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Abstract  
In urban water distribution networks, as the age of the pipes increased, the rates of pipe 
breakage and water losses increased which causes financial losses to the water and sewerage 
company. Therefore, to reduce the number of breaks and leaks in pipes, worn pipes should be 
replaced. Replacing old pipes is an expensive and costly procedure. Thus, it may be more 
economical to replace the pipe at the appropriate time. In this research, the urban water supply 
network of Hamedan was simulated by using system dynamics approach. Then the optimal time 
for pipe replacement was estimated by using analytical solution of the net present value 
equation and the combined method of system dynamics-net present value. Also, in order to 
improve the financial balance of Hamadan Water and Sewerage Company, the optimal price of 
drinking water was determined by using the Powell optimization algorithm method. Dynamic 
simulation was performed in VENSIM. To test the model, the simulated data were compared 
with the observed data collected from the water and sewerage organization of Hamedan over the 
period 2014 to 2018. To statistical analysis and calculating statistical, the root mean square 
error, standard error and correlation coefficient (R2) were used. Base on the results, for the 
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Benefit-Cost variable, the RMSE index was calculated to be 0.006, the SE to be 0.010 and the 
R2 to be 0.991. Comparison of the standard error showed that the difference between the 
observed and simulated values of the standard error of the Benefit-Cost variable is less than 
about one percent. The result indicate that the presented model has the very high accuracy. Base 
on the results of the study, the optimal time for pipe replacement is 2041. Finally, the results of 
this study show that the financial balance of the company can be increased by determining the 
optimal price of drinking water. However, the level of social welfare can be improved by 
increasing the renewal coefficient of pipes. Conclusion: Therefore, the system dynamics method 
and Powell algorithm can be used to determine the optimal scheduling of water pipe 
replacement, to reduce losses to water and sewage companies and to reduce the number of 
failure of water supply pipes. 

Keywords: Replacement Time, Net Present Value, Optimization, Drinking Water Distribution 
Network, System Dynamics Approach. 

 



dx.doi.org/10.22093/wwj.2020.241842.3053 23

����� � �� 	
�� Journal of Water and Wastewater 

��� ��
���� ����� ����� Vol. 32, No. 3, 2021 

مقاله پژوهشي

و فاضلاب، دوره 12-39، صفحه:3، شماره23مجله آب

0
 6� 
 7�8 7� 9: � ;��.� '  -! �&�� �
*<=*�2 >��& 
0,", ��68 7� ?*&"! 0@A8 ��	 

"�$,���$*+�e/0 &��' �(1���"2� "YT*6

=>
"���#?��2@#,)���� U
!E 5��BA
����@ 5�D���# ,78?,
!E
* 5�/���#A)�,�� � ,����	���� 

G>���#�,�� )���� U
!E 5��BA
����@ 5�D���# ,78?,
!E
* 5�/���#A)�,�� � ,����	���� 


�)�5��C (4
JC� hanozari@yahoo.com 
K>)���� U
!E 5��B ,#�2)�A
����@ 5�D���# ,78?,

!E
* 5�/���#A)���� ,����	 ,���� 

������)
/
/

�������/�/

(

:. *���)� 4�.�� �*& ��"5 0� 0,��� '*� 0� 1�2�� ���� 
�/��8 

.�
.?
��8��, 
.@ 
��A������" 
9��B� 8 5�� 5! C
�& D&�	� -���1 93�3 ��/EF/�G H�,� ���� ��B� 5! I/��1 9JK� ���"

,
567�� 8 5! 9*:;<);
(;L�<�.Doi: 10.22093/wwj.2020.241842.3053 

����� 
���� G�1< �1H< �
 �5 �� 6��< LO ��@�� 6�5 ���� 8/ [�#$�# 
%�
 
S��W G����5 �� )�M( .�5 qS(�� .�1HS< LO @# &�;�S�

&	 $%� LMN�� � LO G7�< &��	 ���@ .
�< 6#�� 8�#��������� G�1< 
#��� [5�7 �S��� �S��� .GS�� @# 6�%��S3; � �S5 6�S5
 r���� #� )
�/��
�c ���$5 &��$-��; ��%3>( �-�
 6�/ @# .6
��@ 6@�S/�� � &��$-��S; lS/��	 ��	@ 8%%�� 8�#����� .
�#


