 
different process paths at the intermediate column (treatment alternatives)—giving 
possible interconnections of the series of treatment process step obtained from 
engineering insight, previous experience as well as common practical technologies 
from previous section in order to remove various pollutants—and ended with the 
stream of wastewater sinks (treatment objectives) at the final column.

3.2.3 Model Development and Data Collection (Step ni)
3 .2 .3 .1  I n v e s tig a te  th e  M o d e l  D a ta b a s e  (W a s te w a te r  

C h a ra c te r iza tio n , W a s te w a te r  T rea tm en t P r o c e s s , a n d  
N e tw o r k  M o d e l)
The model of wastewater characterization, wastewater 

treatment process (simple short-cut model) and network model was- considered and 
based on the same method proposed by Quaglia et al. (2013) and Pennati (2012).

3 .2 .3 .2  F o rm u la te  a n d  D e v e lo p  th e  M o d e l
According to the model database, the model was formulated 

and developed for desired purposes along with specific problem aspects by different 
modified constraints on the process and network model.

The generic model for treatment tasks in each process interval 
based on mathematical modelling in this work was defined as a sequence of 
functional generic model relating to the mixing with utilities, reaction, waste and 
product separation.
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Figure 3.2 Schematic representation of the generic process interval and empty 
interval (Quaglia e t a l ,  2012).

Modeling of the process intervals(Figure 3.2) was considered 
as two kinds: one representing a process interval with treatment process and one 
representing an empty interval. The process interval was modelled for a water 
treatment unit while the empty interval was modelled for a bypass, a source and a 
sink that had no operation, and the outlet was equal to the inlet.

From the schematic representation of the process interval 
(Figure 3.2), the model of generic process interval included a mixer, a reactor, a 
waste separator and a product separator. The corresponding equations for each 
interval k k  were illustrated in the following:
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3 .2 .3 .2 .1  M ix e r

F hL =  F'H +  a  R ( 3 .1 )

w h e r e  F ^  w a s  th e  f l o w  a fte r  m ix in g  a n d  w a s  

the" in le t  f l o w  o f  c o m p o n e n t  /. T h e  p a r a m e te r  แ lkk w a s  th e  fr a c t io n  o f  th e  u t il i ty  i 

m ix e d  w ith  t h e  s tr e a m  o u t  o f  th e  to ta l  u t i l i t y  f l o w  c o n s u m e d  fo r  th e  in te r v a l k k  a n d  

R ikk w a s  p r e s e n te d  by:

( 3 .2 )

w h e r e  / / ,  11 kk w a s  th e  s p e c i f i c  c o n s u m p t io n  o f  u t i l i ty  i

b a se d  o n  th e  in le t  f l o w  r a te  o f  e le m e n t  i.
3 .2 .3 .2 .2  R ea c tio n s

F F i,kk T ( y , , ■ 0 -hreact, kk, rr react, kk ร
rr, react

( 3 .3 )

w h e r e  F ^  w a s  th e  f l o w  o f  c o m p o n e n t  i a fte r  

r e a c tio n , ym rr  w a s  th e  m a s s  s t o ic h io m e t r y  o f  c o m p o n e n t  i, a n d  0 react kk rr w a s  t h e  

fr a c t io n  o f  c o n v e r te d  k e y  r e a g e n t; - th e  s u b s c r ip ts  rr  a n d  r e a c t  r e fe rred  t o  a  r e a c t io n  

a n d  th e  c o r r e s p o n d in g  k e y  r e a c ta n t, r e s p e c t iv e ly .
3 .2 .3 .2 .3  W aste S ep a ra tio n

F , 7 = C - a - s w , J  < 3 -4 )

p w -  P R _  P°VT 
r i.kk r i,kk 1 i,kk

( 3 .5 )
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w h e r e  l \ t t  w a s  th e  f l o w  a fte r  th e  w a s t e  s e p a r a to r  an d

Fkkk w a s  th e  w a s t e d  f lo w  o f  c o m p o n e n t  / ,  a n d  ร พ ,a- w a s  t h e  fr a c t io n  o f  c o m p o n e n t  i 
a s  d is p o s e d  w a s te .

