
 

 

 

 �
��

��
 �

��
�	

 
 
�

��
�


� 
�

�
�

��
� 

��
�

�
7

9
 �

��
 


47
 �

��
�	

 

2

 �
��

�
���

 

13

96
 �

#
$%

 

17

9
-

18
8

 

* :��������	
 �
� ���� ������ ������ ���
��� farahnak.mehdi@gmail.com 
 :������  ����01/04/94 

�&�  ����� :'22/04/95 

)�*�+,-. ����� /0�� ��1-/2�3�4. )���� ��-+� ���5�6 
7*��8� 7*��89 : ;8� �� �+�+� 

;.8�<. ��=.2 �2 �* ����=�� �,��= ��+�� 
  

/��� >��681*   �*��+��� �+�
� ���,�
� �*��-� .������ ��/,�
� ��0�1 ���2�+3
��
 ����2�+ �   

2+�#� ��.081 289  ���*
� ���,�
� �*��-� .������ ��/,�
� ��0�1 ���2�+3
��
 ����2�+ �  

/��� ��*2 ?	2 @���  ������*
� ���4 �*��-� �.����� ��/,�
� 5�
�6�* 7��8� �
�6�*� 3
��
 

  

���
A 

�� 9�
 :�;<� �= >
8 3
6�� ?��� ����
�8 �����= � 3
�� ���� ���@�*
 .� 3�A�B�* ���A� �/��B C
�D
 �= �8
�E .� 7�
�* ��	�� 3��6A2 �3
�� F����4 � 

F����* )CCHP (��+ �*
 .�= �J�� �= ���K� 5�2���
��� �L�� �� �8
�E 7�
�* ?
 �MAJ N�
�+ ��O�<� P
���K� �� 5�2��= �F����4 F����* � Q�= �� 

�E 5�2?�� RM�S� T�* �  ...9��0� N�
�+ ���-= ���MAU 7�
�* ��	�� 3��6A2 ?
 ��A2
 ��
6
= �
���B�= ���+�= .�= 9�
 ���*
 .� 7����/	
 ���-= 5?�* 

5
�= 
��� 3��� ���-= 9��� ���MAU 7�
�* ��	�� 3��6A2 ��*
�= 3����
� ������	
 ����� )V�<� ��	�
 (��-�,�� ��+ ����<�= ���62 �B�* ���W� 7�
�* 

��	�� 3��6A2 �= 3
��U X=�� �Y�2 �� �2 C�4 ����? 9���A� �+�= .9�
 7����/	
 5
�= ����Z5�2 RM�S� �8
� ��	�� 3
�� ?
 1 P
��M�� �� 20 P
��M�� �= ��� 

����4 �+ .[���� 7����/	
 5��-�,�� \S,� ��A� �� �8
� ��	�� 3
�� �= ����Z 12 �P
��M�� �= 3/3 T�* 9���A� �,4?�= �����* � �8
� ��	�� 3
�� �= 

����Z 5 �P
��M�� �= 57 %9���,�= ��
� ���1 ���J �� ���62 �B�* ���W� 
� ��
�.  

�B.: /�6 /���C: 7����/	
 ���-= �5?�* 7�
�* ��	�� 3��6A2 �F����* F����4 � �Q�= ����� Q
��8
 ��MB
� 3�A�B�* �/��B. 
  

 
Techno-economic Optimization Algorithm of the Combined Cooling, Heating and Power 

System by Internal Combustion Engine for a Residential Apartment 
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Abstract 
In this study, the cooling, heating and electrical energy demands of a sample residential apartment in Mashhad region (Iran) has been 
estimated hourly during a year. By employing a CCHP system for this apartment compared to the separate production system, hourly 
and monthly amounts of optimal consumption of NG as prime fuel and electrical energy imported from/sold back to grid during a 
year and cost saving ratio and payback ratio has been investigated. For this purpose an optimization algorithm was proposed to find 
the best optimized operation of the cogeneration system based on operation of the power generation unit (PGU) according to 
nonlinear relationship of electrical efficiency of the engine (Prime Mover) so that the cost of the energy in CCHP system, as an 
objective function, be least amount in each time step during a year. The results of proposed algorithm, specifying the best operation, 
show that PGU with 12 kW capacities has the lowest payback ratio of 3.3 years and that PGU with 5 kW capacities has the lowest 
energy cost saving ratio of 57%. 
Keywords: Optimization algorithm, CCHP system, Internal combustion engine, Residential apartment. 
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 7����/	
 ���@�*
 ��+ ��
 .:�E P��p�M� 7����/	
 3�,� ��
� ��+ 

�� c�+ 3� 
��=
 5�2�a�;� 5`��
 �F����* �F����4 u� C�4 ���W� 

� Q�= 3�A�B�* �� �2 C�4 ����? �= P��1 5���� ������ �����+ 

{|* :�E �O=
� )1 (�� X=�� "3����
� c���� 5`��
 �B�* �= 

���
����	
" ]14 [�2 �8
� ��	�� 3
�� �� 7�
�* ��	�� 3��6A2 ��-

��+�= �� �2 C�4 ����? t� �1�� ��=  ?
 9���A� �
�;� )j=0 (�� 9���,�= 

�
�;� )j=100 (���K� �� ��� )>*���� �= 3� 3����
� ?
 0 %�� 9���,�= 

�
�;� �� 25 %z�� ��+ ��*
 ���K� �����.(  

)1(  
2

max
e

0.0001591j 0.24 j 0.1904
η = − + +

η
  

5`��
 ������	
 � ���
�8 ��	�� ��+ N*�� �8
� ��	�� 3
�� � 

�1�� ��= �= >���� �= P��1 N=
�� )2 (� )3 (� )4 (3��= �����4:  

