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Abstract  
Control of residual chlorine concentration within a desirable range throughout water distribution 
systems can cause the destruction of potentially harmful pathogens without chlorine adverse health effects 
& its toxic by-products. Hence, optimal scheduling of booster chlorination stations in the WDSs to ensure 
healthy water supply with the lowest dose of chlorine consumption is vital. The aim of the present study 
is to develop a multi-objective optimization model in order to minimize the mass injection rate as well as 
the probability of chlorine violation in the WDSs, which has been implemented in the MATLAB-
EPANET platform. Multi-objective krill herd and multi-objective particle swarm optimization algorithms 
have been utilized as optimizers to obtain the desired Pareto front in the real-scale Brushy Plains network. 
The resulted Pareto fronts showed that in most of their solutions, as long as the mass injection rate 
increased, the probability of chlorine violation decreased. In this study, the solution with the less PCV in 
each Pareto was selected as the optimal solution to assure the healthy water supply. Though the MOPSO 
resulted Pareto showed more solution diversity, MKH optimal solution has a better MIR function than 
MOPSO optimal solution with the same amount of PCV. Analyzing the residual chlorine concentration 
profiles of the monitoring period corresponding to the MKH optimal solution showed that the chlorine 
concentration of the most nodes of Brushy Plains network exist in the desirable range of 0.2 to 0.8 mg/L 
and the residual chlorine of 100% of nodes exist in the range of 0.2 to 1.6 mg/L. Also, the MKH results 
are superior to those of the previous studies in terms of the total mass injection rate. Generally, in addition 
to economic advantages, minimizing chlorine injection rate and the probability of chlorine violation 
simultaneously in the water distribution systems reduces the adverse health effects of the disinfectant by-
products. 

Keywords: Mass Injection Rate, Probability of Chlorine Violation, Multi-Objective Krill Herd 
Algorithm, Multi-Objective Particle Swarm Optimization. 
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.(Boccelli et al., 1998).

1 Bulk Decay 
2 Wall Decay 

"��'��7  &��3P), ����$&2��T @���� +Y|[���4	 Y��& � k�������	

/(���E), 
��� ���; �@�B!��� "6��'  �� 5� +��7 .(Tryby et al., 
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�@ (Tabesh et al., 2011a).
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"=4= �7�� O,�� 89 �@ �, (Maheshwari et al., 2020).

3 Integer Programming (IP) 
4 Meta-Heuristic 
5 Strength Pareto Evolutionary Algorithm 2 (SPEA2) 
6 Pareto Optimal Front 
7 Non-Dominated Sorting Genetic Algorithm (NSGA)  
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&>%� \�� [���; �@ �� �,

 
1 Harmony Search (HS) 
2 Genetic Algorithm (GA) 
3 Monte Carlo 
4 Fuzzy Credibility-Constrained Quadratic Programming (FCCQP) 

�' R��  �� "� @�@ (�� ����7 �&)�a	 �@ �� (�����' ��4	 +��&�
 \��� [����; �@ �6� S��Y	 @�4' �@ "�,��9 ����� +���� 
�&>%� 

(Wang and Zhu, 2022).
O,�g� �!��4J=� 
&I�4' / &�&� +�, 7 +�,"�� ���; �@��7 ����
"3&)� �@ "�'�� ���a' �6� (�Y&' +��� �%���; �@ 89 u��4	 +�,

5���� ��, u7�	 "� @4�; "�!��� ��Z �@ ����a' ��6� (�Y&' +���
�@�@ (�� "� �=�� �@ /����� �@ �6� ���' @��� �� �%L	 0�)!�� �,

"7 �, �4Q �����7 ��!)� /����a' ��6� (�Y�&' ��7 (��'� 
��� ���; .

3P), ��3K +4�J&' ���� +��E!7� ��� �!��4J=� (43��	  & "���,^"��

���7 �7 ��1� �,��4�!��? 
���� � ��>)? R4�, +���Y' �� +�3'
5'�� 
2	 (�,4J&')�>)? �&oz	 +�,/
��� ��g�� � +@��� +��,


���  &3P), ��@�a	 +�, �� Y&.@��@ 
 ���� �@ ��  �� 5����� +�!��� �@ /O,�g� A�� (�Y�&' +����

��Y	S~� �6��6� ¢I 0�)!��}��� �@ �,�!��4�J=� �� �@�B!��� ��7 /
MKH "���3&�7 �!��4���J=� �"�����, ����3K ���� \�����@�� +��������

���7"\���� +�&������� ��Y�����EPANET "���'��7 [&���2' �@ ������4
MATLAB \�� �!��7)+��Y���MATLAB-EPANET +4	���� (

4Z3'  �� "7 .�; ����7 � �&=4	 u7�	 �@  �� "3&�7��@ �� O,�g��/
0���'EPANET \��� [&��2' �@ ��Y����MATLAB .���; ��4��*���

�!��4J=�  &3P), "�3&�7 +�, +����MKH �MOPSO  ��� �@ Y�&
 0��' ��7 � ���4�� [&2'EPANET �@�@ t���	�� ���;  ��� "�7 .

