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Abstract  
In this paper, a Regenerative Organic Rankine Cycle (RORC) for micro-turbine waste heat recovery is modeled and optimized. 
Refrigerant mass flow rate, Micro- turbine nominal capacity, evaporator pressure, turbine outlet pressure and regenerator efficiency 
are considered as design parameters. Four refrigerants including R123, R134a, R245fa and R22 are selected and used as working 
fluids in cycle. Then, NSGA-II (Nondominated Sorting Genetic Algorithm) is used to maximize the thermal efficiency and minimize 
the total annual cost (including investment cost, fuel cost and environmental cost. The results of the optimal design are a set of 
optimum solutions, called Pareto front. The optimization results show that the best working fluid is R123 in both of economical and 
thermo dynamical view point. The optimum result of R123 shows the 3.70%, 18.77%, and 19.74% improvement in thermodynamic 
efficiency compared with R245fa, R134a, and R22, respectively. The corresponding values for the total annual cost are obtained 
6.7%, 10% and 24%, respectively. Generally, it seems that fluids with zero and positive slope of vapor saturation curve have higher 
thermal efficiency and lower total annual cost. In addition, it is observed that micro-turbine efficiency increased by 12% by the 
implementation of regenerative organic rankine cycle.  
Keywords: Organic Rankine Cycle, Micro-turbine, Thermal efficiency, Total annual cost, NSGA-II.  
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F CF�CH
CHF
 CF�CHCl
 ����<�4 5���� 

47/86 03/102 05/134 93/152   �	��	�� Z�@
(g/mol) 

42/157- 30/103- 10/102- 15/107- 
�* �U?�  ���-

(℃) 

81/40- 15/26- 08/288 85/27 
 '�@ �U?�

(℃)  

15/96 06/101 05/154 79/183 
 ��
�V7 9���

(℃)  

4059 4989 3639 3668  ��
�V7 ��3�
(kPa)  

05/0 0 0 012/0 

 >�
����

 ��a d��*��

.�:�
  

1810 1300 950 120 
 >�
����

���,@ d����-  

  

.���� ��@�� C	�D �D�* d�
T�
 �7 ���
�� :
 9���
7 ���� �  .
��

��,7 6�7�������� �� 9N��
 >���� 9�� ��� .
��@ 
� �= �7 �R�
� 6�
 .


 ���J�*
 P���� K�
�* d�
�� ��*�a�7 >��* +� �� 6�7�������� :

 .
�� � ���- (CHP) 6���
� +���-�
 >��* �7 6�7�������� P���� ��

(MT-ORC) >7�I  .�*
 �7���*�  

K�
�* ���� ��  9�=ORC�  6�7�������� :
 ��4 y�� 9���-

�7  9
�7 ���
�G y��� +� .
��1>��* ORC ���e
 ���
����	
 ��	�� � 

�I ���J�*
 ������ �
 9
�7 .���-   �a�7 ���
�G �*
�D�� �7 X�
�*t�

K�
�* ��:�7    9�=MT- CHP �� % :
 ��a�7 �7 ��
��80  9�* :
 .�*�7

 >��* :
 ���J�*
 ��2��ORC  ���J�*
 �7 ���e
 ���
����	
 ��	�� 9
�7

�� ���*� �� ��8�
 9���- :
 :�7 ��
�� ������	
 .
�� ��	�� �� C	�D

 +�% ���G 
� 6�7�������� .
�� ��	�� X�
�*t�10-8  �=� d�
T�


]11[.  

���7 6��H `�� mV7 :
  K�
�* ���R<1 � P0� ���T= �� ���

  �7 .���<E
 >7�I ��*��� .
�� �
�?� �� ����: �6�7�������� .
�� ��	��

�7 ���e
 ��,7 �*�  9
�@
 :
 �4�� ����CHP  K�
�* +� ��MT-

ORC P���� 9��0�I
 ���
7 ���4 ;
&@ �
�: l�V� ��V	 :
 � ��  ��

�� .���- 

�7  9���n�� �e�G 5�G �� �K,� ��iI
� +� .
��1ORC �7  X��Y

��?��� 5�* �� 9T���  ���� jR�B� ���
�*t� ��i7
 9
�7 ��D
 9�=

��7 6��|<= � �*
 ����- �
�I ���J�*
 ��,�3�� X�
�G ����:�7 9
�7 �=

Y�0B� .�*
 ��4 �7 6�7�������� :
 ;��:�7 ���� �� k�.
�� kW 100 

 :
 ���*� �� �����- .
�� ��<R1 ��� ��V	 :
 ���@��D  .�

���GkW   200  l*�� 9��	�� ���e
 ���
����	
 �6�
�7��7 .�*
ORC 

 �� ��H ���G �� �*� 6����kW . �*
  

 5��* 9���: �
�i� ;�B��
 .���
 >��4 >G �
� 6�
 �RY
 ��
��

���7 P*� � 5��I >7�I ��:�7 .���� �*� �7 ��F��   :
 
�@
 >7�I �G
�E

6�4�� ���T= �F�  �*
 X�
�*t� +H�� ��i7
 :
 �F� g�Y �Xa�]12[.   

