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Abstract

This work aims to develop a mathematical model for the synthesis of refrigerated

water network systems and chiller operating strategy simultaneously.

First of all, we proposed one model which includes all possible configurations of re-

frigerated water network system under all conditions. By setting relevant constraints up

for each part of the superstructure, the design problem of refrigerated water network sys-

tem is formulated as a mixed-integer nonlinear program that can be solved for optimal

configuration of refrigerated water network. Objective functions 1 and 2 are considered

which involving the mimnimization of refrigerated water supply and obtaining a unique

network structure.

Furthermore we also proposed a superstructure for chillers’ operation, considering

different operating upper and lower bounds. In this work, two objective functions are

considered to minimize fixed and variable operating cost.

Finally, numerical examples are used to show that the proposed approach can provide

the optimal design of refrigerated water network system and chiller operating strategy.

Key words: Optimization, Superstructure, Refrigerated Water Network Systems, Chiller,

Mixed-integer nonlinear programming (MINLP)
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2 ß à

á 1.1 y z � A � 2 � � � À (Rosain, 1993)

Purpose Description Relative usage

RW/CW system Direct contact/indirect (HEs) High

Cleaning Washing, hygiene, Medium

rinsing for product quality

Process equipment Water circulation (e.g. scrubbers) Medium

General plant services Hoses (dilute/disperse spills) Medium

Pump seal water

Steam system Boiler feed water make-up Medium/low

Potable/sanitary Drinking, washing, toilets Low

â 1.1 [23]{ � ! � 2 M H � � � � B D � * ; G C F D E 5 6 �
� R : � A M H � � � � ( H £ 
 M Y : D E 5 6 F Ô 
 D E 2 5 6
(Cooling Water System) G � 1 2 5 6 (Refrigerated Water System)D D E 2 ( �
� � G H M D E 5 6 # : � � � � ) � 1 2 D U { � I � G H M D E

5 6 � � A � % ( H £ M � J D K � � � Q S S P ! � Y : 1 2 M L

M ( H £ � e M � : r ^ D � A M N O � � ; G � P H Q l R S D c
G £ } x � L � L 
 � D � A T 1 2 3 4 M W X U L � L ) & D � ^
M { � � 2 M T V � W G � T � M � � � D P : P x x � T | V Y

: � � � ( 0 � 1 2 3 4 5 6 G � 1 2 7 8 M 9 A B C G H I J K
L A T U V M � � Y [ X Y 1 2 5 6 (Recirculating Refrigerated Water System)

M 9 A D 1 2 É Ê � Z � 3 � M Ì Í D : t � A i j : 1 2 � � k l
M 3 � � $ � � D P : P x � H M Û � Y



1.1 ã ä 3

å 1.1 [ X Y 1 2 5 6 (Recirculating Refrigerated Water System)

C1

C2

C3

C4

C5

RW Network

Source

 RW

Return

 RW
Wc

Wc

M

1

1

1

Chiller(s)

a � � 7 & F Ô 
 � : � 5 6 D b æ 1.1 +

1. 1 2 3 4 5 6 (Refrigerated Water Network)

2. 1 2 7 8 M 9 A B C (Chiller Operating Strategy)
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1.2 v w x y z � � � y z � � � � �   ¡ ¢ £ � ¤ ¥

¦ § ( 1 2 ¨ ? _ ( � © I � G H M 2 D � � D E 5 6 i Y b æ
3.1 c 0 D 1 2 M P � ( � � � 6 M D ª « ¬ 8 X Y c L M M D _ ( �

­ : 7 & Ö � c ® x D F ¯ 
 « ¬ ° (Compression)� D ± ° (Condensation)�

² ³ ´ (Expansion Valve) � µ > ° (Evaporator)Y 1 2 7 8 (chiller) s { 3 ¶

· (heat pump)D D ± ° M H � { H � 
 H D : µ > ° M H � { H � I H

D c G a r ^ ( � : � ; ¸ > M ] � (Non- Spontaneous Process)D Ü Ý �
a r ^ A ¹ D ! e � a r ^ > � Y º » M I « � S � � « ¬ 8 « ¬ D
B x 
 H 
 « M ' 3 � S # a � D ¼ � � D ± ° � � Ö � e � + B x

 « ½ S # : + � ² ³ ' r i D 
 « 
 H M ½ � D ¼ � ' ² ³ ´ + B

x I « I H ½ � ¾ ( M D ¼ # T + D ¼ ; G ¿ � µ > ° Z � r ^ E �

M e � x { I H I « � S D : 1 2 U ( � a n À P � M Y
å 1.2 1 2 7 8 X Y

Wc

Compressor

Expansion Valve

(adiabatic)

Condenser Evaporator

CW RW

low P

2-phase

high P

liquid

high P

vapor low P

vapor
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å 1.3 1 2 3 4 M W X , - (a) 
 . W X D (b) / . W X

C2

C1

Series

arrangements

Return to

chiller

Reuse

refrigerated water

C2

C1

Parallel

arrangements

Return to

chiller

� X Y 1 2 3 4 i D � Ô M W X ( j � : k l (C1,C2) Õ Ö � 
 .

(Parallel) M W X D b æ 1.3 c 0 Y
� a W X i D j � : k l È � � × Ø M 1 2 D : j � k l � � � M

H � 
 H 1 2 U Ø � ) � 1 2 7 8 � [ X Y � � D � a © W X � D �

Ù Ú d [ � � M Û L D Ü a © W X � D c 1 M 1 2 � ( T � D T � e
M Y

{ 
 U � 
 . W X c M x M Ý O u v D Kim � Smith[2] � � / . (Series)

M N L � W X D E 2 5 6 (Cooling Water System)D : � * ; G � � Ú Þ M
ß à � � � W X 1 2 5 6 M 3 4 g h � D � / . M Ó à � D × Ø M 1
2 E � � k l � (C1) � � D á ( k l � (C1) F � M H � â I � k l ã

(C2) ä � M T � å � H � (Maximum Allowable Temperature) � D � * ; G �

k l ã (C2) [ � � D b æ 1.3 D � � k � æ ' � � 
 � ç : Z è é � :
k l M 1 \ D b a � � ; G � I 1 2 � � � D c G � / . W X M ¦ §
� D � * ; G � � U I M 9 A � � � x � Y
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1.3 ê ë ì í

� 2 � D E 2 3 4 W î W X ï ð i D d � � I � E F C L � � � D
H I � " � ñ ò ó D : � * t � � � � 1 2 3 4 W X D a ô õ ö F <

: � � � d I M � " D m � ÷ b b � +

Kim » Smith[28]Z � ø � ù � � 	 L (Pinch technology) � � 
 2 3 4 W

î M u v D : Kim » Smith � 2001 � [11]$ + � P � n t a N L ú û � D

E 2 3 4 5 6 D : t / . (Series) M W X N O ø � � D E ° 3 4 5 6 W
X D � � / . M W X N O ; G � � D E 2 3 4 5 6 ) ' D E 2 ' � T
| D : ) ' D E 2 1 � H � T 
 D 9 : M ¦ § � D E ; P � T 
 M 9
A Û < Y � i % � � á ) ' D E ; H � d T 
 H � � 4 � D & b = )
× W î D E ° 3 4 Y

Kim » Smith[12]$ + > � � : W X � M D E 2 3 4 5 6 D � � H I J
K L M N O D o h � : < = R H M > ? @ H I ¢ O (MINLP) P Q W X g
h � M � ? @ P D � � 	 � � I D E 2 3 4 M « � A D / � % 	 � C

E D E ; M � � Û < Y
Feng 
 , [5]0 � D E 2 3 4 5 6 E � � : × M W X N L D U ( � D

E 3 4 5 6 i � 
 i � 2 ( 3 (intermediate cooling-water main) M ß à D �
G 5 � 6 M D E 2 3 4 5 6 W X � D � � Ö � / . M N O D � 9 © W
X M D E 2 3 4 i D � � U { F � : k l F � 5 M ' � � H � Ç H �

� d w V D U I J � � � � � � : k l ä � 5 M ¦ § D P : P � 9 A
� M � � D : � � 5 6 V d � A M 9 A K @ (operational flexibility)D { 




1.3 ü ý þ ÿ 7

� 
 9 : M u v D A � � 5 6 i E ä i � 2 ( 3 D � � k l $ � Ú d
Ø � M L ? H 7 D 
 W 4 i � 2 ( 3 M H � D P : E 
 5 6 M K @ Y

Chen 
 , [3]ú 8 
 V d i � 2 ( 3 M D E 2 3 4 5 6 D � � H I J
K L N O P � n � � D á 5 6 d � : i � 2 ( 3 M D E 2 3 4 W X D

 Z % 	 � � X d 5 6 K @ M � Y � D 
 � Ö � M D E ° k l $ � ;
G d L ? Ø � 7 g D 9 : M A L � e Z [ \ I 5 6 D E 2 ~ � � Y

Chew[9]9 ] � " 0 � ^ A _ 2 3 4 5 6 A W X � M � 	 D � � © �
� (Direct and Indirect allocation) � 9 : M u v � � W î D [ � � � © � �
M ` a # � i d � : Ö e � � T � � 2 � { ^ _ ` H D : d ã : Ö e
G T | � } x � (TAC) { ^ _ ` H � � � 	 D T + % � � � � / M f 2
ô g O � � D � } x � M T U V g � Y

G � � " Î Ï ( 2 � D E 2 3 4 5 6 D Õ ( c E � M Ó à � 1 2 3
4 5 6 > � H Þ D ; t / : M ß à D � � � ^ A _ 1 2 3 4 � Y
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1.4 h i j � � o p

� ' � � � D E 2 3 4 M � " D b Smith[11][13][12][10]� Feng[5] � Chen[3]»

Chew[9]
 I � D Î Ï 	 � M È ( 3 4 5 6 D Õ D E 2 3 4 � 1 2 3 4
â ( d � ? � H / M Ð N D c G � * � � D E 2 3 4 5 6 M Ó à D �

� � 1 2 3 4 � Y
� � " i ; G � q D � � 3 4 5 6 W î M W X 7 & d � N " M � 	

D � � ( G ù � � 	 (Pinch Analysis) { 7 M � � D � ã r ( G < = R H
M > ? @ J K (MINLP) { 7 M H I ¢ O D W = ø { A S A T U V � 	 M
� � Y B b $ F C D ' D F � � � �   k M 5 6 : E D F G e � � �
H M � I D Õ ( � � G J K L M � A 9 A � C D � 	 � d � � � M M
� # : + � M f g h ¢ O D E e N � � K L � � 
 M 3 4 W î D \ �
� : � R M R = @ 3 4 W î Y

U a � � � � � � N O � D Ö � G f g h M N O D � 	 ^ A _ D E

2 3 4 5 6 D P s ( V d � : 1 2 � � k l 3 4 M 1 2 5 6 D E F �
: � R Z � � M f g h ¢ O Y a ¢ z � 
 e � � � ^ A _ M 1 2 2 3
4 D % e N F Ô õ V d k � 1 2 � � k l 3 4 M 5 6 D 
 Z � � a ¢
z � u v D \ � T U V M 3 4 W î g � Y

Q � N " � * / � â 	 � 1 2 7 8 M 9 A B C D � * t I � � � 9
A � � � � � � � D T + � * t I � � � / M 3 4 g h � � � / M 9
A B C D R � � � � � x � M � � Y
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1.5 W X Y Z

� � ¾ � { � : 	 K D F Ô +

d � 	 � �
a b 1 2 5 6 D F ¯ 1 2 3 4 5 6 � 1 2 7 8 9 A B C D 
 ) [
; < � H I M � " c E F M H I ¢ z b = � 
 1 2 3 4 M T U V
u v D 
 c i d e F � � � 8 Y

d ã 	 1 2 3 4 T U V $ ¢ z o h
Z � C D o h ¢ z M f g D J K � � � U = M u v q h D Ï + E
F c 1 & M i W ¦ § D � � � � j H I ¢ z c I � � M k l � m
H � w H M * g P n D T + ( H I � 4 O M � j D 
 � � ^ _ `
H c e 	 � M o Y Y

d p 	 1 2 7 8 9 A B C $ ¢ z o h
J K � � � U = M u v q h D E F c 1 & M i W ¦ § D 
 � j H
I ¢ z c I � � M k l � m H � w H M * g P n D T + ( H I �
4 O M � j D � � � ^ _ ` H c e 	 � M o Y Y

d ­ 	 1 2 3 4 � 1 2 7 8 9 A B C $ ¢ � � g � � 	

� � � � � c o p M H I ¢ z D 0 � < : � � � T U V D � � �
� / � � � c � � M T U V g � D 
 E G � 	 � � Y

d � 	 g � � q � ? r
{ � � � � F } g 
 � � q � ; e M > ? @ Y
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2
� � � � � � � � � �   ¡