)2(  ( ) ( )PGU PGU eEl j, t E j, t= × η  

)3(  ( ) ( )PGU PGU thQ j, t E j, t= × η  

)4(  
( )PGU

nom,PGU

El j, t
j

El
=  

�� ( )PGUE j, t 5`��
 �B�* Y�W� ��+ �� �8
� ��	�� 3
�� �   

3����
� ���
�8 �8
� ��	�� 3
�� � nom,PGUEl ����Z ���� �8
� 

��	�� 3
�� ���+�=.  

�� �2 �1�� ��= )j=0..100 (5
�= C�4�2 �����? �= �J�� �= 
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5�2�a�;� 5`��
 �3�A�B�* ���MAU 7�
�* ��	�� 3��6A2 �*��= ��+ 

� �
�;� X=�� ���62 5`��
 �� 7�
�* ��	�� 3��6A2 �� �2 C�4 ����? t 

5
�= �2 �1�� ��= ( )CCHPEC j, t )j=0..100 (:�E �O=
� )5 (��*�<� 

����+:  

)5(  
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
CCHP iElec iElec Gas

PGU Gas Boiler j,t

EC j, t C t E j, t C t

E j, t C t E CEE j, t

= × + ×
+ × −  

�� ( )iElecC t >��a ���62 Q�= ��
� ��+ ?
 ���+ �� C�4 ����? 

t C
 � ( )iElecE j, t �
�;� 5`��
 ������	
 ��
� ��+ ?
 ���+ �� C�4 

����? t C
 � �1�� ��= j C
 �8
� ��	�� 3
�� ���+�= � ( )GasC t 

>��a ���62 �B�* ?�4 ��
� ��+ �= �8
� ��	�� 3
�� )PGU (�� C�4 

����? t C
 � ( )PGUE j, t �
�;� 5`��
 �B�* ��
� ��+ �= �8
� ��	�� 

3
�� �� C�4 ����? t C
 � �1�� ��= j C
 �8
� ��	�� 3
�� ���+�= � 

( )GasC t >��a ���62 �B�* ?�4 ��
� ��+ �= �M��= �� C�4 ����? t 

C
  �( )Boiler j,tE �
�;� 5`��
 �B�* ��
� ��+ �= �M��= �� C�4 ����? 

t C
 � �1�� ��= j C
 �8
� ��	�� 3
�� ���+�=  �( )CEE j, t  ���62 6��

�� Q�= ���+ �= Q�= '���) �O=
�) �+�=9(( .9��xA2 ���62 5`��
 

�� 7�
�* ��	�� 
6j� �� �2 C�4 ����? ( )CONVEC t ):�E c�+ 

���A+ 2 (�= P��1 �O=
� )6 (��*�<� ����+:  

)6(  ( ) ( ) ( ) ( ) ( )CONV iElec iElec Gas BoilerEC t C t E t C t E t= × + ×  

 ��( )iElecC t >��a ���62 Q�= ��
� ��+ ?
 ���+  �( )iElecE t 

�
�;� 5`��
 ������	
 ��
� ��+ ?
 ���+ �� C�4 ����? t C
  �

( )GasC t >��a ���62 �B�* ?�4 ��
� ��+ �= �M��= �� C�4 ����? t 

C
  �( )BoilerE t �
�;� 5`��
 �B�* ��
� ��+ �= �M��= �� C�4 ����? t 

C
 �� 7�
�* ��	�� 
6j� ���+�= .P���6J ��,�= �� ���� ��<� 

��*�<� ���62�2 5 ?�4 � Q�= �� FS= 5�0= w�a�� ��
� �2
�B �+.  

9��= P��1 �� �2 C�4 ����? ���+5?�* ���-= 9��� �1�� ��= �� 

3
�� �J��B �8
� ��	�� 3
�� � >*���� �= 3� ���-=9��� 3����
� �8
� 

��	�� 3
�� )�O=
� )1 ((� ���-=9��� 3���J 5`��
 �� �M��= � 36S� 

���Bf5?�* P�
�8 � ���+ Q�= �= ��*
 9���A� �
�;� ���62 5`��
 

:�E �O=
� )7 (�*�= ����� .9�
 ���+5?�* �= P��1 �U�* �= 

�U�* 5
�= .� T�* )8760 �U�* (5
�= ����Z5�2 ���� P��@�� 

�8
� ��	�� 3
�� 1 P
��M�� �� 20 �P
��M�� �� .� 3�A�B�* �/��B 

T��5?�* ��+ �*
.  