  

3 - K�� )*��  

3 -1- K�� �
����6,B�3� )*�� 
 >�4 ��1 ��8�
 9���- ����:�7 �R� ~�E �MT-ORC  ��
� .�3�

��B�� >��4 >��* 6�
 .�*
 ��47 9
�7 ����� ��8�
 X�
�G ����:�

�� r<� � ���	�2H �;��:�7 �6�7��� �6�7�������� �� >��1 5��* .�4�7

��B�� ��
� 6�i� 9��� � ��3� +��� ����� �R�*� �7 �/�� �� �� ��4

 6�7�������� �� ��8�
 X�
�G ����:�7 :
 ��4 ;&@ �����- 9N��


�� ��B7�7 >��1 5��* .��4  ��B7 X��YZ�-
�� �B��� ��� 
� �����

�� ���1 6�7��� :
 LM* � ���� ��
� a�7 ��J�� �7 >��1 5��* .���

��B�� 9���� �� >��1 5��* �7 � ��4 ;��:�7 ��������- 5����  � ����

�� Z�- d�� 
� .� .���  }�7 �7 � ��4 ���	�2H ��
� >��1 5��* LM*

 6� +�D���- 5���� ��  ��4 ��U?� >��1 5��* ��3� .��� l*��

��B�� ��
� ���7�� ;��:�7 :
 ���1 :
 L� ����� a�7 r<��� �����  .��4

 >��* � 6�7�������� C	�D .
�� >��4 .
�� ��	�� y��� �� �/��
 ��

.��
� ��@� 6���
� +���-�
  

�7 5�� ��F��  9�� �7 9N��
 � Z�@ ��:
�� �*
 Z:a ����
�G 9:�*

:��4 5�<1
 X
T�,/� ���<�  
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B� �>,�N�:O3� ��*/ ��� � =��� � = ���  )1(  

:)E3�/ ��*/B� �>,�N� 

)2(  Q� −W� = �m�� h� −�m�� h� 
�<
I 9
�7 9N��
 ��:
�� Xa��i� .�<= >��* jR�B� 9�=  �� �� ��E

��
� .�3� >�4 �7 �*
 ��4 �� ��4�� ��: X��Y  :��4  

��B��:�����       

)3(  Q� � !" = m#� (h% − h&) 
 

  
 0
	1- 5�6*�� �� 2�
�/� ����1�/ 0
��  

:6�7��� 

)4(  η) = W� ),!W� ),+ = h% − h
,!h% − h
,+ 
:;��:�7 

)5(  Q� #�, = m� #-./(T
 − T�) = m� #-./(T& − T1) 
�7 ;��:�7 Xa��i� �7 �@�� �7  +� .
��1�	���� 6� ���- :K��
� 

)6(  C2�3 = min6m#� C"7 ,m#� C"89 
  Q� 2!:,#�, = C2�3(T
 − T1) )7( 

ϵ = Q� #�,Q� 2!:,#�, 
)8( 

  C∗ = -=>?-=@A )9( 

 .���� �*� �7 9
�7 �	��i� :
 ;��:�7 zU*NTU �� ���J�*
 :��4 

)10(  NTU = U#�,A#�,C"/  

NTU ) �U7
� :
11�� �*� �7 ( :��� 

)11(  NTU = ln(2 − ϵ(1 + C∗ − ζ))ζ(2 − ϵ(1 + C∗ + ζ))  

 �� ζ:�7 �*
 �7
�7  I = J1 + K∗
 )12(                               

 ϵ = LMN%OLMN )13( 

:���	�2H 

)14(  Q� P�3Q = m#� (h�−hR) 
 5�?��
 zU* .���� �*� �7 9
�79���-  g8�D
 �	��i� :
 ���	�2H

 9��� 6�2������ ���J�*
 �<����2	 :K��� 

)15(  ∆TTUMV = W(T� − T�) − (TR − T�)Xlog 	(T� − T�TR − T� )  

Q� P�3Q = UP�3QAP�3Q∆TTUMV )16( 	\]^_` 5�?��
 P��e9���- .�*
 ���	�2H �R�   

:r<� 

)17(  η" = W� ",+W� ",! = hR − h1,+hR − h1,! 
:6�7��������  

��
� ��V�� ':
�7 �7  9�=]13[  �� ���� ��= 9���-�@��D 

) �U7
� :
 6�7��������18�� �*� �7 ( :��� 

)18(  Q� �: = 1.337W� 3�)de + 28.69 

.
�� ����V� 9
�7 `�� �	��i� ��kW  950-8  5��I >7�I 9�UD �75  %

.�*
 ���� �*� �7  

 6�7�������� 9
�7 +���������� 5�
 .���I 6�4�� �7 �D�* ���@ �7�

�7 ) �	��i� X��Y19�� �*� �7 ( :���  

)19(  mi� = (W� 3�)de + Q� �:)LHV  

LHV 6���� ���
�G ':�
 �*
 �D�* ��.  