2.1 ¢ £ ¤ ¥ ¡ ¦ § ¤ ¥ � ¨ ©

Z � D � * � c T   k M k � � A (Single Plant) C � D d p © ¢ z D
d � © 3 4 g h ( 
 . ¢ O (Parallel Design) b 6 2.1 c 0 D a � j � : 1
2 � � k l Õ � � × Ø 1 2 D a © g h ( � * � � M T � � M � � D
� � ª � « � � A � � # : d ã © 3 4 g h { (Direct Design)D a g h {
) ¬ � � 1 2 D > ­ _ M T � Û F D � 1 2 ® � Ù � � D b 6 2.2 c 0

# T + d p © 3 4 g h { (RW Mains Design)D _ ¯ Ï ; G ) ¬ � � 1 2
D Õ ( a g h � 
 2 ( 3 (Mains)D 6 � ° 0 1 2 D [ P Q � W D _ Ù
± { � : ² ³ 3 D � ´ ; G � R : 3 4 g h �   µ D â ; G � 9 A �

d ¶ @ D b 6 2.3 c 0 Y

11
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å 2.1 Single Plant: Parallel Design

C1

C2

C3

C4

C5

RW Network

Source

 RW

Return

 RW
Wc

Wc

M

1

1

1

Chiller(s)

å 2.2 Single Plant: Direct Design

C1

C2

C3

C4

C5

RW Network

Source

 RW

Return

 RW
Wc

Wc

M

1

1

1

Chiller(s)

å 2.3 Single Plant: RW Mains Design

C1

C2

C3

C4

C5

RW Network

Source

 RW

Return

 RW

T
s

T
m

T
r

M

1

Wc

Wc

1

1

Chiller(s)
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: & E F ^ A _ 3 4 (Inter-plant Network) M Ó à F D � * Ü Ý & � �
� � © R = M u v D � � ( (a) Direct Integration (b) Indirect IntegrationD b 6
2.4 c 0 Y
å 2.4 Single Plant: Parallel Design

RW

Network 2

Plant 2

RW

Network 1

Plant 1

RW

Network 3

Plant 3

Central Main

RW

Network 2

Plant 2

RW

Network 1

Plant 1

RW

Network 3

Plant 3

(a) (b)

Direct Integration M ¥ h � D á Ã : k l Ä � � / M � A D Å § 1 2
M [ � � U Ü Ý � ' ^ A _ M L ? (Cross-plant Pipeline) P Q R = D b 6
2-5(a) c 0 Y : 6 2-5(b) M ¥ h D � C D ^ A _ M 1 2 R = D Ü Ý � '
� : i Æ 2 ( 3 (Central Main)D � 6 � ° 0 1 2 D [ P Q � W D U { �
� � A T Ö M L ? H £ K L D á t � A � � A � M L ? Ç 0 � � � D
� 
 È � L g D % ; G � I } S M x � Y

� � � D � * 	 � � � A (Multiple Plant)D � * ú 8 Chew 
 , M ß à

D t ^ A _ M R = u v D É Ê � A ; e 9 A � Y M � / D � x < : �
� # F ¯ Separate DesignD b 6 2.5 c 0 Y Separate Design with Inner MainsD
b 6 2.6 c 0 Y With Inter-Plant MainD b 6 2.7 c 0 Y With Inter/Inner-Plant

MainsD b 6 2.8 c 0 Y
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b 6 2.5 c 0 D Separate Design { � A � � V d i � 2 ( 3 (Central Main)D
: � A T Ö M k l � ; G Ø � H 7 D P � k � � A T 1 2 ; G [ � �
# : � A � � A $ � Ú d 1 2 [ � � Y

b 6 2.6 c 0 D Separate Design with Inner Mains { � A T Ö V d i � 2 (

3 (Inner-plant mains)D : k � � A T Ö D Ã : k l � � ; G Ø � H 7 D
9 : M g h ; G � � 1 2 3 4 5 6 K L � � I G � E 
 � 
 M 9 A ¶
@ Y

b 6 2.7 c 0 D With Inter-Plant Main { � A T Ö 
 � Ã : k l Ø � 7 �
D Õ ( � � A � M L ? D õ e � � i Æ 2 ( 3 ! 
 � 7 � D _ M ¹ �
� 
 V d ² ³ M Û � D â ; G � K L M L ? � Ë   k V Y

b 6 2.8 c 0 D With Inter/Inner-Plant Mains { � A T Ö V d i � 2 ( 3
(Inner-plant mains)D : � A � V d i Æ 2 ( 3 (Central Main)D c G � � �
A T Ö � � Ö D Ã : k l Õ � ' i � 2 ( 3 Ç i Æ 2 ( 3 [ 7 � D á

e W 4 9 ? 2 ( 3 M H � D Ì Í U { k l F � H � : Î � � � � � k
l M � Y D U e d Û E 
 5 6 9 A M K @ # Q � D b / � F E � D ^
A _ M L ? � ' i Æ 2 ( 3 6 � L g D � � e ( � � G J M � A ø A
Y



2.1 º » ¼ ¾ Ï ¿ À Ò Ó È Á Â 15

å 2.5 Multiple Plant: Separate Design
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å 2.6 Multiple Plant: Separate Design with Inner Mains
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å 2.7 Multiple Plant: With Inter-Plant Main
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å 2.8 Multiple Plant: With Inter/Inner-Plant Mains
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2.2 ¢ £ ¤ ¥ ¡ Ï Ð Ñ Ò Ó Ô

� � � G � A M 1 2 3 4 g h H £ K L D � � � { 
   V u v M K
L � D � o h ¢ z F D Ü Ý � � ö i W +

1. j � 1 2 � � k l M H � ( Õ q Z � � M Y

2. j � 1 2 � � k l i D Ü Ý Ù � � M 3 Ö × ( � � M Y

3. j : 1 2 � � k l Õ V d T 
 å � M P � H � � F � H � Y

4. � < = ' r i D ; G Ø C 3 M Ù � Y

U a ¢ z ; G a b b � +

1. 
 B � E � +

(a) j � 7 � L ? ' � M � � � 4
(b) j � 1 2 � � k l 3 Ö × M � |
(c) j � 1 2 � � k l T 
 ; å � M P F � H �

(d) j k Ú ' � 1 2 M Û Ü

2. G ¢ z X { F +

(a) Ã 1 2 � � k l � L ? H Ý 7 � M � B

(b) Ã ( � L ? M ' � Þ
(c) Ã 1 2 � � k l G J P F � 5 H � o Y
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3. ¢ z M ^ _ ( � 1 2 3 4 5 6 W X D � ' ¢ � X { � � � : T U
V M g h 
 B D G P x +

1 2 3 4 c 1 M ~ � � T | V Y

2.3 ¢ £ ¤ ¥ ¡ ß à ¤ ¥

6 2.9 { R : 1 2 3 4 M f g h M 0 P 6 D � a 6 i 1 2 7 8 E �

1 2 � � � 2 ( 3 (Supply Main)D t 1 2 E � � Ã : 1 2 � � k l (RW

Using Unit) � � D Ç ' � i � 2 ( 3 (RW Main) 2 ( D : + ° 0 � ) ' 2
( 3 (Return Main)D T + ) ' � 1 2 7 8 � x X Y Y
å 2.9 1 2 3 4 5 6 $ f g h

Supply
main

RW
Using
unit

RW
main

Return
main

Chiller
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{ 
 � ã � � 
 � ¢ z i Ã k l M P n � � 4 O M * g P n D c $
F M 0 P 6 i � * ; G C F � : 1 2 3 4 5 6 ( � ­ : k l c ® x M
D � � ( +

1. 1 2 � � k l (RW Using Unit)

2. � � 2 ( 3 (Supply Main)

3. i � 2 ( 3 (RW Main)

4. ) ' 2 ( 3 (Return Main)

: � * 0 � 9 ­ © � / ¹ e M k l � � :   k M g h 0 P 6 D P n
{ � 5 6 i a k l � � « k l c d 7 � M ; e D b 6 2.10� 6 2.11 c 0

Y � * ; G c 6 i C F D � j : k l $ F È d � : < » ° (Mixer)D _

M ^ M ( � � t � ¸ � / � 4 M 1 2 ° 0 � � � D $ + [ � ä å ä k
l i # a � D � k l F � 5 % d � : � v ° (Splitter)D � ^ M ( t æ ç
' 5 � « k l M 1 2 � U £ M � ' Y
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å 2.10 1 2 3 4 $ f g h (a) Using Unit (b) Supply Main

RW using unit
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T
c
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f
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å 2.11 1 2 3 4 $ f g h (c) RW Main (d) Return Main
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2.4 ¢ £ ¡ è é ê ë w ê ì í î ï � ð ï (Indices, Sets, Pa-
rameter, and Variables)

� H I J K L c o h M f g h i D ( 9 k l � c d ; e M L ? 7 �
Ù Ö È � 	 � P � D [ ¿ � f g h � o p H I ¢ O D : o p ¢ O M Z &
n À U ( 
 � 5 6 i M k l (indices)� 0 = (sets)� 5 6 m H (parameter) G
� 5 6 w H ( F ¯ 7 8 w H � 0-1 w H )(variables)D � � t � � ö � 2.4.1

K ∼2.4.4 K Y

2.4.1 : ; < = > ? (Indices)

� 9 @ � _ k l ( � A À * § M k l D � b + i ( � 1 2 � � k l
D p ( A À � A . . . 
 D � « � _ k l b À 2.1 c 0 # : � ¢ z i c � �
M B = m H � w H � I F C � _ k l Y
á 2.1 1 2 3 4 � _ k l C D

p � A
i 1 2 � � k l
m 2 ( 3
s � � 2 ( 3
r ) ' 2 ( 3



2.4 º » Ï D E F G Â F H I J L È M L (Indices, Sets, Parameter, and Variables) 23

2.4.2 N V > ? (Sets)

� K t a b ¢ z i c 1 & M 0 = Y � b + I { c d 1 2 � � k l M
0 = D P { c d � A $ 0 = . . . 
 D � « 5 6 0 = C D b À 2.2 c 0 Y
Q � Þ �  P M ( D � � ¢ z i D A À c d i � 2 ( 3 M 0 = MD F

Ô � : � 0 = Mcen � M innD � � A À i Æ 2 ( 3 (central main) � � A T

M i � 2 ( 3 (inner-plant RW main)Y
á 2.2 1 2 3 4 5 6 0 =

P c d � A $ 0 =
I c d 1 2 � � k l $ 0 =
Ip � A p T 1 2 � � k l $ 0 = D I p � I
M c d 2 ( 3 $ 0 = ,

{M =Mcen ∪Minn
}

Mcen i � 2 ( 3 $ 0 =
Minn � A T Ö i � 2 ( 3 $ 0 = D Minn = {Mp, p ∈ P}
S c d � � 2 ( 3 $ 0 =
Sp � A p T � � 2 ( 3 $ 0 = D S p � S
R c d ) ' 2 ( 3 $ 0 =
Rp � A p T ) ' 2 ( 3 $ 0 = D Rp � R
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2.4.3 W X Y Z (Parameters)

� K t a b ¢ z i c 1 & M � � 2 [ D � 1 & 
 B � c \ ä M m H
D � b + Fmax

i D À 0 1 2 � � k l i P � 5 T � ' � Y Ç ( Qi A À 1 2
� � k l i c 1 Ù Z � M 3 � # : � « m H $ � n � a Ú Þ D b À 2.3

c 0 Y
á 2.3 1 2 3 4 5 6 m H

Fmax
i 1 2 � � k l i ∈ I P � 5 T � ' �
Qi 1 2 � � k l i ∈ I c 1 Ù Z � M 3 Ö ×
T in,max
i 1 2 � � k l i ∈ I P � 5 T � å � H � � 4
T out,max
i 1 2 � � k l i ∈ I F � 5 T � å � H � � 4
T out
c 1 2 7 8 c ∈ C F � 5 � � 1 2 H �
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2.4.4 W X ] Z (Variables)

� K t a b 
 B w H D � ¢ z \ F M w H D F ¯ � ^ M 7 8 w H �
� � w H 0-1 w H D � © � / M 5 6 w H Y

7 8 w H (Continuous Variable)D ( � � � � q h T c d ; e � H I ø

{ � � M g � D { B = � � _ Ç 
 � _ M H Þ D � w H b À 2.4 c 0 #
á 2.4 1 2 3 4 7 8 w H

