
����� � ����������	
��


7��3 �@0' �� ����3 ��� �3 A#�
� ��� ... dx.doi.org/10.22093/wwj.2016.17571 

1

���� ���� �� ����� ������ ��� ���� �  !��"� �	#�"��$ %���� 
�� �&�"' (��)� *+� 

��� ����	
���
����� ���������������	��
���	�

B>
���� �-��'��C;-���� 7	�D .�'��;3E������ �3E 	;.����� 7�)���  

�)#7��6 (4
56� Solgi_mohammad@ut.ac.ir 

H> �,-� -���� 7	�D;3E������ �3E 	;.����� 7�)���  
I>
���� �-��'��C;-���� 7	�D .�'��; �C��' 7�)���  .JE 

	
��
�)��/�/���������/��/��(

����� 

�/ �1�Q�� 01�<2%���J��</ �1 R�S� �&$9�D�@$�T/ G5 G��*-
 ��8I�� J�
 .����&���&
� 9
$�����*�0��T7 �
1�47$U
� �47

�VD�)*7��@�9�D �W</ �1 G5 ���T7 .J�
 �
1�7$
 �7�)
 0U
��)� X&
�	 
� ����
�1�
5 4Y�7 G5 @4>Z �7 �D�R�4S� 9
 �1 ����4��%
[?7����9 9
 ���9 �1 �
�*7 0�& �&$� 0G5 .\
�9���� �&$	�S���VD G�!>� ��F	 JLD 
��).1�2����1�
�4� 9
$�V4D �1 �4%�)G5
�7 *7�� ;��\�2&
 �]���J��� 0J�
�J�*Y
����9�D�@7 G5�)R�S� ������%J�
(LD �1 .�=�N���*Y
�4���9�D 4�@�V4D 
 G5�)
�^
�7 0G5 9
 .Z
�� �
�(�$�S� �2&R������% �7D�D�_�?D 0R�S�
 
 J'
�� �
��� �7�`��/ 
 �1 .��
�)(LD�=�^T7 ,�����9�4�$


�7$�)*	� ���9 �����7�T7����VD�)*7���7 R�& �7�C9��$�VD 1
�?D�)0�& ��T7 �7 a�7�� ;
1��Z )��VD ����2& 
�W</ 9
 $�
1�7 $�&
 G5 @�9�D
�7 .�/ �1
1 �?��D$��% �1
1 ��F���
 
�7 �5 1��!2� 0��/ �]
�
 ,��$
�/�QB*� G5 1�<2%0;
� ��  Q��D�)���4����1

�^9�D ��</�@�(!�
1 ���2� 
$0���7 1����
�7 .J	�� �
�Z$T7 ,�� .����9��$
 9
�1�K 7 a�<D�
�)��"'
�X*T7���9��$HBMO 

</��9�� &�'
�����EPANET �1�B*�
/�*� .��b�7%�� ���5 J�1���5��% 9
$T7 ,�����9��$47 ��4/ �1
1 �?4��D���4c�� 4�)*	� 

���9 �����7�T7����VD�)*7����7 .J�
 ��d$*� �%�
�/ �1�Q75 C�D��7����/������47 
� 1�-�� G5 0��/ �]
�
 ,�� ;��4\eff 
�\�1 ��� �7 �
�2& ��61���J7 0R�S�
�)R�S� 9�D ������%�@.1�2� 

0L�� �8*�M��*:�'# 4O- �P:K*�1 	Q# R:K �'-�6 R�.)�'��R0�1� �����*1��4�

�� ��!� 
���� 	��������� � !"#	#� ���� ������� $�%�	#� 	���&�
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�D �	E��&, !" /$&�F&�
 # G��&�+,&� �)&���&' �&���� 

.(WHO 2000; Vairavamoorthy 2008 & 2010; Choe & 
Varley 1997; Lund & Reed 1995) 

