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Abstract

This work presents a mathematical technique for the synthesis of inter-plant water net-

work, where some of the plants involve batch and continuous processes. To integrate both

kinds of process units, two scenarios are investigated. Scenario one is for continuous units

in majority, a two-phase approach is proposed for this scenario. First, all batch units are

treated as operating in continuous mode, and the inter-plant water network is synthesized

for minimum fresh water consumption. Policy of water storage for these batch units is

then determined, on which they can be operated as continuous units with the aids of a pair

of input/output storage tanks for each batch unit. The objective of the second phase is to

minimize the capacity of storage tanks subject to determined water flow rates. Scenario

two is for batch units in majority, where each continuous unit is divided into a series of

batch operating sections according to the start and end times of existing batch units. A

batch water network with or without storage tanks is synthesized accordingly. The model

formulation is based on superstructures, and the system is designed according to two ob-

jectives including the minimization of fresh water consumption and the minimization of

storage tank size. Illustrative examples are supplied to demonstrate the applicability of

proposed schemes for inter-plant water network synthesis.
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� B � � � ! E Z [ P a b !  � E N O k S � � � " � � � a ¬ Q

 ! E � V � � x � V � K L M E � � P

1.2 p r s t

� !  � E N O I t 9 � �  � 
 A u � � M D � � 	 � K v 7 -

Takama(1980) [25] Z A u � � K P E !  � D E K L M l m � � V T S
8 E F / � I � I E !  � @ R � � o « � � ! 	 > ? K ? C ! ! �
# F � � � � : e E ® 5 P 4 � !  � I t N O E � ; %  � p � 2
F D � $ Q 2 p ; � � � (pinch analysis) E F D � $ * 2 x 7 . A B C
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D (mathematical optimization)P Smith K Wang(1994) [26] [27] J O � ¯ � � �

E ; � � � � 	 � k !  � � � � � V ; � � � � 5 � � � V I 
 E
F / � ! ! � ? K = M � ; � � � D ' © � � b i " � d l � m E
� � K � � < � � !  � D E N O � � � ] � � 
 �  E K # � = 7
Limitimg Profile E " # Z Z P 6 � Alva-Argaez Z g [11] > � V � " # � N

O � ; T S 8 E K L M !  � N O � k !  � D E l m � s t I . u
v w (Mixed Integer Non-Linear Programming, MINLP) l m ? R � � @ A D L
z K = E � � � � � x z & ! ! K = M P

Majozi and Zhu (2001) [21] [30] � � � Q � � s t I . v w (Mixed Integer

Linear Programming, MILP) U / � 
 � 
 ± ) (multipurpose) � / � � E I t
N O l m P Majozi (2005) [20] � x G Q e � � � s t I . u v w (MINLP)

E F / � " 
 � , (multiproduct) K 
 ± ) (multipurpose) E � / � � � �
! K L M E � � � ) O z &  C 
 � B E 3 Y 6 Z � � � a ) O � V
! ? � K = # � E > i P n � F G E � ² M 3 a � Q Q �  E !  �
N O � � � I � 
 R �  0 p � � G Q e � � ! E d z � V ¨ � � �
 E !  � I t x 7 v w E P

$ Q R � � � �  E !  � I t E Olesen and Polley (1996) [24] � Q � V
; � � � D � � ³ � I (load table) G 4 k I R S 8 �  o � 
 = S 8 P
� � 6 �  F G E � ² B � V . A B C D � Lovelady and El-Halwagi (2009)

[17] p � ? C Q R � � " 
 R V W �  E � � ! � V ? � � � � � �  

E !  � I t P § 4 � � d � Liao Z g [16] 5 � 
 � 	 (multi-period) E
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l m � 
 �  E !  � @ R � Chew Z g [6]5 � D E � 	 E E � �  !

 � @ R � Chew and Foo [5] k ´ V L � Z [ E � � m Q Q �  J W � �
�  !  � E l m � K � Chen Z g (2010) [3] � V �  	 (central) � � �
 " (decentralized) E water main � � �  E !  � I t � S 8 P Q M Q ;
< � Y  Z w P

1.3 C � D E � F G � D E � H I

� Q � � � a E 1 i � � # O / E ) V K V # O / E ) V  � � �
� S � p � 2 : # O / 1 i (continuous) K � / 1 i (batch)P 4 � u %  E
� 
 x � � � / � 0 	 K P 4 # O / B � 0 	 C P P

Q � " � � / 1 i K # O 1 i %  V W E T U � Z �

1. � � / 1 i a � d � ) 7 � � G � ; < Q  � # O 1 i a B 7 #

O G � N � Q  P

2. � � / 1 i a � V W � , E # � � v S � V W � # O 1 i E � v
B · ! � ¸ Q � P

3. � � / 1 i a � � i � � o � d � S � � # � N � a � B 0 C D
� # O 1 i a B v w # O Q D � o P

4. � � / 1 i a � : ¡ E ; < 0 	 ¹ E � 4 # O 1 i 0 	 ¹ � P

� � � � : U 6 l � K � S � � � i � a � � / 1 i º # O 1 i � Y
# � � E Z w � n 7 � / 1 i � ; < � E N � � ¹ # O / � E � � 4
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� u K � E � � � � # O / E Q  E ; < p F , X � (steady state)� � /
E B p u F , X � (unsteady state)P 4 � , � � a k - " � u ( � Q R !

 � � E I t � � V 
 � � E D E G H ; < 0 	 � E l m � & � K L
M E N O P

1.4 [ \ ] ^ � _ `

, � 	 7 V . A B I D � � T S 8 � 4 T S 8 " ¼ � � �  :  S
) E a v # E � N O E S 8 B V s K I . u v w (mixed-integer nonlinear

program) 6 U 6 P § 4 � 9 ½ E � ² a W Q �  E V ! Q  � p # O /
N � / E Q  � n  A �  " E V ! Q  : 7 � u �  � : � � � -
" � 2 3 Y Z � � V W E 
 � F J P

1. � �  " E 1 i V ! Q  � # O / Q  p % 0 P

2. � �  " E 1 i V ! Q  � � / Q  p % 0 P

� �  " E 1 i V ! Q  � # O / Q  p % 0 : � � � � � � & � E F
D � $ Q & � 9 k :  E � / Q  E ; < � p # O / Q  � � V W E
�  6 	 K L � central main� � ¬ R �  " K L � decentralized main © ±
) x = 7 R M N E � p � & V ! Q  	 a v P M � G Q e E ( � � �
 !  � E N O I t $ Q R Z [ \ . p K = � � ! E 	 > ? ( k � Chen

et.al(2010)[3])� 4 $ * & � B 7 N O � / Q  O V E 
 � � G � h ) ?
E � = � Q R � / Q  D � � R 
 � � � B S � p # O / Q  ; < �
§ 4 $ * R Z [ \ . B p K = M 
 � � E � =
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� �  " E 1 i V ! Q  � � / Q  p % 0 : � � k # O / 1 i V !

Q  ; < 0 	 �  p 
 R 0 	  	 � 4 �  0 	 � � � � / 1 i V !

Q  c � � S � E 0 	 � ( N O � 4 $ Q R Z [ \ . p K = M � � !

	 > ? � p � & � V W E !  � S 8 � G Q e ( � $ * R Z [ \ . K
= M � p � = P

' � , � 	 - " � R V W E l m � � ¬ ´ E 
 � F J � a b . A B
C D � � E T S 8 � G Q e � � Z [ \ . E Z E � N O � K L M E !

 � S 8 @ R P
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1.5 V W X Y

, � i � p E R F B � ¼ � �

$ Q F q � �

a b !  � @ R E N O � � � � ; g h � � 	 V ¾ � � d c � d
� K P E � ² : � � E . A U r ¼ � ; � � � D ( insight-based pinch

analysis) K . A B C D ( mathematical optimization)P

$ * F � �  !  � K L M U / f 8 - V ! Q  � # O / p % 1 i �

' 9 . / f 8 U r E g h � B C , � 	 L t E l m h � � § � �
� : ¡  E i N Á Â � E Z � 
 Ã . A U r : � V � E < j � k
. � n . E d l � m � K � 7 K P { n / E 
 Ã � � 5 � Z [ \
. P K � � : f g E . A U r � � V Z [ \ . � K L M !  � N
O � � � � � � 5 �

$ o F � �  !  � K L M U / f 8 - V ! Q  � � / p % 1 i �

a b f 8 U r E g h � D t � 	 L t 
 � E l m � � � : ¡  E
i N Á Â � G Q e 
 Ã T S 8 : V � E < j � k . � n . E d l
� m � P � v  E { n / � 5 � Z [ \ . P - " d R + p � � V
Z [ \ . � � K L M S 8 � � � � � � 5 � P

$ E F S � � C � ; q �

p , � � : � � E l m � � � S � 5 � C � E S ) � ; w P
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2
e f g h i j k l m { | }

n - o h p q r s t | u v w
x

2.1 ~ � � � � � �

Q � 4 � � Q R !  � E N O %  - E R P ,  � : H o : (1) 
 @

! � � (Source)� ¼ � K � { E Q | ! (Primary Water)� } ~ �  ! 2 d E
5 | ! (Secondary Water)� K � @ l E � ! (Wastewater)� (2) ¡  L M ! 2
d ³ � E 1 i V ! Q  (Water-using Unit)� (3) ) O k ¹ � ! 2 d G � E
! ! n o � { ! E ! ! @ l Q  (Treatment Unit)� (4) � � K � E ! ! >
c ( @ (Environment)� n � I � � / � # O / V ! Q  ; < 0 	 � E V
W : � � � v w P � 
 � � (Storage Tanks) � � � / V ! Q  � Ä 2.1 �
' � � � ) k � / Q  � p # O / Q  � � � � � K L M E !  � I
t P ! � � G � - � / � # O / V ! Q  � ! ! @ l Q  � � 
 � �

9



10 y z � � � � � � � � � � � - � � � � � � � � � � � �

Å 2.1 � / 1 i Q  � 
 � �

Batch 

water-using 

unit 
Mic

load

Storage       

Tank 1

Storage       

Tank 2

F
in

F
out

M S

Pseudo-continuous unit

: e o E !  � � I - � 
 K P E { n / (Constraints)� � D t � ! ! >
c F � E K P B , � � I L � � Q R K L M E !  � N O P � 2001 �
0 � Feng and Seider [7] � � � Q R � E N O � � V ! Q  6 	 E # S �

� � V Water Main W � P M !  � E S 8 G Q e E � ; < � Z w M � P
n � F � E � ² M Æ � � Q Q �  E !  � N O � p � j � ! E H c
� V ¨ � � ? C � ! E > c ? � � 	 E � � m Q Q �  E l m J W �
� �  E l m P � 2008 � 0 � - Chew et.al [6]� � � R - " � �  E N
O � D E I t (Direct integration) K 	 E I t (Indirect integration)P D E I t
� Ä 2.2 : � � � � �  E !  � N O 7 - a v D E # E V W E �  P
4 	 E I t � Ä 2.3 : � � � V W E �  a 	 P � � Q R central main�
:  � �  a v E # S M v w a b central main ( ) � � � � Q R �  P
Central main x = 7 Q R M N E � p o « a v # E E � � w � G 4 � N O
� � � P Q P



2.1 � � � � � � � 11

Å 2.2 D E I t ( V � central main)

Plant A

Plant B

Å 2.3 	 E I t ( � central main)

Plant A

Plant B
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2.2 ~ � � � � � � � � � �

- � � � � � E V !  � S 8 K � E � � � , � 	 p � P M l m E
� � � � � f 8 U / ½ ( V � � � / 1 i V ! Q  N # O / 1 i V ! Q

 p %  0 )� M v w � Z � E i N �

1. 1 i V ! Q  E . ? 7 Ç � Q � , E P

2. ¬ V ! Q  G � h G � { n M  © K � � P

3. ¬ ! ! @ l Q  G h   E K � G � { n P

4. b Q R 1 i V ! Q  a � v w 9 L M E ? ? ³ � 7 � , E P

' � I R U / S � T U � Z �

� 4 u � ] �

(a) ! � � E 2 ^ � ! ? G � P
(b) b R ! ! @ l Q  : � ] E K = � h G � N 7 L M ¨ P
(c) b Q R # E a v E ) ? � Z { E { n P
(d) � � E a v # E { n P

� U / O � � �

(a) ¬ Q  	 K ¡ a v E # E 3 e P
(b) ¬ � � a v E ! ) ? � P
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(c) ¬ V ! Q  � L G � h G � X Y P

U / E Z [ 7 � � � !  � N O � y b U | & � Q R K L M E !