7 8 w H * g P n
fi 1 2 � � k l i ∈ I P F � 5 ' �
fc 1 2 7 8 c ∈ C P F � 5 ' �
tini 1 2 � � k l i ∈ I P � 5 M H �
tout
i 1 2 � � k l i ∈ I F � 5 M H �
ts � � 2 ( 3 s ∈ S M 1 � H �
tm i � 2 ( 3 m ∈M M 1 � H �
tr ) ' 2 ( 3 r ∈ R M 1 � H �
fsi � � 2 ( 3 s ∈ S � 1 2 � � k l i ∈ I M ' �
fsm À 0 � � 2 ( 3 s ∈ S � i � 2 ( 3 m ∈M M ' �
fss′ À 0 � � 2 ( 3 s ∈ S � � � 2 ( 3 s′ ∈ S M ' �
fcs À 0 1 2 7 8 c ∈ C � � � 2 ( 3 s ∈ S M ' �
fii′ À 0 1 2 � � k l i ∈ I � 1 2 � � k l i′ ∈ I M ' �
fim À 0 1 2 � � k l i ∈ I � i � 2 ( 3 m ∈M M ' �
fir À 0 1 2 � � k l i ∈ I � ) ' 2 ( 3 r ∈ R M ' �
fmi À 0 i � 2 ( 3 m ∈M � 1 2 � � k l i ∈ I M ' �
fmr À 0 i � 2 ( 3 m ∈M � ) ' 2 ( 3 r ∈ R M ' �
fmm′ À 0 i � 2 ( 3 m ∈M � i � 2 ( 3 m′ ∈ M M ' �
frc À 0 ) ' 2 ( 3 r ∈ R � 1 2 7 8 c ∈ C M ' �
frr′ À 0 ) ' 2 ( 3 r ∈ R � ) ' 2 ( 3 r′ ∈ R M ' �
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0-1 w H (binary variable)D ( � � À 0 � : ` § ( � Ç � ( � M � � w
H D b H Þ õ e ( � � 0 Ç 1 � � $ c D � s 0-1 w H M g � � ( 0 U

( 1Y � b £ Zsi = 1 � D À 0 � � 2 ( 3 s � 1 2 � � k l i M L ? (
( � M # : £ Zsi = 0 � D r À 0 � � 2 ( 3 s � 1 2 � � k l i M L ?
( � ( � M Y � « M 0-1 w H b À 2.5 c 0 Y
á 2.5 1 2 3 4 0-1 w H
0− 1 w H Þ 
 � 1 � M * g P n
Zsi À 0 � � 2 ( 3 s ∈ S � 1 2 � � k l i ∈ I M L ? ( �
Zsm À 0 � � 2 ( 3 s ∈ S � i � 2 ( 3 m ∈M M L ? ( �
Zss′ À 0 � � 2 ( 3 s ∈ S � � � 2 ( 3 s′ ∈ S M L ? ( �
Zcs À 0 1 2 7 8 c ∈ C � � � 2 ( 3 s ∈ S M L ? ( �
Zii′ À 0 1 2 � � k l i ∈ I � 1 2 � � k l i′ ∈ I M L ? ( �
Zim À 0 1 2 � � k l i ∈ I � i � 2 ( 3 m ∈M M L ? ( �
Zir À 0 1 2 � � k l i ∈ I � ) ' 2 ( 3 r ∈ R M L ? ( �
Zmi À 0 i � 2 ( 3 m ∈M � 1 2 � � k l i ∈ I M L ? ( �
Zmr À 0 i � 2 ( 3 m ∈M � ) ' 2 ( 3 r ∈ R M L ? ( �
Zmm′ À 0 i � 2 ( 3 m ∈M � i � 2 ( 3 m′ ∈M M L ? ( �
Zrc À 0 ) ' 2 ( 3 r ∈ R � 1 2 7 8 c ∈ C M L ? ( �
Zrr′ À 0 ) ' 2 ( 3 r ∈ R � ) ' 2 ( 3 r′ ∈ R M L ? ( �
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2.5 y z � � d e f

¯ Ê c E F M 1 2 3 4 f g h D ; G o p 1 2 3 4 5 6 M ¢ z D �
9 d � ? � 4 O � J q 1 2 3 4 g h 6 D � � ÷ b b � Y

2.5.1 g h m n o p (RW Using Unit) q r s t u v r s t

b æ 2.12 M � w Ö e c 0 D 1 2 � � k l ; e d p © � 4 D � � c
i � 2 ( 3 � � � 1 2 � � k l M ' � (fmi )� c � � 2 ( 3 � 1 2 �
� k l M ' � (fsi ) G � c � « 1 2 � � k l � b 1 2 � � k l M ' �
(fi′i)D 9 p : � 4 � 1 2 � � k l M P � 5 P x ' � 1 � D ç (2.1) ;
C D Y : ç (2.2) r ( C D 1 2 � � k l F � 5 M ' � 1 � Y T + � ç
(2.3) ( C D 1 2 � � k l P � 5 M e � 1 � D � i Tref { m 	 H � Y
å 2.12 � 1 2 � � k l P � 5 M * ' ' � � e � 1 � 0 P 6

RW Using Unit

i
SM

t
i

in

f
i

t
i

out

t
m

f
mi

t
i’

out

f
i’i

t
s

f
si

f
im

f
ir

f
ii'

From RW main

From
supply
main

From other
using units

To RW main

To other
using units

To
return
main

Q
i

f
i
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fi =
∑
s∈S
fsi +

∑
m∈M
fmi +

∑
i′∈I
fi′i ∀i ∈ I (2.1)

fi =
∑
m∈M
fim +

∑
r∈R
fir +

∑
i′∈I
fii′ ∀i ∈ I (2.2)

fi(t
in
i − Tref) =

∑
s∈S
fsi(ts − Tref) +

∑
m∈M

fmi(tm − Tref)

+
∑
i′∈I
fi′i(t

out
i′ − Tref) ∀i ∈ I (2.3)

b æ 2.13 M � w Ö e c 0 D ç (2.4) { 1 2 � � k l � 7 c 1 Ù � �

M e � ç (2.5) � ç (2.6) � ç (2.7) � � A À D 1 2 � � k l P F � 5 M
T 
 H � � 4 � 1 2 � � k l c e � ' M T � ' � � 4 Y

Qi = fi(t
out
i − tini ) ∀i ∈ I (2.4)

tini ≤ T in,max
i ∀i ∈ I (2.5)

tout
i ≤ T out,max

i ∀i ∈ I (2.6)

fi ≤ Fmax
i ∀i ∈ I (2.7)

å 2.13 � 1 2 � � k l � 7 M * ' ' � � e � 1 � 0 P 6

RW Using Unit

i
SM

t
i

in

f
i

t
i

out

t
m

f
mi

t
i’

out

f
i’i

t
s

f
si

f
im

f
ir

f
ii'

From RW main

From
supply
main

From other
using units

To RW main

To other
using units

To
return
main

Q
i

f
i
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2.5.2 { | } A B (Supply Main) q r s t u v r s t

ç (2.8) i D C D � � 2 ( 3 d � © ; e M � 4 D � � ( c � « M �

� 2 ( 3 G � 1 2 7 8 � � : � D b æ 2.14 M � w Ö � c 0 D a � ©

� 4 M ' � $ } » 
 � � � 2 ( 3 P � 5 M ' � Y : ç (2.9) ( C D �

� 2 ( 3 M F � 5 d p : � O D � i � 2 ( 3 � 1 2 � � k l � G �
� « M � � 2 ( 3 D a p © ' � M } » I 
 � � � 2 ( 3 M F � 5 '

� Y : � ç (2.10) r ( C D a p : � 4 � � � 2 ( 3 M e � 1 � I C Y
å 2.14 � � � 2 ( 3 k l P � 5 M * ' ' � � e � 1 � 0 P 6

Supply

main s

t
s

f
s

M S

f
sm

f
si

f
ss’

To
RW
main

To
using unit

To other
supply
mains

T
c

out

f
cs

From
chiller

t
s’

f
s’s

From
other
supply
mains

fs =
∑
c∈C
fcs +

∑
s′∈S
fs′s ∀s ∈ S (2.8)

fs =
∑
m∈M
fsm +

∑
i∈I
fsi +

∑
s′∈S
fss′ ∀s ∈ S (2.9)

fs(ts − Tref) =
∑
c∈C
fcs(T

out
c − Tref) +

∑
s′∈S
fs′s(ts′ − Tref) ∀s ∈ S (2.10)
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2.5.3 D E } A B q r s t u v r s t (Water/energy Balance)

ç (2.11) i D C D i � 2 ( 3 d p © ; e M � 4 D � � ( c � « M i
� 2 ( 3 � � � 2 ( 3 G � 1 2 � � k l D b æ 2.15 M � w Ö � c 0 D
a p © � 4 M ' � $ } » 
 � � � 2 ( 3 P � 5 M ' � Y : ç (2.12) (
C D i � 2 ( 3 M F � 5 d p : � O D � � « M i � 2 ( 3 � ) ' 2
( 3 � G � 1 2 � � k l D a p © ' � M } » I 
 � i � 2 ( 3 M F
� 5 ' � Y : � ç (2.13) r ( C D a p : � 4 � i � 2 ( 3 M e � 1 �
I C Y

Q � Þ �  P M ( D b $ F c E � D � � ¢ z i D A À c d i �
2 ( 3 M 0 = MD F Ô � : � 0 = Mcen � M innD � � A À i Æ 2 ( 3
(central main) � � A T M i � 2 ( 3 (inner-plant cooling water main)Y
å 2.15 � i � 2 ( 3 k l P � 5 M * ' ' � � e � 1 � 0 P 6

t
m

RW main

m
SM

t
m'

f
m'm

t
i

out

f
im

t
s

f
sm

f
mm'

f
mr

f
mi'

From
RW
main

From
supply
main

From
using
unit

To
other
RW mains

To
return
main

To
other
using units

f
m

fm =
∑
i∈I
fim +

∑
m′∈M
fm′m +

∑
s∈S
fsm ∀m ∈M (2.11)

fm =
∑
i′∈I
fmi′ +

∑
m′∈M
fmm′ +

∑
r∈R
fmr ∀m ∈M (2.12)

fm(tm − Tref) =
∑
i∈I
fim(t

out
i − Tref) +

∑
m′∈M

fm′m(tm′ − Tref)

+
∑
s∈S
fsm(ts − Tref) ∀m ∈M (2.13)
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2.5.4 F q } A B q r s t u v r s t (Water/energy Balance)

) ' 2 ( 3 M P n ( � 0 Ã � A i H � 
 H M 1 2 D [ � ä å ) 1
2 7 8 � � 3 Ö × D ç (2.14) i D C D ) ' 2 ( 3 d p © ; e M � 4

D � � ( c i � 2 ( 3 � � « M ) ' 2 ( 3 G � 1 2 � � k l D b æ
2.16 M � w Ö � c 0 D a p © � 4 M ' � $ } » 
 � � � 2 ( 3 P � 5
M ' � Y : ç (2.15) ( C D ) ' 2 ( 3 M F � 5 d � : � O D � 1 2 7
8 � G � � « M ) ' 2 ( 3 D a � © ' � M } » I 
 � ) ' 2 ( 3 M
F � 5 ' � Y : ç (2.16) r ( C D a p : � 4 � ) ' 2 ( 3 M e � 1 �
I C Y
å 2.16 � ) ' 2 ( 3 k l P � 5 M * ' ' � � e � 1 � 0 P 6

Return main

r

To
chiller

Return main

r

f
rc

M S

f
rr’

To
other
return
main

Mt
r’

f
r’r

From
other
return
main

t
m

f
mr

t
i

out

f
ir

From
RW
main

From
using
unit

t
r

f
r

t
r

ret

fr =
∑
i∈I
fir +

∑
m∈M
fmr +

∑
r′∈R
fr′r ∀r ∈ R (2.14)

fr =
∑
c∈C
frc +

∑
r′∈R
frr′ ∀r ∈ R (2.15)

fr(tr − Tref) =
∑
i∈I
fir(t

out
i − Tref) +

∑
m∈M
fmr(tm − Tref)

+
∑
r′∈R
fr′r(tr′ − Tref) ∀r ∈ R (2.16)
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2.5.5 G q q r H I J u : J
(Upper and Lower Bounds in the Flow Rate)

� K a b Ã æ ' � ; 
 � M � � � # � i U∗ ( À 0 H I L ? i 1 2
' � M � � m H � L∗ r ( H I L ? i $ 1 2 ' � M T I ; 
 � ' � #
Q � D ç (2.17) K ä 
 0-1 w H (Binary variables)Y

Z∗ =

{
1 pipeline ∗ exists. ⇒ F L

∗ ≤ f∗ ≤ FU
∗

0 pipeline ∗ do not exist. ⇒ f∗ = 0

ó � � C D b � 1 2 � � k l 1(i1) M F � 5 ' � � � � 1 2 � � k
l 2(i2) [ � � D Å § fii′=f12 U d ' � Þ D : ' � f12 U I O � � � � M
J q Y ] $ D á b L ? ' � Þ 
 � _ M � L D H � M Z∗ % I 
 � _ D
À 0 b L ? � ( � Y : � 4 j � æ ' � M T I M N D I d O � 1 2 3
4 W X � D \ � � = g M ' | ' � M L ? ( � D 
 d Û W 4 1 2 3 4
W X M   k @ Y

Z∗F L
∗ ≤ f∗ ≤ Z∗FU

∗ (2.17)

∗ ∈

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

si, sm, ss′, cs, im, ir,mi,

mr,mm′, rc, rr′, m, c, s, r

∀ i, i′ ∈ I, s, s′ ∈ S, m,m′ ∈M,
c, c′ ∈ C, r, r′ ∈ R

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭
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2.6 V � � W X Y p Z � d e f

b / F " c E � D � � � t ^ A _ 1 2 3 4 M R = D K � x ­ ©

g h � 	 � D { 
 e � H I O M N O � a b 9 : M A L D U a � n ç
(2.1) ∼ç (2.17) { � 4 O 0 = Ω0 { H I ¢ O (model) i Ü & M N r O (nec-

essary constrains)D b � c 0 +

Ω0 = { x | Equations (2.1)-(2.17)}

D : Q � � n � 4 O 0 = Ω†D A À & a b Ã © g h � c 1 & M a � M
� 4 O D b � c 0 + Ω†, † ∈{a, b, c, d} D c G D õ & t Ü & M � 4 O Ω0