) �U7
� :
 r<� :��� ���� .
��20�� �*� �7 ( :���  

)20(  W� ",�#P = m#� (h1 − hR) 
) �U7
� :
 6�7��� l*�� 9��	�� .
��21�� >Y�G ( :��4  

)21(  W� ),�#P = m#� (h% − h
) 
 C	�D .
�� �/�����ORC ) �U7
� :
22�� �*� �7 ( �:��  

)22(  W� �#P = W� ),�#P −W� ",�#P 
6�<= ) �U7
� :
 >��* :
 �@��D C	�D ��� ��E23�� �*� �7 ( :���  

)23(  W� UMl�#P = W� �#P +W� UM 

) �U7
� :
 >��* >� ��:�7 ���,� ��24�� ��*�V� ( :��4  

)24(  η = W� UMl�#Pm� iLHV  

  

3 -2- K�� ),�-�./ )*��  

���T= 9�= >��4 ����	�* �R� �� ��: ��
�� :�4�7  

• �����* ���T=  � 6�7�������� ��	�
 ���T=) ��	�
 9�
&-ORC (  

•  6�7�������� �D�* ���T=  

•  ��3��
 :
 �4�� ��
�: l�V� ���T=Km
   

 ����	�* �R� ���T= 6�
�7��7) �U7
� :
25�� ��*�V� ( :���-  

)25(  C)�)!n = aφC�3 + Ci + C�3  

 ��	�
 ���T=ORC  �6�7��� ��	�
 ���T= >��4���	�2H � r<� �

�� ;��:�7  .�4�7��B�� �7 �����  � �*
 6�7�������� :
 dB7 +� .
��1

.�*
 ��4 ����- �F� �� 6�7�������� ��	�
 ���T= �� .� ���T= 

�	�	 ���T= :
 6��|<= ���T= ���* >7�?� �� �3� g�Y �= ��4 �F�  .�*


 6�
�7��7�����* ���T= ) �U7
� :
 ��	�
 9�
&-26�� �*� �7 ( :���  

)26(  
C�3 = pb%W� UM + d%s + tb
W� )Q7u + pb�AP�3QQvs 									+ tbRW� "Qwu + pb1A#�,Q8s 

) �U7
� :
 6�7�������� :��� ���� �D�* ���T=27�� �*� �7 ( :���  

)27(  Ci = 3600m� iτΨi 
���T= � ) �U7
� :
 �U�V� 9�=28�� �*� �7 ( :���  

)28(  C�3 = m� )�)!n,-{7W� UMτΨ�2 

 ��/��
 �� ��Ψ| �Ψ}~  �	�7	� �-��	� �3� ���T= ��D�* ���T= P����

�� X
��<i� P��e �  �7�s ����?� .��4�7b  �d �<� ':
�7 >Y�G �
�

��
� :
 >Y�G 9�=]13[ ��4 ��� ����?� �   ��]14[ ��  .��4�7� 
��� �^���,��7   .
T�� � 5�* �� K�
�* ������ X�1�* �
�i�Km
  �R�
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�� 5�* +� �� �D�* �R�*� �7 ��4 ��	��  �6��|<= .��4�7�  P��e

�7 �� �*
 ����	�* ���T= ) �U7
� X��Y29�� j��i� (:��4  

)29(  a = i1 − (1 + i)l� 

  i  �y �� ��2�*� �<1 � ��,7 o�� P���� �7  .��4�7  

  

4 - ��P�� )�4��. F �=/3Q )�43��/��� 
 �6�7�������� C	�D ��� �>��1 5��* ���@ �7� �R�
� 6�
 ��

��B�� 9���� ��3� ;��:�7 ��
��� � 6�7��� �@��D ��3� ������

�7 � �� �G
�E 9�=���
��� .
��1��4 ����- �F .��
  9�=��I 6��|<=

)32-30���,7 ���
�� 9
�7 ( :���
= ~�U� 9:�* 

)30(  P& > P
 T
 > 40                          )31( 

 9��� :
 ��a�7 ��U?� 9��� �� ���	�2H 9��� �� ��F�� 6�
 �7 `�� ��I

.�*
 �����- 5�<1
 �4�7 l�V�  

)32(  x
 > 0.95 


�7 ��I 6�
��� �-���D :
 9��-�R@ 9  �*
 ��4 5�<1
 6�7��� 9�=

]14[.  