 � S 8 � � � o �

(a) K C � � ! E 	 > ? P
(b) K = M 
 � � E � = P

2.3 ~ � � � � � � ¢ £

' 9 � � k 9 - " � 1 i V ! Q  � # O / Q  p %  0 � � 0
!  � E @ R - � / � # O / V ! Q  � water main� ! ! @ l Q  K

d z � ! E � p : 8 o � P � � E R  � 4 � ; � � E T S 8 � S �
Ä 2.4 K Ä 2.5 P - � � R I S � M � � � Q  6 ½ M  Q R s t �

(Mixer)� � F > k � ´ ¬ R V W � � E ! ) � f � Q � � 6 � � Q � E
� � Q  a � � � � � Q  6 � �  Q R � V � (Splitter)� Z E 7 k �
� ) ¥ © A Q  E ! ) � Q R � V E V < P Ä 2.6 : 6 � E B p Q R "
# w E T S 8 � � I Q  :  S ) # E E a v P T S 8 " ¼ � � � !

E � � � � / � # O / V ! Q  � water main� ! ! @ l Q  � d z �
! E � p K � ! > c � E � ´ § c £ a ( � � ) � � � )P n � � � �
� a � ! ! @ l Q  %  S 9 � p � 2 2 ^ � Q 2 7 L M � , L M ¨
E Q  � Q 2 7  K « � h G � E Q  P � � 2 ! ! @ l Q  M  S
) � R � ¬ R �  6 " P
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Å 2.4 T S 8 (Superstructure)

S
Water                  

Main 
M

From  

Water 

Using Unit 

To     

Water 

Using Unit 

From  

Treatment 

Unit 

From    

Other 

Water  

Main To Other 

Water 

Main 

To  

Treatment 

Unit 

To  

Receiving 

Tank 

outin

S
Water Using 

Unit 
M

From 

FreshWater 

Supplied 

From 

Water 

Main 

To 

Water 

Main 

To  

Receiving 

Tank 

Mic

load

outin



2.3 � � � � � � � ¦ § 15

Å 2.5 T S 8 (Superstructure)

S
Treatment            

Unit 
M

From Other  

Treatment 

Unit 

From     

Water  

Main 

To  

Water 

Main 

To Other 

Treatment 

Unit 

To  

Receiving 

Tank 

mtc

remove

outin

S
Receiving           

Tank 
M

From  

Water 

Using Unit 

From   

Treatment 

Unit 

From     

Water  

Main 

To  

Environment 
outin
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Å 2.6 " # w E T S 8
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2.4 ~ � � � � � � � � ¨ © �   � ¨ © ¡  
( Indices, Sets, Parameters, and Variables)

f g U / E '  e ª x 7 � , @ R a E < j (indices)� 3 t (sets)� @
R k . (parameters) � � @ R n . ( ¼ � # O n . � 0-1 n . )(variables)� ,
� k � 
 � � 2.4.1 B -2.4.4 B P

2.4.1 �  � � ! � B � � (Indices and Sets)

� � " E � [ < j 7 � U 6 d Â E < j � + � � i 7 � 1 i V ! Q

 � t 7 � ! ! @ l Q  ... Z � 4 � U / a : � V E # É k . � n . «

� � R � [ < j P � § � U / a : ¡  E 3 t � k Q Q a b � + � �

I p :  1 i V ! Q  6 3 t � T p :  ! ! @ l Q  6 3 t ... Z � -

6 2.1 S � � M � @ R a :  E � [ < j � 3 t . / P



18 y z � � � � � � � � � � � - � � � � � � � � � � � �

Ê 2.1 � [ < j � 3 t . /
c ∈ C :  ! 2 d 2 ^ 6 3 t
e ∈ E K � ! 2 d > c � c £ E 2 ^ 6 3 t
i ∈ Ic :  # O / 1 i V ! Q  6 3 t
i ∈ Ib :  � / 1 i V ! Q  6 3 t
i ∈ Ip � �  p " :  V ! Q  6 3 t
m ∈M :  water main 6 3 t
Mcen :  �  6 	 E water main 6 3 t
Minn ={Mp, p ∈ P}, :  � �  p " E water main 6 3 t
M =Minn ∪Mcen

n ∈ N :  0 	 	 � 6 3 t
p ∈ P :  �  6 3 t
r ∈ R :  ! ! z 3 � 6 3 t
t ∈ T :  ! ! @ l Q  6 3 t
T cen :  � �  6 	 E � ! @ l Q  6 3 t
T dcen ={Tp, p ∈ P}, :  � �  p " E � ! @ l Q  6 3 t
T = T inn ∪ T cen

t ∈ T C K « � h G � E ! ! @ l Q 
t ∈ T R � , L M ¨ E ! ! @ l Q 
T = T C ∪ T R

w ∈ W :  � � ! � � 6 3 t
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2.4.2 � � � $ (Parameters)

� , B k a b U / a : ¡ E P , � ¢ � j ¡  � 4 u : s � E k .
� + � � C in

ic,max 6 � ! G � 1 i V ! Q  i 0 � ! 2 d 2 ^ c E K � S
� � 6 G � G � 7 Q R 9 � , E � , � � 4 © f k . 6 , m � � ^ £
� � 6 2.2 : � P
Ê 2.2 @ R k .
Cmax
ec c £ e S @ � K � ! 2 d E G �
C in
tc,max ! G � ! ! @ l Q  t 0 � ! 2 d 2 ^ c K � S � � 6 G � G �
Cout
tc ! V c ! ! @ l Q  t 0 � ! 2 d 2 ^ c K � 6 � h G �
C in
ic,max ! G � 1 i V ! Q  i 0 � ! 2 d 2 ^ c K � S � � 6 G ( G �
Cout
ic,max ! V c 1 i V ! Q  i� ! 2 d 2 ^ c K � S � � 6 � h G �
Cwc ! � � w : � ! 2 d 2 ^ c E G �
Fmax
e c £ e S @ � K � > � ! E ) ?
M load
ic � 1 i V ! Q  i a � ! 2 d 2 ^ c E ? ? ³ �
Rtc � ! ! @ l Q  t a � ! 2 d 2 ^ c E L M ¨
T

cyc
i :  V ! Q  Q R H c E 0 	
T

op
i � / 1 i V ! Q  ; < E 0 	
Z

op
in 0− 1 k . � 6 � � / 1 i V ! 7   � ; <
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2.4.3 � � � $ (Variables)

, B k a b � 4 n . � j U / s � E n . � ¼ � Q � E # O n . �
� � E 0 − 1 n . � � 2 V W E @ R n . P
0− 1 n . (binary variable)� 7 6 � Q R % Â � � N V � � E � � n .

� Q . � ® ) � � � 0 � 1 � u 6 Q � \ j 0 − 1 n . E S } V 7 0 x 7
1P + � � � ywi = 1 0 � 6 � m ! � � W ) � 1 i V ! Q  i E a v 7
� � E � � ywi = 1 0 � 6 � m ! � � W ) � 1 i V ! Q  i E a v 7
V � � E P 4 # O n . (continuous variable)� 7 � � Q , h � " :  S )
- . A r � & � E S } � p # É � � N Z � 0 E . � � © f 0 − 1 n .
� # O n . � 6 : � �

Ê 2.3 # O n .
cinic � 1 i V ! Q  i a � ! 2 d 2 ^ c E G � G �
cout
ic � 1 i V ! Q  i a � ! 2 d 2 ^ c E � h G �
cmc � water main a � ! 2 d 2 ^ c E G �
crc � ! ! z 3 � r a � ! 2 d 2 ^ c E G �
cintc � ! ! @ l Q  t a � ! 2 d 2 ^ c E G � G �
cout
tc � ! ! @ l Q  t a � ! 2 d 2 ^ c E � h G �
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Ê 2.4 # O n .
f in
i G � 1 i V ! Q  i E � ) ?
f out
i V c 1 i V ! Q  i E � ) ?
fim 1 i V ! Q  i � water mainm E � ) ?
fir 1 i V ! Q  i � ! ! z 3 � r E � ) ?
f in
m G � water mainm E � ) ?
f out
m V c water mainm E � ) ?
fmi water mainm � 1 i V ! Q  i E � ) ?
fmm′ water mainm � � Q R water mainm′ E � ) ?
fmp water mainm � �  p E � ) ?
fmr water mainm � c £ r E � ) ?
fmt water mainm � ! ! @ l Q  t E � ) ?
fpm �  p � water mainm E � ) ?
fpr �  p � c £ r E � ) ?
f in
r G � ! ! z 3 � r E � ) ?
f out
r V c ! ! z 3 � r E � ) ?
fre ! ! z 3 � r � c £ e E � ) ?
f in
t G ( ! ! @ l Q  t E � ) ?
f out
t V c ! ! @ l Q  t E � ) ?
ftm ! ! @ l Q  t � water mainm E � ) ?
ftr ! ! @ l Q  t � ! ! z 3 � r E � ) ?
ftt′ ! ! @ l Q  t � � Q R ! ! @ l Q  t′ E � ) ?
fwi ! � � w � 1 i V ! Q  i E � ) ?
fwp ! � � w � �  p E � ) ?
f *,in
in *∈{s1,s2}, G � 
 � � E � ) ?
f *,out
in *∈{s1,s2}, V c 
 � � E � ) ?
mremove
tc � ! ! @ l Q  t a � ! 2 d 2 ^ c : 9 L M E � ?
q∗in *∈{s1,s2}, 
 � � E 
 � ?
q∗,sizein *∈{s1,s2}, 
 � � E � 
 � ?
y∗ 0− 1 n .

*∈{ mi,wi, im, ir, tm,mm′, mt,mr, tt′, rr′, tr, wp, pm,mp, pr}
∀i ∈ I, w ∈ W , m,m′ ∈M, t, t′ ∈ T , r ∈ R, e ∈ E

z∗,inin *∈{s1,s2}� 0 − 1 n . 6 �  C ) ? G � 
 � �
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2.5 � �   ¡ (Problem Statement)

� Q R � � " ¼ � � � 
 V W E �  � � � � � �  E 3 t p ∈ P�
� ¬ �  " �  � 2 V W E 1 i V ! Q  � � / 1 i V ! Q  i ∈ Ib�

# O / 1 i V ! Q  i ∈ Ic� : L M E ! 2 d 2 ^ c ∈ C �  � , E ? ?
³ � � � ] Q R � � ! E � � w ∈ W � ] V W G � E ! P � � � water

mainm ∈M � & !  � N O ; < � � F > � K � y - 7 ! z 3 � r ∈ R
z 3 :   > c � c £ E ! ! P :  � � E Z [ \ . p K = M � � !