3 .2 .3 .2 .4  P ro d u c t Separa tion

170UT] _ J7uut . op (3.6)
l i,kk r i,kk 07 k,kk

c O U T 2  _  r 'O U T  r O m \  (3  7 )
‘ i.kk ~ r i,ldc ~p i,kk

w h e r e  SPkM w a s  th e  s p lit  fa c to r  fo r  s e p a r a t io n  a n d

f t  a n d  F ° T  w e r e  th e  p r im a r y  s tr e a m  a n d  th e  s e c o n d a r y  s tr e a m , r e s p e c t iv e ly .

E a c h  o f  th e  t w o  p r o d u c t  s tr e a m s  o f  th e  p r o c e s s  in te r v a l kk  c o u ld  b e  s e n t  t o  a n o th e r  
p r o c e s s  in terva l k:

- F T - S P m - ^ m (3.8)

F lm =  F7 2 A * ■ ■ ^ (3.9)

w h e r e  SPyj. a n d  รkkk c o n t a in e d  th e  su p e r s tr u c tu r e  

in fo r m a tio n  (SP k1 kk,ร พ  = 1 i f  th e  p r o c e s s  in te r v a ls  kk  a n d  k  a r e  c o n n e c t e d  b y  th e  

p r im a r y  or  s e c o n d a r y  o u t le t ,  r e s p e c t iv e ly ,  SPkXk, ร kkk = 0  o th e r w is e ) .  T h e  s p l i t  fa c to r s  

o f  th e  o u tg o in g  s tr e a m  SM \kMand รM 21J J ,  r e p r e s e n te d  th e  fr a c t io n  o f  th e  s tr e a m  

F ,\hk a n d  Fkkkk th a t w e n t  t o  in te r v a l k. F o r  c o n s is t e n c y ,  th e y  s h o u ld  su m  u p  t o  o n e :

ร ^ ! ^  = 1  ( 3 1 ° )

1 ^ = 1 (3.11)
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I f  b o th  sp lit  fa c to r s  w e r e  d e f in e d  a s  v a r ia b le s  in  th e  

o p t im iz a t io n  p r o b le m , th e  p r o d u c t  b e tw e e n  F 'kkk a n d  S M l t i 1(.an d  b e tw e e n  l \ kkk a n d  

S M 2 kkk le d  t o  th e  n o n - l in e a r ity  o f  th e  p r o b le m . A d d it io n a l ly ,  s u c h  b il in e a r  te r m s  

m a d e  th e  p r o b le m  n o n - c o n v e x .  H o w e v e r ,  th e  m o d e l  c o u ld  b e  d e s ig n e d  a n d  s o lv e d  a s  

a  lin ea r  p r o b le m  i f  s p l i t t in g  is  ig n o r e d  ( i .e .  S M l fcyb1. a n d  S M 2 kJck a r e  e q u a l t o  1 ), a n d

c o u ld  b e  m a d e  n o n - l in e a r  i f  S M l feJbt a n d  S M 2 kkk w e r e  a l lo w e d  t o  v a r y  b e t w e e n  0  a n d

1 (w h e n  c o n s id e r in g  a s  v a r ia b le s ) .
T h e r e fo r e , th e  in c o m in g  f l o w  in to  a n  in te r v a l w a s  th e '  

s u m  o f  t h e  f lo w s  c o m in g  fr o m  th e  p r im a ry  a n d  s e c o n d a r y  o u t le t s  o f  t h e  o th e r  
in ter v a ls :

F o r  a n  e m p ty  in te r v a l, th e  o u t le t  f l o w  ra te  o f  a  s o u r c e  

w a s  d e f in e d  a s  th e  k n o w n  c o m p o s i t io n  o f  th e  w a s te w a te r  s o u r c e , F kkk :

w h i le  th e  in le t  f lo w  r a te  o f  a  s in k  w a s  d e f in e d  a s  th e  