)7(  ( ) ( )( )CCHP CCHPOEC t min imum EC j, t j 0...100= =  

  

3 - G�3HI� ��+�� ���J-�K�  

3 -1- G�3HI� ����=�� �,��= ��+��  

�� 9�
 :�;<� ?
 .� 3�A�B�* �/��B ���A� 5
�= .� ��
���B 4 

��@� �� ��8�� 5���� 3
��
 )�-,� (:=�O� �,;�  c�+)4 (���@�*
 

��+ �� c��+ 6 ��j�� �� ��
�J � .� u�� 56M� �� P�-J 3�,� 

��
� ��+ �= �8�
� R� 120 X=����� � }�@��
 3 ��� ���+�= .9�
 

3�A�B�* ������ 5
�= Y�W� 5`��
 .� ��
���B N*��� �� �t� ����4 

��+ �*
.  

5�2�a�;� u� C�4 ���W� � F����4 5�~� 3�A�B�* � F����* 

� Q�= 3�A�B�* N*�� XJ
�� P�
�*�� ������� � �D�= ]15 � 16 [�=   

  
 E
	3- G��A+�1 )�*�+,-. ����� /0��  

  

P��1 �U�* �= �U�* 5
�= .� T�* �= >���� �= P��1 ��? ��*�<� 

��+ ��
:  

]1[ 5�a�;� u� C�4 ���W� =u� C�4 ���W� N*�� �	
�� � 

 ���,�*� +u� C�4 ���W� N*�� 3
� C�A8 +u� C�4 ���W� 

N*��  '�� +u� C�4 ���W� N*�� .��* Y�Z ���+ +u� 

C�4 ���W� N*�� 9�+�� �B����+. 

�� 5��� u� C�4 ���W� 3�A�B�* 60 �J�� ���
M* 

)140�J�� ���-����] (15 [� 5��� u� �-+ 5���� �= 3�A�B�* 

�= P��1 �O=
� �=�j� )8 (5��-�,�� N*�� Farzaneh-Gord M 

� 3
���A2 ]17[� �=
�= 5��� V�B �t��� ����4 ��+ �*
 .5��� 

V�B 
� 5
�= Q�AU
 ��,�= ?
 .� ��� �� 3
��
 �= P��1 �0=�� ?
 

5��� N�<� )5��� ��E ���B 3�A�B�* (:=�O� �O=
� )7 (

��-�,�� �����:  

)8(  2
i o oT 0.0084 T 0.3182 T 11.403= × + × +  

 
�� iT 5��� u� 5���� �-+ �= 3�A�B�* � oT 5��� N�<� ���+�= 

�� �= P��1 �U�* �= �U�* 5
�= �;O�� �t����� �
�S�*
 ��+ �*
 

]18.[  
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z
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 E
	4- ����=�� �,��= 2�+� �J-�K�  

  

]2[ 5�a�;� ��= F����* 3�A�B�* =��= �,����* �,=�� ?
 :��E 

��j��5�2  3�A�B�* +��= �,����* �,��*� ?
 :��E ��j��5�2 

 3�A�B�* +��= �,����* �,=�� � �,��*� ?
 :��E 5�2�
��� 

 3�A�B�* +��= �,����* �,��*� ?
 :��E �2�� � ��j��5�2 

�MB
�  3�A�B�* +��= �,����* ��
<� �+�� ?
 ���-� Q��
 �2 +

��= �,����* ��
<� �+�� ?
 9����* � C?
�	 5
?���4  3�A�B�*

 +��= �,����* 3�-�  3�A�B�* +��= �,����* ��
<� ��;= 

5
�2  ���B +��= �,����* 3�-� ��;= 5
�2 ���B.  

]3[ 5�a�;� ��= F����* 3�A�B�* =��= �,����* �,=�� ?
 :��E 

��j��5�2  3�A�B�* +��= �,����* �,��*� ?
 :��E ��j��5�2 

 3�A�B�* +��= �,����* �,=�� � �,��*� ?
 :��E 5�2�
��� 

 3�A�B�* +��= �,����* �,��*� ?
 :��E �2�� � ��j��5�2 

�MB
�  3�A�B�* +��= �,����* ��
<� �+�� ?
 ���-� Q��
 �2 +

��= �,����* ��
<� �+�� ?
 9����* � C?
�	 5
?���4  3�A�B�*

 +��= �,����* 3�-�  3�A�B�* +��= �,����* ��
<� ��;= 

5
�2  ���B +��= �,����* 3�-� ��;= 5
�2 ���B.  

5��� ��E cB
� 3�A�B�* �� 3��
=�� �=
�= 25 �J�� ���
M* 

)77 �J�� ���-���� (� �=�E� ��
� 5
�2 cB
� 3�A�B�* �� 

3��
=�� �=
�= 50] %15 [� 5��� �O;� 7��+ � 5��� ��E ����B 

�= P��1 �U�* �= �U�* 5
�= �;O�� �t����� �
�S�*
 ��+ 

�*
 ]18.[  

]4[ 5�a�;� Q�= 3�A�B�* =��= ������	
 ����+��  3�A�B�* +��= 

������	
 C?
�	 ������	
  3�A�B�* +��= ������	
 P
6�-j� 

�,����*  3�A�B�* +��= ������	
 P
6�-j� �,����4 3�A�B�*.  

5�2�
��A� 5�2�a�;� 5�2��= �F����4 u� C�4 ����W� F����* 

� Q�= �� c�+5�2 )5 -R	
(� )5-u(� )5-� (� )5 -� (�= >���� 

3�,� ��
� �����+ �� �M�*�= C�� �
6�
 MATLAB �
����� 

��+ �*
.  
  