	 > ? � D t � � E { n / � � �  !  � I t P � 1 i V ! Q  �
# O / Q  p %  0 � � � � o � & � E e ª ( I t � �  E !  �
� � Z k � 
 a b 6 P
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2.6 ¢ £ 1 ` & ' � (Constraints for Phase 1)

� I R . A B C D : B C E U r - " � �  !  � E I t � ¼ � �

 E d ) ) ? � = � ! 2 d > ? � = E { n / � ; < Á Â � E { n /
� � � � � { n / P � & � 1 0 :  E 1 i V ! Q  M � p # O / 1
i V ! Q  ; < 6 � ( I t Q R # O / E � �  !  � P U r E f g
P � T S 8 E N O ¼ � :  S ) E x � V (reuse) K x H c (recycle)P

2.6.1 ¤ ¥ ¦ § ¨ © ( ) * + , ! ª P + ,
(Flow Rate Balance and Contaminant Balance for Water-using
Unit)

Å 2.7 1 i V ! Q  E T S 8

S
Water Using 

Unit 
M

From 

FreshWater 

Supplied 

From 

Water 

Main 

To 

Water 

Main 

To  

Receiving 

Tank 

Mic

load

outin

Ä 2.7 : � � 1 i V ! Q  i E T S 8 � � G h   F G � � � I � ´
� � ! � � w � � � ´ water main mP � � h   F G � I E B  � water

mainm K ! ! z 3 � rP Ì (2.1) Í (2.2) T U 1 i V ! Q  E ) ? � = �
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G h   (Mixer) K � h   (Split)�

f in
i =

∑
m∈M

fmi +
∑
w∈W
fwi ∀i ∈ I (2.1)

f out
i =

∑
m∈M

fim +
∑
r∈R
fir ∀i ∈ I (2.2)

4 Ì (2.3) B T U ! 2 d > ? E � = � G h   � Ì (2.4) B p 1 i V ! Q

 E G � > ? � = { n / � M load
ic 6 � 1 i V ! Q  " � v w  9 d )

A « E ! 2 d ? ? P Ì (2.5) . / C � � G � N V c 1 i V ! Q  0 �
! 2 d E G � M v w  < t K � � { E { n P

f in
i c

in
ic =

∑
m∈M

fmicmc +
∑
w∈W
fwiCwc ∀c ∈ C, i ∈ I (2.3)

f in
i c

in
ic +M

load
ic = f

out
i c

out
ic ∀c ∈ C, i ∈ I (2.4)

cinic ≤ C in
ic,max; c

out
ic ≤ Cout

ic,max ∀c ∈ C, i ∈ I (2.5)

2.6.2 Water main ) * + , ! ª P + ,
(Flow Rate Balance and Contaminant Balance for Water Main)

Å 2.8 Water main E T S 8

S
Water                  

Main 
M

From  

Water 

Using Unit 

To     

Water 

Using Unit 

From  

Treatment 

Unit 

From    

Other 

Water  

Main To Other 

Water 

Main 

To  

Treatment 

Unit 

To  

Receiving 

Tank 

outin
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Ä 2.8 p - " water main N O E T S 8 � � G h   F G � I E  � ´
1 i V ! Q  i� © A E water mainm� � � ! ! @ l Q  t � � h   F G

B  ) � 1 i V ! Q  i� © A E water mainm� ! ! @ l Q  t� � � !
! z 3 � rP Ì (2.6) Í (2.7) 6 � ) ? � = � water main E G h   (Mixer)

K � h   (Split)� 4 Ì (2.8) B 6 � I R water main E ) ? � = P § 4 Ì
(2.9) p water main E > ? � = P

f in
m =
∑
i∈I
fim +

∑
m′∈M

fm′m +
∑
t∈T
ftm ∀m ∈M (2.6)

f out
m =

∑
i∈I
fmi +

∑
m′∈M

fmm′ +
∑
t∈T
fmt +

∑
r∈R
fmr ∀m ∈M (2.7)

f in
m = f

out
m ∀m ∈M (2.8)

f in
mcmc =

∑
i∈I
fimc

out
ic +

∑
m′∈M

fm′mcm′c +
∑
t∈T
ftmc

out
tc ∀c ∈ C,m ∈M (2.9)

2.6.3 ¬ §  ® ¨ © ¯ ) * + , ! ª P + ,
(Flow Rate Balance and Contaminant Balance for Treatment
Unit)

Ä 2.9 p - " ! ! @ l Q  : N O E T S 8 � � G h   F G � I E
 � ´ water main m K © A ! ! @ l Q  t′ 4 � � h   F G B � I ) �
water main m� © A ! ! @ l Q  t � � ! ! z 3 � rP Ì (2.10)-(2.12)p
! ! @ l Q  t� � G h   (Mixer) K � h   (Split) � � I R ! ! @ l Q
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Å 2.9 ! ! @ l Q  E T S 8

S
Treatment            

Unit 
M

From Other  

Treatment 

Unit 

From     

Water  

Main 

To  

Water 

Main 

To Other 

Treatment 

Unit 

To  

Receiving 

Tank 

mtc

remove

outin

 E ) ? � = P

f in
t =

∑
m∈M

fmt +
∑
t′∈T
ft′t ∀t ∈ T (2.10)

f out
t =

∑
m∈M

ftm +
∑
t′∈T
ftt′ +

∑
r∈R
ftr ∀t ∈ T (2.11)

f in
t = f

out
t ∀t ∈ T (2.12)

Ì (2.13) Í (2.14) p ! ! @ l Q  t E > ? � = � 4 Ì (2.15) Í (2.16) 6
� ! ! @ l Q  : L M E ? ? ³ � � Ì (2.15) p 6 � � , L M ¨ E !
! @ l Q  � Ì (2.16) B p  K « � h G � E ! ! @ l Q  P Ytc � Ì
(2.16) 6 � ! ! @ l Q  t " ! 2 d 2 ^ c E  Î @ l � � Ytc = 1 0 6 �

! ! @ l Q  t " ! 2 d c  � , � h G � E { n � Ì (2.17) 6 � G �
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! ! @ l Q  t E K � ! 2 d G � P

f in
t c

in
tc =

∑
m∈M

fmtcmc +
∑
t′∈T
ft′tc

out
t′c ∀c ∈ C,� ∈ T (2.13)

f in
t c

in
tc = m

remove
tc + f (out)

t cout
tc ∀c ∈ C, t ∈ T (2.14)

mremove
tc = f in

t c
in
tcRtc ∀c ∈ C, t ∈ T R (2.15)

mremove
tc = f in

t c
in
tc − [YtcCout

tc + (1− Ytc)cintc] ∀c ∈ C, t ∈ T c (2.16)

cintc ≤ C in
tc,max ∀c ∈ C, t ∈ T (2.17)

2.6.4 ¬ § � � � ¯ ) * + , ! ª P + ,
(Flow Rate Balance and Contaminant Balance for Receiving
Tank)

Å 2.10 ! ! z 3 � E T S 8

S
Receiving           

Tank 
M

From  

Water 

Using Unit 

From   

Treatment 

Unit 

From     

Water  

Main 

To  

Environment 
outin

Ä 2.10 p ! ! z 3 � E T S 8 � � ! ! z 3 � r E G h   � I � �
´ 1 i V ! Q  i� water mainm� � � ! ! @ l Q  t� § 4 � h   p :
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> c E c £ eP Ì (2.18)-(2.21)p ! ! z 3 � r E ) ? � = � > ? � = P

f in
r =
∑
i∈I
fir +

∑
m∈M

fmr +
∑
t∈T
ftr ∀r ∈ R (2.18)

f out
r =

∑
e∈E
fre ∀r ∈ R (2.19)

f in
r = f

out
r ∀r ∈ R (2.20)

f in
r crc =

∑
i∈I
firc

out
ic +

∑
m∈M

fmrcmc +
∑
t∈T
ftrc

out
tc ∀c ∈ C, r ∈ R (2.21)

4 > c � c £ E ) ? � ! 2 d G � E { n 6 � � Ì (2.22) Í (2.23) �
� a Yre p 0 − 1 k . � � Yre = 1 0 6 � ! H m ! ! z 3 � r ) � c £ e

fre ≤ YreFmax
e ∀e ∈ E , r ∈ R (2.22)

Yrecrc ≤ Cmax
ec ∀c ∈ C, e ∈ E , r ∈ R (2.23)

2.6.5 � � - . / (Logical Constraints)

y†F
L
† ≤ f† ≤ y†FU

† † ∈
{
im, ir,mi,mm′, mr

mt, re, tm, tr, tt′, wi

}
(2.24)

Ì (2.24) a b ¬ d ) a � ) ? E S � � � = h � � © a F L
† 6 � K �

a v a ! ) ) ? E K « S � � ) ? � FU
† B 7 K � a v a ! ) ) ? E �

{ k . � � � � � � . A U / a � � � 0 − 1 n . (Binary variables)� y†�
I � 6 � ° ! ) a v 7  � � � � � � � B y† = 1� Ï 6 � y† = 0� :
� I R { n / U 6 E � m � � ° Q R ! ) a v � � 0 � a v a E ! )

) ? v w � ) ? � Z { E h � � a P � � � ) ? � E { n / ( { n �
�  I t � E ; < { n P Ì (2.25) U 6 � V W �  " E 1 i V ! Q  K
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water main 7 V ) ¡ K # E E P 4 M′ ′
p 9 , m p M −Mcentral −Mp;Mcentral

K Mp B p � �  6 	 K � �  p " E mainP
∑
i∈Ip

∑
m∈M′′

p

(yim + ymi) = 0 ∀p ∈ P (2.25)

� !  � E N O � �  � 2 V W E main( �  6 	 E central main) K ( �
 6 " E local main)� �  6 	 E central main S � © A E central main � �
:  �  6 " E local main # E � n � V W �  " E local main 7 9 X ±

¡ K # E E � : � Ì (2.26) � { n / 7 ¡  E P
∑
m∈Mp

∑
m′∈M′′

p

ymm′ = 0 ∀p ∈ P (2.26)

2.7 ¢ £ 1 ` _ 0 1   (Objective Function for Phase 1)

� & � 1 0 � ! ! @ l Q  � � c £ > c � E { n 7 V 9 � I E P
' � :   P E { n / � k V 9 � I P : � Z [ \ . K = M � � ! 	
> ? (minimize fresh water consumption) p �

min
x1∈Ω1

J1 =
∑
w∈W

∑
i∈I
fwi (2.27)

� a x1 7 � n . � Ω1 7 � ¡  E { n / P � � U r E f g p Q R
s t I . u v w E l m (MINLP)

x1 ≡

⎧⎪⎨
⎪⎩
cinic, c

out
ic , cmc, crc, f

in
i , f

out
i , fim, fir, f

in
m, f

out
m , fmi, fmm′

fmr, f
in
r , f

out
r , fre, fwi, yim, yir, ymi, ymm′ , ymr, yre, ywi

∀c ∈ C, e ∈ E , i ∈ I,m,m ′ ∈M, r ∈ R,w ∈ W

⎫⎪⎬
⎪⎭

Ω1 = {x1 | / (2.1)− (2.11), (2.19)− (2.22), � (2.25)− (2.27)}
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2.8 ¢ £ 2 ` & ' � (Constraints for Phase 2)