(	# ��HIIJ ������,�-��.����� 	��';&�
5,�&� !" $�
�K��� %#� 0)�(Batish 2003) . ��&L�� C
23� �� (	&# ��HIIJ 
� �,�7M�	��()' �	#����� 	��';�
5,�� $�%&#� 0)&� �5����@ 

(Sushikumar et al. 2003 . �� ��&&L�� C&&
23� (	&&#HIIN �&&,
';� 	, 0���� GO�P' � =K	1'
5,�&� $�&5����@ &� �GO�&P' � )

�&2�. �&.�,�' )&+,�%&#� 0)&�(Totsuka et al. 2004) . (	&# ��
HIIQ �)'���,�	#	+����'	��, 	�� ,
';� �+
5,�&� $��&, ��&R+'

��� �� G��S� 9�	*�<�6 T���&- �� !" ���&� �*
U�&��)&�V�
#"
� W&���� �X&#�� /)&�	, 0) %&#� 0)&� 0(Jeong & Abraham 

2006)��, .�223' ��4	23� /
�	2�	5#�� �� ���@
9,
+�Y�&Z'
 ���&1' C.	&+' �� !"�0��� 
	&[�� )&��(Tabesh & Dini 2009; 
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Nasseri et al. 2011) &�� ��
(	&# �� /	5&#�� $HII\ �	& : ��
';� �S� )+� � �
@ $
';� � �5#�
5,�&� $����&1' !" Y�&Z' �&,�

�X�	<'%#� 0)� (Andey & Kelkar 2009) (	# �� .HI]J &�^
 , ()'
�+�	#���, �6)�)+:��* � Y	Z�� ��� ,
U� 4��* �+��� �+
���� 	������5,�� ��X>� %3�
%	��� /��&��* ��� �X&#� 0)&� 0
%#�(Ameyaw et al. 2013)_5' .
�Z� �
 , ()' `
�+�	#�=3'

	[+7 ��^�	� 9��, 4�	a' � 	�%#� 0.

�+
 , `5���L�� %b� ��	# =&1V �	&������ ��&
7c�	&, $
&���

 d&#��Bozorg Haddad et al. (	&# ��effg )&� 0��� �X&#��
(Bozorg Haddad et al. 2006) .&&223' �� ��	
&&1,4	��	&&����

 `5���L��HBMO 0�& , )&+�	' �&�5a' =K	&1' =- �� �� �� �����&,
���� /!" 4�	a' �+
'� �L�� � ����� �	� 0��� 4	P� ���V �	� )�� 

(Afshar et al. 2007; Bozorg Haddad et al. 2008, 2010; 
Jahanshahi & Bozorg Haddad 2008; Ghajarnia et al. 
2009; Soltanjalili et al. 2013; Mohan et al. 2010; Niknam 

2009; Marinakis et al. 2008; Naik et al. 2015) 
`5���L�� ����, G	2
23� �� ���,HBMO `5���L�� �, �� �	�

�+
 , )+�	' �L�� ��	#GA )&���� 4	P�(Karimi et al. 2013) �� .
 `5���L��HBMO �, !��� ���)X� �)5,� � )&
��� �6�	&Z� G��&F
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!��� �6�	Z� �, �� ��	� `
�Z� �	j6 �� �� ����� 4��+V k	#��, �

�' !	a5�� ���� �,	� !��� .)+l �, )�)� �	� 	&, ��&��� �&m, 4��&+V
�' )
��� �L�� ���	l �,��� � 9 � /n���� �,��� �� 0�	b5#� .)��&�
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 �&' �&'��� /��� ���8�, �8�� q�� �l ��	'� 	� � %#� ����E� )&,	� 
(Bozorg Haddad et al. 2006).
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Fig. 1. Temporal consumption pattern 
<=>
�Y�Z' ��	'� ��L�� 

Fig. 2. Double-loop distribution network plan 

<=> ��4O@ �2�-�� ����� ���� ��
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Table 1. Characteristics of the nodes and pipes in the 

double-loop distribution network 
Base 

demand 
(m3/h) 