  

5- ),�B� �N>�S� 
 >��4 9��� 5��* ��,H :
 ��*��7 6�
 ��R123 �R134a �R245fa 

 �R22  >��* � ��4 ���J�*
MT-ORC .� :
 +� �= 9
�7  ���-
�@ �=

���,7 5�� .�*
 ��3- 9:�* ���,7 � 9:�* Z�� +<� �7 9:�*  �
T�


MATLAB ��Y���<� 9
�7 .�*
 ����- X  �R� �
�?� 9:�*

���T= ���3�7 � ����	�* 9�= :�* �G
�E ���
��� W�� �>��* �R� ��:�7 9

 9���� ��3� �6�7�������� C	�D ��� �>��1 5��* ���@ �7� >��4

��B�� ��4 ����- ��� �7 ;��:�7 ��:�7 � 6�7��� �@��D ��3� ������

.� X
���S� �:�7 � �G
�E 9�=���
��� .�*
  5��@ �� �=2  ��4 �[
�


�*
.   

  

 K�
�*MT-ORC :
 d�7 ����
 9
�7 kW 200  �C	�D .
��

 ����: ��6000  τ =�� ��� 5�* �� �1�*  �G
�E  ��=� >��V� ���

������ .��: 9
�7 K�
�* 6��|<= .�*
 ��4 20y=� ��,7 o�� 

12/0i= �$/kg 2086/0= 	Ψ}~ ��3��
 ���T= 9
�7Km
 W�� ��3� ��
 �

��B�� �� �Y�� �* ��3� ��
 ����	�2H �� �Y�� +� ��3� ��
 ������

�7 9�* �= �� �Y�� 6�7��� +������T�� ��:�7 �;��:8/0η� =	 ��:�7 �

+������T��  r<�7/0η� =	 X
��<i� P��e  �05/1= φ  � 

$/kg1/0Ψ| =  �7 ���,7 �i��E :�- ���T= .
��1  ��81 .�*
 ��4 9:�*

) �	��i� �� ��4 ��� �7
�s �6�
 �726�7 (  X��Y]3500 150 4750 

1673[  b= � ]8/0 47/0 8/0 75/0 41420[  d=��4 ����- �F� ��  .��


 9
�7 �<�I �7
�s � X
��<i� ���T= �+������T�� ��:�7 >��4 `�� �7
�s

.�*
 ��4 ��� �7�s �=���� ���<� �7 K�
�* ������  

  

6 - ����� )*�� 
���,7 :
 �	�?� 6�
 �� ���3�7 9
�7 ���=��H 9:�*  ��:�7 9:�*

���<� � ������������ ���T= 9:�* R� 9�=�7 ����	�* � K= X��Y  .��:

���J�*
 �7 ���=��H +���N K����2	
 6��
B� .�*
 ��4  �J�4 �R�*�

]15[  ��*
 �7 K����2	
 +� LM* .�4 ��,�3��P���9:�*  ;�RS� ��

 ;� � �
�����* l*��]16[  �� �4 ��,�3��NSGA  6�
 .���- Z��

 .
���<= � ;� l*�� �=�i7 K����2	
]17[ �� �� �4 ~8Y
 �-��|

��B� .
�?� ����: ����*�V� 9�=���
��� .��� CB3� �7 :��� � ��
�-

 K����2	
 6�
 .��� g&G 
� ���3�NSGA-II .���- Z��  

���,7  K����2	
 +<� �7 9:�*NSGA-II  9
�71000  ��	��

�7  9��� 5��* ��,H 9
�7 ���-
�@ X��YR123 �R134a �R245fa  �

R134a .�*
 ��4 Z�/�
 �� ��i<@ ��i7
 :
 �*��7 ��50 M= 5�<�G
 �

��	�� >b� 9/0= �]   d,@ 5�<�G
 �035/0 =�~ �� .�4�7 ��:�7 W���� 

�  >�4 �� ���,7 ����	�* ���T=2 ����� �,�@ �� ��4 ��
� .�3�1 Z�� 

 .��
��� .�3� �=��������T= � ��:�7 .��� �G �H �� �� ��=� 9�= �R�  

) ����	�*/year$��i� (.��
� ��@� �  d�
T�
 P@�� �� ����
 ���S� �=

���T= d�
T�
 �7 �/�� ���4 ��:�7 .�4 �=
�D T�� ����	�* �R� 9�= 

 ���F�� 6�
 9
�7R123 �7  f�4 ��D��4 9��� 5��* 6���,7 .
��1

���T= �F� :
 K= � ��:�7 �F� :
 K= .� W���� 
��:  ��,7 ����	�* �R� 9�=

.�*
  6��|<=R245fa �R22  �R134a ��2��@ ��  �
�I 9�i7 9�=

�� .�<= .����-  5��@ �� �� ��E1 �� ����  ���4 R22  >�
����

 .� :
 ���J�*
 � ��
� ���,@ d����- � .�:�
 ��a d��*�� 9
�7 9���:

�7 �<� ��Y�� >��* �� 9��� 5��* .
��1 .��4 

 5��@ �� 9��� 5��* ��,H 9
�7 .���� �U?�3  ��4 ��
� .�3�

.�*
 �*� 5� ���
 �	�G +� �U?� 6�
 K= �� �*
 �������  .��:

���T= 6���<� � ��:�7 6���3�7  y�:�� 6��|<= .�*
�
� 
� ����	�* 9�=

u�?� 9
�7 �=��S�� >�4 �� ����� �,�@ ���,7  9�=7 -3  ��=�3� >7�I

�7 �=��S�� 6���� � a�7 �G .�*
 lD X��Y  ��4 ��
� d��<� 6�H

.�*
 :
 >�4 �= ��X� ��: u����*
 �� ���-:  

• R134a � R22 �7 �7� ���@ 9��<� �� �
��?� �7 R245fa � 

R123 }���G
 ���
� .�
��<� T-S ��,H 5��* ���� ���J�*
 �� 

K�
�* �� >�4 8 ���� �� ��4 .�U?� ���,� 9
�7 9��� 

��B�� ����� � 6��|<= P�4 ��V�� ��B7 c��4
 �� 6�
 �U?� 

���� �� ��4 .R22 � R134a 9
�
� P�4 ��V�� ��B7 c��4
 

�J�� ���
=. 6�
 Xa��* �7 Xa��* »��« ����,3� .R123 

9
�
� P�4 ��V�� ��B7 c��4
 �7 ���,� ���7 � �7 »+������T��« 

g��i� ��
 .R245fa T�� 9
�
� P�4 ��V�� ��B7 c��4
 ��b� 

���7 � ��,3� �7 »+3D« �*
. �7 �F� �� �*� Xa��* �� �7 

�7� �@�� 5��* >��1 9��3�7 }���G
 ��4
� � �/����� �7 r<� 

9�I 9�� }���G
 �*
. L� ��� r<� � ���T= �����* 9�
T- ��	�
 

                                                           

1 Pareto front 

 KF�� 2 - ��/��� 8/3��T� �,F�#��=/3Q )�43  

6���� �G a�7 �G ��S��  

1/0 5  >��1 5��* ���@ �7�(kg/s) 

100 200  6�7�������� C	�D ���(kW) 

500 2000 ��B�� ��3� �����(kPa) 

200 1500  6�7��� �@��D ��3�(kPa) 

01/0 9/0 ;��:�7 ��
���  (-) 
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d�
T�
 �� �7��. 

• :
 �/�� �� .
�� C	�D 9��	�� l*�� >��* +���-�
 6���
� 

9
�7 R123 � R245fa ��3�7 �*
 � �� yI
� ��:�7 9��,7 ����
� 

L� 6�
 �� 5��* �7 ��� 6�7�������� 9��<� T�� }���G
 ���
�. 

 �� �/��� 9
�7 y��� ���
�G ��� 6���� �� ��,7  *�� �- 

�� ��4�7 .��
 R22 � R134a ��:�7 9��<� ��4
� � ��� C	�D  

  

  
 0
	2-  �, �,�$��/ ,�B� )��: K��� ���D )/3� ����� B���� ��?�

0
��  

  

  

 KF��3- �SH�  )��: K��� ���D )/3� ����U,�B� 0
�� �, �,�$��/ 

R22 R134a R245fa R123 .���� �U?� 

93930 105900 90950 85220 
���T=  �R� 9�=

 ����	�*($/year)  

556/0 546/0 546/0 549/0 ) ��:�7-(  

 

  
 0
	3- � ;��<� V�H� )/3� K��� ��3� ��, W6*B� ��?B����  

  
 0
	4-  ;��<� V�H� )/3� 2���B�F3
�� �/B� W6*B�B���� ��?�  

  

  
 0
	5- 3�<?� ��X+ W6*B�B���� ��?� ;��<� V�H� )/3� ����:  

  
 0
	6- B���� ��?� ;��<� V�H� )/3� 2���B� ��F3M ��X+ W6*B�  

  
 0
	7- B���� ��?� ;��<� V�H� )/3� 5�6*�� �,*�� W6*B�  

0 50 100 150 200 250 300 350 400
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

n
pop

m
r (

kg
/s

)

 

 

R22

R123
R245fa

R134a

0 50 100 150 200 250 300 350 400
80

100

120

140

160

180

200

220

npop

W
M

-T
 (

kw
)

 

 

R22

R123
R245fa

R134a

0 50 100 150 200 250 300 350 400
400

600

800

1000

1200

1400

1600

1800

2000

n
pop

P
e

v
ap

 (
kp

a)

 

 

R22

R123
R245fa

R134a

0 50 100 150 200 250 300 350 400

200

400

600

800

1000

1200

1400

1600

npop

P
t-

ou
t (

kp
a)

 

 

R22

R123
R245fa

R134a

0 50 100 150 200 250 300 350 400
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

n
pop

ηη ηη
re

g

 

 

R22

R123
R245fa

R134a



  
  

  
 

 

 

2
�

=
 

A
�=

�
��

>/�
?@

 
 F

C
63

�
 

2
�

=
�6

3%
���

B�
 

37 
 

  

�	(K)
 

  

�	(K)
 

�	(kJ. kgl%. Kl%)   �	(kJ. kgl%. Kl%)   

  

�	(K)
 

  

�	(K)
 

�	(kJ. kgl%. Kl%)   �	(kJ. kgl%. Kl%)   

 0
	8-  �/,B��T-S 0
�� �, �,�$��/ ,�B� K��� ���D   

  

  

6�7�������� 9��3�7 Z:a �*
 .k��I�i�� y��� ���
�G ��� 

9��a�7 }���G
 �*
.  