-  k n o w n  c o m p o s i t io n  o f  th e  w a s te w a te r  s in k , f ‘kk :

w h e r e  k k  in d ic a t in g  a n  in te r v a l y น, r e p r e s e n te d  a 

w a s te w a te r  s o u r c e s  a n d  s in k s . I f  th e  s o u r c e  is n o t  s e l e c t e d ^  0  a n d  its  o u t le t  f l o w  w a s

( 3 .1 2 )

r O U T  f t i n  
r i,kk -  r i,kk

( 3 .1 3 )

( 3 .1 4 )

s e t  to  z e r o .
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A ll  th e  e q u a t io n s  d e sc r ib e d  a b o v e  w e r e  c o n c e r n e d  

w ith  th e  m a ss  b a la n c e  e q u a tio n  o f  th e  m o d e l  r e p r e s e n t in g  u n it  o p e r a t io n  ( tr e a tm e n t  
p r o c e s s  in terv a l m o d e l) .

A d d it io n a l ly ,  th e  c o n s tr a in t s  o f  th e  n e tw o r k  m o d e l  
w e r e  n e e d e d  to  h e lp  e n f o r c e  th e  m o d e l  a s  fo l lo w s :

3 .2 .3 .2 .5  S in k  L im ita tio n  C onstra in t
C o n s tr a in ts  w e r e  s e t  o n  th e  m a x im u m  f l o w  ra te  

( F 5™x ) a n d  th e  m a x im u m  c o m p o s i t io n  o f  p o l lu ta n t  ( C ” “ t )  o f  th e  s tr e a m s  t o  b e  se n t  

to  th e  g e n e r ic  w a te r  s in k s  as:

<  /7 max H  2Ors in k  — 1 Sink
(3.15)

in <̂  £rmax 7̂  max 
i,s ink  — i,s in k  H  20 ,s in k

(3.16)

3 .2 .3 .2 .6  A c tiva tio n  C o n stra in ts  (B ig -M  C onstra in ts)
T h e  a c t iv a t io n  c o n s tr a in t  w a s  a d d e d  s o  th a t  i f  a n  

in te r v a l is  n o t  s e le c t e d ,  th e  in c o m in g  a n d  o u t g o in g  f l o w  r a te s  a r e  s e t  to  z e r o . T h e  

a c t iv a t io n  o f  th e  c o n t in u o u s  v a r ia b le s  ( f l o w  r a te s )  w h ic h  w e r e  r e le v a n t  fo r  a  s p e c i f i c  
in te r v a l k k  w a s  d e f in e d  as:

(3 1 7 )

w h e r e  M  w a s  a  b ig  e n o u g h  n u m b e r  a n d  f ikk w a s  th e

g e n e r ic  f l o w  ra te  v a r ia b le .
3 .2 .3 .2 . 7  F lo w  R a te  L im ita tio n  C o n stra in ts

In  o r d e r  to  s e l e c t  a  c e r ta in  in te r v a l o r  in c r e a s e  th e  
c o m p le x i t y  o f  th e  n e tw o r k , a  lo w e r  l im it  w a s  s e t  o n  th e  f l o w  r a te  fo r  s e n d in g  t o  th e  
c e r ta in  in ter v a l kk. F o r  a  s p e c if i c  in te r v a l kk, th e  c o n s tr a in t  is  d e f in e d  as:

I  F 2 ? * ° - y «  <318)
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w h e r e  a  w a s  a  c o e f f ic ie n t  w h ic h  is  c h o s e n  d e p e n d in g  
o n  th e  m a g n itu d e  o f  th e  f l o w  ra te s  in v o lv e d  m  th e  p r o b lem .

3 .2 .3 .2 .8  L o g ica l C onstra in ts
T h e s e  c o n s tr a in t s  w e r e  in c lu d e d  t o  e n f o r c e  th e  b in a r y  

d e c is io n s .  T h e  f ir s t  lo g ic a l  c o n s tr a in ts  w e r e  e m p lo y e d  t o  a v o id  th e  s e l e c t io n  o f  
e le m e n ts  o f  t h e  e q u ip m e n t  lo c a t e d  d o w n s tr e a m  i f  th e y  w e r e  n o t  p r e c e d e d  i>y s o m e  

e le m e n ts  o f  t h e  e q u ip m e n t  a t u p strea m .