  

  

  

  
E
	 /�6 5- )N-.(- )P(- )Q(- )2( -  �8� ���R �6�S�D�/ �6���/ 

��89*7 �T1/ 183� F89 PU 
����=���
 ��8�*7  ����=�� ;8� :

,��=�  V+W �2 �J-�K� 2�+� ��+��*� +�.B 0.) V��*�  .� (8X���2 ��

���*7 ��  E
	 �2 �A+C �.2+�� . �625 )2( �S�D�/  �2  .� ;8� ���

���0 �0��� 24 I� ?Z���� ��.�62  

  

(R	
) 

)u( 

)�( 

)�( 
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3 -2- G�3HI� )���� ��-+� ���5�6 
7*��8� 

7*��89 : ;8� 
7�
�* ��	�� 3��6A2 �F����* F����4 � Q�= ���� �0	�O� �� 

9�
 :�;<� c��+ [��� ���
��` -�����  Q
��8
 �MB
� �= �B�* ?�4 

�0��E ���+�= �� �= 3
��U �8
� ��	�� 3
�� 5
�= ��	�� 5`��
 

������	
 � ���
�8 cAU �����.  

����Z5�2 ���� P��@�� ?
 1 P
��M�� �� 20 P
��M�� 5
�= 

u�S��
 >*���9��� ����Z �8
� ��	�� �3
�� �� �t� ����4 ��+ ��
 .  

3����
� c���� 5`��
 �B�* �= Q�= �= P��1 �O=
� )1 (�= >
8 

�1�� ���= z�� ��+ �*
. P�
�8 ��i�
 ?
 ����� ?
 :��E �� T��� 

���
�8 .�B5?�* ���= � �	�	 �J��B ������ ����?�= ����+ � ?
 

:��E �M�p �=&J 10 9� F����* � ��/�*� ?�*
�2 5
�= F����* � 

F����4 5�~� 3�A�B�* �= ��� ����� .� .� �M��= �= 3
��U P
6�-j� 

�,����4 �M�A�� ����? �� P�
�8 ����?�= ��+ ���� ��+��� }��+ �= 

��	�0� ����� .5`��
 ������	
 ���W� P
6�-j� �,����* � 

�,����4 7�
�* ��	�� 3��6A2 �F����* F����4 � Q�= �= >���� 

3/7 P
��M�� � 45/3 P
��M�� ���+�= .P��o6J r�=�� �= 3����
� 

P
6�-j� 7�
�* ��	�� 3��6A2 �� T��J 1 �1iB ��+ �*
.  

  

V:�� 1- /�6��4 �����.� G.5���� )���� ��-+� ���5�6 : )���� 

��-+� .5�� �� ��C ��1� �2 )�*�+,-. ����� /0��  

3����
� 5�2��D  %  

��� 3����
��c `��
5  ����� Q�= �= �B�*?�*?�4  
) �O=
�1( 

���,�= 25  

��� 3����
��c `��
5 ����� P�
�8 �= �B�* ?�*?�4  51  

�= 3����
���M  90  

M� 3����
�� -j��P
6 ���*�,�  60  

M� 3����
�� -j��P
6 ���4�,�  85  

 
3 -3- /�6��4 ��*56 �2 )�*�+,-. ����� /0�� 

���0� Q�= 5
�= Y��W� �/��B 5
�= �;O�� ���A� ���0	�O� 

)�-,� (5
�= 7 ���
� Y�W� 5
�= �2 ���� �= P��1 T��J 2 ��*�<� 

����+ �� �� �2 ���
� �Y�W� �A�D 5
�= �2 P
��M�� �U�* Q�= �= 

>
8 T��� \S,� ��+ �*
 �� �= P��1 ����M� �= �
�;� Y�W� 

���K� ����� )>��a ( )iElecC t �� �O=
� )5 .((9��xA2 �A�D Q�= 

��B��� ��+ �= ���+ Q�= :�E �O=
� )9(� 338 T��� �= 5
?
 �2 

P
��M�� �U�* Q�= 5��	�� �= ��iU .� C��-p �A�D ?�4 ���W� 

���@�*
 ��+ �� 7�
�* ��	�� 3��6A2 5
�= ��	�� �2 �M�� P
� �U�* 

�Q�= ��*�<� ����+ )( )CEE j, t �� �O=
� )5.((  

)9(  
( ) ( )

( ) ( )

eElec

Gas PGU

IRR
CEE j, t 338 E j, t

kWh
1

C t E j, t
4

 = ×  

+ ×
  

�� ( )eElecE j, t �
�;� 5`��
 ������	
 ���1 ��+ )��B��� ��+ (

�= ���+ �� C�4 ����? t C
 � �1�� ��= j C
 �8
� ��	�� 3
�� ���+�=.  

  

  

V:�� 2- .8� ;8� �18J�/ �+
�� [��3�� ��I� �DK�� �2  

Y�W� ���
�  

(�U�* P
��M��)  

���62 >��a  

�= T���)(�U�* P
��M�� �2 5
?
 