Node 
elevation 

(m) 

Pipe 
diameter 

(mm) 

Consumption 
node/Pipe 

100 150 457.2 1
100 160 254.0 2
120 155 406.4 3
270 150 101.6 4
330 165 406.4 5
200 160 254.0 6

--254.0 7
--254.0 8

������ ��&2�- ��]J�	+&#��X� G�	&b5' �&�G	&VO.� .)�)&� �
�	+# �, q�,�'�(�)&� �� 	��H0)&� 0��� 4	&P� (�)&� �� .)&��H/

ISV �� 4Ua' �� ����' !" `[-
';� 0��� ���� �� 0�
5,�&� $/�
ST ';� 0��� ���� %V	#
5,�� $��I���� !" `&[-�4U&a' �&,

 %V	# �� ��.%#� 

/%�?��0)� ���X� �	����	+# �, q�,�' G	VO.� 
Table 2. Data of the scenarios formulated 

ST 
(hour) 

RW 
(%) WA (m3)I

(m3/h) 
ISV 
(m3)Scenario 

1100 17,282 720 2000 1
170 12,098 504 ٠2
14 7012,098 504 ٠3
19 70 12,098 504 ٠4
1508,641 360 ٠5
14 50 8,641 360 ٠6
19 508,641 360 ٠7
130 5,185 216 ٠8
14 305,185 216 ٠9
19 30 5,185 216 ٠10 
17012,098 504 2000 11
150 8,641 360 2000 12 
1305,185 216 2000 13
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A�� ���[' �� � %#� h�V�, %]

/%�?���	* �	��	
X' �1�	2'�	, $
';� A�� � C
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Table 3. Comparison of the efficiency criteria obtained from the model developed in this study and 

the supply method with fixed priorities under low water stress (scenarios 2, 3, 4, and 11) 
Scenario 2 3 4 11
Method 1 2 1 2 1 2 1
UCOF 0.708 0.593 0.750 0.581 0.708 0.603 0.708

CVRi*100 0.0 26.1 0.0 27.3 0.0 25.2 0.0 

ω100 16.7 41.7 20.8 37.5 20.8 41.7 4.2 

ω70 54.2 70.8 62.5 75.0 66.7 75.0 62.5 

ω60 75.0 70.8 79.2 75.0 83.3 75.0 79.2 

ω'100 12.6 29.5 17.8 28.1 17.8 29.9 12.6 

γ100 25.0 14.3 15.8 13.3 26.3 21.4 8.7 

γ70 45.5 28.6 44.4 16.7 62.5 50.0 55.6 

γ60 66.7 28.6 40.0 16.7 50.0 50.0 100.0 

γ'100 12.7 4.1 9.3 2.2 6.9 10.7 19.3 

ϕ'100 11.3 17.6 12.5 16.9 12.3 18.3 10.6 

ϕ'70 91.5 36.0 93.5 34.5 89.7 40.0 83.0 

ϕ'60 100.0 49.0 100.0 44.3 100.0 50.8 100.0 

φ 69.4 69.5 69.7 69.6 69.9 69.8 69.1 

/%�?4�%,	S %����� 	, $
';� A�� � C
23� $�� �� 0)� 0��� �X#�� ()' �� =F	- ��"�	* �	��	
X' �1�	2' 

�	����	+#) d#�5' �," 9+� d���� ���/Q/��]H(
Talbe 4. Comparison of the efficiency criteria obtained from the model developed in this study 

and the supply method with fixed priorities under low water stress (scenarios 5, 6, 7, and 12) 
Scenario 5 6 7 12
Method 1 2 1 2 1 2 1
UCOF 0.542 0.221 0.500 0.214 0.542 0.214 0.542