� Ω† � b 0 D U A À � / g h � M � 4 O 0 = B x M ; Q � _ ð Y b

� c 0 + Ω1† ≡ Ω0 ∩ Ω†D � � t � 2.6.1 K ∼ 2.6.4 K t � � / g h c 1

& M a � � 4 O � C D Y
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2.6.1 Re-use Separate Design H c d J e f

b 6 2.5 c 0 D Separate Design { � A T Ö � V d i � 2 ( 3 D � A

T Ö 1 2 � � k l ; G 7 � # : � A � � A $ � Ú d 1 2 [ � � D
Separate Design � 9 @ M ^ M ( £ A � : � g ® D � � � � V d ^ A _
D E 2 R = M � � Y

Ωa ≡

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

∑
m∈Mcen

Zm = 0
}

No central
RW main∑

m∈Minn

Zm = 0
}

No inner-plant
RW main∑

m∈Minn−Mp

[Zmi + Zim] +
∑
i′∈I−Ip

Zii′ +
∑
s∈S−Sp

Zsi +
∑

r∈R−Rp
Zir = 0

∀i ∈ Ip, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
RW using unit i∑

i∈I−Ip
Zsi +

∑
m∈Minn−Mp

Zsm +
∑

s′∈S−Sp
Zss′ = 0

∀s ∈ Sp, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
supply main s∑

i∈I−Ip
Zir +

∑
m∈Minn−Mp

Zmr +
∑

r′∈R−Rp
Zrr′ = 0

∀r ∈ Rp, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
return main r

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
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2.6.2 Re-use Separate Design with Inner Mains H c d J e f

� � � : 3 4 g h (Re-use Separate Design) i 1 2 Î Ï ; G ® � M [ �
� D Õ ( I C E 5 6 M K L � D c G � � g h I � � A T Ö C E i �
2 ( 3 (Inner Mains) D b 6 2.6 c 0 Y � 
 � A T Ö V d i � 2 ( 3 D �
A T Ö 1 2 � � k l � ; G 7 � D Ü Ý � ' i Æ 2 ( 3 < = + [ � W

[ � � D 9 : M g h D ( � Feng 
 I � [5]� 2 3 4 d E F D ; G � 1
2 3 4 5 6 K L � � I » E 
 5 6 9 A K @ # : � A � � A $ � % Ú

d 1 2 [ � � D a g h % / : £ A � : � g ® D � � � � V d ^ A _
D E 2 R = M � � Y

Ωb ≡

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

∑
m∈Mcen

Zm = 0
}

No central
RW main∑

i∈I
Zii′ = 0, ∀i′ ∈ I

} No direct connec-
tions between RW
using unit i∑

m∈Mp

Zmm′ = 0, ∀m′ ∈Minn −Mp

} No connections
between
inner-plant mains∑

m∈Minn−Mp

[Zmi + Zim] +
∑
i′∈I−Ip

Zii′ +
∑
s∈S−Sp

Zsi +
∑

r∈R−Rp
Zir = 0

∀i ∈ Ip, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
RW using unit i∑

i∈I−Ip
Zsi +

∑
m∈Minn−Mp

Zsm +
∑

s′∈S−Sp
Zss′ = 0

∀s ∈ Sp, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
supply main s∑

i∈I−Ip
Zir +

∑
m∈Minn−Mp

Zmr +
∑

r′∈R−Rp
Zrr′ = 0

∀r ∈ Rp, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
return main r

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
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2.6.3 Re-use with Inter-Plant Mains H c d J e f

b 6 2.7 c 0 D With Inter-Plant Mains { � A T Ö 
 � 1 2 � � k l M
L ? Ø � 7 � D Õ ( � A � � A � M L ? D E Ü Ý & � ' i Æ 2 ( 3
(central main) ! 
 � 7 � D i Æ 2 ( 3 ¹ e � 
 V d ² ³ M Û � D Ì Í
1 2 � � k l � Ø � 7 � � D F � : k l M F � H � d Î � � D I �
� � � � : k l M ä � H � D P : � � k l ø A D Q � D � A M L ?
G J � h � K L D � � ^ A _ M L ? 0 i L g D � � U � � G J M �
A 9 A Y

Ωc ≡

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

∑
m∈Minn

Zm = 0
}

No inner-plant
RW mains∑

m∈Minn−Mp

[Zmi + Zim] +
∑
i′∈I−Ip

Zii′ +
∑
s∈S−Sp

Zsi +
∑

r∈R−Rp
Zir = 0

∀i ∈ Ip, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
RW using unit i∑

i∈I−Ip
Zsi +

∑
m∈Minn−Mp

Zsm +
∑

s′∈S−Sp
Zss′ = 0

∀s ∈ Sp, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
supply main s∑

i∈I−Ip
Zir +

∑
m∈Minn−Mp

Zmr +
∑

r′∈R−Rp
Zrr′ = 0

∀r ∈ Rp, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
return main r

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
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2.6.4 Re-use with Inter/Inner-Plant Mains H c d J e f

b 6 2.8 c 0 D With Inter/Inner-Plant Mains { � A T Ö V d i � 2 ( 3
(inner-plant cooling water mains)D : � A � � A � V d i Æ 2 ( 3 (central

main) M � � D c G � � � A T Ö � � Ö D 1 2 � � k l ( � ' i �
2 ( 3 Ç i Æ 2 ( 3 [ 7 � D á e W 4 9 ? 2 ( 3 M H � D Ì Í U {
1 2 � � k l F � H � Î � � � � � 1 2 � � k l M � Y D : e E 


5 6 9 A K @ # Q � D b / 2.6.3 K c E D ^ A _ M L ? � ' i Æ 2 (

3 6 � L g D � � e U � � G J M � A ø A Y

Ωd ≡

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

∑
i∈I
Zii′ = 0, ∀i′ ∈ I

} No direct connec
-tions between
RW using units∑

i∈Ip
Zim = 0, ∀m ∈Mcen

} No connections
from RW using unit
i to central mains∑

m∈Mcen

Zmm′ = 0, ∀m′ ∈Minn

} No connections
from central mains
to inner mains∑

m∈Mp

Zmm′ = 0, ∀m′ ∈Minn −Mp

} No connections
between
inner-plant mains∑

m∈Minn−Mp

[Zmi + Zim] +
∑
i′∈I−Ip

Zii′ +
∑
s∈S−Sp

Zsi +
∑

r∈R−Rp
Zir = 0

∀i ∈ Ip, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
RW using unit i∑

i∈I−Ip
Zsi +

∑
m∈Minn−Mp

Zsm +
∑

s′∈S−Sp
Zss′ = 0

∀s ∈ Sp, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
supply main s∑

i∈I−Ip
Zir +

∑
m∈Minn−Mp

Zmr +
∑

r′∈R−Rp
Zrr′ = 0

∀r ∈ Rp, ∀p ∈ P

⎫⎪⎬
⎪⎭

No inter-plant
connection for
return main r

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
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2.7 o m n ï (Objectives)

� 9 � | K t I � � 1 2 3 4 ô g M � : � / ^ _ ` H D

1. T � } 1 2 ~ � � (To Minimize Total Refrigerated Water)

2. j � 1 2 � � k l T | � ' � (To Minimize Throughput of RW Units)

9 � : ^ _ ( É Ê � / M 1 \ c E F M # d � : ^ _ ( 	 � � x � u
v D 1 2 M ~ � � � 1 2 3 4 5 6 i ( q x � M T � Ö e # d ã : ^
_ ` H r ( t � : 3 4 g h r F � : � � � (Unique Solution) Y � � t $
F c � � M � 4 O � ^ _ ` H R = x � : s < = R H > ? @ J K u v
t D � i x { 
 B w H D Ω { R : ¢ z i c d M � 4 O 0 = B x M ;
Q � _ ð Y
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2.7.1 u ; v Z (1)w x y z g h « ¬ r (To Minimize Total Refriger-
ated Water)

) ' X Y 1 2 P ä � 1 2 7 8 M � D b � 1 2 ' � L � D L e � I

c 1 M x � D U a � n 
 ^ _ ` H (1) { T | M 1 2 7 8 � � 1 2 � D
­ ® T C U ( 5 6 i 1 2 M ~ � � Y � O c À 0 M ( � : < = R H M
> ? @ J K (Mixed-Integer Non-Linear ProgrammingD MINLP) M H I ¢ O D �
9 @ x1† ( � w H D Ω0 ( � Ü & M � 4 O D Ω† À 0 � / � � � a � M
� 4 O D c G � Ω0 . 0 Ω†D U ; G \ F � � / � � � T | M 1 2 ~ �
� Y

min
x1†∈Ω1†

J1† =
∑
c∈C

∑
s∈S
fcs (2.18)

x1† ≡

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

fi, fc, fsi, fsm, fss′, fcs, fii′ ,

fim, fmi, fir, fmr, fmm′ , frc, frr′,

tini , t
out
i , t

in
c , ts, tm, t

ret
r , Z∗

∀i, i′ ∈ I, m,m′ ∈M,
c ∈ C, s ∈ S, r ∈ R

⎫⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎭

Ω1† = { x1† | Ω0 ∩Ω†}
† ∈ {a, b, c, d}

=⇒ (fcs)† = (f ∗cs)† ∀c ∈ C ∀s ∈ S
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2.7.2 u ; v Z (2)w ¯ ° g h m n o p x ± ² ³ r (To Minimize Through-
put of RW Units)

U { ^ _ ` H (1) � F M 3 4 g h d � ) � (Multiple Solutions)D Õ � *
Ü Ý � � � � � (Unique Solution) D U a ^ _ ` H (2) s { 1 2 � � k l
M T | Ö ´ ( % U ( j � 1 2 � � k l d T | M � ' � ) � M 3 4 g h
� £ � * M � � � (Unique Solution)D � i fcs† { ^ _ ` H (1) ¯ � / M �
� � F M g � D Ω2† { Ω1† � fcs† = f ∗cs† M b 0 r A À ^ _ ` H (2) M ; Q
� _ ð D † � F " Õ � � n ' D A À � / M � � Y

min
x1†∈Ω2†

J2† =
∑
i∈I
fi (2.19)

Ω2† = Ω1† ∩ { x1† | (fcs)† ≤ (f∗cs)†(1 + 0.0001)} ∀c ∈ C ∀s ∈ S

† ∈ {a, b, c, d}
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3.1 ¢ £ ¤ ¥ ¡ ¦ § ¤ ¥ � ¨ ©

� 	 D � * t & � � 1 2 7 8 M 9 A B C D � * � : � � � k � 1
2 7 8 D { 
 � 9 A � d Û < D j R 1 2 7 8 È d � 9 A M � � (αc) �
� � (αc)D b 6 3.1 c 0 D x » ( 1 \ 5 � � � # : y » ( 1 2 7 8 M 1
2 E � � D a 6 M ¼ ½ ¾ ¿ � 45 � ? G � D G F X � � � � � � � �
Y _ ( � © Q 7 8 M � 4 D £ À � 1 8 � D U I d � � M � � � D Ï
+ � � � � � � � � Õ ( 7 8 M 9 A Y

41
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å 3.1 Single Chiller: Parallel Design

f
c

f
c

f
c

f
c

f
c

£ 1 \ � C � � D � * Ü Ý � R 1 2 7 8 � � 
 . � � D F X ¼ ½
� 45 � ? G � D b 6 3.2(a) c 0 D a { � R 1 8 
 . # b 6 3.2(b) c 0

D a { p R 1 8 
 . Y
å 3.2 Multiple Chillers: (a) two chillers (b) three chillers

f
c

f
c

f
c

one chiller two chillers

f
c

f
c

f
c

one chiller two chillers three chillers
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3.2 ¢ £ ¤ ¥ ¡ Ï Ð Ñ Ò Ó Ô

� o h 1 2 7 8 ¢ z � D Ü Ý � � ö i W +

1. D ¼ (Refrigerant) � 3 { � � Þ Y

2. j � 1 2 7 8 { 
 � 9 A Û < D P F � H � Ü Ý & d � : q h Y

3. 1 2 � < = ' r i D ; G Ø C 3 M Ù � Y

U a ¢ z ; G a b b � +

1. 
 B � E � +

(a) j � 1 2 7 8 M Ö × T � � (Capacuty)

(b) j � 1 2 7 8 M � � 9 A x � (Fixed operating cost)

(c) j � 1 2 7 8 M w � 9 A x � (Variable operating cost)

(d) j � 1 2 7 8 � 9 A M � � G � � �
(e) c problem2 � � D � � 3 4 g h c 1 M 1 2 � � �

2. G ¢ z X { F +

(a) G J 9 A � (αc)