� Ä 2.11 : � � - " Q R � / E 1 i V ! Q  D E � R � ) E 
 �
� � Q R 
 � � (Tank s1) c E � � / V ! Q  E ½ � V � 8 n G h E )

? � 4 � Q R (Tank s2) B c E � � / V ! Q  E � � ( 8 n � h E ) ?
P
Å 2.11 D E 
 � � E � / 1 i V ! Q  T S 8

Batch        

water-using 

unit b

Mic

load

Storage       

Tank 1

Storage       

Tank 2

Fi

in
Fi

s1,in in outouts1,out s2,in s2,out

M S

Pseudo-continuous water-using unit c

2.8.1 � � � (Tank S) ¯ � � � � (Storage Policy for Tank s1)

Ä 2.11 p 
 � � (Tank S) E T S 8 � - s t � G � � � / 1 i V ! Q

 E ! � � u � / 1 i V ! Q  ; < 0 	 0 � 9 
 � � 
 � � " � �
� / 1 i V ! Q  c � ; < 0 � � � ! E � ] P Ì (2.28) p G � � / 1
i V ! Q  i E ) ? � = � Ì (2.29) p � / 1 i V ! Q  E � h   ) ?
� = P

f in
in = F

in
i − f s1,in

in + f
s1,out
in ∀i ∈ Ib, n ∈ N (2.28)

f out
in = F

out
i + f

s2,in
in − f s2,out

in ∀i ∈ Ib, n ∈ N (2.29)
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Ì (2.30) p ; < { n Á Â Z E � { n 
 � � s1, s2 V ) � W Q R 0 	

	 � " 
 � ! � � � ! P

{
f *,in
in ≤ Fmax

i z
*,in
in

f *,out
in ≤ Fmax

i (1− z*,in
in )

∗ ∈ {s1, s2}, ∀i ∈ Ib, n ∈ N(2.30)

q*
in = q

*
i,N |n=1 +q*

i,n−1 |n>1 +(f *,in
in − f *,out

in )Δn ∗ ∈ {s1, s2}, ∀i ∈ Ib, n ∈ N(2.31)

q*
i,N |n=1 +q*

i,n−1 |n>1 +f *,in
in Δn ≤ q*,size

i ∗ ∈ {s1, s2}, ∀i ∈ Ib, n ∈ N(2.32)

Ì (2.31) Í (2.32) p 
 � � E ) ? � = � � 
 � � 
 � ! @ ? (qs1
in ) E

K � � (qs1,size
i )P Ì (2.33) Í (2.34) 6 � � � G � Q  Ib E ) ? � � � p

# O / 0 G � Q  Ib E ) ? P Q P Ì (2.35) p I R � / 1 i V ! Q 

Ib E ) ? � = ( i N ¥  � � ! E Ð & � ¦ ( )

f in
in = Z

op
inF

in
i

T cyc.

T
op
i

∀i ∈ Ib, n ∈ N (2.33)

T op
i =

∑
n∈N
Zop
inΔn ∀i ∈ Ib (2.34)

f in
in = f

out
in ∀i ∈ Ib, n ∈ N (2.35)
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2.9 ¢ £ 2 ` _ 0 1   (Objective Function for Phase 2)

� e ª 2� � � E Z [ \ . p K = M 
 � � E � = (qs1,size
i + qs2,size

i )Ì
(2.36) � � 0 E U r p s t I . v w E l m (MILP)P

min
x2∈Ω2

J2 =
∑
i∈Ib

fwi(q
s1,size
i + qs2,size

i ) (2.36)

� a x2 7 � n . � Ω2 7 � ¡  E { n / P

x2 ≡

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

f in
in, f

out
in , f

s1,in
in , f

s1,out
in

f s2,in
in , f

s2,out
in , qs1,size

i , qs2,size
i

qs1
in, q

s2
in, z

s1,in
in , z

s2,in
in

∀i ∈ Ib, n ∈ N

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

Ω2 = {x2 | / (2.28)− (2.35)}
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2.10 	 
 � ¨ © � 4 5 ~ 6 �  �  �

- � � 	 7 � � F G � � � D E

� , B � a b " � !  � @ R E 1 i V ! Q  � # O / Q  p % E
+ p � P � 9 ½ : � � E . A B C D E U r � 8 D { n / Ω � & � K
= M E N O S } � � G Q e � 9 � � � � 5 � P " � � �  !  � E
K L M I t � ² V � 2 V W E Z [ \ . � ' 9 � K = � � ! 	 > ? p
$ Q R Z [ \ . � G Q e � I 
 � � E o , 4 e # � $ * R Z [ \ .
K = M 
 � � E � = P

2.10.1 : ! " � �

, � 	 7 ² V Q � J ; E � & U / @ R G J � Generalized Algebraic

Modeling System(GAMS, Brooke et al., 1988)� � z 
 K L M . A B C l m P
, � 	 E . A U / - q r E s t I . E u v w B C (Mixed-Integer Non-

Linear Programming, MINLP) l m K s t I . E v w B C (Mixed-Integer Linear

Programming, MILP)� 4 � z 
 K L M l m E 
 m � (solver) F � � ² V E
MINLP solver p DICOPT 4 MILP solver p CPLEXP
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2.10.2 � � � § � � ¯ � F

� � � � E + p 7 - 3 R �  : H o � " �  15 R 1 i V ! Q  ( ©
a 3 R p � / 1 i V ! Q  )� 3 2 ! 2 d E 2 ^ P Ò 2.5 -2.8 p 1 i V
! Q  E ; < Á Â � k � Chen(2010) [3]P

I 6 " �  K � S � � E G h � � h G � � ¬ 2 ! 2 d E ? ? ³ �

K � / 1 i V ! E ; < 0 	 P
Ê 2.5 Plant A E 1 i V ! Q  ; < I 6

C in
ic,max Cout

ic,max M load
ic operating period

Unit operating mode Contaminant (ppm) (ppm) (g/hr) (h� T cyc = 10h)

1 batch c1 0 15 750 5− 10
c2 0 400 20000

c3 0 35 1750

2 continuous c1 20 120 3400 -

c2 300 12500 414800

c3 45 180 4590

3 continuous c1 120 220 5600 -

c2 20 45 1400

c3 200 9500 520800

4 continuous c1 0 20 160 -

c2 0 60 480

c3 0 20 160

5 continuous c1 50 150 800 -

c2 400 8000 60800

c3 60 120 480
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Ê 2.6 Plant B E 1 i V ! Q  ; < I 6
C in
ic,max Cout

ic,max M load
ic operating period

Unit operating mode Contaminant (ppm) (ppm) (g/hr) (h� T cyc = 10h)

6 continuous c1 150 900 22500 -

c2 700 4500 114000

c3 800 3000 66000

7 continuous c1 20 120 3400 -

c2 300 12500 414800

c3 45 180 4590

8 batch c1 120 220 5600 0− 5
c2 20 45 1400

c3 200 9500 520800



36 y z � � � � � � � � � � � - � � � � � � � � � � � �

Ê 2.7 Plant C E 1 i V ! Q  ; < I 6
C in
ic,max Cout

ic,max M load
ic operating period

Unit operating mode Contaminant (ppm) (ppm) (g/hr) (h� T cyc = 10h)

9 continuous c1 0 50 1250 -

c2 0 100 2500

c3 0 50 1250

10 batch c1 0 100 7000 3− 8
c2 0 300 21000

c3 0 600 42000

11 continuous c1 20 150 4550 -

c2 50 400 12250

c3 50 800 26250

12 continuous c1 50 600 22000 -

c2 110 450 13600

c3 200 700 20000

13 continuous c1 20 500 3840 -

c2 100 650 4400

c3 200 400 1600

14 continuous c1 500 1100 30000 -

c2 300 3500 160000

c3 600 2500 95000

15 continuous c1 0 15 675 -

c2 0 400 18000

c3 0 35 1575
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2.10.3 : < " 	 
 § � � * = > ? @ A C D ! # $

� � Z [ \ . Z � � � ® O Æ � N O 1 i V ! Q  ( K = M � �
! E 	 > ? � � � � � � � 9 ½ 3 R �  � � ¬ �  6 " � � Q R
decentralized main� � � �  6 	 P � Q R central main P S & � � � � !

E 	 > ? p 362ton/hrP Ä 2.12 p I R !  � K L M � E S 8 P
Å 2.12 !  � S 8 K L M 6 S }

Plant B

Plant C

Plant A

1.6

8.0

2.9

65.0

34.0

7.9

54.8

27.3

34.0

53.3

35.0

40.0

8.0

49.9

9.3

30.3

2.7

1.1

1.2

50.0

45.1

8.0

25.0

70.0

29.4

25.1

5.4

45.0

2.9

13.8

1.4

49.9

33.1

5.0

55.3

106.8

199.9

MB

Central Main

18.5
8.8

51.7

17.6

2.5

0.7

3.7

MA

0.4

1.3

3.7

0.9

49.1

MC

5.0

22.1
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2.10.4 : < " � G H < = > ? @ A C D ! # $

� � Z [ \ . 1 : & � E !  � S 8 � G Q e ( K = M � / 1 i V
! Q  O Ó E � R � p � = � � � G � � / 1 i V ! Q  E ! ) ? �
= S & � Z E S } P
Å 2.13 
 � � " E 
 � ! ? n M - Q  1

Storage 

(ton)

Time (hr)

Storage Profiles of Tank Pairs

50 10

250 Tank S1

Tank S2

Å 2.14 
 � � " E 
 � ! ? n M - Q  8

Storage 

(ton)

Time (hr)

Storage Profiles of Tank Pairs

50 10

274.5
Tank S1

Tank S2

� Ä 2.13 f Ä 2.15 : � � � S & � G � � p E ! ) ? � = K � p "


 � ? E n M � G Q e E � � S & � Q  1 E � R � p � = p 250(ton)�
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Å 2.15 
 � � " E 
 � ! ? n M - Q  10

Storage 

(ton)

Time (hr)

Storage Profiles of Tank Pairs

30 10

350

8

210

140

Tank S1

Tank S2

250(ton)� Q  8 E � R � p � = p 275(ton)� 275(ton)� Q  10 E � R �
p � = p 350(ton)� 350(ton)P
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3
e f g h i j k l m { | }

n - o h p q r h | u v w x

3.1 ~ � � � � � �

1 i V !  � K L M N O 7 - d R � ! K P E ' � : e o E � � 

p (1) ! � � (Water Source)� ¼ � K � { E ³ ! (Fresh Water)� � � ! 2 d

G � ¹ � E ! ( � ´ © A Q  N 
 � B )� E  � @ l E � ! (Wastewater)�

(2) ¡  L � ! 2 d ³ � E 1 i V ! Q  (Water-using Unit)� (3) ³ i 
 �
S x � V E ! ! E 
 � � (Storage Tank)� (4) K � ! ! > c E c £ (Environment)�
- ! � � G � 1 i V ! Q  � � 
 � B 8 o !  � � � b R Q  K Q

 6 	 M S � ¡ K � � d ) � � S y - 
 � � E � c � © A Q  � V
� ' � !  � E N O  � 
 S ) � n y - K P { n / E B , � K � �

� # K L M E !  � S 8 � Ä 3.1 . / , F B N O l m E " # P K L M
E © a Q R S } � x 7 K = M � � ! E 	 > ? � � 	 > K C ? E � �

41



42 y z � � � � � � � � � � � - � � � � � ° � � � � �

! E 3 Y Z � x z & K = 
 � � E � = � � � j S & � � � I E K L
M !  � S 8 P
Å 3.1 !  � N O l m