• :
 �
��<� y�:�� ��3� �@��D 6�7��� �7 �7�D CB3� �� ��4 

�� R123 � R245fa ��3� �@��D 9��<� ���
� .�� ze
� �*
 

�� Xa��* +3D � +������T�� �� .���� ���
�� u�
��
 ��U?�  

�<� ���4 � .��|<= �� �	�G Z�-
�� �I�7 �� ����� .��
 ��3� 

�@��D 9
�7 �� 5��* R134a � R22 �� �� ���
= �7 P�
�� 

��3�7 ��*
 �� :
 Z�-
�� .���� 5��* �� .���� u�
��
 .���<E
 

>Y�G ��4.  

• ���=��S�� �� �7�s ;�B��
 ��4 ���
 �� �
�?� �7�s ��D m1�7 

���,7 K= .��: �� y7�� g�= �� f���4 ����� �7� ���@ 5��* 

�>��1 ��3� �@��D 6�7��� � .
�� 6�7�������� .��
 ���=��S�� 

�� y�:�� .� �= �-���
�� ��
� ���
� m1�7 ���i� �� y7
�� 

g�= �� f���4 ����� ��:�7 ;��:�7 � ��3� ��B�� �����  

• ��3� ��B������� 9
�7 R245fa � R123 �7 P�
�� ��3�7 :
 R22 

� R134a �� �4�7 .  

• ze
� �*
 �� �= �H ��:�7 ;��:�7 - �7 .
��1 +� �	����  6�

���-- ��3�7 ��4�7 9��� 5��* 9���� �7 ���	�2H ��<� 

�� ��4 � �-
 5��* d�7 
: �G ��* ��4 �4�7 �2�� �<� .
�� 

�7 9
�= l�V� .� 
� +�D ��� ..�<= ��E �� ��J- �4 9
�7 

Xa��* +3D � +������T�� ��3� �@��D :
 6�7��� ��<� 

��*
 L� ���7 ��:�7 ;��:�7 K� �� �4�7 �� 9��� 9���� ���	�2H 

d�7 :
 �G 6���� �4��� .:
 �
��<� y�:�� ��:�7 ;��:�7 CB3� 

�*
 �� ��:�7 ;��:�7 9
�7 R123  R245fa �7 P�
�� ��<� :
 �� 

5��* �2�� �*
 .9
�7 R134a � R22 �7 �R1 ��3� �@��D 

��a�7 �6�7��� 6�
 ��
�2� ��@� ��
�� � ��:�7 ;��:�7 �R�D ��a�7 
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�*
. 

•   
• ���
��  *
 ���,7 9:�*  

 ����� �,�@ 9�� ��@�� u�?� Z�<� .��� :
 ���,7 �U?� +� ;�B��


K�<0� ���
�� +� ���:��� .�*
 9��-  ��*
 �7 PR�
 K�<0� 6�


�7�/� �� X��Y g
�=
 :
 +� �= ��
� ��<=
 � �*��,� 9�= ���&� .

�� Z�/�
 .���� �U?� Z�� �7 �e�� �U?� +� 9���� �7 �����I �= .���- 

�7 g�= y7�� �= K�4�7 >��� �-
  �� .��7 ����- ���,7 9�
�J�
 X��Y

* 6���- �F� .���� �U?� �W���� 6�
 P���� >Y�G �g�= y7
�� ���

�7 g�= �� �= �*
 6�<���� �� �*
 ze
� �� .�*
 K= X��Y  .��:

.��4�7 ��D ���,7 �U?� ��  �
�I ����� �,�@ 9�� .���� �U?� �� �/�� :


��
7 ���
�� �U?� �7 ��
� ����� �,�@ �U?� 6��� �7 .����   *�� .
��1

�� ;�B��
 ���,7-.���  

 5��@ �� ���J�*
 ���� 9��� 5��* ��,H 9
�7 .���� �U?�3 

.��4�7 �i7 .��7 g
�=
 ���7 9��� �= :
 >�I .�*
 ��4 �
�	  9
�7

�7  '�� :
 g
�=
 9:�* �i7LINMAP ]18[ �����7 .���)  �UD �
���

���	�
 9�i7��H T�	��� 9
�7 �U7
� �� �� (�= )33���J�*
 ���4 ����� ( 

�� :��4 F��3 = F��J∑ (F��)
2��%  )33(  

 �� i ������ �,�@ 9�� �U?� �= L�����: j   g
�=
 :
 +� �= L�����:

 �m �� ����� �,�@ 9�� u�?� �
�i�  9�� �U?� �= �RY�� LM* .�4�7

 �U7
� :
 .���� �U?� :
 ����� �,�@)34 (�� �*� �7 :���  

)34(  d� = ��(F��3 − F�Q�!n,�3 )


��%  

�� ideal� L�����: y7
�� g�= ������ �*
 .�
�?� �RY�� 9
�7 �= �U?� 

9�� �,�@ ����� l*�� �U7
� a�7 ��*�V� ��4 � �U?� ���,7 9
 �� 

�/�� �7 6���<� d ��4 �7 .
��1  *�� ���,7 ;�B��
 �� ���- .�
�?� 

���,� y7
�� g�= ���,7 �7 �
�<= 9�=���
��� ������� �7 ���J�*
 :
 

���
�� a�7 �7 �*� ���� � �� 5��@ 4 �
�	 ��4 �*
 .  

��=�3� ����4 �� 6���,7 5��* >��1 :
 ��-��� 9��0�I
 R123 

�7 ���T=9�= �R� ����	�*/year $ 85217 ���4�7 .5��*9�= R245fa� 

R22 � R134a �7 ���T=9�= �R� ����	�* �7 P���� /year$ 90954� 

$/year  93889 �$/year  105470 �� ���� 9�= 9�i7 �
�I �� ����- .

�/��� ���,7 R123 � �7 P���� %7/6� %10 � %24 ��
� �7 5��*9�= 

R245fa� R22 � R134a ��,7 ��7.  

:
 ���* ��2�� 6���,7 5��* >��1 :
 ��-��� ��:�7 ������������ 

R123 �7 ��:�7 5274/0 �� �4�7 .5��* R245fa� R22 � R134a �7 ��:�7 

�7 P���� 5079/0� 4284/0 � 4233/0 �� ���� 9�= 9�i7 �
�I 

�� ����- .�/��� ���,7 R123 �7 P���� %70/3� %77/18 � %74/19 �� 

�
��?� �7 �7 P���� R245fa� R22 � R134a 9���7 �4
� .6�
�7��7 

6���,7 �/��� ���- 9��0�I
 u�7�� �7 R123 �� �4�7 ..���4 ��� 

�*
 �� 9�UD X��*�V� 9
�7 ��,H 5��* 9��� R245fa� R22 � 

R134a � R123 �� �U?� ���,7 ���,� �7 P���� 5/4� 3/2� 6/3 � 3/4 

�Y�� �7 �*� ��� �� 9
�7 >[�
� �*��,� 9�UD >7�I �	��I 

;�
V� �� ��4 .9���7 R123 �7 ��F�� ����:�7 X�
�G ��8�
 �7 +<� 

>��* ORC �7 ;��:�7 �� l�
�4 Z�-
��� k8�I l*�� 9�� � 
�
�� .�3� 

��
� ��4 ��7 ]19[ ..� �= 6�
 �R�
� 
� :
 ��-��� ��:�7 .���I �Z�� ��� 

�@��D � 6���<� .
T�� �3-:�7 9��&��� �*��7 ���� ����7 .  

.�<= ��E �� :
 �
��<� T-S ��V�� c��4
 �= +� :
 Xa��* 9��� 

��*
��� �7 �F� �� �*� �� �7 d�
T�
 ��9� ���
�V7 5��* W���� ���- 

9��0�I
 9��,7 :
 ��D .�3� �� �=�.  

��=�3� �� ��4 P���� 6�7�������� �7 >��* +���-�
 6���
� 

��st� K3H 9��- )d�
T�
 �7 �:
��
 %12 (�7 9�� ��:�7 K�
�* ��
� .

6�
 ��-��� k8�I l*�� 9T������
 � .
���<= ]12[ .��7 ��4 ��7 ..� �= 

.�3� ���
� �� >��* ORC �7 ~�e� 9
�7 �7��:�7 ���- :
 y7��� �7 

9�=��� jR�B� P*��� �*
.  

  

7 - �)3�1 ���� 
 +�MT-ORC ���,7 :
 ���J�*
 �7  �F� �� �7 � ���=��H 9:�*

���T= � ������������ ��:�7 6���- �7 ����	�* �R� 9�=  y7�� �� .
��1

���,7 � �G
�E >?�
� g�= 1 5��* ���@ �7� .�4 9:�* ��� �>��

��B�� ��3� �6�7�������� C	�D ��:�7 � 6�7��� �@��D ��3� ������

�7 ;��:�7  ��
�� .���4 ����- �F� �� �G
�E 9�=���
��� .
��1

���,7  5��* ��,H 9
�7 9:�*R123�  R245fa �R22  �R134a  X��Y

�� u����*
 ��: W���� .���- :���-  

  