(b) Ã © 1 2 7 8 c 1 & M R H
(c) 1 2 7 8 F � M ' �
(d) 1 2 7 8 ä � M H � G � ' �
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3. ¢ z M ^ _ ( � 1 2 7 8 D � ' ¢ � X { � � � : T U V M 
 B
D G P x +

1 2 7 8 � � / w � M 9 A x � T | V Y

3.3 ¢ £ ¤ ¥ ¡ ß à ¤ ¥

6 3.3 { R : 1 2 7 8 M f g h M 0 P 6 D � a 6 i 1 2 7 8 E � 1
2 � � � 2 ( 3 (Supply Main)D : E � � 1 2 � � k l � � + D ° 0 �
) ' 2 ( 3 (Return Main)D T + 1 2 ' ) 1 2 7 8 D � x � : X Y Y :

b � � � � � � � � � D 1 2 ; e d � © 4 Á +

1. 1 2 ) � � 1 2 7 8

a ^ M ( { 
 � � 1 2 7 8 M 9 A Û < D U { £ P F � H �

' � � D I M x 1 2 7 8 ' � M Ö ´

2. ª Q � æ 1 2 � 3 b ­

b � ô � � I H 1 2 7 8 M 1 2 D _ ; G � � 
 H M 1 2 7
8 M 1 2 ) ' � 3 b ­ D � � � Â M � I H 1 2 e d Û � �
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å 3.3 1 2 7 8 $ f g h

Chiller c

Split-2

HE

cc'

HE

c''c

Split-1

Mix-2

Mix-3
f
c

f
c

f
cs

f
c

t
c

T
c

t
c

in out

recyclf
c

f
c

cold

f
c

hot

f
c

cold

f
c

hot

t
c

cold

f
c''

hot f
c''

hot

f
c'

cold f
c'

coldt
c'

cold

T
c''

out

T
c'

out

t
c''

W
c

q
c

To

supply

mains s

ret

ret

ret

From

return

mains r

To

chiller c'

From

chiller c'

To

chiller c''

From

chiller c''

T
c

out

Split-3Mix-1

f
rc

t
r

T
c

out
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3.4 ¢ £ ¡ è é ê ë w ê ì í î ï � ð ï (Indices, Sets, Pa-
rameter, and Variables)

� K t a b ¢ z i c 1 & M � _ k l D c À 0 1 2 7 8 � C À 0 1
2 7 8 $ 0 = � 5 6 m H D b À 3.1 c 0 � 5 6 w H # : a ¢ z 1 & �
� M 5 6 w H � 
 $ F a b M 7 8 w H D b À 3.2 c 0 � � � w H D b

À 3.3 c 0 � D â d � : R H w H (Integer Variable)D � ¢ z � � ncD _ (
À 0 1 2 7 8 M H � Y
á 3.1 1 2 7 8 5 6 m H

Fmax
c 1 2 7 8 c ∈ C P F � 5 T � ' �
fcs À 0 1 2 7 8 c ∈ C � � � 2 ( 3 s ∈ S $ ' �
frc À 0 ) ' 2 ( 3 r ∈ R � 1 2 7 8 c ∈ C $ ' �
f̂c 1 2 7 8 c ∈ C M Ö × T � �
T out
c 1 2 7 8 c ∈ C F � 5 � � 1 2 H �
ΔTmax

c 1 2 7 8 c ∈ C P F � H � T � ; å � $ H � A
αc 1 2 7 8 c ∈ C 9 A � �
αc 1 2 7 8 c ∈ C 9 A � �
Cfix
c 1 2 7 8 c ∈ C � � 9 A x �
Cvar
c 1 2 7 8 c ∈ C w � 9 A x �



3.4 º » Ï D E F G Â F H I J L È M L (Indices, Sets, Parameter, and Variables) 47

á 3.2 1 2 7 8 7 8 w H
7 8 w H * g P n
fc 1 2 7 8 c ∈ C P F � 5 M ' �
f hot
c 1 2 7 8 c ∈ C M 1 2 � 3 b ­ � D E � e � Å æ L ? $ ' �
f cold
c 1 2 7 8 c ∈ C M 1 2 � 3 b ­ � D Z � e � Å æ L ? $ ' �
f recycl
c 1 2 7 8 c ∈ C M 1 2 ) � ' �
tinc 1 2 7 8 c ∈ C ä � M 1 � H �
tcold
c 1 2 7 8 c ∈ C M 1 2 � 3 b ­ � D Z � e � $ 1 � H �
tret
c 1 2 7 8 c ∈ C ä � < = F M 1 � H �
qc 1 2 7 8 c ∈ C c � � M 3
qcc′ 1 2 7 8 c ∈ C � 1 2 7 8 c′ ∈ C $ � 1 2 3 b ­ $ e �
αc 1 2 7 8 c ∈ C G J M 9 A �

á 3.3 1 2 7 8 0-1 w H
0− 1 w H Þ 
 � 1 � M * g P n
yhot
c À 0 1 2 7 8 c ∈ C M 1 2 � 3 b ­ � D E � e � M Å æ L ? ( �
yclod
c À 0 1 2 7 8 c ∈ C M 1 2 � 3 b ­ � D Z � e � M Å æ L ? ( �
yrecycl
c À 0 1 2 7 8 c ∈ C M 1 2 ) � ' � L ? ( �
ycc′ À 0 1 2 7 8 c ∈ C � 1 2 7 8 c′ ∈ C M 3 b ­ ( �
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3.5 y z � � d e f

¯ Ê E F M 1 2 7 8 f g h D ; G o p 1 2 7 8 5 6 M ¢ z D ; �
� � ? � 4 O � J q 1 2 7 8 g h 6 D � � ÷ b b � Y

3.5.1 g h Ã Ä (Chiller) q r s t

ç (3.1) { Mix-1 M ' � 1 � D � * 	 � j � æ � ¸ � / M ) ' ( 2
3 M 1 2 D < = x f ret

c # : ç (3.2) � ç (3.3) � � { Split-1,Mix-2 � Split-

2,Mix-3 M ' � 1 � D : ç (3.4) { 1 2 7 8 1 & E � M 1 2 } � D U {
j � 1 2 7 8 Õ d � 9 A M � � � D b ç (3.5) D � i 1 2 7 8 G J M
9 A � αc 1 � � � � � � $ � D G F X � 9 A Û < Y
å 3.4 � 1 2 � � k l P � 5 M * ' ' � � e � 1 � 0 P 6

Chiller c

Split-2

HE

cc'

HE

c''c

Split-1

Mix-2

Mix-3
f
c

f
c

f
cs

f
c

t
c

T
c

t
c

in out

recyclf
c

f
c

cold

f
c

hot

f
c

cold

f
c

hot

t
c

cold

f
c''

hot f
c''

hot

f
c'

cold f
c'

coldt
c'

cold

T
c''

out

T
c'

out

t
c''

W
c

q
c

To

supply

mains s

ret

ret

ret

From

return

mains r

To

chiller c'

From

chiller c'

To

chiller c''

From

chiller c''

T
c

out

Split-3Mix-1

f
rc

t
r

T
c

out
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f ret
c =

∑
r∈R
frc ∀c ∈ C (3.1)

f ret
c + f

cold
c + f recycl

c = f hot
c + fc ∀c ∈ C (3.2)

fc + f
hot
c = f

recycl
c + f cold

c +
∑
s∈S
fcs ∀c ∈ C (3.3)

fc = ncαcf̂c ∀c ∈ C (3.4)

αc ≤ αc ≤ αc ∀c ∈ C (3.5)

3.5.2 g h Ã Ä (Chiller) v r s t

ç (3.6) { Mix-1 M e � 1 � # : ç (3.7) { Split-1,Mix-2 M e � 1 � Y
ç (3.8) ( C D j � R 1 2 7 8 1 � Å M 3 � # U { 1 2 7 8 M P F �

H � Ü Ý d c J q D c G � ç (3.9) � 4 
 1 2 7 8 M ä � H � tinc D Ü
Ý & d � : � � D Ì Í P F � H � ' � : � � 9 A Û < Y

f ret
c t

ret
c =

∑
r∈R
frctr ∀c ∈ C (3.6)

f ret
c t

ret
c + f

cold
c t

cold
c + f recycl

c T out
c = f

hot
c t

ret
c + fct

in
c ∀c ∈ C (3.7)

qc = fc(t
in
c − T out

c ) ∀c ∈ C (3.8)

tinc − T out
c ≤ ΔTmax

c ∀c ∈ C (3.9)
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£ 3 b ­ ( � � D yhot
c = y

cold
c = 1D c G ç (3.10) ,ç (3.11) M qcc′ I d c

� 4 # ] $ D b � 1 2 7 8 � M 1 2 Ú d 3 b ­ ( � � D qcc′ r � I d
c � 4 Y : ç (3.12) ∼ç (3.14) r ( & � � 	 � D ç (3.13) c À 0 M P �
{ D õ d £ yhot

c = y
cold
c′ = 1 � D ! I � ycc′ = 1# : £ ycc′ = 1 � D ; G C ç

(3.12) D a O � ( C D 3 b ­ � 3 � I d � : q h D � ; f ' a q h #
: ç (3.14) r ( À 0 � : 1 2 7 8 c T � õ e � Æ Q � R 1 2 7 8 c′Y

ç (3.15) D ç (3.16) r À 0 3 b ­ ° M T | H � A D U { 3 b ­ ° Ü
Ý & d Ç � � (Driving Force) ! e � � > � Y

Θ(yhot
c − 1) ≤

∑
c′∈C
qcc′ − f hot

c (t
ret
c − T out

c ) ≤ Θ(1− yhot
c ) ∀c ∈ C (3.10)

Θ(ycold
c − 1) ≤

∑
c′∈C
qc′c − f cold

c (t
cold
c − T out

c ) ≤ Θ(1− ycold
c ) ∀c ∈ C (3.11)

QLycc′ ≤ qcc′ ≤ QUycc′ ∀c, c′ ∈ C (3.12)

ycc′ ≤ y
hot
c + y

cold
c′

2
∀c, c′ ∈ C (3.13)∑

c′∈C
ycc′ ≤ 1 ∀c ∈ C (3.14)

ΔTmin ≤ T out
c − T out

c′ + Γ(1− ycc′) ∀c, c′ ∈ C (3.15)

ΔTmin ≤ tret
c − tcold

c′ + Γ(1− ycc′) ∀c, c′ ∈ C (3.16)
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3.5.3 g h Ã Ä È É J e

ç (3.17) D ç (3.18) D ç (3.19) ( � J � Ã * ' ' � M q h Y ç (3.20) r
À 0 T I H M 1 2 7 8 D � 3 b ­ ° E � e � M * ' ' � { _ (f hot

c =

0)# : ç (3.21) r À 0 T 
 H M 1 2 7 8 D � 3 b ­ ° Z � e � M * '

' � { _ (f cold
c = 0)Y

c O � ; G C F D £ Yc = 1 � D À 1 2 7 8 � M 1 2 d 3 R = D P
s 3 b ­ ° ( � # : £ Yc = 0 � D r À 0 � 3 b ­ ° ( � Y ç (3.22) D
ç (3.23) r À 0 3 R = ( � � 8 D ' � ( 8 	 � � � � � Y

F L
c y

hot
c ≤ f hot

c ≤ FU
c y

hot
c ∀c ∈ C (3.17)

F L
c y

cold
c ≤ f cold

c ≤ FU
c y

cold
c ∀c ∈ C (3.18)

F L
c y

recycl
c ≤ f recycl

c ≤ FU
c y

recycl
c ∀c ∈ C (3.19)

yhot
c = 0 for c = 1 (lowest T) (3.20)

ycold
c = 0 for c = C (highest) (3.21)

yhot
c ≤ Yc ∀c ∈ C (3.22)

ycold
c ≤ Yc ∀c ∈ C (3.23)

Yc =

{
1 with Heat Integration

0 w/o Heat Integration
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3.6 o m n ï (Objectives)

� � | K t I � � � : � / M ^ _ ` H D

1. T � � � / w � 9 A x � (To Minimize Fixed/variable Operating Cost)

2. j � 1 2 7 8 M T | � ' � (To Minimize Throughput of Chillers)

9 � : ^ _ ( É Ê � / M 1 \ c E F M # d � : ^ _ ( 	 � � � � 9
A x � G � w � 9 A x � M u v # : d ã : ^ _ ` H r ( t � Ê � �
r F � : � � � (Unique Solution) Y � � t $ F c � � M � 4 O � ^ _ `
H R = x � : s < = R H > ? @ J K u v t D � i x { 
 B w H D Ω

{ R : ¢ z i c d M � 4 O 0 = B x M ; Q � _ ð Y
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3.6.1 u ; v Z (3)w x y Ë Ì / ] Í Î Ï Ð Ñ (To Minimize Fixed/variable
Operating Cost)

� ^ _ ` H ( 	 � x � u v D : � ¢ z M 1 2 7 8 c 	 � M x � ;
G � � © +

1. � � 9 A x �

{ ç (3.24) M ncCfix
c D À j £ � Ò � R 1 2 7 8 � D � c 1 M �

� x � t I C E Y

2. w � 9 A x �

{ ç (3.24) M ncCvar
c αcf̂c(t

in
c − T out

c )D w � x � 	 � p : Ö � D F

Ô c 1 Ò M 1 2 7 8 R H � � G M 9 A � D G � 1 2 7 8 M
P F � H � Y

U a � * � n 
 ^ _ ` H (3) { � � 9 A x � � w � 9 A x � M } »