 �!��4�J=� +���?� ��7 �, �@ "� F&	�	 +4�J=� �L��' +@���>	 ��,
��J!��� +��7 �6� S��Y	 0��' "�7 � ��&=4	 ����6� +�,EPANET 

@��� �;/
�Z6� W��2= "�7 (9 ��?��* � ��; ��?� 0�'  �� yq�
 �@ "E�; ����� �@ ���)&��7 �6�MATLAB ��I' � ���4*��u�7�4	

 "���2' ��,.��; 

�5?�� � ��+� �!
�5�57p"E � 7;"���#"! �#�EPANET 

EPANET �E� ��+4� \�  ��	 +�,��Y�� 5&62	 "E�; u��4	 89 


��� "�� "&��; "�7 �@��� ���!�� +���� ����� ��7 89 �E&=����&,

 
5 Multiobjective Krill Herd Algorithm (MKH)  
6 Mass Injection Rate (MIR) 
7 Probability of Chlorine Violation (PCV) 
8 Multiobjective Particle Swarm Optimization (MOPSO) 
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R�� ��N�I	 ��7 ��3!�' +�,]����� ��7 ��3!�' R�� �{ &�3P), �
"&�; �@ 89 ��B&� ��!�� +��� "E��; "�=4= ����� 
�2	 +��, 
��� 

(Rossman, 2000) O,�g�� �@ . /O7��	 � h�3�@ R�� ��DDSM 
"&�; �@ +�!�&7 
��� "� [��4	 "E��; �E&=����&, � �B&� +���

EPANET @��@ (Dini and Tabesh, 2018) �; �@�B!��.
\�  &3P), ��Y��EPANET M�� F���L	 �� �&=4	 
�� �@��

"E���; (��@ �@ 89 O3����� ���o� �@ �@���' ��7 ���7 �� u����4	"+�&������
+g���# (�'� �7 �3!�' @�E���|� �3� �7��@� �� "7 ��*� �4Z3'

 ��' O3��� (9 �@ �@�' "� "�7 A��  ��� �J!��7�� �J4�JK � ��,@
 ����& 
��Z6�
����O3����� . ���' ���, )89 ����� �@ ���, ����4	 0���

�)������? �@ @4?4' @�4' �7 �, � () "=4= ���4��@ 0��� .��,@ A� (
\�  �� O3��� 
�� �@�� ��Y�� "��	�' �7 ���,nE&	�)3&�� \� "�� �� �

��' A� (����? ��� �@ ��,@/0��' +���� /��3� 
�=��  ��� �@ "��
 "=@�>' �7 O3��� 
���]�' (�&7 @4; 

)e(R=KÒ CÑ

(9 �@ "� 
R/((���'�/���/\�?)F�����7 O3����� A���KÒA��� F����N

 /(�����? O3�����CO3����� 
��Z6� � (���/\���?) ����3,@n"��?�@ 
O3���� +��7 (���? O3��� F��N .
�� O3��� M�� ��&=4	 +��,

O3����� +����7 � 
���w' (���@����3� �����? �#4��a2') �@���' +���,
 ���' "��!��� ���Z �@ ���B3' (���6� 0���)F����L	 .@4��;EPANET 

O3�����  &��3P), ���7 
��Z6� �@����2' (9 �@ "��� �����, ���� ���&=4	 +�
�' Y& �� @��@ @4?� �@�' M� F��L	 "&�; ��4	  ��� �@ .��3� +���

 "=@�>' \�� "7 "=@�>' @��4'{�' �&&H	 �7�� 

){(R=KÒ (C� − C)C(Ñ>9) for n > 0, KÒ > 0 
R=KÒ (C − C�)C(Ñ>9) for n > 0, KÒ < 0 

(9 �@ "� 
ClO3��� A� .
�� 
Z6� �@��2' ��E�@Y �@ "�� 89 �B&� +�, 

?�= �����' A� "=4���7 � 
�� "!�7�� (���? ��� �@ 
Z6� "7 �,@ 

1 Demand Driven Simulation Method (DDSM) 
2 Head Driven Simulation Method (HDSM)   
3 Lagrangian Time-Driven Approach 

 "=@�>'l�' "���2' @4; 