100 -0  300 

200 -100  350 

300 -200  750 

400 -300  1350 

500 -400  1550 

600-500  1950 

 ?
 ��,�=600  2150 

  

���62 ?�4 5
�= Y��W� ����
� 5
�= 7�MD
 3 )�-,� (5
�= 12 

���
� Y�W� �� �@2 ��� T�
 T�* � [�� ��� �B� T�* 5
�= �2 ����� 

�=>���� �= P��1 T�
�J 3 � 4 ��*�<� ����+ . ���
� �2 �� ��

D �Y�W���A 
�=5 �E ?�4 >0�� ��� �2�0� � >
8 �=�T�  \S,�

 P��1 �= �� �*
 ��+���M�� K� Y�W� �
�;� �=��� ���� >��a) �

( )GasC t ) �O=
� ��5�E ?�4 >0�� ��� �2 .((�0�  9���4 �t� �� �=

��
�8 '?�
� �;� �d�=��� 6/33297 ��T�`�M `��
5  �B�* 3
��U �=

6J .��
��P�� =���, 62 � �2 ���0� ���� ����� ] XJ
�� �� �219-21 [

� ��2�,� c=�D��+�=.  

  

V:�� 3- XW 0�9 �18J��J� .8�/ �+
�� [��3�� �4. �2�) 3  (��I�)

V�� V:. ��� ?$6 �2  

Y�W� ���
�  

(>0�� ���)  

���62 >��a  

)��T� �=5
?
 � �2�P
��M �U�*( 

45-0  700 

95-46  900 

145 -96  1200 

195 -146  1600 

245 -196  2000 

295 -246  2200 

345 -296  2500 

395 -346  2800 

445 -396  3000 

495 -446  3200 

545 -496  3400 

 ?
 ��,�=545  3500 

  

4 -\*��� ����� /0��  

     7����/	
 ��f ��+ �� FS= 2 5
�= ���-= 5?�* ���MAU 7�
�* 

��	�� 3��6A2 �F����* F����4 � Q�= �= 5�� 3�A�B�* ����
� 

���A� R�1�� ��+ �� FS= 3-1 5
�= P�� 3��? .� T�* )?
 ����
` 

�� ����*� (�= C�4 ����? .� �U�* 5
�= �1�� 5�2��= RM�S� �= �� 

�t� 9���4 X=�� Y�2 �= ��� ����4 �+ .c�+ 6 �1�� ���-= T�0� 

3��= �8
� ��	�� 3
�� �� T�E .� T�* 
� 5
�= ����Z 5�2 ���� 

RM�S� 3�,� �� �2�.  
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V:�� 4- XW 0�9�J� .8�/ �+
�� [��3�� �4. �2�) 3  �2 (��I�)

V�� 8=U ��� \��  

Y�W� ���
�  

(>0�� ���)  

���62 >��a  

)��T� �=5
?
 � �2�P
��M �U�*( 

200 -0  300 

300 -201  500 

400 -301  700 

500 -401  900 

600-501  1100 

700 -601  1600 

800 -701  1900 

900 -801  2200 

1000-901  2500 

1100-1001  2800 

1200-1101  3200 

 ?
 ��,�=1200  3500 

  

3�A2 ��E �� \S,� �*
 �= F�
6�
 �����Z �1�� ��	�0� 

�8
� ��	�� 3
�� F2�� ���=�� �  9��xA2C�U ��	�0� ����Z 5�2 

d�=��� �� T�E T�* ���-=�� �*
. c�+ 7 N*��� 3����
� ������	
 

���-= �8
� ��	�� 3
�� �� T�E .� T�* 
� 3�,� ���2� �� �� ����Z 

���� 8 �P
��M�� 7�
�* �� �v�
�8 3
�� ������	
 ��B ��	�0� ��-

��� � {� ?
 3� 3����
� �= F�
6�
 ����Z �� �
�;� 17 % �5
�= 

����Z 20 �P
��M�� F2�� ���=��.  
  

  
 E
	6- -�J1 �%�2�? ����� �6�<.:/ -+���  8� V�� �2 N��H� �.+�

18] R�<�? ���� -+� �<.:�� �.+�  
  

  
 E
	7- 8�
-. �����.� ^�+��*
� ����� �6�<.:/ -+���  N��H� �.+�

18] R�< 8� V�� �2�? ���� -+� �<.:�� �.+�  

  

�� c�+ 8 �
��A� Q�= ���-= ��	�� ��+ �� .� T�* N*�� ����Z 

5�2 RM�S� �8
� ��	�� 3
�� 7*� ��+ �*
 .�= F�
6�
 ����Z� 3
6�� 

Q�= ���-= ��	�� ��+ 6�� F�
6�
 ���=�� � ����;� �0= ?
 ����Z 12 

P
��M�� 3
6�� ��	�� �=�L ��+ � 5�2�8
� ��	�� 3
�� �= ����Z ��d�= 

�� ���-= 9��� �	�8 6�� 3�A2 �
�;� Q�= \S,� 
� ��	�� ������. 

9��xA2 3
6�� Q�= ���-= ��
� ��+ ?
 ���+ Q�= �= F�
6�
 ����Z �= 

P�+ ��
 ���� � �0= ?
 ����Z 12 P
��M�� �=�L ������ .3
6�� 

'��� �= ���+ Q�= �� ����Z 4 P
��M�� �=
�= �@1 �*
 � {|* �= 

[���� F�
6�
 ����� � �= �
�;� ��=�L c�� �����.  