Continuous 

unit

Batch 

unit
Tank

Tank

Constraints

Fresh water Wastewater

Water Network Design

3.2 ~ � � � � � � � � � �

- � � � � a � L E 1 i G H 0 E 3 Y K � � � � ' � p � P M l
m E � � � � � f 8 U / ½ v w � Z � E i N �

1. 1 i V ! Q  K 
 � � E . ? 7 Ç � Q � , E P

2. @ R a E ¯ I t 7 V 9 � I E P

3. b Q R 1 i V ! Q  a � v w 9 L M E ? ? ³ � 7 � , E P

' � I R U / S � T U � Z �

� 4 u � ] �

(a) ! � � E 2 ^ � ! ? G � P
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(b) b R 1 i V ! Q  G � h E K � � � G � { n P
(c) b R 1 i V ! Q  " : � E � @ l ! 2 d E ³ � ? P
(d) b R 1 i V ! Q  K a 	 
 � B ³ � ! ? E � { P
(e) I R i � E ; < 0 	 P

� U / O � � �

(a) ¬ Q  	 K ¡ a v E # E 3 e P
(b) ¬ � � a v E ! ) ? � P
(c) ¬ V ! Q  K 
 � � � L G � h G � X Y P

U / E Z [ 7 � � � !  � � y b U | & � Q R K L M E !  �
S 8 E � 4 � � � o �

(a) K C � � ! E 	 > ? P
(b) K = M 
 � � E � = P



44 y z � � � � � � � � � � � - � � � � � ° � � � � �

3.3 ~ � � � � � � ¢ £

, F B : - " E l m p � 1 i V ! Q  � � / Q  p % � 4 f 8 6
!  � T S 8 %  S � � p � R F G � 1 i V ! Q  (Ä 3.2 ) K 
 � �
(Ä 3.3 )� � Q  6 ½ M  Q R s t � (Mixer)� � F > k � ´ ¬ R V W
� � E ! ) � f � Q � � 6 � � Q � E � � Q  a � � � � � Q  6
� �  Q R � V � (Splitter)� Z E 7 k � � ) ¥ © A Q  E ! � Q R �

V E V < P Ä 3.4 p Q R " # w E T S 8 � � � S 8 a � l ! � � ® �
I ³ ! � ! ! > c ( @ � ® � I Q R ( � � B V �  
 � V � I a ©
A F G / 6 � !  � � Q  	 E :  # E S ) w P a b � U E a b �
I R T S 8 !  � Ç  : e E Ô 8 � 4 Z � E F B k � G � E a b b
R d l ? : U 6 E d l � m � K P { n / P
Å 3.2 T S 8 (Superstructure)

S
Water Using 

Unit 
M

From Other 

Water Using 

Unit 

To Other 

Water Using 

Unit 

From 

FreshWater 

Supplied 

From 

Storage 

Tank 

To 

Storage 

Tank 

To  

Environment 

Micn

load

out

 qi in qii n

in
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Å 3.3 T S 8 (Superstructure)

S
Storage              

Tank 
M

From  

Water 

Using Unit 

To     

Water 

Using Unit 

From Other 

Storage

Tank ’

outin To Other 

Storage

 Tank ’

Å 3.4 " # w E T S 8
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3.4 ~ � � � � � � � � ¨ © �   � ¨ © ¡  
( Indices, Sets, Parameters, and Variables)

, � 	 7 ² V T S 8 � � D � 4 T S 8 � � D %  % 9 i N T S 8
a � :  a v � p � � � x � { n / � � { n a v E � � �  � : � v

w  9 � V � ? E P � � f g : ¡  E n . � k . � ' � f g U / E '

 e ª x 7 � , @ R a E < j (indices)� 3 t (sets)� @ R k . (parameters)

� � @ R n . ( ¼ � # O n . � 0-1 n . )(variables)� , � k � 
 � � 3.4.1

B - 3.4.4 B P

3.4.1 �  � � ! � B � � (Indies and Sets)

� � " E � [ < j / ® U 6 d Â E < j � + � : i 7 � 1 i V ! Q 

� c 7 � ! 2 d 2 ^ ... Z � © A � [ < j . / Ò 3.1 � 4 � U / a : �
V E # É k . � n . « � � R � [ < j P
Ê 3.1 � [ < j � 3 t . /

c ∈ C :  ! 2 d 2 ^ 6 3 t
e ∈ E K � ! 2 d > c � c £ E 2 ^ 6 3 t
i ∈ Ic :  # O / 1 i V ! Q  6 3 t
i ∈ Ib :  � / 1 i V ! Q  6 3 t
i ∈ Ip � �  p " :  V ! Q  6 3 t
n ∈ N :  0 	 � 6 3 t
n ∈ N− j M $ Q R 0 	 � � :  0 	 � 6 3 t
p ∈ P :  �  6 3 t
s ∈ S :  
 � � 6 3 t
s ∈ Sp :  � �  p " E 
 � � 6 3 t
w ∈ W :  � � ! � � 6 3 t
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3.4.2 � � � $ (Parameters)

� , B k a b U / a : ¡ E P , � ¢ � j ¡  � 4 u : s � E k .
� + � � C in

ic,max 6 � ! G � 1 i V ! Q  i 0 � ! 2 d 2 ^ c E K � S
� � 6 G � G � 7 Q R 9 � , E � , � � 4 © f k . 6 , m � � ^ £
� � 6 2.2 : � P
Ê 3.2 @ R k .
C in
ic,max ! G � 1 i V ! Q  i 0 � ! 2 d 2 ^ c K � S � � 6 G ( G �
Cout
ic,max ! V c 1 i V ! Q  i� ! 2 d 2 ^ c K � S � � 6 � h G �
Cwc ! � � w : � ! 2 d 2 ^ c E G �
M load
icn � 0 	 � n 1 i V ! Q  i a � ! 2 d 2 ^ c E ? ? ³ �
Qmin
i 1 i V ! Q  i S @ � K = ! @ ?
Qmax
i 1 i V ! Q  i S @ � K � ! @ ?
Qmax
s 
 � � s K � E @ ?
Y st.
in ∈ {0, 1},= 1 6 � 1 i V ! Q  i � 0 	 � n c � ; <
Y end
in ∈ {0, 1},= 1 6 � 1 i V ! Q  i � 0 	 � n S � ; <
Zcyc. ∈ {0, 1},= 0 6 � p Q 5 ; < ,= 1 6 � p H c ; <
Δi 1 i V ! Q  c � ; < � S � ; < E 0 	 � 	 �

3.4.3 � � � $ (Variables)

, B k a b � 4 n . � j U / s � E n . � ¼ � Q � E # O n . �
� � E 0 − 1 n . � � 2 V W E @ R n . P
0− 1 n . (binary variable)� 7 6 � Q R % Â � � N V � � E � � n .

� Q . � ® ) � � � 0 � 1 � u 6 Q � \ j 0 − 1 n . E S } V 7 0 x 7
1P + � � � ywi = 1 0 � 6 � m ! � � W ) � 1 i V ! Q  i E a v 7
� � E � � ywi = 1 0 � 6 � m ! � � W ) � 1 i V ! Q  i E a v 7
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V � � E P 4 # O n . (continuous variable)� 7 � � Q , h � " :  S )
- . A r � & � E S } � p # É � � N Z � 0 E . � � © f 0 − 1 n .
� # O n . � 6 : � �

Ê 3.3 # O n .
cinicn � 0 	 � n 1 i V ! Q  i a � 7 2 d 2 ^ c E G � G �
cout
icn � 0 	 � n 1 i V ! Q  i a � 7 2 d 2 ^ c E � h G �
cinscn � 0 	 � n 
 � � s a � 7 2 d 2 ^ c E G � G �
cout
scn � 0 	 � n 
 � � s a � 7 2 d 2 ^ c E � h G �
qin
in � 0 	 � n G � 1 i V ! Q  i E � ) ?
qout
in � 0 	 � n V c 1 i V ! Q  i E � ) ?
qii′n 1 i V ! Q  i � � Q R 1 i V ! Q  i′ E � ) ?
qisn 1 i V ! Q  i � 
 � � s E � ) ?
qien 1 i V ! Q  i � c £ e E � ) ?
qsn � 0 	 � n 
 � � s E 
 � � ?
qin
sn � 0 	 � n G � 
 � � s E � ) ?
qout
sn � 0 	 � n V c 
 � � s E � ) ?
qsin � 0 	 � n 
 � � s � 1 i V ! Q  iE
qss′n � 0 	 � n 
 � � s � � Q R 
 � � s′ E � ) ?
qwin � 0 	 � n ! � � w � 1 i V ! Q  i E � ) ?
y∗n � 0 	 � n E 0 − 1 n .

*∈{ si, is, ss′, ii′}
∀i ∈ I, s ∈ S
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3.5 � �   ¡ (Problem Statement)

� Q R � � " ¼ � � � 
 V W E �  � � � � � �  E 3 t p ∈ P�
� ¬ �  " �  � 2 V W E 1 i V ! Q  � � / 1 i V ! Q  i ∈ I��

# O / 1 i V ! Q  i ∈ I�� : L M E 7 2 d 2 ^ c ∈ C �  � , E ? ?
³ � � � ] Q R � � ! E � � w ∈ W � ] V W G � E ! � M � � V �
� ! � A � Q  � V b E ! � S 9 H c x � V P p � � F > E ( � V
� A S x � V E ! � 
 � � s ∈ S E � V x 7 v w E P � � E Z [ \ .
p K = M � � ! E 	 > ? � � � K = M 
 � � E � = � D t Q A E {
n / ( N O K L M E !  � S 8 P

� � F B � 1 i V ! Q  k � � / Q  p % ( N O Q R !  � E T
S 8 P

3.6 & ' � (Constraints)

3.6.1 ¤ ¥ ¦ § ¨ © ( ) * + ,
(Flow Rate Balance for Water-using Unit)

Å 3.5 1 i V ! Q  E T S 8

S
Water Using 

Unit 
M

From Other 

Water Using 

Unit 

To Other 

Water Using 

Unit 

From 

FreshWater 

Supplied 

From 

Storage 

Tank 

To 

Storage 

Tank 

To  

Environment 

Micn

load

out

 qi in qii n

in
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- Ä 3.5 S M � 1 i V ! Q  E T S 8 � � G h   E � � S )  �
´ © A 1 i V ! Q  i′� 
 � � s� � � � � ! � � wP x � Q   � V

c 1 i V ! Q  E ! S ) � ) � © f E 1 i V ! Q  i′� 
 � � s� �
� > c � c £ a eP Ì (3.1) Í (3.2) T U 1 i V ! Q  E ) ? � = � G
h   (Mixer) K � h   (Split) � 0 	 � nP

qin
in =

∑
w∈W
qwin +

∑
s∈S
qsin +

∑
i′∈I
qi′in ∀i ∈ I, n ∈ N (3.1)

qout
in =

∑
i′∈I
qii′n +

∑
s∈S
qisn +

∑
e∈E
qien ∀i ∈ I, n ∈ N (3.2)