)l(R = B
Ô K� CÑ

�@ "� (9 
K�� ���4�@ O3��� A� F��NB

Ô5�*�@ ���� ����� �@ 
���'
 .
�� "=4= 

0���' �@EPANET ��J!����� �@ ���6� S����Y	 �@ S����Y	 +���,
"E�; 
Z6� R�� ���K +�3�' �7 89 u��4	 +�,�+�4�� (���? /^/

�'�? S��Y	~"%I �� ��)&Z3	}h' \��� @4; +��3�' �7 S��Y	 �@ .
 ��' �B� �L�' ��'� +4J=� � ���I' �7 �6� 
Z6� /
Z6� .@4�;

 M�� �@ ��6� �� �aL�' 
Z6� /+�4�� (���? +�3�' �7 S��Y	 �@
 �� +@��� (����? �� ��;� "�� 5����' 
Z6� "7  &>' ��'� +4J=�

�' "��N� 
�� ��� "7 "=4= M� .@4; 
�' ���'�? (�����? ���4��), /���'�? S����Y	 �@ F�����7 ���aL

�6&' �' ��	 �� ��� "� �7@ "7 "I&�@ �7 \�� �' "��N� /�3� �@ � @4�;
"%I +�3�' �7 S��Y	 �@ 
��� ��?��* (����? �, 
Z6� /�)&Z3	
"), �� 
Z6� "� ��'� �	 ��� �� (���? ��!)� ��� (9 "7 +@��� +�,

"%I �� �;�7 �)&Z3	/��' "!��� �Z �@ 
7�o "�%I .@4�; ��)&Z3	 /
��� "), +��7 "� 
�� �6� �� �!Z6� (�'� "), �@ �, 84�6%' ����7 �,

.�;�7 

�5�5DTJ�+k�� 	&".I B�! BC�� 
"3&�7 �!��4J=� �,4J&' ���� +����"&��; ���� �7 � ������ +����

 5)� �X�  !��� +��7 �,4J&' �� �,��� ��!�� h�' ��3�.�!��4�J=� �@
KH/��' \���� �6�T� �4!���� "�� [��4	 �,4J&' 
��� "�� @4�;

����� ��� �:��I=� 
����) ��,4J&' ����� [��4	 ��; @���� 
���
 .��@��a	 ���3���� � �7���X� ��!�� /(��; ��  ��� �@���,4J&' /��3�

 "�7 u���� �@ /�3!��, �����	  ��!��&7 � �X�� +4�!�? �@ "� ��'�
���  ��!�7 
)� �' 
��� 5� .�33� �@ �,4J&' 
��� �6T� "%7��
"3&�7 �!��4J=� "7 �,4J&' ���� +��� ��� ��4T
�� 

4 Concentration 
5 Flow-Paced Booster 
6 Mass Injection 
7 Set-Point Booster 
8 Krill Herd (KH) 
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)c(ÏÕÖ
ÏE = NJ + FJ + DJ

(9 �@ "� 
NJ/FJ�DJ"��7 ���,4J&' ������ [���4	 ����; @������ 
����� F��&	�	

 ��E�Y&� ���3���� � �7���X� 
��� /(���I=�)i4�J&'  &�'� �3!��, .
5'��  �� "���2' �42 �� � �,��!��4�J=� �@ �,4J&' 
��� �3�KH 

u?�' �@(Hasanpour et al., 2022) ��!��@ �@ 
��� ���3�� �@ .
 ">��4	 � �!��4�J=�  ��� "7 ��; "��N� +�,�J6)� �!��4�J=�MKH 

�' $���	 .@4; 
�!��4��J=� ">���4	 �@MKH (Ayala et al., 2015) �&,���B'

F	�' ��� +���:846H'� +�,]�)���	 "6T��  &&>	 �{:���� /��,
R�� �@ @4?4' +�,GA ) 846H'�NSGA-II � (MOPSO 7"���
 
��� ���; �@��7 Coello and Lamont, 2004) (Coello et al., 

2004, . �!��4��J=� �@ F��&	�	  ���� "��7MKH �����E	 ���, +����!� �@ /
"6�T�� � 846H'�� $%�� "��	� ����� �7 � F&��	 �,4J&' 
&>)? 

�' F	�' �)���	 846H'� +�,4J&' �� �aL�' @��>	 yq� .�4;
�?��* (YL' M� �@|��' ���&*� +4�J&'  ���!�7 8��L!� .�4�;

(YL'�"�	� R�� (�), ���� �7 ��7 "7 � +�37 (��&' �� ��@�a	 �4Q
 "�	�  ��!�7 �7 +�,4J&'h' \��� @4;4J&' "7  ���7�37 .�"�&�� "� �

�� � 846H'� 
&>)? �@��� 4�!�? �� +�	/+���7 +�!��&7 y��;
 �!��4�J=� �� ����E	 M�� �Q �@ �,4J&' �J�@ (@�@ ���� �&oz	 
2	