 .�1H<6#�� �7���� G�1< 
#��� [5 ���$5 [5�7 � �/ J� @# �1H< 6�5 .GS/# 6���SN .�-�
 6�/ @# r���� 6�5 8S�# �

[5�\X LO �1H< .d9�%/ 6���X T�� @# )
�Q9/# �� �%H< �#�>5 ��< &��/� T�� @# )
�Q9/# �� =Y/ � 6@�/ &S3%3D� 
" 6�5

d9�%/ &����X &H%7�� T�� � s��b &3�� T@�# ��
��	�3�� T@�#���� &��$-��; ��	@ 8��9�� .& ��%�� .�1H< 6�5 .�S< 6@�/
��%�� d9���-�# T�� @# )
�Q9/# �� 8%�!>5 �� � :��X 6@�/ �#$S%	 .�#�S>5 ��S< LMSN�� � LO G7�< &��	 �@#�� 
�H�� ��_�	

 8%%�� L�< LO G>%W ��%��<�%H< .��	���� U%D	 �
 ���X T�� �� 6@�/ &����VENSIM �S< ��K�# �S�6#� GSW
 &��S�@�#
T�� )
#
 � ��(ME# @# .��7?	 6�5 6�5g) ���/hknk ��hknt �S� .�S< )
�Q9S/# �#�S>5 ��< LMN�� � LO G7�< ( ��S_�	
��$K� �sb�< @# 6��	O 
%3D� �S� .�< )
�Q9/# 8%%H� l��N � 
�#���9/# 6�ub .�ub �����	 8%-��%	 ���� 6��	O 6�5 f�S/#

�Q�	 �%v9	 6#�� .e��9� sb�< .���$5 �� GRMSE ��#��jjw/j.SE �S�#��jhj/j�R2�S�#��nnh/j6�Sub .�S< �HS/�D	
 8%� VM9b# �#$%	 �7 
#
 ���� ���$5 �� G�Q�	 �%v9	 
�#���9/#�#��	 )�5��	 �%H< � 6# J� 
��" @# �9>7 .�%v9	 8�# )�< 6@�/
��9� FHE .
�#
 :�	 6B�� ��%�� GW
 @# ���� �7 G/# �^�
T�� e8�# �
 )�< �A#�# 6�5[5�\X���� &��$-��; ��%�� ��	@ .�5

:�/ .�#�>5 ��< L�< LO �1H< �
hmij G/# 8�# e��9� .G���� �
 .[5�\X ����
#
 .L�S< LO �S�%�� GS>%W 8%%�� �� �7
&	 ��N @# 6�%��3; �� )�M( � 
#
 [�#$�# #� G7�< &��	 �M%� �#�� �S� .LMN�� � LO G7�< &5
 6@�S/�� l��SN [�#$S�#
���� &	 8�#����� .
�� B�� $%� #� &(�>9;# )��� xu/ .�5 :��SX d9���-�# � d9�%/ &����X T�� @# �#�� 6#�S� �S�%�� 
W#�S" 6@�S/

G7�< �� )
�#� ���@ [5�7 .L�< LO G>%W ���� G�1< 
#��� [5�7 � LMN�� � LO 6�5 LO 6�5 )
�Q9/# .&��/�.
�c 

AB�� "�� "��>C :2��%� G&>�� 7��� G&��$5��P 6��� �.��� &����
 7�� G9	
 9E Q���; 2H,
 G"��� 



O��1�����* � 7�  78 ;��N 0N��L �
�)... dx.doi.org/10.22093/wwj.2020.241842.3053 

24

����� � �� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 32, No. 3, 2021 

�7	�&8� 
���A&���,4 *��� ����*,54 
�6��F
� -��. ����
�������
�����+�4 ���
��
���� �� ��"��" 7��89 ���� ���S&���+.