CVRi*100 0.0 49.5 0.0 50.2 0.0 50.2 0.0 

ω100 4.2 12.5 8.3 8.3 0.0 8.3 12.5 

ω70 58.3 33.3 45.8 37.5 58.3 37.5 54.2 

ω60 70.8 83.3 79.2 83.3 66.7 83.3 70.8 

ω'100 2.5 3.5 2.5 2.6 2.5 2.6 2.5 

γ100 8.7 14.3 13.6 9.1 4.2 9.1 14.3 

γ70 50.0 25.0 38.5 13.3 50.0 26.7 27.3 

γ60 57.1 50.0 80.0 50.0 50.0 50.0 85.7 

γ'100 1.0 1.8 2.9 0.6 6.7 1.2 2.7 

ϕ'100 1.6 1.2 1.6 0.9 1.6 0.9 1.5 

ϕ'70 87.8 6.5 87.2 4.8 92.7 4.7 85.7 

ϕ'60 100.0 10.1 100.0 7.5 100.0 7.4 100.0 

φ 50.0 49.6 49.7 49.8 50.0 49.5 49.0 
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Table 5. Comparison of the efficiency criteria obtained from the model developed in this study  
and the supply method with fixed priorities under low water stress (scenarios 8, 9, 10, and 13) 

Scenario 8 9 10 13
Method 1 2 1 2 1 2 1
UCOF 0.292 -0.305 0.333 -0.287 0.333 -0.272 0.333

CVRi*100 0.0 82.6 0.0 81.5 0.0 79.9 0.0 

ω100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

ω70 45.8 33.3 54.2 29.2 50.0 33.3 37.5 

ω60 62.5 79.2 70.8 83.3 70.8 79.2 58.3 

ω'100 0.1 0.0 0.1 0.0 0.1 0.0 0.1 

γ100 4.2 4.2 4.2 4.2 4.2 4.2 4.2 

γ70 38.5 18.8 54.5 17.6 41.7 18.8 53.3 

γ60 55.6 60.0 71.4 25.0 57.1 40.0 60.0 

γ'100 0.2 0.0 0.2 0.0 0.3 0.0 0.4 

ϕ'100 0.1 0.0 0.1 0.0 0.1 0.0 0.1 

ϕ'70 83.4 0.0 86.3 0.0 85.5 0.0 85.8 

ϕ'60 100.0 0.0 100.0 0.0 100.0 0.0 100.0 

φ 29.4 29.6 29.9 29.8 30.0 30.0 30.0 

/%�? A��+
 , ()' �� =F	- !��� $��5 , �, q�,�' `
�Z� �	��
_5' ��)2' ���	+# ���, ��	#H
Table 6. Values of the decision variables related to the best solution obtained  

from the optimization model applied to scenario 2 

Node Time (hour)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

1 1 0 1 1 1 1 1 1 0 0 1 1 1 1 1 1 1 0 0 1 1 0 1 0
2 1 1 1 0 0 1 1 1 1 1 0 0 1 1 0 1 1 1 0 1 0 1 1 1
3 1 1 1 0 1 1 1 1 1 1 0 1 0 1 0 0 0 1 1 1 1 1 0 1
4 1 1 1 0 1 1 1 1 1 1 1 0 0 1 1 0 1 0 0 0 1 1 1 1
5 0 0 1 0 1 1 1 1 1 1 1 1 1 1 1 0 1 0 1 1 0 0 1 1
6 1 0 1 0 1 1 0 1 1 0 0 1 1 1 1 1 0 1 1 0 1 1 1 1
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Fig. 3. Total supplied water to total water demand ratio 
during the intermittent supply period obtained from 

method 1 for all the nodes of the double-loop 
distribution network under scenarios 1 to 13 and the 
lowest ratio of supply to fair demand under different 

defecit situations 
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Fig. 4. Mass curve for the pressure at the nodes in the 
double-loop network obtained from method 1 under all 

the scenarios 1 to 13 
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Fig. 5. Tank storage during the intermittent supply 
period 
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