�' �@�@ �! .@4�; �� ����� �����7  ��� b��(9�!��4�J=� "�� 
���
MKH "��? �7 �� ��>��� +4	���"��' F���I	 �����3' �4�Q � ���


��N� +@�E6)� �7 "7��' � OL7GA /846H'�@��@.
�@  &3P),  ��� O,�g��/"�7 �!��4�J=� b���! �7������ �4�Z3'

MKH "�3&�7 "6��' /b���! ��7 /u���4	 "E��; �@ 89 
�&B&� +����
�4��J=� �!�MOPSO "�����I' �!��4��J=� "��7 t4��7�' �����1Q� .���;
"��3&�7 +�����MOPSO O,�g��� �@  &���&� +���, .(Coello and 

Lamont, 2004, Coello et al., 2004) �@ � ����; �@�@ ����;
 ��!�@
��"7 .�� "T1* �4Q �� 5E�; �@ �!��4�J=�  ��� +�)]

.
�� ��; �@�@ (�� 

1 Non-Inferiority 
2 Crowding Distance 
3 Repository (Rep) 
4 Global Best Krill 

�5�5x#! hI�+V 
�@  ��O,�g�/u7�	 "3&)� �4Z3' "7 ��, +�, +����MIR ��6� �@

"E�; �PCV ��� �@ "E�; +�, "�7 /��Z �@ � ����>	 ���� ��4�T

�� ��; "!��� 

)f(Min	MIR = ∑ ∑ uJ¾∆t¾ÑØ
¾Ù9

ÑÚ
JÙ9 

Min	PCV = ∑ PÂÑ;
ÂÙ9 )~(

9 �@ "���
nÒ��J!��� @��>	 /�6� S��Y	 +�,n¾���@ @��>	 /�6� S��Y	 +�,uJ¾

�6&' F���7 �6� S��Y	 (�Y&' ) ��� �@ \���mg/min ��J!���� �@ (
 ���6�i�6� S��Y	 ���@ �@k/n'���� @���>	 0��!3� +��, /��4�;
∆t¾\�� 04Q ) S���Y	 ���'� +�,min �E&=����&, ���@ M�� �@ (

 �E&=�����&, ���@ ����3�� �@){��
�����∆t¾/]
�����
���� � (
PÂ���6� 
��Z6� "��E3�� 0���)!��0���!3� ����� �@ �����)&��7 ��4��;j�@

 "�7 "�� 
��� /�;�7 "!;�� ���� ���' �@��2' "����2' ���� ��4�T
�' @4; 

)n(PÂ = ∑ ÛÜ;ÝÞß;à�;�Ý
á

)�(γÂ' = â �∆E;
J(															:Ü;Ößã:Ü;ã:Ü;äå

æEç�è�J	� 

�@ "���9 
n'(�'� @��>	 /(���Z) 0�!3� +�,t
Z6� 0�!3� "7 G��; (�'�

���@ �@ ���)&��7 �6� 0�!3� ��� 
7�o 8��3!' +�, /��4�;γÂ'u7��	
 /���)&��7 �6� 
Z6� "7 t47�'T\�� 5� +�,��� 0�!3� ��'� �@ �,

"&�; ���@ ��' /+���	 ∆t'\�� 04Q ���3�� �@) 0��!3� ��'� +�,
]/(
���CÂ'JÑ �CÂ'�- "7��6� 
Z6� +#�7 �  &��� @��� F&	�	

������ �@ 0����!3� ��4���;j�CÂ'������ �@ ������)&��7 ����6� 
���Z6� 
0���!3� ��4��;j�����Z ����'� \���� �@m�� �@�B!���� ���7 "��� 
����
"&�; ���EPANET �'�L�' .@4; 



78 D�
� �CO  �# �!@ g��(� ����* �/$� P���� ... �* dx.doi.org/10.22093/wwj.2023.366970.3309 
130

����� � �� 	
�� Journal of Water and Wastewater 
��������� ����� ����� Vol. 34, No. 2, 2023 

Fig. 1. Flowchart of MKH algorithm 
 :;��j�!��4J=� +�)��� MKH 

�5�5	;)� 	8��9� ��+� �� hJC+V 
89 "E���; /O,�g���  ���� �@ ������Brushy Plains  ����; �@

Branford "E�; �� �E� "� �E��'9 �@ O,�g�� �@ u�?�' +��, +��,
  &�&�/
�� ����7�;"E�;  �� ./|~���� @��@ ���� "�� +��,]�
{~ "7@4?4' ��&*� M�	 � "E�; 0�� �@ u��� V�q)� ��J!��� F&	�	

"�4!�� G4 �� ��&*� M�	 .�3!�, "E�; �@ ��%� ��7 +�^_� �4��
 5���� (9 89 $%�^_�w���� �}_�� �� �4� 
���  &�3P), .