1���A &�"�N 1�&*��� ���S�� *� ��,4 *��� F���=' �9��F7� 

-��+ ��H �#B! F
� �2����-2��*�� ����BD6 � F��� -���+ 

��H �-6� '�='&�1����&
��&���4.(Qasemnezhad and 

Moteie, 2017).
�,&
�����,��� �Q+ ����J8� ������8� 	��8� *�� �������F
v��6� M6��0"������? �
�"�' ��
�"
�� �*,54 �� ���
�6��

� �84�FN -� �&k�' ��,4 *��� ��
�� ����&Q��$ �����+�
�8'� ) �"�Kropp et al., 2009 .( 

�� 7�+ �84 7��86 �� ��"� D�� ���9�� 
� ��PQ6 �� /
:g �6 op �?�� JS! #+ 
� �_6 /F�"���,&
�#����R Q�?� &
F7� "�N 1�&���,4 *��� ����"�.(Jalili Ghazizadeh et al., 

2008) . 
�� ���'�m ������� �, K�" :ppp *� ��L Y"�0� ~pp ���4 

*��� �� 
�� k�	��� �"�*m*��2� ��K��D� �� ;p ��� Q � �G� ��
K�" ���� /�� �� ��=m *04�� �� �� "�) �Kabir et al., 2015.( 

�� *,54 ���
�6��
�' 7���� 2��K�" ;qq~F����! ��)
� Q 7���"� 	��4 j��21 ��,4 *�+ �� -
�:p
� ��?�� #�+ 

����� ����+�4 
� �
���� ��=+ �� ����BD6 
��"
�� F��
���?� *� ��A ��@0A� 	��� �"� )Beigi, 1999 .( 

K�" �� ���A� �-��MN ��� PQ0��&���� 7�'��"� #$���! *�
2��*����B�6 Q&" *� �_6 J0� ���"� ��� .��"� 	�4 <�S'� 
� /
�0'�� l�-��M�N /F���j�� K��� � ��� ����'�1��'�1&*�� ����?
� 2�,&?�6 F P&���� �������
��"�'�*,5�4 ����
�'��"�&�

�CB� �9 7��
 /�2(��&8� ���D� *��&*�QB9 7� 
� *�+ ��"� 	��4
�&K�� *� 7��6 ����B�������BR&
�"�'�I� F��+ 	��4� �� `��' /

K�� � ��=� ��&���+ *+ ���+ *��� 
� )�� ��� �� 
��"�' ���'��4F
��&�8'� ��*Qr�� ����������
�"�'�Q����� *�� *9�6 �� F&���'�� 
� D�� � ��0"� �� *9��� 7�2 ' ��W� *,54 ��,QBR � .�� 

2� 
� 	��P0"� ���*�����4�'&��9 � ���,4 
��2(��&*���� F���
8� 7����
 ���9 *����2(��&*����� D6 ���� ��  /&��� ����4 .(Shamir and 

Howard, 1979).

1 Models of General Renovation Guideline 

 ��&��=��MN ��(����� F������ K�����*��'� �����2���������������

�"�'�*��� ����*,5�4 ����
�6 �� ��0B+ ��� �� 
� �����R�L� /
#��$ �'��� *���� ��0"�.�0' i5L��9 �R�" F��=� l�*��� �W$ � 7�

���0����N 
��*���'�� K�� �� ��|� ���2�
��"�'���B�4 *�� *,5�4
�&��� (Salehi et al., 2018) . 

�CB� /���� K�� *D"�6 *������������
��"
���*���� ����
*,54 ���
�6���0A�" ��R�L� #$��! �� 
� ����0' .��0A���N�l
+�!&�� 	�4 *���� K�� �� *+ ��� 7� 
�&#���$ ��$� ��� 7���6 ���5$&
����������" � �"� ���
�"
���*��� ���D6 �� *,5�4  �  /���m

(Salehi et al., 2019).
K�� ���7����U' K�� *QB9 
� 2��&���0�� *���'�� *�+ ���2�


�"�'���5� �� �8'� ������'���� ����� � *��� ��,4 )�&���/
D�� �� ��,4 *,54 �&� <�S'� ��4 (Kleiner et al., 2010) . 