D ­ ® T C U ( 5 6 i 1 2 7 8 c 1 M x � Y � O c À 0 M ( � : <
= R H M > ? @ J K (Mixed-Integer Non-Linear ProgrammingD MINLP) M H I
¢ O D � 9 @ x3† ( � w H D Ω3 ( � Ü & M � 4 O D c G ; G \ F T
| M x � } » Y
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min
x3∈Ω3

J3 =
∑
c∈C
nc

(
Cfix
c + C

var
c αcf̂c(t

in
c − T out

c )
)

(3.24)

x3 ≡

⎧⎪⎨
⎪⎩

nc, y
hot
c , y

cold
c , y

recycl
c , ycc′ ;

f hot
c , f

cold
c , f

recycl
c , fc ; t

in
c , t

cold
c , t

ret
c

∀c, c′ ∈ C

⎫⎪⎬
⎪⎭

Ω3 = { x3 | Equations (3.1)-(3.23)}

=⇒ αc(tinc − Tcout) = α∗c(t
in∗
c − T out

c ) ∀c, c′ ∈ C

Cfix
c : fixed operating cost for working chiller on c-temp. level ($)

Cvar
c : variable operating cost for c-temp. RW

(
$

kW

)

3.6.2 u ; v Z (4)w ¯ ° g h Ã Ä x ± ² ³ r (To Minimize Through-
put of Chillers)

� * � F M ^ _ ` H (3) > C 1 2 7 8 9 A B C d � ) � (Multiple So-

lution)D P s d � ® M αc � tinc D : � * Ü Ý � � � � � (Unique Solution)

D U a ^ _ ` H (4) s { 1 2 7 8 M T | Ö ´ ( % U ( j � 1 2 7 8 d
T | M � ' � ) � M 9 A B C � £ � * M � � � (Unique Solution)D � i
αc(t

in
c −Tcout) = α∗c(t

in∗
c −T out

c ) { ^ _ ` H (3) c � F M g � D � � � � � Þ
D : � ^ _ ` H (4) i D � � a � Þ 
 � 1 2 Ö ´ T | V D r ; � � �
� � Y : � i Ω4 { ^ _ ` H (4) M ; Q � _ ð Y
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min
x4∈Ω4

J4 =
∑
c∈C
αc (3.25)

x4 ≡
{
αc, t

in
c , fc, f

recycl
c , f hot

c , f
cold
c

∀c, c′ ∈ C

}

Ω4 =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x4

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

αc(t
in
c − Tcout) = α∗c(t

in∗
c − T out

c )

tinc − T out
c ≤ ΔTmax

c

αc ≤ αc ≤ αc
fc = n

∗
cαcf̂c

f ret*
c + f

cold
c + f recycl

c = f hot
c + fc

∀c ∈ C

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
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4
� � � � Ó � � µ ¶ · ¸ ¹

º � � Ô Õ Ö × Ø Ù

� � 1 2 3 4 5 6 G � 1 2 7 8 9 A B C M T U V D � � � t � '
� : � � D � � d ã � p 	 c o p M H I ¢ z D Ú W � � M � 4 O D
� � T V V M W X g � D 
 P � n A Û ä M � 	 � � � Y

� 	 K Ü � � : � � M � � D 
 Ö � ­ : ^ _ ` H � A T U V W X
D ^ _ ` H (1)� (2) ( { 
 W X 1 2 3 4 5 6 D � ^ � C D 1 2 3 4 i
1 2 M P � ( > � � e M D c G � * 8 ; e M \ � _ M � � � D c G
� � d ã 	 c E F M ¢ z A 1 2 ~ � � T U V # : ^ _ ` H (3)� (4) r
( { 
 W X 1 2 7 8 M 9 A B C D � � ^ _ ` H (1) � F M 1 2 T � 1

\ � { � Ý � D \ F T V M 1 2 7 8 9 A B C Y G 5 � Ö � M � � È
õ 	 � � 3 4 5 6 M W X D : Ú � � � � � M W ç _ M 9 A B C D

57
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� � � t I / � 	 � � : b = � I R : 1 2 5 6 M x � D F ¯ +

1. 1 2 3 4 5 6

2. 1 2 7 8 9 A B C

4.1 ã ä å æ ç

� � � ( Ö � � è � é M 
 ê ¢ O 5 6 A S (Generalized Algebraic Mod-

eling SystemD GAMS, Brooke et al., 1988)D � \ � T U V H I J K u v Y �
� � M H I ¢ z ( � © y z M < = R H M > ? @ J K (Mixed-Integer Non-

Linear Programming, MINLP) u v D : � \ � T U V u v M � v ° (solver) �
� � D � � M MINLP solver { BARONY

4.2 ë ì í î ï ð ñ ì y z ò ó ô õ ¡ y z � � ¢ ö

� � � ( � � : � � M � A c ¥ h D F Ô 
 h � : 1 2 � � k l (RW

Using Units)Y � i 1 l � A � � E � 5◦C1 2 # : 2 l � A � � E � 9◦C1
2 Y À 4.1 E � 
 ¢ z i I � � M m H D : À 4.2 ( E � 
 j � 1 2 � �
k l M 9 A 2 p D d j � 1 2 � � k l M � � � � 3 Ö × (Heat LoadD
kW)� j � 1 2 � � k l ä � 5 M T 
 ; å � M H � (T in,max

i D ◦C)D G �
F � 5 M T 
 ; å � M H � (T out,max

i D ◦C)D : T + � a c À P M Maximum

Heat Capacity Flow Rate(kW/◦C) D { D � ' < � 2 3 å � (Heat Capacity of Wa-

terD Cp=4.18(J/g◦C) M b c Y
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á 4.1 c 1 � � $ m H

RW ΔTmax
c Capacity (f̂c) Cfix

c Cvar
c

(oC) (kW/oC) (ton/hr) ( $
kW) ($)

5oC 10.0 20.0 17.1 100.0 0.9

9oC 10.0 45.0 38.6 60.0 0.6

á 4.2 � A 9 A 2 p

Plant RW using Heat load Max. Temp.(oC) Max. Heat Capacity

unit i (kW) inlet outlet Flow rate (kW/oC)

1 1 15 5 10 7.0

2 15 7 12 7.0

3 25 9 16 8.0

4 50 9 18 6.0

5 100 14 23 12.0

6 150 16 23 25.0

2 7 150 9 14 30.0

8 100 9 16 20.0

9 15 14 23 2.5

10 15 15 23 2.5

11 15 16 23 2.5
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� a 	 � * G D ¼ ( � � ¢ z { 1 2 ) ( 8 ; < = � � 1 2 7 8 � M
1 2 ( 8 A 3 R = � � : K � Y

1 2 � ; < = F ¯ a� b # : 1 2 ; < = F ¯ c� dY � � � � � �
a� b� c� d � � � 1 2 7 8 � M 1 2 	 � 3 R = � � 	 � 3 R = u v
D � � _ * M g � 
 � 	 � � Y

Can’t mix RWs Can mix RWs

a c

with HI

Wc

Wc

Wc

Wc

M

M

1

2

3

4

5

8

9

10

11

12

6

7

R

Plant A

Plant B

s
1

r
1

s
1

r
1

R

Plant A

Plant B

s
1

m
1

r
1m

2

s
1 m

3
r
1

R

1

2

Wc

Wc

Wc

Wc

M

M

1

2

3

4

5

8

9

10

11

12

6

7

R

Plant A

Plant B

s
1

r
1

s
1

r
1

R

Plant A

Plant B

s
1

r
1

s
1

r
1

R

1

2

Wc

Wc

Wc

Wc

M

M

1

2

3

4

5

8

9

10

11

12

6

7

R

Plant A

Plant B

s
1

r
1

s
1

r
1

R

Plant A

Plant B

s
1

r
1

s
1

r
1

R

Central Main

1

2

or

b dw/o HI
Wc

Wc

Wc

Wc

M

M

1

2

3

4

5

8

9

10

11

12

6

7

R

Plant A

Plant B

s
1

r
1

s
1

r
1

R

Plant A

Plant B

s
1

m
1

r
1m

2

s
1 m

3
r
1

R

1

2

Wc

Wc

Wc

Wc

M

M

1

2

3

4

5

8

9

10

11

12

6

7

R

Plant A

Plant B

s
1

r
1

s
1

r
1

R

Plant A

Plant B

s
1

m
1

r
1m

2

s
1 m

3
r
1

R

Central Main

1

2
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4.3 y z � � k ¡ y z l m n o v w ¡ p q (without HI)

� 	 K � 	 � 1 2 7 8 � 1 2 3 R = M u v Y � * � � � / M 9 A
� � � D � � � � Ã 3 4 g h � 1 2 7 8 9 A M � � � � � g � d =
� � Y

� * � Ö � ^ _ ` H (1)D (2) � � T � 1 2 ~ � � M 3 4 g h

min
x1†∈Ω1†

J1† =
∑
c∈C

∑
s∈S
fcs

min
x1†∈Ω2†

J2† =
∑
i∈I
fi

D [ � � ^ _ ` H (3)D (4) � � � 1 2 7 8 9 A B C Y

min
x3∈Ω3

J3 =
∑
c∈C
nc

(
Cfix
c + C

var
c αcf̂c(t

in
c − T out

c )
)

min
x4∈Ω4

J4 =
∑
c∈C
αc
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� � � p : | K 4.3.1∼4.3.3D � � � � p © 1 2 7 8 M � � � D � �
{ +

1. α = 0.5 , α = 1.0

b æ 4.1 D a © 9 A B C Ä � 7 8 M 1 2 � � (Continuous Sup-

ply)D s 1 2 3 4 1 & (Demand) � � D 1 2 7 8 U E � (Supply)

� � 1 2 � � 1 2 3 4 Y

2. α = 0.75 , α = 1.0

b æ 4.2 D { � � ^ M o Y D d � � M � � � D : = 1 \ � P

� � M � � D 1 2 M � � U I y 7 8 M E � Y

3. α = 1.0 , α = 1.0

b æ 4.3 D a © 9 A B C Ä � n ê ` H M 1 2 � � (Step Sup-

ply)D s 1 2 7 8 { on/off M z î D � � � Ò 1 2 7 8 D t I
> ­ _ T � M Û < D c G I d 1 2 Ý O M � Y Y
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å 4.1 9 A � � � � � { 0.5� 1.0 $ 1 2 � 1 6

f
c

f
c

2

one chiller two chillers

å 4.2 9 A � � � � � { 0.75� 1.0 $ 1 2 � 1 6

f
c

one chiller two chillers

f
c

2

å 4.3 9 A � � � � � { 1.0� 1.0 $ 1 2 � 1 6

f
c

one chiller two chillers

f
c

2
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4.3.1 Î Ï � : J � 0.5� Î Ï � I J � 1.0

� æ 4.4 D j � : 1 2 � � k l Õ ( � � × Ø 1 2 D � Ù Ú d [ �
� M � � D � a ( � � : Base CaseD ª � « 3 4 g h � � Y

T U V + M 1 2 3 4 ~ � � { 5◦C1 2 25.1(kW/◦C)D 9◦C1 2 47.6(kW/◦C)

D U { $ F d E � D 1 2 7 8 M ) ' H � � ; ' 
 D c G � 5◦C1 2 7
8 d ) ' 10.3(kW/◦C) � � P F � H � � I f ' � � � 10◦C D c G T +
1 2 7 8 c 1 E � M 1 2 � { 5◦C1 2 35.4(kW/◦C)D 9◦C1 2 47.6(kW/◦C)

D : c 1 M 1 2 7 8 Ã { � R D � � G M 9 A � { 0.885 � 0.529Y
å 4.4 Base Case 1 2 3 4 � 1 2 7 8 9 A B C W X g �

S
u
p
p
ly
 m
a
in
  S
1

R
e
tu
rn
 m
a
in
  R
1

S
u
p
p
ly
 m
a
in
  S
2

R
e
tu
rn
 m
a
in
  R
2

Back to Chiller

Back to Chiller

T
r1

= oC

P1

P2

T
s1

= oC

T
s2

=9oC

[5]

[5]

[5]

[10]

[12]

[5]

[18]

[16]

[9]

[23]

[9]

[23]

[9]

[23]

[9] [14]

[9] [16]

[23]

[23]

[5]

[5]

F =

T= oC

F =

T= oC

T= oC

T= oC

chillers

5oC

chillers

9oC

oC

oC

æ 4.5 { Separate DesignD ; G ß � Ú � d 2 l � A M 1 2 � � k l 7

l D � F � ' � { 30(kW/◦C) M 1 2 D H � 14◦C D � � 1 2 � � k l 9�
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10� 11 l È { ( � I H M 1 2 D � � d 1.7(kW/◦C) M 1 2 ' � 1 2 � �
k l 9� 10� 11 l D : � � M 24.9(kW/◦C) E Ø � � � ) ' 2 ( 3 (Return