¬)� �!�47 [�4	 [I� "E�;  �� �@ �6� S��Y	 � ��6� S���Y	 +��,
"7 "�I&�@ ��7 \��� F���7 �'�? S��Y	 ��4T h�' \���� @4�; �@ .

O,�g� �� ����, "�6)? (Boccelli et al., 1998, Munavalli and 

Kumar, 2003, Tabesh et al., 2011b) �"�7 "�3&�7 �4�Z3' +����
¬)� �!�47 (�'�&K �42 /"E�;  �� �B&� S���Y	 "�3&�7 (�Y�&' � ��,

 "��&! "�� 
��� ���; ����7 �6�  ��� �&�&� b���! ��7 O,�g��� /
I'������; "��? .���0�� ,��' +���7��7 t4�aL�' "����E&=���&, 

��� �@ �N�I	 (�Y&' � "E�; ���a' +��, F����N  &�3P), � ���33�
a' +4J=� 89 ��{�u�?�' �@ "E�; �@ "!��� (Boccelli et al., 

1998) ��!�@ �@
�� ��J!���� ����)�? � "E��;  �� ��Q . +��, 
	���Y�S ��� �@��� O,�g��7 "���� ��? ���� �@ ���)��,�g��O
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Fig. 2. Schematic of Brushy Plains network 
(Munavalli and Kumar, 2003) 

 :;��j89 "E�; ���� Brushy Plains 
(Munavalli and Kumar, 2003) 

(Munavalli and Kumar, 2003) 
��� 5E�; �@ /{�@�@ (���
.
�� ��; 

�5R2I � SJ�T3 
O,�g�  �� �@/"E��; +�� ��7 ���; �@�@ ">��4	 "���, ��3K 0��'

 ���>���Brushy Plains ��7"�@ .���; �@���7 ����� 
��&>�4' ����3��
��J!����� ¬��)� �!���47 +���, O,�g��� ���7 S7���%' ���6� S����Y	 +���,

(Munavalli and Kumar, 2003)  ��� 
&>�4' .�; "!��� �Z �@
��J!����� ������ ���7 ���,A���	F5E��; �@{.
���� ����; �@�@ (����
��J!����� +���,A�F"��7 "��7 ���6� 
��Z6� O��Y���� �4��Z3' �@ F��&	�	

��� 
�@��@ +�,|��]_��J!��� .��; "!��� �Z�@B"7 �4Z3'
OL7 �@ �6� 
Z6�  &'z	  &��� +�, "�&6L	 (�'� �@ "E�; �	 M��	

�@ ��&*� ��J!���� S���Q �� .��; "!��� �ZC�@ ��6� 
�Z6� /Y�&
 ��' 0�!3� ��&*� M�	 "7 (���? @���  &� "�&6L	 (��'� �@ � @4�;

�' "��N� "E�; "7 �� �6� Y& M�	 ��J!��� .�3�D"�7  &'z�	 �4�Z3'
��� �@ �6� 
Z6� 
��@��@ +�,|_�|~ &�3P), .��; �L��'

 ��J!���E�E�@Y �@ "7 /"E�; 89  &'z	 �6T� u�3' S���Y	 �4�Z3'
 ��7 u���3'  ���� �� 89  &'z��	 (���'� �@ "E���; "��7 ���6�"���; �@���7 ����� 

(Munavalli and Kumar, 2003) . 
��J!���  �� �@ S��Y	 "�7 �, F����7 � ��'�? S���Y	 ��4�T

�6&' "�I&�@ �@ \�� 
��� S���Y	 . "�7 ��, ���@ ��4�T �@ +�����@
 ��'�~�, �@ "!���{�(�Y�&' "� ��4T  �� "7 .�; \��� 
���

 04�Q �@ ��J!���� �, �@ S��Y	~
�7�o 
���� 
��� ��, +���7 �
S��Y	 ��J!�������@ M�� +���7 S���Y	 A�{��L��' "!����

�' "E3�� "7 "?4	 �7  ���7�37 .@4;~"�!��� ��Z �@ S���Y	 ��J!����
 O,�g�  �� �@ �&)a	 +�,�&H!' /�;{��&H!'@47  ��� u��� �@ "�

 �!��4��J=� �@ ���,4J&' 
��&>�4' @���>7� @����>	 @����MKH @���>7� �
�@ ���� 
&>�4' �!��4J=�MOPSO .@47 

�I'����6� 0��� "�%7�� �@ ���4��@ 0��� � �)�� 0��� F���N
"7 ">=�%' @�4' "E�; �@ M� "�	�' �7 	) F&	�1/day (^/_j=KÒ�

)m/day (_{/_=K��I'  &3P), .�; "!��� �Z �@��� �w�����
 ���� �@ ����)&��7 ��6� ���' 5���� "�7 "E��; +��, F�&	�	{/_��

�6&' ��; "!��� �Z �@ �!&= �@ \� (Cotruvo, 2017) . 
�& "E3�� ��  !��� (�3&)Q� +��7  &3P), A�� �E&=����&, +��,

"7 �B&� 8��3!' ������ +4J=� M� ��4T]5T�� ���@ 5�� /�4�;
"&�; +���}{_ )
���|_���@ F�&	�	  ��� "7 .�; 8�L!� (���

 
��� �� 89 
&B&� ���Z~�} �	}{_ �@ "�� ��; "!��� �Z �@
 u���{�"&��; ���@ �@ ������ 
���� +���� 
��� "�� �����9 �� .

�7@ ��'� +4J=� ��� �@ �N�I	 +�, ���@ �@ "E�; +�,{���7 "!���
 ��'� "6�T�� �]
���� 
��� (Boccelli et al., 1998) "6�T�� /

Y& ���Z ��'�]���@  ��� 04�Q �@ .��; "�!��� ��Z �@ 
���
 ��J!���� �@ ��6� S���Y	 (�Y�&' ���Z ��6� 
�Z6� � S���Y	 +��,

��� �@ ���)&��7 u7�	 "���2' �4Z3' "7 "E�; +�, �7 ���, +��,"����
 .�; �@�7 
"��7 �!��4��J=� +����?� �4��Z3'MKH \����� ���7 ���,4J&' @����>	


&���� ���7 �@ ��3�]^�	^_�@ +��,4J&' @���>	 ����� �7 "� 
O,�g�� �@ ���; "�!��� �Z ��  &��&� +��, "�6)?(Ayala et al., 

2015) /�; 8�L!�|_�@ @�� ���E	 @��>	  &3P), .�; "!��� �Z
 
&����� \��� �7 �!��4J=�  �� ����7 �@ ��3��{_��	]__ ��7 "��

 
1 Periodic 
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u�?��' "7 "?4	 (Ayala et al., 2015) /��; 8��L!�^_�@ ����E	 
@��>	 /��1� "7 .�; "!��� �Z}"7 4J&'  ���!�7 (�4�3� ����,4J&'

) (YL' �@ "�Rep�' ��&*� ( +���?� �@  &�3P), .��;  &&>	 �4;
 �!��4J=�MOPSO @���>	 � �!��4J=�  �� ���E	 @��>	 /���� @��>	

��&*� ���� "7 (YL' �@ ��4; F&	�	|_/���^_� ���E	}�@ ���
 �!��4J=� +��?� �7 �; "!��� �ZMKH �@ ��,4J&' �7������ +���

 �*9 ���E	 5E; �@|����@ ��4T "7 "�7 v�� �E��' �=�*4	 +�,
 "��7) �����E	  ���� �@ ����, u7���	 �@ +4	����� ���323' �����), ��4��T

�!�9 ��3�� �@ .
�� ��; �@�@ (�� (v� Y'�� +�,���I' "�7 t47�'
MIR .
�� ��; "���� ��� �@ \��46&� F���7 

Fig. 3. Objective space in the last iteration of the 
MKH algorithm (hollow circles) and Pareto optimal 

front in this iteration (red squares) 
:;��j�!��4J=� �*9 ���E	 �@ �,4J&' ������7 +���MKH 

����@)u7�') ���E	  �� �@ "3&�7 +4	��� "��? � (�=�*4	 +�, (Y'�� +�, 

�@ �6� S��Y	 (�Y&'  &3P),~"7 S��Y	 ��J!��� \���� ��, +���
:�����  ���� �� ���@ �@ ���, 0����? �@ S����Y	 +���,{9����' �� .
����

89 "6��' ��, "� ����9 +��7 846%' 
&B&� �7 89  &'z	 ����
��a' (���33�
�� ����7 ��&;4 89 �3)��]__ /��;�7 ��T�@

 "�3&�7 :��� O,�g�  �� �@  ���7�37 ) \�@ ���, u7��	 +���@PCV (
 "E��; 5� �@ 89 
'1�  &'z	 (9 �@ "� �BT �7 �7��7]__ ��T�@

 /
��7�"3��� (�4�3&�7 :���� �@ "�	���"7 +4 .�; 8�L!� ��'9 
�@ 
���I' u7�	 A� � ��, +�, � �@ �6� S��Y	 +�,���  ����4T "7 :

0��? �@ �J� +�,]�{9��' .
�� 
�!��4J=� +��?� �7  &3P),MOPSO �@ ���� �7������ +���

 5E; �@ �*9 ���E	�u�7�' ��4�T "7 v�� �E��' �=��*4	 +��,
"7 "�7 +4	���� ��323' ����), "�7 ����E	  ��� �@ ���'9 
��@ ��4�T