Z a  ** ( 3 1 9 )

w h e r e  th e  c o e f f ic ie n t s  a kk w e r e  g iv e n  b y  t h e  v a lu e  o f  

1 o r  0  a n d  d e te r m in e d  b y  th e  n e tw o r k  s tru ctu re .
T h e  o th e r  lo g ic a l  c o n s tr a in ts  w e r e  fo r  a  c a s e  th a t th e  

s tr e a m  w a s  n o t  a l lo w e d  t o  s p l i t  or  a  c a s e  th a t th e  s trea m  is  a l lo w e d  to  sp lit:

Z - k » - 1 ( 3 .2 0 )
kk

z ^ * - 2  ( 3 .2 1 )

F o r  th e  k k  b e lo n g in g  t o  th e  s a m e  r e m o v a l  ta sk ,  

^ < 1  p r o h ib ite d  th e  s tr e a m s  to  sp lit  w h i l e  p a s s in g  fr o m  a  r e m o v a l ta sk  to  o th e r s
kk

s in c e  it im p o s e d  th e  s e le c t io n  o f  o n ly  o n e  tr e a tm e n t a lt e r n a t iv e  p er  r e m o v a l  ta sk  

w h i le  ^ 1 < 2  a l lo w e d  f o r  th e  s e l e c t io n  o f  t w o  a lt e r n a t iv e s  p er  r e m o v a l  ta sk  o r
kk

l e s s  th a n  2 .
M o r e o v e r ,  th e  m a th e m a tic a l  m o d e l l in g  in  th e  n e tw o r k  

m o d e l  fo r  t h e  o b j e c t iv e  fu n c t io n  w ith  r e s p e c t  to  th e  m in im u m  to ta l  a n n u a l iz e d  c o s t  
c o n s id e r e d  in c lu d e d  c a p ita l  c o s t ,  u t i l i ty  c o s t ,  w a s te  d is p o s a l  c o s t  a n d  s a v in g  c o s t  
fr o m  r e c y c le d  w a te r .



86

3 .2 .3 .2 .9  C ap ita l C ost
T h e  to ta l  c a p ita l  c o s t  is

( 3 .2 2 )

w h e r e  / wa s  th e  c a p ita l  c o s t  fo r  p r o c e s s  in te r v a l

kk, w h ic h  is  u s u a lly  e x p r e s s e d  a s  ( p o w e r  f u n c t io n ) ,  I = in te r e s t  r a te  ( fo r  th is  c a s e =  
5 % ) a n d  ท = p la n t l i f e t im e  ( 1 5  y ea rs).

th e  c o s t  fu n c t io n  r e la t in g  b e tw e e n  f l o w  r a te  a n d  c a p ita l  c o s t  fo u n d  in  lite ra tu re  o r  
e s t im a te d  o n  th e  b a s is  o f  th e  p r o c e s s . In  o rd e r  to  k e e p  th e  o b j e c t iv e  fu n c t io n  lin e a r ,  
th e  a b o v e  e q u a t io n  w a s  l in e a r iz e d  a s  s h o w n  in  th e  f o l lo w in g  e q u a t io n  ( l in e a r  
fu n c t io n ) .

M o r e o v e r , th e  p a r a m e te r s  Ac'y. a n d  B c 'tt w e r e  fo u n d

b y  lin ea r  r e g r e s s io n  o f  th e  fu n c t io n  in  th e  n e ig h b o o r h o o c f  o f  th e  f l o w  r a te  ( i f /  is  t h e  
to ta l  f l o w  ra te , e ig h t  p o in t s  a r e  ta k e n  b e t w e e n  0 .0 1  / a n d  1 .9 9  J).