K��� 
� 	��P0�"� �� ����8� *�� 
��"�]���$ �� �� *���� ��� ���� F
�� ����$ *�9�6 ����� *,54 #+ ��,QBR&.����� ���K��� /��� #���4

K�� ��&�8� `�' 
� *�
�"�" ��,QBR $ ��� J0� � 2� ��� <��QD� *��
K�� ��&�#$��! `�' 
� 
�"�2��$ ��� F*� �  <��QD� ���,QBR �W�" �

����" J0���0�� )Tabesh and Karimi, 2006.( 
� &=��MN ���� )�Q�6 ��, Q&����*���'�� ���2���9�2(��&

"��� �� *���&�B' Y���� �&���� ���D6  ��9 7��
 /�2(��&8� *��
�'��� *���� (Shamir and Howard, 1979) . 

��&=��MN ��'��$ �( �9 /�2(��&*��� ���Q?�&� �� 
� �  7�
��m�,��� .&K�� ��&�����N -� �&��,4 ����7���
 � ���,�
�9�2(��&*�� Y����� ����?����&��B' �&�� .��� *�������� 7��=

-��MN 2� ��1� ��� 7�=' ��A�
��"�' *���*���� ����
�'��"�&�
�2����
�"�' 
� #?�!���9 ��2(��&*���� ����� j
�� ��� ���&7�
D6  /��4� F&�9 	��� 7��6�2(��&2S6 ��� �� ��*�Q�6 �  ���@0$� #�

2� *� �DP��)�*5"��� (*� ��m(Walski,1987) . 
���CB� /&��=��MN �� ��"��� *���&�� ����,4 � ���=' -��V'

*,54 ���	�� � 
� #!�����@0$��� �� .��0A���N 7��/-��M�N 
4��&�9 7��
 *+ �'��� *�����2(��&8� ��� *��*��� ����
� *,5�4
� ��&*5"��� 7��6��m� .��L 
� ��+ /�Q�6 i ��@0$� #���4 <�S'�

2� <�B6 *+�*����BD6 *� ����� �9 � ����2(��&9�6 ���� ����$ *

2 Critical Models 



����T�	 � +���� ���� dx.doi.org/10.22093/wwj.2020.241842.3053 

25

����� � �� 	
�� Journal of Water and Wastewater 

�����
���� ����� ����� Vol. 32, No. 3, 2021 

�QD� j
�� j�� 
� 	��P0"� �� � ���1&2S6 F��*�Q�6 �  ���@0$� #�
.�4 <�S'� 

��	�4 7� � -��MN�9 7��
 F�2(��&*��� ����*�9�6 ��� *,5�4
"��� �8'� y�9 *�&�0' .�4�8� ��� 7�=' l *��6���9 7��
 /�2(��&

'�. *��� y�9 *� iQD0�&7��
 �� F�qK��" ��"�.(Kanakoudis 

and Tolikas, 2001).
��&=��MN �(��" �9 �"��2(��&8� ��� *��*��� ������P��

*,54 �� ���
�6�"��� 
� �&� �� .�4�*W��� /�� K�� )����&
86 0�=N 7� Z��� *�+ ��"� 	��4 * '�5&B�@6 
� ���� J�BD6 �  ����

�D6�*��� ����Q?�&<�R ���! �� V��� ��"� �.(Luong and 

Nagarur, 2001).
��(�� -��MN ��*��'�� *� ���2������
��"�'��9��*���� 7�

Q?� 
�&
 F*���� ���,4 /0���1 ��X' �� /B�� F����A��" ����
��@0$��� �� .��0A���N 
� �� ��9 7���
 -��M�N /�2(��&8� � *��

N -� �&(0�,4&*��� ���
� 	��P0"� �� F
���� )����7��"��N)
% D6 (/(B��  �4 /(Kleiner et al., 2010).