D6w' .
��� ���; �@�@ (��� v� Y'�� +�, ����I' ��� ���� �7���
:���)0���? �@ 5E;  �� +4	��� �323' �@ @4?4' (+�,|(���
�@�@ .
�� ��;���I' u7�	 8��L!� "�3&�7 :���� "7 t47�' ��, +�,
��; "79 0��?  �� �@ �J� ��4T ��'.
�� 

Fig. 4. Objective space in the last iteration of the 
MOPSO algorithm (hollow squares) and Pareto optimal 

front in this iteration (red triangles) 
 :;��j�!��4J=� �*9 ���E	 �@ ���� ������7 +���MOPSO 

u7�')D6w') ���E	  �� �@ "3&�7 +4	��� "��? � (�=�*4	 +�, '�� +�,(Y

"7 b��! �!��4�J=� �@ �� ���'9 
��@MKH �MOPSO (���
/@�@ �!��4J=� �@ ��; 8�L!� "3&�7 :���MKH S���Y	 A�� +���@

 �!��4��J=� [���4	 ����; "��!��� "��3&�7 :����� "��7 
���� +���!)� ���6�
MOPSO 
���� . �� ��7 �x��3!' ��B&� b���! 5&62	 "7 "'�@� �@ ��

 �!��4J=� "3&�7 :���MKH �' "!*�@�� ">=�%' @�4' "E�; �@ .@4�;
"&�; \��� �7 "E��; ��B&� � �E&=����&, +���� Brushy Plains �@

�!��4��J=� �� 5��T�� "��3&�7 :�����MKH �&�� A����6� 
��Z6� +���,
 �@ ���)&��7~����Z ���@ �@ "E�;  �� �@ �6� S��Y	 ��J!���{�
"7 "!��� �323' ��4T 5E; �@ ��; �@�@ (�� +�,^"7���'9 
�@

�&��  &��3P), .
���� A��� +@����>	 �@ �����)&��7 ���6� 
��Z6� +���,
��� 5E�; �@ ����Z ���@ �@ "�>=�%' @�4' "E�; �@ ���27 +�,~

�@�@ (�� ���; ��6� S��Y	 ��4T �@ 5E; �@  �� "7 "?4	 �7 .
�� 
�7 �!��4�J=� [��4	 ���; "�!��� "�3&�7 :���� +4�J=� ����MKH /

!���� �@ ��6� 
Z6���J 5E�;) ��6� S���Y	 +��,^���� �@ � (+��, 
��; u��� "E�; t�I  ��	��@ �@ "� ���27 5E�;) ���~04�Q �@ (

{� "&�; ���@ ����� 
��� ����7 �@ /+���� 84�6%'{/_��	�/_
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��#/�j:��� �!��4J=� �@ "3&�7 +4	��� +�,MKH 
Table 1. Pareto optimal solutions in MKH algorithm 

7654321Row 
7.4166 18.2500 7.4583 0.0000 0.1250 0.1666 7.3333 PCV 
0.8685 0.5568 0.8683 1.1359 1.0948 1.0691 0.8722 MIR (kg/day) 

��#/�j��J!��� �@ �6� S��Y	 (�Y&' �!��4J=� "3&�7 +4	��� �@ :��� �, +��7 �6!L' +�,MKH �6&' F���7 ) "I&�@ �@ \��mg/min(
Table 2. Chlorine injection rate in different stations for each solution in Pareto optimal of MKH algorithm (mg/min) 

Solution  Time period Booster location 
7654321

1.552.711.432.271.772.223.281

A
2.893.612.894.021.434.723.492
4.043.273.863.001.325.003.083
2.823.562.873.274.622.243.174

73.0262.4873.028.4479.169.1376.391

B
6.6940.826.6578.6077.968.404.562

45.4034.7045.3913.454.1346.5449.973
55.323.0055.3271.2376.8358.0857.324

181.41175.00181.41468.91468.85185.22181.581

C
458.31222.45458.31181.21175.26263.91458.032
391.30456.90391.30289.32176.45331.06396.243
223.96223.91223.96227.42175.00418.63225.934
17.1917.4616.6417.5519.0620.0017.671

D
16.7017.5416.7018.7119.6818.5916.462
19.0919.3119.0919.4919.7718.6118.023
17.6118.5217.3317.7118.5916.3116.874

649.39169.82649.39817.81848.46846.39650.731

E
4.1513.814.1513.810.2740.070.012

201.300.45201.30847.33849.28650.54199.113
22.3736.2322.3431.971.093.1618.994
4.585.394.586.367.573.196.581