T h u s, l in e a r  r e g r e s s io n  o f  f l o w  ra te  in  th e  
n e ig h b o r h o o d  o f  th e  f l o w  r a te  in  th e  c a s e  s tu d y  w a s  u s e d  t o  f in d  th e  l in e a r iz e d  

e q u ip m e n t  c o s t  p a r a m e te r s  th a t p a r a m e te r  A c 'u  a n d  B c 'jj. w e r e  y - a x is  in te r s e c t io n  

a n d  s lo p e  r e s p e c t iv e ly .

( 3 .2 3 )

w h e r e  ACy. a n d  B e 1£  w e r e  c o e f f i c i e n t s  d e te r m in e d  b y

lm>kk = A c 'kk- y k k + B c ’kkFkk ( 3 .2 4 )
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3 .2 .3 .2 .1 0  O pera tin g  C ost
T h e  to ta l  o p e r a t in g  c o s t  is:

O pex ะ= ^  (บ w c kk + W a steC kk)  (3  2 5 )
kk

w h e r e  U ti le น w a s  th e  c o s t  o f  u t il i t ie s  a n d  W a ste C ^  
w a s  th e  c o s t  o f  w a s t e  fo r  e a c h  p r o c e s s  in te r v a l  kk.

U ti le u = C r R m ( 3 .2 6 )

W asteC i1' =  C W w - f i * ( 3 .2 7 )

w h e r e  c ,  w a s  th e  s p e c i f i c  c o s t  o f  u t i l i ty  i, C W w w a s  

t h e  s p e c if i c  c o s t  o f  w a s t e  o f  ty p e  พ.
3 .2 .3 .2 .11  S a v in g  C o s t

T h e  s a v in g s  w e r e  q u a n t if ie d  as:

S a v in g  = ' £ ( € 1 F • 0 '̂ ( 3 .2 8 )
kk

w h e r e  S in k R  r e p r e s e n te d  th e  s in k  fo r  r e c y c le d  w a te r ,  

a n d  C SnkR w a s  th e  c o s t  th at w il l  b e  p a id  i f  th e  w a te r  u s e r  a s s o c ia t e d  to  th e  s in k  

r e c e iv e d  r a w  o r  tr e a te d  fr e sh w a te r .
3 .2 .3 .3  C o llec t the D ata

T h e  n e c e s s a r y  d a ta  e x c lu d in g  th e  m o d e l d a ta b a s e  w a s  
c o l le c t e d  fu r th er  fo r  th e  s p e c i f i c  p r o b le m  a s  w e l l  a s  fo r m u la te d  a n d  d e v e lo p e d  m o d e l .  
F u rth erm o re , a ll d a ta  c o l le c t io n  w a s  o r g a n iz e d  a n d  im p le m e n te d  in  M ic r o s o f t  e x c e l  

a s  a n  in p u t d a ta b a s e  fo r  th e  p r o b le m
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3 .2 .4  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 t e p  I V )
3 .2 .4 .1  D e te rm in is tic  P rob lem  F o rm u la tio n s

A l l  c o n s tr a in t s  a n d  o b j e c t iv e  fu n c t io n  o f  th e  m o d e l  w e r e  
fo r m u la te d  in  te r m s  o f  th e  g e n e r ic  fo r m  o f  a  M ix e d  I n te g e r  N o n -L in e a r  P r o g r a m m in g  
( M I N L P )  p r o b le m  a s  f o l lo w s

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

h(x, y , p )  - 0  
x e r  
y e ( 0 , l ) m 
p e P 1

w h e r e  f ( x ,  y , p )  w a s  th e  o b je c t iv e  f u n c t io n  a n d  g(x, y , p )  a n d  

h (x , y ,  p )  w e r e  t h e  v e c t o r s  o f  in e q u a l ity  a n d  e q u a l ity  c o n s tr a in t s , r e s p e c t iv e ly ;  X 