 KF��4- ����� Z�4 W�/B� �6��� �/�H�  �=/3Q )�43��/��� �/3�4 ��

3[����  

R22 R134a R245fa R123 
 �*��7 ��
��

��4 

4284/0 4233/0 5079/0 5274/0   ��:�7(-) 

93889 105470 90 954 85217 
���T=  9�=

 ����	�* �R�
($/year) 

9431/1 5503/2 0248/1 0637/1 
 ���@ �7�

 >��1 5��*
(kg/s) 

5197/187 8894/189 2603/156 0042/150 
��� C	�D 

 6�7��������
(kW) 

4/1959 7/1998 0/1896 9/1560 
��B�� ��3�-

 �����(kPa) 

5/1447 2/760 2/281 9/249 
 �@��D ��3�

 6�7���
(kPa) 

5529/0  6642/0  0361/0 0448/0  ;��:�7 ��:�7
(-) 

 
• R22  �R134a  9��3�7 ���@ �7� �7 :��� ���
= �� Xa��* ��

 5��* �� ��
 .���
�R245fa  � R123  � +3D 5��* P���� �7 ��

�� +������T�� .���
� }���G
 9��<� ���@ �7� �7 ���4�7 
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• R123  �R245fa  �@��D ��3� ��
 .���
� 9��<� �@��D ��3�

 5��* �� 9
�7R134a  �R22 �7 ���
= �� ��  ��*
 ��3�7 P�
��

 :
 ��Z�-
�� �4 >Y�G .���<E
 u�
��
 .���� �� 5��* .����.�  

•  9
�7 ;��:�7 ��:�7R123  �R245fa �7  5��* �� :
 ��<� P�
��

 9
�7 .�*
 �2��R134a  �R22  ��a�7 �@��D ��3� �R1 �7

.�*
 ��a�7 �R�D ;��:�7 ��:�7 �6�7���  

• R123  �R245fa  .���
� }���G
 9��<� 6�7�������� ��� �7

6���� ��� ���
�G y��� 9
�7 �/�����  *�� ��,7 �� �� �-  .��4�7

 ��
R22  �R134a  6�7�������� C	�D ��� � ��4
� 9��<� ��:�7

 }���G
 9��a�7 ��� ���
�G y��� k��I�i�� .�*
 Z:a 9��3�7

.�*
  

• R123  �� �	�G �� f�4 ��D��4 9��� 5��* 6���,7R134a 

 .�*
 6����7 

• R245fa +��T� 6��� ��� �F� :
) W����- 
� (9��0�I
  �7 ��
�

R123 ��
� �� �  9
�7 ��*��� 6�T2��@ ��
��R123 .�4�7 

•  ����,7 ��/���R123 % ��������������� ��:�7 �F� :
70/3 �

%77/18 % �74/19  �7 ��
� P���� �7R245fa �R22  �R134a 

���T= 9
�7 `�� ����?� .��
� 9���7  P���� �7 ����	�* �R� 9�=

%7/6% �10 % �24 .��� �*� �7 

• ��T�� � +3D Xa��*��� W���� +����-  ��D :
 9��,7 9��0�I


�� .�3�.��=� 

•  .� ��:�7 �6�7�������� �7 ;��:�7 �7 6���
� +���-�
 >��* .��T�


% 9a�7 �� 
�12 �� d�
T�
 .�=� 

  

8- �4,��� 

� ) ����	�* ���T= P��e-( 

�  5�?��
 zU*���- (�
)  

�  ���T=($) 

�� 9���-  �7�s ��3� �� �w��(kJ/kg	K)    

�∗  ��
�9�=���- �w��  

�  �M	����(kJ/kg) 

i ) ��,7 o��-(  

LHV 6���� ���
�G ':�
  �D�* ��(kJ/kg)  

��   ���@ �7�(kg/s)  

NTU  5�?��
 9�=�G
� �
�i����-  

P  ��3�(kPa)  

��  v�=�  5�?��
���- (kW)  

T  ���(℃)  

U  5�?��
 P��e9���-  �R�(W/m
	K)  

��   .
��(kW)  

� ) ��B7 ��J��-(  

y  �<1(year)  

����B6 C\I@ 

   Z�@ �G
� �7 ���T=($/kg) 

¡  5�* �� K�
�* ������ X�1�* �
�i�(h) ¢ ) ;��:�7 ��:�7 -(  £ ) ��:�7-(  ¤ ) X
��<i� P��e-(  

]6B�36*�4 

¥ �iI
�  

cond ���	�2H  

em �-��	� ��3��
  

env �U�V� 

evap ��B�������  

ex :�T-
  

f �D�*  

¦ 9���� 

inv �����* 9�
&-  

LMTD �<����2	 l*��� 9��� g8�D
  

max ���3�7  

min ���<�  

MT 6�7��������  

net C	�D  

o �@��D  

p r<�  

pop ��i<@  

r >��1 5��*  

reg ;��:�7  

s +������T��  

total �R�  

t 6�7���  
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