F
4.215.584.814.833.786.545.612
3.764.213.765.155.765.803.853
5.516.075.513.465.055.526.094

��#/�j:��� �!��4J=� �@ "3&�7 +4	��� +�,MOPSO 
Table 3. Pareto optimal solutions in MOPSO algorithm 

7654321Row 
8.9583 0.7916 16.2916 14.5416 0.0833 6.1250 0.0000 PCV 
1.0408 1.1210 0.9040 0.9139 1.2573 1.1166 1.4363 MIR (kg/day) 
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Fig. 5. Chlorine concentrations for the monitoring period at sources a) A, B and C b) D, E and F 
in the Brushy Plains network in the optimal solution selected in MKH Pareto 

 :;�Kj
Z6� �6� +�, u�3' �@ ���Z ���@ �@ (�=� S��Y	 +�,A/B�C(8D/E�F"E�; �@ 
Brushy Plains +4	��� �@ �7�L!� "3&�7 :��� �@MKH 

Fig. 6. Chlorine concentrations for the monitoring period at nodes 3, 10, 13, 19, 33 and 35 in the  
Brushy Plains network in the optimal MKH Pareto solution 

:;�`j��� �@ �6� 
Z6� +�,|/]_/]|/]�/||�|^"E�; �@Brushy Plains ���@ �@"3&�7 :��� �@ ���Z +4	��� �@ �7�L!�MKH 
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Fig. 7. Frequency plot of chlorine concentrations for 
Brushy Plains network for the monitoring period in the 

selected optimal solution of MKH Pareto 
 :;�Nj����� �@ �6� 
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��� ����, 
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Z6� (�Y&' 

�I�� �42' �@ ��;
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�5	�"T3 B-"e 
O,�g�  �� �@/"3&�7 0�' M� ">�4	 �7 �!��7 �@ "���, ��3K +���

\� +��Y��MATLAB-EPANET 7 �7 �"�!��4�J=� +�&����� +��,
"3&�7 +���MKH �MOPSO ���, u7��	 �@ "3&�7 +4	��� ��@4)

5������ +�����MIR ���6�5������ �+����� PCV u��?�' "E���; �@
Brushy Plains "7
�@"3&�7 +�,4	��� "7 "?4	 �7 .�'9 ��; 5T��

 [�4	MKH �MOPSO"7 +4	��� /[��4	 ��'9 
�@MOPSO/

+�!�&7 :��� G43	
;�@ :���� 0���  ��� ��7 . "�3&�7 +4	���� +��, 
�!��4J=�MKH/���I' u7�	 �� +�!)�PCV �3!;�@ :���  &3P), .
"��3&�7 +4	����� �@ �7���L!�MKH u7���	 �����I' +���@MIR +���!)�

 +4	��� �@ �7�L!� "3&�7 :��� "7 
��MOPSO @47�� . ��� "�7 ��
"E�; �@ ���)&��7 �6� 
Z6� 5&62	 "7 ">=�%' @�4' +������I' A��

"3&�7 :��� �7 �x�3!' �6� S��Y	 +4	��� �@ �7�L!�MKH "�!*�@��
.�; 


Z6� ������ ��@4) "7 ���)&��7 �6� +�, :���  �� +��� "�3&�7 
���@ �@ "E�; ����� �@ (�� ���Z@�@ 
Z6� �!�&7 "� ��6� +��,

 ����7 �@ "E��; �@ ���)&��7 {/_��	�/_��6&' � ��!&= �@ \���]__ 

Z6� �T�@ ���7 �@ �6� +�, {/_�	~/]��6&' ����� ��!&= �@ \���

 +4	���� �@ �7��L!� "�3&�7 :���� �@ �6� S��Y	 A�  &3P), .���@
MKH "���7 '(�Y���&]|^�/]��� �@ \��4���6&�@4���7 "���7 
����� �
O,�g� "�7  &��&� +�, O,�g�� /"�4) (�4�3�(Munavalli and 

Kumar, 2003) "��7 (�Y��&']�^]/{O,�g��� � ��� �@ \��4��6&� 
(Tabesh et al., 2011b) "��7 (�Y��&'|}_~/]��� �@ \��4��6&�/

+�!)� ���I'
;�@"7 .7 b��! �6� �4Q"�� ��'9 
�@  �� O,�g��/
"�3&)� S���Q �� +��; ">'�? 
'1�  &'z	 �7 ��1� (�Y�&' +����

"7 /���a' �6� 6� 5���� �B� 5&=@�)&��7 ��' ����&@�4�
Z6� � ��
���!)� ��a2'�? �#4�������Y��& +@���a!�� 
���w' ����o9 /���@����3�

;�@.

K573���#a 
 �� "7"6&�� (���3��4/F	��' ��@��� @4�* ������J���@ \4�6� 

+������ �u7�3' �>&�Q (���� \1��h'�33�.
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