r e p r e s e n te d  th e  v e c t o r  o f  th e  c o n t in u o u s  v a r ia b le s  w h ic h  h a d  a  d im e n s io n  ท, y  
r e p r e s e n te d  th e  v e c t o r  o f  th e  b in a r y  v a r ia b le s  ( 0  o r  1) w h ic h  h a d  d im e n s io n  m ,  a n d  p  

r e p r e s e n te d  th e  v e c t o r  o f  th e  p a r a m e te r s  w h ic h  h a d  d im e n s io n  /.
T h e  w a te r  n e tw o r k  su p e r s tr u c tu r e  m o d e l  w a s  fo r m u la te d  a s  

m ix e d - in te g e r  n o n lin e a r  p r o g r a m m in g  (M I N L P ) . T h e  m o d e l  c o n s is t e d  o f  m a s s  

b a la n c e  e q u a t io n s  fo r  w a te r  a n d  th e  c o n ta m in a n ts  fo r  e v e r y  u n it  in  th e  n e tw o r k .  
A c c o r d in g  t o  th e  a b o v e  g e n e r ic  e q u a t io n s , th e  m a th e m a tic a l  fo r m u la t io n  o f  th e  
n e tw o r k  c o n s tr a in ts  a n d  o b j e c t iv e  f u n c t io n  in th is  w o r k  w a s  a d o p te d  a n d  a p p lie d  

fr o m  Q u a g lia  e t al. ( 2 0 1 2 ) ,  w h ic h  th e  c o n t in u o u s  v a r ia b le  X w a s  f l o w  ra te s  a n d  s p lit  

fa c to r s  a n d  th e  d is c r e t e  v a r ia b le  w a s  th e  s e le c t io n  o f  th e  in te r v a ls  (w a s te w a te r  s o u r c e ,  
w a te r  s in k , p r o c e s s  in te r v a l o r  b y p a s s )  w h i le  th e  p a ra m eters  p  w e r e  a n y  n e c e s s a r y  
in p u t d a ta . In  a d d it io n  to  th e s e ,  t h e  o b je c t iv e  fu n c t io n  w a s  t o  m in im iz e  th e  to ta l  
a n n u a liz e d  c o s t  c o n s i s t in g  o f  th e  in v e s tm e n t  a n d  o p e r a t in g  c o s t s  o f  tr e a tm e n t u n its  

a n d  th e  s a v in g  c o s t  fr o m  r e c y c l in g  o f  w a ter .
3 .2 .4 .2  M o d e l P ro g ra m m in g  F orm ula tion

T h e  M ix e d  In te g e r  N o n -L in e a r  P r o g r a m m in g  ( M I N L P )  in  
th is  m o d e l  a n d  p r o b le m  c o u ld  b e  r e d u c e d  to
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3.2 .4 .2 .1  M ix e d  In te g e r  L in e a r  P ro g ra m m in g  (M ILP )
In  r e g a r d  to  s e c t io n  3 .2 .4 .1  i f  t h e  s p l i t  fa c to r s  w e r e  s e t  

t o  b e  1 a n d  n o t  in c lu d e d  a s  th e  o p t im iz a t io n  v a r ia b le s , th e  c o n s tr a in t s  a n d  o b j e c t iv e  

f u n c t io n  w e r e  l in e a r . H e n c e , th e  o p t im iz a t io n  v a r ia b le s  w e r e  o n ly  t h e  b in a r y  

v a r ia b le s  (d is c r e te  v a r ia b le )  a n d  th e  c o m p o n e n t  f l o w  ra tes ( c o n t in u o u s  v a r ia b le s )
3 .2 .4 .2 .2  N o n -L in e a r  P ro g ra m m in g  (N LP )

In  reg a rd  t o  s e c t io n  3 .2 .4 .1  i f  a  b in a r y  c o n f ig u r a t io n  

w a s  f ix e d  a n d  tr e a te d  a s  p a r a m e te r s , th e  c o n s tr a in t s  a n d  o b j e c t iv e  fu n c t io n  w e r e  n o n 
l in e a r  b e c a u s e  o f  th e  a p p e a r a n c e  o f  b i l in e a r  te r m s  b e tw e e n  th e  o p t im iz a t io n  v a r ia b le s  