��&=��MN �� *�����@0$� ���,�������N -� ��&8� 	��� *��

�"�'��� 
� *��� � ��"��� � )� ��4 	���4� ���,4 k�' 7�2 

(Kibum et al., 2019) .���� /-��M��N ��4��&����� ���*5��"���
�2����
�"�'��� 
� *��� � ������ ��"���_6 )� 
� /'��"�&

� *����&
�"�' 	��� .����D6  �� F	�4 /�� )���@0$� 	�1����� �
2� *� �DP�� j�� ��"��*� *� .�"� 	��� �"� 

*��� ��,4 ��R�L� 
� 	��P0"� �� 
�6 *,5�4 �� ��� �� *�� F
� �
D6  8� 7��
 / �=' *� ���&
�"�' ����0A���N *,54.�0'�#?�! l

� 
��/-��MN 	��" <�S'� �� ��� 7�=' 
��"����&�����6 *5�"��� ��
h6  D6 F7��
 ]�!�� ����! k�' ���  h6 	��' /�  2� ��*�� ����

0�"� �� �X'����� Z����� 7���
 *�� �5�' �!�� ��&*�� �� j�� )
�����+�*��'�� ��2�
�"�'�0$� �� ��&#��$ �_6 K�5$ /.��m i�5L

�*0�� ���-��MN8� 7��
 F 
�"�' *��*��� y�9 �� �� ����T�Q0��
*� 6�6 ��� ]�'����1 � 	2QN&�6� ������ /Qq/;{�:/;�]��!��

�4 j��21 K�" (Tabesh and Karimi, 2006).

� 	��P0"� �� K�� ���&'� "�1� N *� -� ��&7�2� � ���,4 

*��� ��� *,54 
�6�
� ��84���!�' *��)*�VW�� ��)7���86
 .��0A���N�0'�l7�=' �'��� *+ 
� �� 7����K�����������"���&

F	�4 K�� "�1� 7�0�S� )���QBR ��08��*0�4�� ���� K��B0!� 

��6G�� &� �'��6 ����! ��	�� �� N -� �&���+.(Qasemnezhad 

and Moteie, 2017) . 
�� *9�6 *�-��MN ��� 	��4 <��S'� ������ F��� ��� N C� 1�&
K�� ��&�*+7��+�6 86 *	�4 �"� �7��
 ��7���� ���9��F��8'� *��

��	MK��� `���'� ����8� *�� 
��"�*�+' ����
� 	��� ����	��0��1 �
��D0���"� )Tabesh and Karimi, 2006(F�����/*���V� j�� 

�N��&�" J0� N ��8�= �*���� 	�4 �"�.*05��-��MN ��� �PQ0��&
�� 
� 	��P0"� ����N ��,��&�" 5�4 ���@A �� J0� *
��"�*,5�4


�6�
�4 
� ��"� 	�4 <�S'� *�� . K���� 7����R u�'�. � &�m ��
K�" ����:ppo ��6:ppq ��Q� �8�4 �� �����N 
� 	��P0�"� ��� ���&�

" J0� 
�� *� <��$� F�����&���V6�('�A 
�&�'��m ��0' .�7��=' l
� ��� � k�' / ��,�*�� F*'G��" Y"�0� ����� ��A��4 �� 7����R
Q?�&� � 7�+ ��@0$�����@0$� #����R ��(�–R��B09�&6����D6&

+ ���� ��9��_6 �R�� * ����V6 ��� ��('��A&��&���4.(Qi and 

Chang, 2011).
��&=��MN ���N K��� ��( ���&����� ����������8�4 
� ��

*� 54 ��X�� *
�"����V6 ����D6��84 
��F���@0$� F*�D��9 F
��� 
� 
� �H�P! �����$� � ��� � 
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 ]�!�� ���?
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��0��&6��? �� . �89 )� �� *0���� � #V0�� � h0� ���  h6 *+
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��	�� ������ ��4.(Mohammadi and Safaei, 2015) *����5R
���(�)�G� ������ 	�4 ��7��
 K�! ���&7��6 ���"�*��O�1�

F��+ *����L�*�+ ��7���
 ��F	��� �� -
���)�G� �����A ��4
(Andreou, 1987, Brown and Abraham, 2012).
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Fig. 1. Causal diagram for the dynamics model of drinking water distribution network in Hamadan 
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Fig. 2. The main variables of stock and flow of the dynamic model of drinking water distribution network in Hamadan 
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Fig. 3. Compare Benefit -Cost index observation with 
simulated in VENSIM environment 
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Table 1. Parameters used in sensitivity analysis 

Parameters Initial value 
Sensitivity 

analysis efficiency 
Unit 

Age pipe 25 20 to 40 Year 
Network length development coefficient 0.02 0.02 to 0.09 Percentage 

Renovation coefficient 0.04 0.03 to 0.09 Percentage 
Failure growth rate (A) 0.150 0.025 to 0.150 1/Year 
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Table 3. Results of optimal replacement time by tr method 

Parameters Results of optimal replacement time 
according to the formula tr

Unit
t0 1392 Year

Nt0 1.32 Dimensionless
A 0.152 1/Year
R 25 Percentage

UCRr 10,408,160 Rials
UCRm 43,965,115 Rials

tr 1420 Year
tc 28 Year

Fig. 4. Cost of replacing network pipes in relation to network life from base year (2013),  
using SD-NPV method in VENSIM environment 
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Table 4. Scenario 1 results in improving benefit-cost index 

Scenario 1 Benefit-cost index 
(simulation) 

Benefit-cost index 
(optimization) Time (years) 

1 0.50448 1
2 0.51150 1
3 0.62060 1 
4 0.61761 1
5 0.58660 1

��&B\7*� 8� � �_6 l��0' �A�4 ��58� �� 
� �B $ �0����N �
�"*��2� *� �DP�� 
Table 5. Results the effect of optimizing the water price parameter on improving benefit-cost index 

Scenario 1 Unit price of water in Rials 
(real conditions) 

Unit price of water in Rials 
(optimization) Time (years)

1 2700 32853
2 2500 45428
3 2590 33068
4 2810 36874
5 3500 44188
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Table 6. Scenario 2  results in improving benefit-cost index 

Scenario 2 Benefit-cost index 
(simulation) 

Benefit-cost index 
(optimization) Time (years)

1 0.50448 1
2 0.51150 1
3 0.62060 1 
4 0.61761 1
5 0.58660 1 

��&B_7*� 8� � �_6 l��0' �A�4 ��58� �� 
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Table 7. Results the effect of optimizing the water price parameter on improving benefit-cost index 

Scenario 2 Unit price of water in Rials 
(real conditions) 

Unit price of water in Rials 
(optimization) Time (years)

1 2700 43877
2 2500 60257
3 2590 46694
4 2810 51150
5 3500 57860

��&B`7*� 8� � �_6 l��0' �0����N �
�" *��� ��,4 ���A�4 ��58� ��*��2� *� �DP�� 
Table 8. Results the effect of optimizing the pipe failure parameter on improving the benefit-cost index 

Scenario 2 Number of failures per 
kilometer of pipe per year 

(simulation) 

Number of failures per 
kilometer of pipe per year 

(optimization) 
Time (years) 

1 1395 1394
2 1422 1374 
3 1450 1401
4 1478 1429
5 1506 1458
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Table 9. Results the effect of drinking water network cost parameter on improving the benefit-cost index 

Scenario 2 Cost in terms billion Rials 
(simulation) 

Cost in terms billion Rials 
(optimization) Time (years)

1 237,239,353 280,172,986
2 256,587,104 299,886,740
3 260,465,476 304,640,426
4 281,289,720 326,357,090
5 331,107,794 377,058,100
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