4 1 i V ! Q  G � h ) ? E � Z { Ì (3.3) Í (3.4) � 6 U 6 � 4
Y st.
in K Y end

in p 0 − 1 k . V � � � 1 i V ! Q  E c � � S � E 0 	 � �

� Y st.
in = 1 6 � 1 i V ! Q  i � 0 	 � n c � ; < P W l � Y end

in = 1 B

p ; < C ± � 0 	 � n� - � � R F i / S � / I 8 n � 1 i V ! Q 

i � ; < � C ± 0 ! G � E � ? � = P : � � V �  # É E ! G � N V

c 1 i V ! Q  � � V � ; < N S � E 0 	 � 0 P

Qmin
i Y

st.
in ≤ qin

in ≤ Qmax
i Y

st.
in ∀i ∈ I, n ∈ N (3.3)

Qmin
i Y

end
in ≤ qout

in ≤ Qmax
i Y

end
in ∀i ∈ I, n ∈ N (3.4)

Ì (3.5) B p 1 i V ! Q  E � ) ? � = � i N ¥  # É � � ! E ®
¦ � � # P © a Δi p 1 i V ! Q  i c � � S � 0 	 � E 	 � .

qin
in = qout

i,n+Δi
∀i ∈ I, n ∈ N (3.5)
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3.6.2 ¤ ¥ ¦ § ¨ © ( ª P + ,
(Contaminant Balance for Water-using Unit)

M � ) ? � = � 1 i V ! Q  E > ? � = � 7 v w � I E P Ì (3.6) T
U 1 i V Q  i G h   E > ? � = � 0 	 � n� 4 Ì (3.7) B p I R 1 i
V ! Q  i E > ? � = P 4 G � h E G � K � S 9 � � E � B 6 � �
Ì (3.8) Í (3.9) P

qin
inc

in
icn =

∑
w∈W
qwinCwc +

∑
s∈S
qsinc

out
scn +

∑
i′∈I
qi′inc

out
icn ∀i ∈ I, n ∈ N , c ∈ C (3.6)

qout
i,n+Δi

cout
ic,n+Δi

= qin
inc

in
icn +M

load
icn ∀i ∈ I, n ∈ N , c ∈ C (3.7)

cinicn ≤ C in
ic,max ∀i ∈ I, n ∈ N , c ∈ C (3.8)

cout
icn ≤ Cout

ic,max ∀i ∈ I, n ∈ N , c ∈ C (3.9)

3.6.3 � � � ( ) * + ,
(Flow Rate Balance for Storage Tank)

Å 3.6 
 � � E T S 8

S
Storage              

Tank 
M

From  

Water 

Using Unit 

To     

Water 

Using Unit 

From Other 

Storage

Tank ’

outin To Other 

Storage

 Tank ’

Ä 3.6 p 
 � � E T S 8 6 � P - I S � � � G h   � I � ´ 1 i
V ! Q  i � � © A E 
 � � s′� 4 � h   � I � � 1 i V ! Q  i �
� © A E 
 � � s′ P Ì (3.10) Í (3.11) T U ) ? � = � 
 � � s t � K
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� V �   � � 0 	 � n 0 P

qin
sn =

∑
i∈I
qisn +

∑
s′∈S
qs′sn ∀s ∈ S, n ∈ N (3.10)

qout
sn =

∑
i∈I
qsin +

∑
s′∈S
qss′n ∀s ∈ S, n ∈ N (3.11)

4 Ì (3.12) B p I R 
 � � s E ) ? � = � � 0 	 � n 
 � E ! � ?
Z � ½ Q R 0 	 � t − 1 
 � E ? � � � 0 	 � n 0 ! G � 
 � � E ?
? ( � 0 	 � n 0 ! V c 
 � � E ? P � a Zcyc. p 0 − 1 k . 6 � @ R
E ; < U / � � Zcyc. = 0 0 6 � p Q 5 ; < � � � 3 e Z 
 � � K : 7
¥  
 � ! ? E � 4 � Zcyc. = 0 0 6 � p H c ; < � K : � 
 � � " E
! � ? � Z � � R H c ; < S � E 0 	 � N E 
 � ? P

qsn = Z
cyc.qsN |n=1 +qs,n−1 |n>1 +qin

sn − qout
sn ∀s ∈ S, n ∈ N (3.12)

4 ! 
 � � 
 � � " E � ? � � G ( 
 � � E ) ? E � { � - Ì
(3.13) Í (3.14) 6 U 6 P

qsn ≤ Qmax
s ∀s ∈ S, n ∈ N (3.13)

Zcyc.qsN |n=1 +qs,n−1 |n>1 +qin
sn ≤ Qmax

s ∀s ∈ S, n ∈ N (3.14)

3.6.4 � � � ( ª P + ,
(Contaminant Balance for Storage Tank)

� 
 � � a M � � I ) ? � = � � � v w � I > ? � = P Ì (3.15) B

T U 
 � � s � 0 	 � n � s t �   E > ? � = P Ì (3.16) B p 
 � �
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n � 0 	 � n E � > ? � = P � } 
 � � � W Q R 0 	 � n W 0  G �

� V c E ) ? � B i N G ( E ) ? p ¯ 9 � # ( 9 G � � )P

qin
snc

in
scn =

∑
i∈I
qisnc

out
icn +

∑
s′∈S
qs′snc

out
s′cn ∀s ∈ S, n ∈ N , c ∈ C (3.15)

qsnc
out
scn = Z

cyc.qsNc
out
scN |n=1 +qs,n−1cout

sc,n−1 |n>1 +qin
snc

in
scn − qout

sn c
out
scn

∀s ∈ S, n ∈ N , c ∈ C (3.16)

3.6.5 � � - . / (Logical Constraints)

y†Q
L
†n ≤ f† ≤ y†QU

†n † ∈
{
ii′, is, ss′, si

}
(3.17)

Ì (3.17) a b ¬ d ) a � ) ? E S � � � = h � � © a QL
† 6 � K � a

v a ! ) ) ? E K « S � � ) ? � QU
† B 7 K � a v a ! ) ) ? E � {

k . � � � � � � . A U / a � � � 0 − 1 n . (Binary variables)� y†� I

� 6 � ° ! ) a v 7  � � � � � � � B y† = 1� Ï 6 � y† = 0� : �
I R { n / U 6 E � m � � ° Q R ! ) a v � � 0 � a v a E ! ) )

? v w � ) ? � Z { E h � � a P � � � ) ? � E { n / ( { n � �
 I t � E ; < { n P

Ì (3.18) Í (3.19) B 6 � # O / 1 i V ! Q  7 V ) ° © f E 1 i V
! Q  D E # E E P

yii′n = 0 ∀i ∈ Ic, i ′ ∈ I, n ∈ N (3.18)

yi′in = 0 ∀i ∈ Ic, i ′ ∈ I, n ∈ N (3.19)



54 y z � � � � � � � � � � � - � � � � � ° � � � � �

4 Ì (3.20) 6 � � # O / 1 i V ! Q  � 0 	 � n : � V E ! � ´ �

 � � � k l f � Z R 0 	 � n + 1 0 9 { n V ) k ! � � 
 � � P '
p � H � U o 
 � � " G � E % n P

ysin + yis,n+1 ≤ 1 ∀i ∈ Ic, s ∈ S, n ∈ N− (3.20)

� K W E 0 	 � 0 � � 
 � � s E Õ � ´ © f 
 � � s′ E ! � k l
f V ) � W Q 0 	 � � ] ! � � © f 
 � � s′P - Ì (3.21) 6 � 6

yss′n + ys′sn ≤ 1 ∀s, s′ ∈ S (3.21)

4 Ì (3.22) Í (3.23) B � 
 6 U V W �  E 1 i V ! Q  ° 
 � � 7
9 X ± K # E E � � � V W �  E 1 i V ! Q  	 � 7 9 X ± # E E
P

∑
i∈Ip

∑
s∈S−Sp

(yisn + ysin) = 0 ∀p ∈ P, n ∈ N (3.22)

∑
i∈Ip

∑
i′∈I−Ip

yii′n = 0 ∀p ∈ P, n ∈ N (3.23)

3.7 _ 0 1   (Objective Function)

$ Q R Z [ \ . p K = M � � ! E 	 > ? � � Ì (3.24) : � :

min
x3∈Ω3

J3 =
∑
w∈W

∑
i∈I

∑
n∈N
qwin (3.24)

x3 ≡

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

qwin, qsin, qii′n, q
in
in, q

out
in , qien, qisn

qin
sn, q

out
sn , qss′n, qsn, c

in
icn, c

out
icn, c

in
scn, c

out
scn

yisn, ysin, yss′n, yii′n

∀c ∈ C, i , i ′ ∈ I, s , s ′ ∈ S, e ∈ E ,w ∈ W, n ∈ N

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

Ω3 = {x3 | / (3.1)− (3.23)}
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� a x3 ¼ � :  E n . � Ω3 7 � ¡  E { n / P � � U r E f g
p Q R s t I . u v w E l m (MINLP)P ' p � Z [ \ . p K = M � �
! 	 > ? 0 E K L M S 8  
 � E 
 � : � � � j � � Q R Z [ \ .
K = M 
 � � E � = ( Ð & V W E K L M S 8 P n � � Z [ \ . Z �
Ì (3.13) Í (3.14) v w 9 � � , m o �

qsn ≤ q̂s ∀s ∈ S, n ∈ N (3.25)

qin
sn ≤ q̂s ∀s ∈ S, n ∈ N (3.26)

© a 
 � � s E @ ? q̂s p ¡  9 K L M E n . P � � � ¡ j � � 9 ½
Z [ \ . : � � E K = � � ! 	 > ? (J∗3) p { n / �

∑
w∈W

∑
i∈I

∑
n∈N
qwin ≤ J∗3 (3.27)

: � Z [ \ . 6 � � Z �

min
x4∈Ω4

J4 =
∑
w∈W

∑
i∈I

∑
n∈N
q̂s (3.28)

x3 ≡

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

qsin, qii′n, q
in
in, q

out
in , qien, qisn, q̂s

qin
sn, q

out
sn , qss′n, qsn, c

in
icn, c

out
icn, c

in
scn, c

out
scn

yisn, ysin, yss′n, yii′n

∀c ∈ C, i , i ′ ∈ I, s , s ′ ∈ S, e ∈ E ,w ∈ W, n ∈ N

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

Ω4 = {x4 | / (3.1)− (3.12), (3.15)− (3.23), � (3.25)− (3.27)}

� U r � § p Q R s t I . u v w E l m (MINLP)P
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3.8 	 
 � ¨ © � 4 5 ~ 6 �  �  �

- � D E � 	 7 � � C � 7 � � �

3.8.1 : ! " � �

- " � F B E l m � � § � V Generalized Algebraic Modeling System(GAMS,

Brooke et al., 1988)� � z 
 � 4 � z 
 K L M l m E 
 m � (solver) F �

� ² V E MINLP solver p BARONP

3.8.2 ¨ m � � § � � ¯ � F - n G 3.1

Ê 3.4 1 i V ! Q  ; < I 6
Unit [Qmin

i , Q
max
i ] C

in
ic,max Cout

ic,max tst
in tend

in M load
ic

(ton) (kg salt/ton water) (h) (h) (kg)

A [0, 1000] 0 0.1 0 3 100

B [0, 280] 0.25 0.51 0 4 72.8

C [300, 400] 0.1 0.1 4 5.5 0

D [0, 280] 0.25 0.51 2 6 72.8

E [300, 400] 0.1 0.1 6 7.5 0

F [0, 500] 0 0.1 0 7.5 187.5

[0, 350] 0.1 0.25 0 7.5 187.5

[0, 200] 0.25 0.51 0 7.5 187.5

$ Q R + p 7 - L R � / 1 i V ! Q  (A-E) k � Majozi(2005) � � Q
R # O / 1 i V ! Q  (F) E ; < Á Â - Ò 3.4 S & � ¼ � Q  G � E
� ) ? � Z { � = � G � h S � � E K � G � � c � � S � E ; < 0
	 � � ¡ L M E ³ � ? ? P � � + p � � k 5 � o 2 # O / 1 i V !