( f l o w  ra te  t im e s  s p lit  fa c to r s ) .
3 .2 ,4 .3  So lu tion  f o r  a n  O p tim iza tio n  P roblem

M ix e d  I n te g e r  L in e a r  o r  N o n -L in e a r  P r o g r a m m in g  

(M I L P /M I N L P )  p r o b le m  fo r m u la te d  w a s  s o lv e d  in  G e n e r a l A lg e b r a ic  M o d e l l in g  

S o f t w a r e  (G A M S  v e r s io n  2 3 .9 .5 )  to  id e n t ify  th e  b e s t  w a s te w a te r  tr e a tm e n t n e tw o r k  
a m o n g  a l l  th e  p o s s ib le  p r o c e s s  p a th s  a c c o r d in g  t o  a  s e le c te d  o p t im u m  c r ite r io n  a n d  
m in im u m  to ta l  a n n u a l iz e d  c o s t .

H o w e v e r , M I L P  m o d e l  w a s  g e n e r a lly  s o lv e d  d ir e c t ly  b y  

m a n y  s o lv e r s  in  G A M S  w h i le  M I N L P  w a s  a s s o c ia t e d  w ith  t h e  n o n - l in e a r  e q u a t io n  
a n d  n o r m a lly  h ard  to  b e  s o lv e d  d ir e c t ly . T h u s , th e r e  a re  s e v e r a l  w a y s  b a s e d  o n  

d if fe r e n t  s ta te -o f -a r t  s o lu t io n  s t r a te g ie s  a n d  n a tu r e  o f  th e  p r o b le m s  ( J e z o w s k i ,  2 0 1 0 )  

t o  c o p e  w ith  s u c h  d i f f ic u lt y  s u c h  a s  d ir e c t  l in e a r iz a t io n , g e n e r a t io n  o f  g o o d  s ta r tin g  

p o in t ( s ) ,  s e q u e n t ia l  s o lu t io n  p r o c e d u r e , m e ta -h e u r is t ic  o p t im iz a t io n  a p p r o a c h e s  a n d  
g lo b a l  (d e te r m in is t ic )  o p t im iz a t io n .

3 .3  A n a ly z e , E v a lu a te  a n d  I n te r p r e t  th e  R e s u lt

T h 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  w a s  id e n t if ie d , a n d  th e  e v o lu t io n  
o f  e a c h  s p e c i f i c  c o n ta m in a n t  in  t h e  tr e a tm e n t  tr a in  w a s  tr a c k e d  to  o b ta in  t h e  s tr e a m  

ta b le  ( i f  re q u ired ). F u r th e r m o r e , th e  in fo r m a tio n  o n  th e  e c o n o m ic  w a s  o b ta in e d , s u c h  

a s  th e  to ta l c a p ita l  c o s t ,  th e  o p e r a t in g  c o s t  a s s o c ia te d  w ith  th e  w a s t e  a s  w e l l  a s  

u t il i t ie s .  S ta t is t ic s  w it h  r e s p e c t  t o  th e  c o m p o s i t io n  o f  th e  w a te r  d is c h a r g e d , w a s te d  
a n d  r e c y c le d  w e r e  a ls o  ex tr a c te d . In  a d d it io n , th e  o p tim a l n e tw o r k  o f  e a c h  c a s e  ( th e
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c a s e  w it h  r e c y c l in g  to  th e  o n e  w it h o u t  r e c y c l in g .)  w a s  a n a ly z e d  a n d  th e  o p t im a l  

w a te r  f l o w  ra te  th r o u g h  th e  n e tw o r k  a n d  t o  th e  r e c y c le  w a s  c a lc u la t e d  a s  w e l l  a s  th e  

v a lu e  o f  th e  o b j e c t iv e  fu n c t io n  a n d  th e  in d ic a to r s  fo r  e c o n o m ic  b e n e f i t s  to g e th e r  w ith  

e n v ir o n m e n ta l  im p a c t.
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