�
�;� P�
�8 ���-= ��	�� ��+ )����?�= ��+ (N*�� 5�2�8
� 

��	�� 3
�� �� .� �T�* �= F�
6�
 ����Z F�
6�
 ���=�� � >�+ 9�
 

�F�
6�
 �0= ?
 ����Z 12 P
��M�� F2�� ����=�� 3�A2 ��E �� �� 

c�+ 9 3�,� ��
� ����+ .9��xA2 3
6�� P�
�8 ���-= ��	�� ��+ 

N*�� �M��= �0= ?
 ����Z ���� 12 P
��M�� �8
� ��	�� �3
�� ����;� 

�=
�= �@1 �*
 � �/�� ?��� �= �M��= 5
�= 9�
 ����Z �8
� ��	�� 3
�� 

�A��+�= .�� 9�
 c�+ �� 3
�� ��A2
 ���Bf5?�* P�
�8 5��	�� 

�
?�� �= ?��� 
� ��2�,� ���A� �� �= �� �t� 9���4 ��6S� 5
�= ���Bf-

5?�* 3� �= 3
��U u� �C�4 5
�= ���@�*
 ��j� �� C�4 ����? 5�0= 

)�U�* �0=(� �
�;� 5���? �� 5`��
 � ���62 ���1���J ��A� .� bU�= 

F2�� 3
6�� P�
�8 ��	�� ��+ N*�� �8
� ��	�� 3
�� � �M��= � �� 

�j��� F2�� Y�W� 5`��
 �+.  
  

  
 E
	8- /B8�. �
*8�
-. ����� ��-+� ��	 ^�+� /�6�<.: ��-+� �.+� 


N��H� ;8� 2�.: ��	 0. �
X	 
;8� ;8� �2�% ��	 �� �
X	 ;8� : 

/�S�D� 
;8� �2 V+W �* V�� 8� R�< ?�18] ���� �<.: ��-+� �.+�  
  

  
 E
	9- /B8�. ���.8< ����� ��-+� ��	 ^�+� /�6�<.: ��-+� �.+� 

N��H� : 8�*+� : /B8�. ���.8< �8�=_ 
��	 /�S�D� ��� 7*��89 


����=�� /�S�D� PU F89 �183� : /�S�D� 7*��8� ����=�� �2 

V+W �* V�� 8� R�< ?�18] ���� �<.: ��-+� �.+�  
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���1 3
6�����J 62 ����� `��
 5( )ECD t  ����1 ��
��J�� 

62 ����� `��
5 ( )ECDR t �=>���� �=� P��1�N=
 )10� ( )11= (�3� 

�����4.  9�
��
� P��1 �= 62 Yi�B
��� `��
5 * ���7�
 	���� 

* � 3��6A2�7�
 	���� 62 �= �
6j���� `��
5 * ���7�
 	���� 
6j� 

�� R��0���+:  

)10(  ( ) ( ) ( )CONV CCHPECD t EC t OEC t= −  

)11(  ( ) ( )
( )CONV t

ECD t
ECDR t 100

EC
= ×  

�� c�+ )10 (�
��A� ��
� ���1���J �� ���62 5`��
 5
�= 

����Z5�2 RM�S� �8
� ��	�� 3
�� �� T�E .� T�* 7*� �����4 

�*
 .[���� 3�,� ���2� �� �= F�
6�
 �����Z 
��=
 �
��A� ���� 

5��01 ��+
� � {|* ���� �	�6� 
��� ����� .�8
� ��	�� 3
�� 12 

P
��M�� �= 57%� 9���,�= �
�;� ���1���J �� ���62 5`��
 
� ��
�.  

  

  
 E
	10 - �.2+�� ?X�� �18%�*+� �2 ��*56 /B8�. �2 V+W �* V�� 

8� R�< ?�18] ���� �<.: ��-+� �.+�  

  

�,4?�= �����* ���* 7�
�* ��	�� 3��6A2 :�E �O=
� )12 (

��*�<� ��+ �*
 ]22:[  

)12(  
t SPBmin

t

t 0

F 0

=

=

≥∑  

�� Ft 3���J \	�B ���62 �� �2 C�4 ����? �*
 �� c��+ 

���62 �5`��
 ���62 �����* 5�
&4 ��	�
 � ���62 P
��A0� � 5�
�-/� 

���+�=. SPB �
�;� ���� �,4?�= �����* ���* ���= �� cD
�8 3��? 

C?d 5
�= �@1 3�+ �O=
� )12 (���+�= .9��=��= 7�2
�B �+
�:  

)13(  
( )

( )
t CCHP CCHP CCHP

CONV CONV CONV

F IC MC OEC t

IC MC EC t

= + +  
− + +  

  

)14(  
[ ] [ ]

( ) ( )
t CCHP CONV CCHP CONV

CCHP CONV

F IC IC MC MC

OEC t EC t

= − + −
+ −  

  

 ��CCHPIC �CCHPMC �CONVIC  �CONVMC �=>����� 

���62 �����*5�
&4 ��	�
 7�
�* ��	�� �3��6A2 ���62 P
��A0� � 

5�
�-/� 7�
�* ��	�� �3��6A2 ���62 �����*5�
&4 ��	�
 7�
�* 

��	�� 
6j� � ���62 P
��A0� � 5�
�-/� 7�
�* ��	�� 
6j� ���+�=.  