Q  � © ¬ ´ �  V W G � h S � � E K � G � � G 4 ® 5 !  � E
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S 8 V W P
' 9 � 9 5 � E p 1 i V ! Q  F � G h K � S � � G � Z � 0(C in

max =

0)� � h K � � h K � S � � G � Z � 0.1(Cout
max = 0.1) 0 � � � � � :

5 � E !  � r �  o 2 � C 
 � � � Q R 
 � � Q Q 5 ; < � Q R

 � � Q H c ; < � � Z p S } � � � 5 � :

1. C 
 � � 6 !  � N O
Å 3.7 C 
 � � E !  � S 8 -(C in

fc,max = 0), (C
out
fc,max = 0.1)

A

B

C

D

E

Freshwater

Discharge

(0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.1)

1000

142.75

142.75

300

3760.5

300

3760.5

0 2 4 6
Time (h)

3 5.5 7.5

F
500

250 250 375

125

125
375

375
375250 250500

1000

142.75

300

142.75

300

� Ä 3.7 : � � � � !  � N O � � � ¥  
 � � � � � � @ R
a :  1 i V ! Q  � � V � � ! � V � ¡ K # E � � N O p Q
R � ³ E !  � @ R P a b , F B : f 8 E . A U / � : ¡  E
K « � � ! 	 > ? p 3760.5kgP

2. Q R 
 � � Q Q 5 ; <
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Å 3.8 Q 5 ; < E !  � S 8 -(C in
fc,max = 0), (C

out
fc,max = 0.1)

A

B

C

D

E

Freshwater

Discharge

1000 (0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.1)

142.75

177.56

3017.75

3017.75

0 2 4 6
Time (h)

3 5.5 7.5

F
322 128 72.5 200

500

Tank

250250

178

300

177.56

300

375 125

1000

300

375

375

142.75

300

122 177.5175
125

Å 3.9 Q 5 ; < Z � " ! ? n M � � h G � -(C in
fc,max = 0), (C

out
fc,max = 0.1)

0 2 4 6
Time (h)

3 5.5 7.5

100

300

500

700

900

0.1

0.3

0

(kgsalt/kgwater)

1100

Storage 

(kg)
Level
Conc.

300

- � ¥  a 	 
 � � 0 � V )  Î E B o � � ! ) ? � ' � � � �


 � � � � � ¹ v S � E Q  : � # E ! ! � S � 9 � � 
 � � "

� � ¹ p q V E Q  � V P - I S � M � � Q  A� B� F M � V
� � ! � Q  C� D� E B � V 
 � � a E 
 � ! P � C 
 � � E
3 Y K º � : ¡ E � � ! ] � ? � m (3760.5kg) ? C � (3017.75kg)�
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� Z � o 20% 6 � � ! � ' � 
 � � � � ´ � V J E � ! Î V P
- Ä 3.8 Ä 3.9 S & � 
 � � " ! ? n M ? � � � h G � � � � �
p � = p 300kgP

3. Q R 
 � � Q H c ; <
Å 3.10 H c ; < E !  � S 8 -(C in

fc,max = 0), (C
out
fc,max = 0.1)

A

B

C

D

E

Freshwater

Discharge

1000 (0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.1)

177.81

177.56

2875

2875

0 2 4 6
Time (h)

3 5.5 7.5

F

322.4
250

72.4 375

500

Tank

122.4

250250

177.6

177.81

300

177.56

300

375 125

700

300

375

177.56

200

177.6

125
175

Å 3.11 H c ; < Z � " ! ? n M � � h G � -(C in
fc,max = 0), (C

out
fc,max = 0.1)

0 2 4 6
Time (h)

3 5.5 7.5

100

300

500

700

900

0.1

0.3

0

(kgsalt/kgwater)

1100

Storage 

(kg)
Level
Conc.

300

� i � a M � Q � Q � E ; < � � � � v w � I � H c ; < E 3
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Y 0 P U | E S } � I : � � � H c E 3 Y Z � - � 
 � � � Q
c � 0 S � �  ! � � � : � Q c � x S � ] 
 � E ! � Q  �
V � ' � © � � ! 6 V ! ? º Q 5 ; < 0 � E C � © � � ! ? o

� 2875kgP Ä 3.10 Ä 3.11 S M � Q  B � � ; < Z � V E 7 
 �
� a E 
 � ! � 4 
 � � E � = p 300kgP

E J 5 � E p 1 i V ! Q  F � (C in
max = 0.1)� (Cout

max = 0.25) 0 � � �

Á Â Z � � 5 � E !  � r � p E 2 � C 
 � � � Q R 
 � � Q Q 5
; < � Q R 
 � � Q H c ; < � � R 
 � � Q H c ; < � � Z p S }
� � � 5 � �

1. C 
 � � 6 !  � N O
Å 3.12 C 
 � � E !  � S 8 -(C in

fc,max = 0.1), (C
out
fc,max = 0.25)

A

B

C

D

E

Freshwater

Discharge

(0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.25)

1000

142.75

142.75

300

2635.5

300

2635.5

0 2 4 6
Time (h)

3 5.5 7.5

F
200

100 100 150

50

50
150

150
150100 100200

1000

142.75

300

142.75

300

� � !  � E S 8 � � Ä 3.12 : � p Q R � ³ / E S 8 � : ¡  
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E � � ! 	 > ? p 2635.5kg

2. Q R 
 � � Q Q 5 ; <
Å 3.13 Q 5 ; < E !  � S 8 -(C in

fc,max = 0.1), (C
out
fc,max = 0.25)

A

B

C

D

E

Freshwater

Discharge

1000 (0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.25)

142.75

240.8

1513.55

1513.8

0 2 4 6
Time (h)

3 5.5 7.5

F

200 100 166.7 250
83.3

200

Tank

1000

30100

300
300

200

300

166.7 250 83.3 200

230
300

142.75

40.8

Å 3.14 Q 5 ; < Z � " ! ? n M � � h G � -(C in
fc,max = 0.1), (C

out
fc,max =

0.25)

0 2 4 6
Time (h)

3 5.5 7.5

100

300

500

700

900

0.1

0.3

0

(kgsalt/kgwater)

1100

Storage 

(kg)
Level
Conc.

1000

� � N O a � � Q R 
 � � � V b ' p 7 Q 5 ; < � : �  A Q
c � x � V E Q  v w � V � � ! � � � m Ä 3.13 S & � Q  A�
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B 7 ¸ F � V � � ! � 4 Q  D B 7 Q F � � V 
 � � E 
 � !

� Q F � � V � � ! � Q  F B 7 ° A 0 	 � � V � � ! � � �
S m S 8 M � 
 � � E 
 � ! � ´ Q  A� C K F� 4 Q  C� E

B 7 ¸ F M � V � A H c ! P � � ! 	 > ? B p 1513.55kg� � p
� = B p 1000kg Ä 3.14 P

3. Q R 
 � � Q H c ; <
Å 3.15 H c ; < E !  � S 8 -(C in

fc,max = 0.1), (C
out
fc,max = 0.25)

A

B

C

D

E

Freshwater

Discharge

1000 (0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.25)

221

277.5

1330

1330

0 2 4 6
Time (h)

3 5.5 7.5

F

167 250
83.3

119

Tank

998

61

300

300

194

300

194

300

84 250 83.3
150

150

176 167

295 145

2

� Ä 3.15 Ä 3.16 : � � � � ! E 	 > ? o � 1330kg 4 � p E � =
� } ~ o « � 998kg� � S 8 a ®  Q  A� F � V � � ! � 4 ©
f Q  � � V 
 � � E 
 � ! � - � G � 
 � � E ! � ´ V W Q

 E H c ! � : � 
 � � " E G � � � ' � 4 n M P

4. � R 
 � � Q H c ; <
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Å 3.16 H c ; < Z � " ! ? n M � � h G � -(C in
fc,max = 0.1), (C

out
fc,max =

0.25)

0 2 4 6
Time (h)

3 5.5 7.5

100

300

500

700

900

0.1

0.3

0

(kgsalt/kgwater)

1100

Storage 

(kg)
Level
Conc.

998

Å 3.17 H c ; < E !  � S 8 ( � R 
 � � )-(C in
fc,max = 0.1), (C

out
fc,max = 0.25)

A

B

C

D

E

Freshwater

Discharge

1000 (0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.25)

280

280

1150

1150

0 2 4 6
Time (h)

3 5.5 7.5

F
27

144
Tank 1

720

280

300

300

280

280

307

167

177 57
230

Tank 2

300

85

232 70

210

13

167

280

2618

93

20

126

29

122

� � ; < Z � � Ä 3.17 : � � � ! 	 > ? Z o p 1150kg� - � �
� G � E 3 Y Z F � h   E ! E S � 9 Q  B� D x � � V � J �
& Q  A E H c ! S � ] � F � V G 4 o « Q  F � V � � ! E ?
� V b � � ; < Z � p j � p � R � = � 
 p kg K kg (Ä 3.18 �
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Å 3.18 H c ; < Z 
 � � 1 " ! ? n M � � h G � -(C in
fc,max =

0.1), (Cout
fc,max = 0.25)

0 2 4 6
Time (h)

3 5.5 7.5

100

300

500

700

900

0.1

0.3

0

(kgsalt/kgwater)

1100

Storage 

(kg)
Level
Conc.

720

Tank 1

Å 3.19 H c ; < Z 
 � � 2 " ! ? n M � � h G � -(C in
fc,max =

0.1), (Cout
fc,max = 0.25)

0 2 4 6
Time (h)

3 5.5 7.5

100

300

500

700

900

0.1

0.3

0

(kgsalt/kgwater)

1100

Storage 

(kg)
Level
Conc.

280

Tank 2

Ä 3.19 P

K � 5 � E B 7 1 i V ! Q  F � (C in
max = 0.25)� (Cout

max = 0.51) 0 �
� � Á Â Z Q  F B 7 S � V 7 2 d G � ¹ � E ! � 4 � � 5 � E !

 �  o 2 r � � C 
 � � � Q R 
 � � Q Q 5 ; < � Q R 
 � � Q
H c ; < � � Z p S } � � � 5 � �

1. C 
 � � 6 !  � N O
Ä 3.20 6 � E 7 � ³ / E !  � S 8 � : ¡  E � � ! 	 > ? p
2253kg
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Å 3.20 C 
 � � E !  � S 8 -(C in
fc,max = 0.25), (C

out
fc,max = 0.51)

A

B

C

D

E

Freshwater

Discharge

(0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.51)

1000

142.75

142.75

300

2253

300

2253

0 2 4 6
Time (h)

3 5.5 7.5

F
98

49 49 73.5

24.5

24.5
73.5

73.5
73.549 4998

1000

142.75

300

142.75

300

2. Q R 
 � � Q Q 5 ; <
Å 3.21 Q 5 ; < E !  � S 8 -(C in

fc,max = 0.25), (C
out
fc,max = 0.51)

A

B

C

D

E

Freshwater

Discharge

1000 (0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.51)

142.75

142.75

1432.5

1432.5

0 2 4 6
Time (h)

3 5.5 7.5

F
98 49

61 91.5
30.5

98

Tank

574.4

49

300
300

142.75

300

61 91.5 30.5 91.5

91.5
300

142.75

425.6

� � 
 � � 6 � © U | S } � Ä 3.21 � � � ! E � V ? p 1432.5kg�
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Å 3.22 Q 5 ; < Z � " ! ? n M � � h G � -(C in
fc,max = 0.25), (C

out
fc,max =

0.51)

0 2 4 6
Time (h)

3 5.5 7.5

100

300

500

700

900

0.1

0.3

0

(kgsalt/kgwater)

1100

Storage 

(kg)
Level
Conc.