Main)D Ú d Ù � « M 1 2 � � k l [ ) ¬ � � D M x 1 2 � � Û < �
V # / : M � B % > � � d 2 l � A M 1 2 � � k l 8 l D Ø � � � �
16◦C' � 14.3(kW/◦C) M 1 2 Y

� � Separate Design i D 
 � 
 � � A � � A � M 1 2 [ � � D c G
Ù � 
 � � 1 2 R = M 8 I D : T U V + M 1 2 3 4 ~ � � { 5◦C1 2
19.7(kW/◦C)D 9◦C1 2 44.3(kW/◦C) D : 5◦C1 2 7 8 d ) ' 15.8(kW/◦C) �
P F � H � � I f ' � � � D c G T + 1 2 7 8 c 1 E � M 1 2 � {
5◦C1 2 35.5(kW/◦C)D 9◦C1 2 44.3(kW/◦C) D : c 1 M 1 2 7 8 { 5◦C� R

� 9◦C� R D � � G M 9 A � { 0.887 � 0.984Y
å 4.5 Separate Design $ 3 4 � 1 2 7 8 9 A B C W X g �

S
u
p
p
ly
 m
a
in
  S
1

R
e
tu
rn
 m
a
in
  R
1

S
u
p
p
ly
 m
a
in
  S
2

R
e
tu
rn
 m
a
in
  R
2

Back to Chiller

Back to Chiller

T
r1

= oC

P1

P2

T
s1

= oC

T
s2

=9oC

[5]

[5]

[5]

[10]

[12]

[5]

[18]

[16]

[14]

[23]

[14]

[23]

[14]

[23]

[9] [14]

[9] [16]

[23]

[23]

[7.3]

[11.7]

F =

T= oC

F =

T= oC

T= oC

T= oC

chillers

5oC

chillers

9oC

oC

oC



66 Ä Å Æ Ç Þ Ä Å É Ê Ë Ì Í Î Ï º ß È � à á â

æ 4.6 { Separate Design with Inner Mains T U V + M 3 4 g h � 1 2 9
A B C D � a 3 4 g h � D k l � 
 � 
 � L ? Ø � H 7 D : Ü Ý �
' � A T Ö M i Æ 2 ( 3 (Inner-plant Water Main) � 7 � k l $ � M [ �
� 1 2 D � 6 i ; G C � Ú � 2 l � A M 1 2 � � k l 7 l D � F � '

� { 30(kW/◦C) M 1 2 D H � 14◦C{ ( � I H M 1 2 D Î Ï 30(kW/◦C) M
1 2 � Ù M P ä i Æ 2 ( 3 (m2)D Õ d 
 P 80%M 1 2 Ø � � � � ) '

2 ( 3 Ú d Ù � « M 1 2 � � k l ) ¬ � � Y
� � a 3 4 g h � Separate Design / : � 
 � � A � � A � M 1 2 [

� � D : Z k l � � e Ø � H 7 D g g � � 1 2 M ~ � � I � Separate

Design � M � � ? D Õ ( � * ; G > C a � © g h M 1 l � A È 1 & a
� M × Ø 1 2 # : 2 l � A È � d ' � M � I H 1 2 D c G M x 9 �

© M g � I � : Y
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å 4.6 Separate Design with Inner Mains $ 3 4 � 1 2 7 8 9 A B C W X g �
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� æ 4.7 $ g h i D / � � A T Ö M 1 2 � � k l M [ � � ; G
� k l � d Ø � M L ? H 7 D b + 1 l � A M 1 2 � � k l 1 l � �

2.2(kW/◦C) � 1 2 � � k l 3 l � 1 2 � � k l 4 l 0.8(kW/◦C) [ � � D
/ : M [ � � � B % ; � � « k l ß � � D � a � � � ÷ b Y

� � G J � A i M L ? 7 � � Y ; e > � K L D 	 � � G J M 9 A
; Q @ � � 9 A � M K @ (Operating Flexibility)D � � g h i D ^ A _ M
[ � � 1 2 � ; G Ø � 7 � Ú � � / � A M 1 2 � � k l D Ü Ý � '
i Æ 2 ( 3 (Central Main) � P Q 1 2 M [ � � D b æ 4.7 D 2 l � A M 1
2 � � k l 7 l D E � 
 14◦C' � { 28.3(kW/◦C) 1 2 � i Æ 2 ( 3 D _

; G � � � 1 l � A M 1 2 � � k l 3� 4� 5� 6 l D 2 l � A M 1 2
� � k l 9� 10 l � � Y

T U V + M 1 2 3 4 ~ � � { 5◦C1 2 8.4(kW/◦C)D 9◦C1 2 44.3(kW/◦C)

D U { $ F d E � D 1 2 7 8 M ) ' H � � ; ' 
 D c G � 5◦C1 2 7
8 d ) ' 6.1(kW/◦C)D 9◦C1 2 7 8 d ) ' 6.4(kW/◦C) � � P F � H � �
I f ' � � � 10◦C D c G T + 1 2 7 8 c 1 E � M 1 2 � { 5◦C1 2
14.5(kW/◦C)D 9◦C1 2 50.7(kW/◦C) D : c 1 M 1 2 7 8 { 5◦C� R � 9◦C�

R D � � G M 9 A � { 0.722 � 0.563Y
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å 4.7 With Inter-Plant Main $ 3 4 � 1 2 7 8 9 A B C W X g �
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� æ 4.8 $ g h i D Ú � 1 l � A i M 1 2 � � k l 1� 2 l � � E
� 10◦C1 2 3.0(kW/◦C) D 12◦C1 2 2.1(kW/◦C) � 2 l � A i M 1 2 � � k
l 7 l E � 14◦C1 2 22.8(kW/◦C) � R � i Æ 2 ( 3 D P ä i Æ 2 ( 3 M
1 2 � ' < = + 1 � H � { 13.4◦C} ' � { 27.9(kW/◦C)D [ � � W î �

1 l � A M 1 2 � � k l 3� 4� 5� 6 l Y
T U V + M 1 2 3 4 ~ � � { 5◦C1 2 9.9(kW/◦C)D 9◦C1 2 44.3(kW/◦C)

D � 5◦C1 2 7 8 d ) ' 7.0(kW/◦C)D 9◦C1 2 7 8 d ) ' 3.6(kW/◦C) D
c G T + 1 2 7 8 c 1 E � M 1 2 � { 5◦C1 2 16.9(kW/◦C)D 9◦C1 2
47.9(kW/◦C) D : c 1 M 1 2 7 8 { 5◦C� R � 9◦C� R D � � G M 9 A �

{ 0.846 � 0.533Y
å 4.8 With Inter/Inner-Plant Mains $ 3 4 � 1 2 7 8 9 A B C W X g �
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á 4.3 9 A � � � � � � { 0.5� 1.0 $ ^ _ ` H (1) g �
RWN Requirement Re-use Re-use Re-use Re-use

kW/oC Parallel Separate Separate Inter-plant Inter-plant
(ton/hr ) Design Inner mains Main Inner-plant mains

25.1 19.7 19.7 8.4 9.9
5oC (21.5) (16.9) (16.9) (7.2) (8.5)

47.6 44.3 44.3 44.3 44.3
9oC (40.8) (38.0) (38.0) (38.0) (38.0)

À 4.3 R g 
 ^ _ ` H (1)+ T � 1 2 ~ � � M g � D � * ; G C F
Parallel Design U { � Ù Ú d 1 2 M [ � � D c G � © 1 2 (5◦C� 9◦C) Õ

1 & T � M ~ � � # : With Inter-Plant Main M 3 4 g h i D U { k � �
A T 1 2 � � k l � Ú d B = M � 4 D ; G Ø � [ � � (Reuse)D Z �
A � ; G � � i Æ 2 ( 3 (Central Main) d [ � � M � � D c G � g h �
Ã © 3 4 g h i ~ � � T � M Y

Separate Design � Separate Design with Inner Mains Õ ( õ d � A T d 1 2
R = : ^ A _ � � R = M W X D � � 
 � � 1 2 [ � � M 8 I D c � M
1 2 ~ � � I � � « V d ^ A _ R = M W X 
 M � � # : With Inter/inner-

Plant Main M 3 4 g h { � A T � � A � Õ V d i � � i Æ 2 ( 3 M g
h D � 9 : M ¦ § � D 5 6 ; G V d � 
 M 9 A K @ Y
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á 4.4 9 A � � � � � � { 0.5� 1.0 $ ^ _ ` H (3)� (4) g �
RW Supply Re-use Re-use Re-use Re-use

kW/oC Parallel Separate Separate Inter-plant Inter-plant
(ton/hr ) Design Inner mains Main Inner-plant mains

35.4 35.5 35.5 14.5 16.9
5oC (30.3) (30.4) (30.4) (12.4) (14.5)

no.of chillers (αc) 2 (0.885) 2 (0.887) 2 (0.887) 1 (0.722) 1 (0.846)

47.6 44.3 44.3 50.7 47.9
9oC (40.8) (38.0) (38.0) (43.5) (41.1)

no.of chillers (αc) 2 (0.529) 1 (0.984) 1 (0.984) 2 (0.563) 2 (0.533)

Cost($) 815.6 757.2 757.2 654.0 659.9

À 4.4 R g 
 ^ _ ` H (3)� (4) M g � D F ¯ 
 Ã © 3 4 g h M w H

1. Ã 1 2 7 8 c 1 M R H (nc ) � G J E � M 1 2 � (kW/◦C)

2. Ã 1 2 7 8 � G M 9 A � (αc)

3. � ^ _ ` H (3) c � F M x � ($)
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4.3.2 Î Ï � : J � 0.75� Î Ï � I J � 1.0

� | K ( @ w 1 2 7 8 9 A M � � � D { α = 0.75, α = 1.0D ¢ � 
 �
* E F M 3 4 g h Y U { õ @ w 1 2 7 8 � � � D c G ^ _ ` H (1)�

(2) È � I d @ w D % A À � R : 1 2 3 4 g h ª $ F M � � � Ù � :
D � / M ( � 1 2 9 A M B C � / : Õ Y

¢ � M g � � 6 4.9∼ 6 4.13D R : 1 2 3 4 g h U � [ ÷ b Y 7 &
( � � � / 1 2 7 8 9 A � � � � � d = � � Y
å 4.9 Base Case 1 2 3 4 � 1 2 7 8 9 A B C W X g �
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å 4.10 Separate Design $ 3 4 � 1 2 7 8 9 A B C W X g �
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å 4.11 Separate Design with Inner Mains $ 3 4 � 1 2 7 8 9 A B C W X g �
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å 4.12 With Inter-Plant Main $ 3 4 � 1 2 7 8 9 A B C W X g �
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å 4.13 With Inter/Inner-Plant Mains $ 3 4 � 1 2 7 8 9 A B C W X g �
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á 4.5 9 A � � � � � � { 0.75� 1.0 $ ^ _ ` H (3)� (4) g �
RW Supply Re-use Re-use Re-use Re-use

kW/oC Parallel Separate Separate Inter-plant Inter-plant
(ton/hr ) Design Inner mains Main Inner-plant mains

35.4 35.5 35.5 15.0 16.9
5oC (30.3) (30.4) (30.4) (12.9) (14.5)

no.of chillers (αc) 2 (0.885) 2 (0.887) 2 (0.887) 1 (0.750) 1 (0.846)

67.5 44.3 44.3 67.5 67.5
9oC (57.9) (38.0) (38.0) (57.9) (57.9)

no.of chillers (αc) 2 (0.750) 1 (0.984) 1 (0.984) 2 (0.750) 2 (0.750)

Cost($) 815.6 757.2 757.2 654.0 659.9

� * ; G c À 4.5 C F D £ 1 2 7 8 9 A � � � @ { � � { 0.75� 1D
A À � õ & � À � 1 2 7 8 D � Û < � � U & Ò � 75%D ¿ � � � � {
0.5� 1 M 
 F 25%D c G ; Û : q M ( D � � G 9 A � (αc ) � � & � M
� � 
 D Ç ( H / Y

� � À 4.4 � À 4.5 ; G > C D Parallel� With Inter-plant Main� With Inter/inner-

plant MainsD 9 p © 1 2 3 4 g h M � G 9 A � È � $ F � M 
 # : Sep-

arate Design � Separate with Inner mains 9 � © 1 2 3 4 g h � � / M 9 A
� � � � d H / M 9 A � Y
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4.3.3 Î Ï � : J � 1.0� Î Ï � I J � 1.0