?
 �j�� �� 7�
�* ��	�� 3��6A2 � ���-=5?�* 3� �= 5�� .� 7�
�* 

��	�� 5
6j� ���J�� >W� ��+ �*
 9�
�=��= Yi�B
 ���62 �����*-

5�
&4 ��	�
 9�= 7�
�* ��	�� 3��6A2 � ��	�� �
6j� c��+ ���62 

��	�
 �8
� ��	�� �3
�� ���62 P
��A0� � 5�
�-/� �8
� ��	�� �3
�� 

���62 ��	�
 T���5�2 ����
�8 Yi�B
 ���62 ��	�
 �2�M��= � Yi�B
 

���62 P
��A0� � 5�
�-/� �2�M��= )�= c�	� P��@� ����Z �M��= �2 �� 

7�
�* ��	�� 3��6A2 � ��	�� 
6j� (����+�= {� �O=
� )14 (�= 

P��1 �O=
� )15 (�
���?�= ����+:  

)15(  
[ ]

[ ]
( ) [ ]

t PGU BoilerCCHP HE BoilerCONV

CCHP BoilerCCHP BoilerCONV

Other

F C C C C

MC MC MC

ECD t C

= + + −
+ + −
+ − +  

  

�� ( )ECD t :�E �O=
� )9(� PGUC ���62 ��	�
 �8
� ��	�� 

3
�� ?
 �O=
� )16] (14[� BoilerCCHPC � BoilerCONVC ���62 

��	�
 �2�M��= ?
 �O=
� )17] (14[� HEC ���62 ��	�
 T���5�2 ���
�8 

:�E XJ�� ]23[� CCHPMC ���62 P
��A0� � 5�
�-/� �8
� ��	�� 

3
�� ?
 �O=
� )18] (14[� BoilerCCHPMC � BoilerCONVMC ���62 

P
��A0� � 5�
�-/� �2�M��= ?
 �O=
� )19] (14 [�*�= ������ .

9��xA2  ���* ���62�2 ����� ���62 36S� 5
�= ���Bf3��� P�
�8 

�= P��1 u� C�4 5
�= ���@�*
 �� C�4 ����? 5�0= 9�= 5/0 �� 1 

3��M�� 3���� �� �t� ����4 ��+ � ���62 �
� Q�= 5
�= '��� Q�= 

�= ���+ 9�= 1 �� 10 3��M�� 3���� z�� ��+��
.  

)16(  ( )( )PGU nom,PGU nom,PGUC 138.7 ln El 1727.1 El= − × + ×  

)17(  0.87
BoilerCCHP BoilerCONV BoilerC C 205 Q= = ×  

)18(  ( )0.8
PGU nom,PGUMC 0.1696 El 1 0.6875 j= × × − ×  

)19(  BoilerCCHP BoilerCONV BoilerMC MC 0.0027 Q= = ×  

�� N=
��  d�=nom,PGUEl ����Z ���� �8
� ��	��  �3
��

BoilerQ ����Z ���
�8 �M��= ����+�=.  

T�8 �= z�� ��*  ����	�*AECS ���62 � ����	�* P
��A0� � 

 5�
�-/�AMC �=>���� �= P��1 N=
�� )20 (� )21 (7�2
�B �+
�:  

)20(  ( )
8760

t 0

IRR
ECD t AECS

Year
=

 =   ∑  

)21(  
( )

8760

PGU BoilerCCHP BoilerCONV

t 0

MC MC MC

IRR
AMC

Year

=

+ −

 =   

∑
  

� �= 5�
&4�J N=
�� )15 (�� )21 (�� �O=
� )12 (� �=
�= �@1 �
�D 

3�
� �3� �= �O=
� )22 (7�2
�B ��*�:  

)22(  ( )
PGU BoilerCCHP HE BoilerCONV

Other

C C C C
SPB AMC AECS C 0

+ + −
+ × − + =  

�= ���*5?�* �O=
� )22(� �,4?�= �����* ���* �= P��1 �O=
� 

)23 (�*�= �2
�B ���:  

)23(  
( )

( )
PGU BoilerCCHP HE BoilerCONV OtherC C C C C

SPB
AECS AMC

+ + − +
=

−
  

c�+ )11 (�,4?�= �����* 
� 5
�= ����Z5�2 RM�S� �8
� 

��	�� 3
�� 3�,� ���2� .3�A2 ��E �� ���� ����+ 5
�= .� 

3�A�B�* �/��B ����A� 7�
�* 5 P
��M�� �= 3/3 �T�* 9���-= 

�,4?�= �����* 
� ��
� � �O;� ���A� 5�
��A� 5�A-* ���+�=.   

9�
�=��= ��O��A2 �� \S,� ��+ 7�
�* 12 P
��M�� 9���,�= 
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�
�;� ���1���J �� ���62 5`��
 
� ��+
� � 9��xA2 9���-= ����Z 

�� �
��A� 5`��
 ������	
 � ���
�8 )c�+5�2 8 � 9 (���+�= �� �= 

�U�� Ti;�*
 7�
�* ?
 ���+ Q�= � �M��= 
� 3�,� ���2� .9��xA2 

7�
�* 5 P
��M�� 9���A� �
�;� �,4?�= �����* 
� ��
�.  