575

Q  A� B� D � � V ³ ! � Q  C� E � V � ´ Q  A � c � 

� � E ! ! � Q  F B � F G 0 	 � � V � � ! � F G � V 
 �
� E 
 � ! P 4 Ä 3.22 p 
 � � " ! ? n M E 3 e � - � S & �


 � � � = p 575kgP

3. Q R 
 � � Q H c ; <
� � 
 � � 6 � Q H c ; < E S } � Ä 3.23 � � � ! � V ? o p
1000kg� Q ® µ Q  A � V � � ! � © f E Q  � � V Q  A 
 �
� 
 � � E H c ! � - � Q  A G � 
 � � E ! ? o « � J � p
E � = ' � Z o p 813kg Ä 3.24 P

K � � Ò 3.5 p - " + p 3.1 E � S � � � S � M � � � ! E 	 >
? ' 
 � � E � � ? C V C � � H c ; < E Á Â Z � ) o « P 4 � �
1 i V ! Q  F � (C in

max = 0.1)� (Cout
max = 0.25) 0 � j � p � R � p º

� Q R � p 0 ¶ S x 5 o « � � ! E 	 > ? � � } � 1 i V ! Q  F

� (C in
max = 0)� (Cout

max = 0.1) 0 � - � F ® ) � V � � ! � J � j � p
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Å 3.23 H c ; < E !  � S 8 -(C in
fc,max = 0.25), (C

out
fc,max = 0.51)

A

B

C

D

E

Freshwater

Discharge

(0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.51)

177.56

177.66

1000

1000

0 2 4 6
Time (h)

3 5.5 7.5

F
121.95

61 61 91.46
30.5Tank

812.4

300

300

177.56

300

177.66

300

121.95 61 61 91.46 30.5

91.46

187.6

91.46

Å 3.24 H c ; < Z � " ! ? n M � � h G � -(C in
fc,max = 0.25), (C

out
fc,max =

0.51)

0 2 4 6
Time (h)
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900
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0

(kgsalt/kgwater)

1100
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(kg)
Level
Conc.

813

� R � p � � ! E 	 > ? � 7 V � 9 o « E P 4 � 1 i V ! Q  F �
(C in
max = 0.25)� (Cout

max = 0.51) 0 � � 0 y b F � V � E ! ' ! 2 d G � b

� � 4 C D � © f Q  x � H c � V � Q F � � V 
 � � " E H c !

� J C D o « � � ! 	 > ? P
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Ê 3.5 + p 3.1 E � S
(C in

max)F Operation mode Single operation Cyclic operation

(Cout
max)F Storage tank 0 1 2

0 Freshwater (kg) 3760.5 3017.8 2875 -

0.1 Ratio (%) 100 80 76.5 -

Tank size (kg) (base) 300 300 -

0.1 Freshwater (kg) 2635.5 1513.6 1330 1150

0.25 Ratio (%) 100 61.3 48.9 43.6

Tank size (kg) (base) 1000 998 720,280

0.25 Freshwater (kg) 2253 1432.5 1000 -

0.51 Ratio (%) 100 63.6 44.4 -

Tank size (kg) (base) 575 813 -

3.8.3 ¨ m � � § � � ¯ � F - n G 3.2

$ * R + p B 7 k � Wang 1995 E o R � / 1 i V ! Q  ( Q  1-3) �

� Q R # O / 1 i V ! Q  ( Q  4)� © ; < Á Â � � Ò 3.6 6 a S &
� Q  G � E � ) ? � Z { � = � G � h S � � E K � G � � c � �
S � E ; < 0 	 � � ¡ L M E ³ � ? ? P � � + p � � 5 � E !  �
r � p o 2 � C 
 � � � Q R 
 � � Q Q 5 ; < � Q R 
 � � Q H c
; < � � Z p S } � � � 5 � �
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Ê 3.6 1 i V ! Q  ; < I 6
Unit [Qmin

i , Q
max
i ] C

in
ic,max Cout

ic,max tst
in tend

in M load
ic

(ton) (kg salt/ton water) (h) (h) (kg)

1 [0, 100] 0.1 0.4 0.5 1.5 30

2 [0, 40] 0 0.2 0 0.5 8

3 [0, 25] 0.1 0.2 0.5 1 25

4 [0, 85] 0 0.1 0 1.5 25.5

1. C 
 � � 6 !  � N O
Å 3.25 C 
 � � E !  � S 8

40

(0.1)

55

40

362.5

12.5
12.5

362.5

0 0.5
Time (h)

1 1.5

55

I3

I2

I1

85

I4

Discharge

Freshwater

(0.2)

(0.2)

(0.4)

85 85

Ä 3.25 p � ³ / E !  � S 8 � � � N O Z ¡  E � � ! 	 > ?
p 362.5kg

2. Q R 
 � � Q Q 5 ; <
� � 
 � � 6 � © U | S } � Ä 3.26 � � � ! E � V ? p 315kg�
Q  2� 4� � V ³ ! � Q  1� 3 � V � ´ Q  4 � c � 
 � �
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Å 3.26 Q 5 ; < E !  � S 8
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Å 3.27 Q 5 ; < Z � " ! ? n M � � h G �
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0

(kgsalt/kgwater)
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(kg)
Level
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85

1

E ! ! � - � G � E { n : � Q  1 � ¡ � V A C E ³ ! P 4 Ä
3.27 p 
 � � " ! ? n M E 3 e � - � S & � 
 � � � = p 85kgP

3. Q R 
 � � Q H c ; <
� � 
 � � 6 � Q H c ; < E S } � Ä 3.28 � � � ! � V ? o p
295kg� Q  2� 4 Q H � V � � ! � 4 Q  1� 3 B � V Q  4 � �

 � � " E H c ! � 4 � p E � = p 125kg Ä 3.29 P
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Å 3.28 H c ; < E !  � S 8
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(0.1)
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25
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Time (h)
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85 85

25.2 19.8 85
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Å 3.29 H c ; < Z � " ! ? n M � � h G �
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3.8.4 � � � § � � ¯ � F - n G 3.3

� + p 3.3 a � � � 5 � E 7 Q R � �  E !  � @ R � k 9 ½ : �
E � R + p � Q R I t y - � R 
 � � E ¡ K � ] � � � � � = E �
� ! 	 > ? � n - � �  I E H c 0 	 7 7.5hr 4 �  II B 7 1.5hr� J
� � Q R H c " �  II ; < 5 . p L 5 � 4 � R �  " E 1 i V ! Q

 ; < Á Â � Ò 3.7 P
Ê 3.7 1 i V ! Q  ; < I 6

Plant Unit [Qmin
i , Q

max
i ] C

in
ic,max Cout

ic,max tst
in tend

in M load
ic

(ton) (kg salt/ton water) (h) (h) (kg)

I A [0, 1000] 0 0.1 0 3 100

B [0, 280] 0.25 0.51 0 4 72.8

C [300, 400] 0.1 0.1 4 5.5 0

D [0, 280] 0.25 0.51 2 6 72.8

E [300, 400] 0.1 0.1 6 7.5 0

F [0, 350] 0.1 0.25 0 7.5 187.5

II 1 [0, 100] 0.1 0.4 0.5 1.5 30

2 [0, 40] 0 0.2 0 0.5 8

3 [0, 25] 0.1 0.2 0.5 1 25

4 [0, 85] 0 0.1 0 1.5 25.5

- Ä 3.30 & � �  I y - � �  E I t � � � � ! 	 > ? o p 1000(ton)�
� 9 ½ E + p a B p 1330(ton) � Z � o 25% � � ! ? � m I � � S � M
� ®  Q  A � V � � ! � 4 © f E Q  � V E � p � p " E 
 � !

� - � Q  C� E � V � E ! - � ¹ p � { � J 
 � d 
 � � x � � V
6 � 4 � p 1 E � = B - Ä 3.31 & � p 956(ton) P



73

Å 3.30 �  I E !  � S 8

10

A

B

C

D

E

Freshwater

Discharge

(0.1)

(0.1)

(0.1)

(0.51)

(0.51)

(0.25)
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1650

0 1 2 6
Time (h)

1.5 5.5 7.5

83 83 83 83 83
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177.56

300
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300

83 83 83 83 83

2.5 3 3.5 4 4.5 5 6.5 70.5

83 83 83 83 83 83 83 83 83 83

83 83 83 83 83 83 83 83 83

F

83

130 132 11083 43 132
Tank II
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44.9

Å 3.31 �  I 
 � � " ! ? n M ? � � h G �
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� �  II a - � Q R H c " ; < L 5 E P Q � J � � ! 	 > ? j �

p 1475(ton) Ä 3.32 � � V � � ! Q  p Q  2� 4P 4 � p � = - Ä
3.33 & � p 172(ton)P

� � �  E !  � I t a � - � �  II " E Q  4 � V � E ! ! 2
d E G � ¹ « � : � y - 
 � � S r � �  I " E 1 i V ! Q  � V �
& �  I E � � ! 	 > ? o « � � � K = M � � � ! E Z [ P



74 y z � � � � � � � � � � � - � � � � � ° � � � � �

Å 3.32 �  II E !  � S 8

0 1 2 6
Time (h)
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Å 3.33 �  II 
 � � " ! ? n M ? � � h G �
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� � d � � � - � ! � o , R � R � � � c £ � + B h , - � R �
� � � V ! i � a " � !  Î � V E � m d . 9 � � � 4 � � 
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 E � 	 � ® 5 P
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# E E 3 e Z P
� b ( � ² < º ¹ � b ( � !  � E � 	 � F � M - " V ! Q  ¸

p � / N # O / Q  � 4 , � � B ® 5 � �  "  � / � # O / Q 

E !  � N O � I - U / T S 8 E � � � � � Q � K " � I E . A U
/ P - " : � f 8 E . A U / � N O 4 � � � � � a � � � R Y  U

6 w E + p � � $ * F 5 � � # O / 1 i V ! Q  p % E !  � @ R
� ' 9 k :  E � / Q  � p # O / ; < ( � !  � S 8 E K L M O
� K = � � ! 	 > ? � 4 � ( O � � / 1 i O V 
 � � E 
 � ) ? �
� = � � $ o F B 5 � � � / 1 i V ! Q  p % E !  � @ R � k #

O / V ! Q  �  p 
 R � / V ! Q  � 4 0 	 � E �  7 � � � /
V ! Q  E ; < 0 	 4 , � a b 
 � � E I t ( O � K = � � ! 	 >
? � � K = 
 � � � = P - � � E 3 £ U | S } � � S � & � � a b

, � 	 : f 8 E . A U / � N O 4 � � M ) o ± E 
 � V W E Z [ ¡
z � !  � N O l m � � Q � ] K = E !  � N O Ô 8 P

4.2 3 4 ¹ 5

" � , � 	 : f g E . A U / 4 � � Z ½ I � ) O 
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