� � | K t � � 1 2 7 8 9 A � � � Õ � � 1.0D % U ( $ F E � M
D j � 1 2 7 8 È Ä � Ù Ò Ç Ù I (on/off) M z î Y ¢ � M g � � � �
6 4.14∼ 6 4.18D � * ; G c 9 ? 6 > C � : ¾ / M C � D � � M 1 2
I ¿ f ' 1 2 3 4 c 1 M ~ � � D M x ' � M 1 2 t I ) ' � 1 2 7
8 (f recycl

c U a � C )D c G 1 2 7 8 ) ' H � (tinc ) % È � F < : � � â �

M I Y
å 4.14 Base Case 1 2 3 4 � 1 2 7 8 9 A B C W X g �
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å 4.15 Separate Design $ 3 4 � 1 2 7 8 9 A B C W X g �
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å 4.16 Separate Design with Inner Mains $ 3 4 � 1 2 7 8 9 A B C W X g �
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å 4.17 With Inter-Plant Main $ 3 4 � 1 2 7 8 9 A B C W X g �
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á 4.6 9 A � � � � � � { 1.0� 1.0 $ ^ _ ` H (3)� (4) g �
RW Supply Re-use Re-use Re-use Re-use

kW/oC Parallel Separate Separate Inter-plant Inter-plant
(ton/hr ) Design Inner mains Main Inner-plant mains

40.0 40.0 40.0 20.0 20.0
5oC (34.3) (34.3) (34.3) (17.1) (17.1)

no.of chillers (αc) 2 (1.000) 2 (1.000) 2 (1.000) 1 (1.000) 1 (1.000)

90.0 45.0 45.0 90.0 90.0
9oC (77.1) (38.6) (38.6) (77.1) (77.1)

no.of chillers (αc) 2 (1.000) 1 (1.000) 1 (1.000) 2 (1.000) 2 (1.000)

Cost($) 815.6 757.2 757.2 654.0 659.9

U { @ w 9 A � � � 
 � I @ w ^ _ ` H (1) M g � D c G À 4.3 � Ï
U � Y À 4.3 ( C D j � © 1 2 3 4 g h c 1 M 1 2 ~ � � (Refrigerated

Water Network Requirement) D � * � � À 4.3 � À 4.6 ; G > C D 1 2 � �

� ¿ � � 1 2 3 4 ~ � � D a � 1 2 7 8 9 A � � � M � � Y
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4.4 y z � � k ¡ y z m n o v w ¡ p q (with HI)

� K t & 	 � 1 2 7 8 � 1 2 M 3 R = u v D � * % t 3 R = u v
¯ 9 A � � � M � / � { p : | K Y

4.4.1 Î Ï � : J � 0.5� Î Ï � I J � 1.0

� a 9 A � � � D � * ; G > C � I H (5◦C) M 1 2 7 8 D � � õ 1

E � 9.9(kW/◦C) M 1 2 E � � 1 2 3 4 � � D Õ ( 1 2 7 8 M P F � H

� d � : T � Þ D c G > Ü Ý � E � 7.0(kW/◦C) M 1 2 � � 1 2 7 8 M
ä � H � � f ' 15◦CD U a 
 � � Â M 5◦C1 2 � � A 2 l M ) ' A 3

b ­ D G � � � ¢ � g � � $ F M � : D U a � * õ ó T K L M g h
{ � (With Inter/Inner-Plant Mains)D b æ 4.19 Y c G £ 9 A � � � { 0.5D
9 A � � � { 1.0D 1 2 7 8 � M 1 2 
 � 3 R = M � � Y

4.4.2 Î Ï � : J � 0.75� Î Ï � I J � 1.0

� a 9 A � M q h � * ; G > C D b æ 4.20 c 0 D � : Ú d � Â M
5◦C1 2 E � A 3 b ­ D c G £ 9 A � � � { 0.75D 9 A � � � { 1.0D
1 2 7 8 � M 1 2 � : 
 � 3 R = M � � Y
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4.4.3 Î Ï � : J � 1.0� Î Ï � I J � 1.0

� K U { 9 A � � � Õ { 1.0D A À t I d � Â M 1 2 P � D : $ F
Ú d 	 � 3 R = M A L U Ø � t � Â M × Ø 1 2 ) ' � 1 2 7 8 D Ú

d t � d Û � � # : b � 	 � 3 R = M T D � A L ( t I H M 1 2 7
8 (5◦C) $ � Â × Ø 1 2 � � 
 H 1 2 7 8 (9◦C) M ) ' A 3 b ­ D �
� � 
 H 1 2 7 8 ; G � I � Ö ´ D � � ; G � Ò < R 1 2 7 8 Y æ
4.21 ( ¢ � M g � D ; G C F 5◦C1 2 7 8 t � Â M 2.6(kW/◦C) � ã l �
A M Ö � ) ' 14.9(kW/◦C) d 16.1kw M 3 b ­ Y

æ 4.21 � æ 4.14 � � D U { d 
 3 b ­ D c G � 
 H M 1 2 7 8
(9◦C) c À � � R w x � R D : U { ) ' M 1 2 w � 
 D c G ; G > C
ä � H � (tinc ) Õ I w 
 Y
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å 4.21 Base Case 1 2 3 4 � 1 2 7 8 9 A B C W X g �

S
u
p
p
ly
 m
a
in
  S
1

R
e
tu
rn
 m
a
in
  R
1

S
u
p
p
ly
 m
a
in
  S
2

R
e
tu
r
n
 m
a
in
  R
2

Back to Chiller

Back to Chiller

T
r1

= oC

P1

P2

T
s1

= oC

T
s2

=9oC

[5]

[5]

[5]

[10]

[12]

[5]

[18]

[16]

[9]

[23]

[9]

[23]

[9]

[23]

[9] [14]

[9] [16]

[23]

[23]

[5]

[5]

F =

T= oC

F =

T= oC

T= oC

T= oC

chillers

5oC

chillers

9oC

oC

oC

H

H



4.4 Ä Å É Ê r Ï Ä Å t u v Á Â Ï w x (with HI) 85

æ 4.22 � æ 4.15 � � D � � � 	 � 3 R = M ¢ � D 9◦C1 2 7 8 � �
U õ 1 À � � R D : 3 R = M g � � L � $ À � � � R M 1 2 7 8 D
c G � a g h i 3 R = � � R S M x � 
 � I � I D c G ¢ � M g �
� Ú 	 � 3 R = ( H / M D F ¯ 1 2 7 8 ) ' M H � � ' � G � c 1

À � M 1 2 7 8 Õ � : Y
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æ 4.23 � æ 4.16 � � D ; G > C � Y � Separate Design H / D � ¢ �
M g � � � 	 � 3 R = M � Y ( � : M D c G � a o Y M 9 : g h D
3 R = 
 � I � I � x � Y
å 4.23 Separate Design with Inner Mains $ 3 4 � 1 2 7 8 9 A B C W X g �
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8 c 1 À � M R H � � { 5◦C� R � 9◦C� R D : £ A � 3 R = ¢ � $
+ ; G > C 9◦Cc � � M � R � { � R # a � D ) ' 1 2 7 8 M H � %
I E � D U { £ 	 � 3 R = D � * I t � Â M × Ø 1 2 A d Û M � �
D : � I � $ Ø � ) ' � 1 2 7 8 Y
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æ 4.25 � æ 4.18 � � D ; G > C / : M � Y D � * K � 
 � R M
9◦C1 2 7 8 D % ; G c 6 i > C D ) ' H � � � c � � M 13.5◦C� {
14.6◦C� c � � M 14.3◦C� { 19◦CD ) ' H � È 
 
 � � D c G c 9 ;
G > C � * � d Û M � � 1 2 D P : � I � R 1 2 7 8 M � � Y
å 4.25 With Inter/Inner-Plant Mains $ 3 4 � 1 2 7 8 9 A B C W X g �

S
u
p
p
ly
 m
a
in
  S
1

R
e
tu
r
n
 m
a
in
  R
1

S
u
p
p
ly
 m
a
in
  S
2

R
e
tu
rn
 m
a
in
  R
2

Back to Chiller

Back to Chiller

T
r1

= oC

P1

P2

T
s1

= oC

T
s2

=9oC

[5]

[9]

[5]

[10]

[12]

[9]

[18]

[16]

[14]

[23]

[14]

[23]

[14]

[23]

[9] [14]

[9] [16]

[23]

[23]

[13.4]

[14]

Inter-plant CW mainF
m
= T

m
= oC

T
m1
= oC

T
m2
= oC

F =

T= oC

F =

T= oC

T= oC

T= oC

chillers

5oC

chillers

9oC

oC

oC H

H



4.4 Ä Å É Ê r Ï Ä Å t u v Á Â Ï w x (with HI) 89

á 4.7 	 � 3 R = � 8 $ g �
RW Supply Re-use Re-use Re-use Re-use

kW/oC Parallel Separate Separate Inter-plant Inter-plant
(ton/hr ) Design Inner mains Main Inner-plant mains

40.0 40.0 40.0 20.0 20.0
5oC (34.3) (34.3) (34.3) (17.1) (17.1)

no.of chillers 2 2 2 1 1

90.0 45.0 45.0 90.0 90.0
w/o HI 9oC (77.1) (38.6) (38.6) (77.1) (77.1)

no.of chillers 2 1 1 2 2

Cost($) 815.6 757.2 757.2 654.0 659.9

40.0 40.0 40.0 20.0 20.0
5oC (34.3) (34.3) (34.3) (17.1) (17.1)

no.of chillers 2 2 2 1 1

45.0 45.0 45.0 45.0 45.0
with HI 9oC (38.6) (38.6) (38.6) (38.6) (38.6)

no.of chillers 1 1 1 1 1

Cost($) 760.4 757.2 757.2 600.1 602.8

c À 4.7 ; G C F 	 � 3 R = $ x � � � � � 	 � 3 R = â � � I D
õ d Re-use Separate Design � Separate with Inner mains 9 � © 3 4 g h U {
d � 	 � 3 R = D � ¢ � g � � : D c G _ * M x � ( � : M # Re-use

Inter-plant Main � Re-use Inter/inner-plant Main 9 � © Õ ( � � � Â M 5◦C� 2

l � A M ) ' 1 2 A 3 R = D � � 2 l � A M 9◦C1 2 7 8 ; G c � R

\ � { � R D G � � � I � } x � Y
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5.1 W ¤

; � � D � � e 4 x � L � L 
 D � V � r ^ i � � e 4 d Û � �
M � v m ¥ Ù ) ± Y : 1 2 5 6 � � ! i ( � : I H � K L � � e M
r ^ D U a � � 1 2 r ^ $ @ " D � ; � Õ d � � � � � � Y � � �
� 0 � 1 2 3 4 5 6 � 1 2 7 8 D E F H I J K L M N O P Q T U V
M W X Y

Z � � * 	 � � / ^ A _ M 1 2 3 4 W X D E F c d ; e M g h 6
D 
 E F � R M f g h 6 D 0 � � c d M k l D m n o p J q N r O
D F ¯ D e 1 � D � � 1 & M � 4 O D E F � è � R M H I ¢ z D �
� T � } 1 2 ~ � � T U V M ¢ � � � Ã © 3 4 g h � 1 2 ~ � � M
A ¦ Y � ç D � * % 	 � 1 2 7 8 M f g h D E F H I ¢ z D � � �
/ M 9 A � � � D � � � � � � � / w � 9 A x � M � � Y T + � * �
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� :   k M � � � A � ¢ � � * E F M ¢ z D Ö b ª M � � D t � /
M 3 4 g h � � @ w � 9 A � � � D 
 � � � � � Y

5.2 « ¬ £ ­

� 1 2 5 6 M H I ¢ z i D � � � Ö � 
   V M N O � � � 1 2 5
6 M 9 A D � * E F M 9 A H Ê Õ ( � � M � A � � D � ^ M ( { 

� ¡ ¢ z M ; Q @ D q � � * ; G t a ¢ z � � � � G M � A T D �
¢ � � 1 2 3 4 W X � 1 2 7 8 9 A B C T U V Y

Q � D � � � � * 
 Ú d 	 � 1 2 7 8 $ « ¬ 8 c 1 M ¹ D � * (
Ø � � � � � 9 A x � � w � 9 A x � 
 w H � X { 1 2 7 8 M } 9
A x � D q � Ç � � * ; G E ä 1 2 7 8 c 1 M ¹ D � R : 1 2 7 8
	 � � Ë � R Y

a � D � * c E F M 9 A H Ê D � i 3 Ö × ( � � M D : � * q ®
� ^ � A W ç M 3 Ö × � ; e � � ­ ¯ Õ ( � � M D ° ± M 3 Ö × �
� � � � � 
 # : ² ± Ç ( ³ ¯ H � � � � � I � � � � I D c G q
� � * ; G ¯ g � / M ¯ K � � � / M 3 Ö × D 
 ¢ � � g � Y

T + D � � � o p M H I ¢ O D ( � : _ æ M < = R H J K (MINLP)

u v D � i � � 
 � � > ? @ (Non-linear) M � 4 O � À P 5 6 i Ã ©

C � M * g P n D [ W = > ? @ M ^ _ ` H \ � Y Ï : D � \ � < =
R H J K u v (MINLP) M ' r i D 5 5 I � � � � � / M _ ð � (local

solution)D : � å ´ M � Ù ð � (global solution)# q � b = ; G � � Û <
� 
 M � v � V D G X ¡ � F Ù ð T V � D % ( � b µ 8 ¶ � M = v
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Y U a D b = d Û M \ � � � z Z K L M � G � A 1 2 3 4 � 1 2 7
8 9 A W X $ Ù ð � D { q � M · ¸ � A $ � Y
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