  

  
 E
	11- �.2+�� ?I90�� �*��8� )���� ��-+� ���5�6 8� R�< 

?�18] ���� �<.: ��-+� �.+�  

  

5
�= �*��= :�D���� �
��A� ����2�� 5�2 {�d�= 5`��
 �������	
 5`��
 

���
�8 � ��
� ���1���J �� ���62 5`��
 5
�= ����Z5�2 5 � 12 

 �P
��M���= >���� �� c�+5�2 12 �� 16 3�,� ��
� �*
 ��+ .�
��A� 

����2�� {�d�= 5`��
 ������	
 c��+ �
�;� Q�= ��	�� ��+ N*�� 

�8
� ��	�� �3
�� Q�= ��
� ��+ ?
  /���1 ��+ �= ���+ Q�= � 5�a�;� 

Q�= 3�A�B�* ���+�= )c�+5�2 12 � 13 .(�
��A� ����2�� {�d�= 

5`��
 ���
�8 c��+ �
�;� 5`��
 ���
�8 ��	�� ��+ N*�� �8
� ��	�� 

3
�� � ��M��= 5`��
 ���
�8 ���Bf ��+ � 5�2�a�;� �F����* F����4 

� u� C�4 ���W� �� �+�= )c�+5�2 14 � 15 .(3�A2 ��E �� �� 

c�+5�2 12 � 13 ���� �����+ 7�
�* 5 P
��M�� �� ���5�2 

C�4��g �= �=�B 5�a�;� Q�= 
� F+�� ���2� � ���-=�� 9�
 �*
 �� 

�� ���5�2 C�4��g N;� 5�
�  ?
Q�= ?
 ���+ ��
� ��+. �� �	�8�� 

7�
�* 12 P
��M�� �� ���A� ����2 5�a�;� Q�= 
� �=�S= F+�� 

���2� � 5?��� �= ��
� 3��� Q�= ����;� �� ��2 �2�� �
��.  

?
 5�2�
��A� ��?
�� 5`��
 ���
�8 ��3
�� ������ �� 3
6�� 

���Bf5?�* 5`��
 �� 7�
�*5�2 �= ����Z ���,�= �� �v�
 ���5�2 

T�* ��,�= �*
 .9��xA2 �� 7�
�* 12 P
��M�� �� ��2 �2�� 

5?��� �= ���@�*
 ?
 �M��=  5
�=������,� �A��+�= �� �	�8�� �� 

7�
�* 5 �P
��M�� �M��= 7-* 5��,�= �� ��	�� 5`��
 �� ���5�2 C�4 

��
� )c�+5�2 14 � 15.(  

 9��xA2�= �J�� �= c�+5�2 16 � 17 ��3
�� ������ �� 3
6�� 

��
� ���1���J �� ���62 5`��
 �� 7�
�* 5 P
��M�� �� ���5�2 

C�4 �= 9���A� �
�;� ��B �� �*� �	� 7�
�* 12 P
��M�� ����;� �� 

���A� ���5�2 T�* �= ��g ��� 5�2 �� C�4 �� ��* )�� � ����
 (����;� 

�
�;� �Z���� 5��,�= ��
� �= 7�
�* 5 P
��M�� ��
�.  
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-. �2 )���� ��-+� 

���5�6 �� �<.: ��-+� �.+� �� ?�18] 5 G.:+��C  
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	13- �.2+�� ����6�� ��0.+� /B8�. �
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-. �2 )���� ��-+� 

���5�6 �� �<.: ��-+� �.+� �� ?�18] 12 G.:+��C  

  

  
 E
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-. �2 )���� ��-+� 

���5�6 �� �<.: ��-+� �.+� �� ?�18] 5 G.:+��C  
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	15- �.2+�� ����6�� ��0.+� /B8�. �
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-. �2 )���� ��-+� 

���5�6 �� �<.: ��-+� �.+� �� ?�18] 12 G.:+��C  
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 E
	17- �.2+�� ����6�� ?X�� �18%�*+� �2 ��*56 /B8�. )���� 

��-+� ���5�6 �� �<.: ��-+� �.+� �� ?�18] 12 G.:+��C  

  

4 - �����/8�9  

�� 9�
 :�;<� �= ���@�*
 ?
 .� 7����/	
 ���-=5?�* �5��-�,�� 

���MAU 7�
�* ��	�� 3��6A2 �F����* F����4 � Q�= �= ����� 

 ?�*?�4�=  ��j�
���K� ���B�* �� .� 7�
�* ��	�� �
6j� �� .� 

3�A�B�* ����
� ����A� ?
 y�<	 5��W�D
 �= 3� ���� �
��;� � 

�*��= ���4�
�D .7����/	
 �� �2 C�4 ����? ���-=9��� N�
�+ ���MAU 


� 5
�= 7�
�* ��	�� 3��6A2 R��0� �� ��� �= 5��E �� 9���A� 

���62 5`��
 9�A� 
� �� 3� C�4 �����? �= �J�� �= 5�2�a�;� ��= 

�F����* �F����4 u� C�4 ���W� � �Q�= ��+
� �+�= .9��xA2 5
�= 

9���� ����Z ���-= �8
� ��	�� 3
�� � 9�
 7����/	
 5
�= ����Z 5�2 

RM�S� �8
� ��	�� 3
�� 9�= 1 P
��M�� �� 20 P
��M�� �= ��� ����4 

�+ .[���� 3�,� �
� �� ?
 y�<	 ��
� ���1 ���J �� ���62 �5`��
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