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Abstract  
In this work, a comparative study has been presented for the most common configurations of the CO2 supercritical single stage 
refrigeration cycle from energy, exergy, economic and environmental points of view. In order to find out the effects of degree of 
superheating, using an internal heat exchanger and using an expander instead of expansion valve on the performance of the 
supercritical CO2 refrigeration cycle, a thermo-economic analysis has been performed. The results show that the increasing of 
coefficient of performance of the cycle with dual expansion process is not considerable. Also, the use of an internal heat exchanger 
in a cycle by an expander is not beneficial. Moreover, using expander in basic cycle leads to an increase of 27.3 % in thermodynamic 
performance and a decrease of 16.1% in total cost rate. This cycle has the lowest penalty cost due to emission of CO2.  
Keywords: Supercritical refrigeration cycle, CO2, Energy, Exergy, Thermo-economic analysis. 
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4� /��1 F� G���.� 	5�� B�� F�- �� �4�1 

�� �1 �����	  �� 
A��\ 
 �� �� ��4 .�1 ��O� B�� ����.� ��� F� U��A� 
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 �� �M��; =��. �G	�F����  � /����TM ]4 [�1 ���31 

����	  �6��N; �V�,�1 ���N
,� F� ����	  �6��N; �� �V9	� �G� U�	8 

�	�VTW �;	< �� =��. � ����� .(�� G�M 	�m� �	���� �;	< �� ��6  

                                                           
3   Coefficient of Performance (COP) 
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,� F� ��,	pT� ��< �V9	� G� ]8 [� �	  
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,� ��4 ���� ��	I B�

 �6��N; 	�4 �1 G���� /��	O G��� =M�� ���G�	1  
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1 Penalty cost of CO2 emission 
2 Basic Cycle (BC) 
3 Dual Expansion Cycle (DEC) 
4 Internal Heat Exchanger Cycle (IHE) 
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��CO2  ��

 Q�>� B
 	- 	m� �� �190 $  B� 	M G�F� �1CO2  � G����� ���N
,� �1

) �E1�� F�18] 
,� ��,�>� [1�I (13 :[  

N  �	���� 
W�, ���@������,  � 
,� g�, g�\ ��mCO2  ��	O ���@�

CO2 
,� Q�>� �� �
 �� ��6
�� ]13[:  

 ��Wel  �V�,�1 � 	H� ���	
��� /��������,  U�9 	1 � g�, g�\ ��

kWh �� .�4�1  

Z�M�  �	���� ���.M�����,  ���	
��� /��� ���.M /�TM hI�� ��

 .��1 �M��; ��,	pT� � 	H����	
��� /��	O 
T�I B
 	- 	m� �� �1 

0.09 $ kWh−1 ]14 [) �E1�� F�20:��1 �M��; ��,�>� [1�I (  

Z�M�  u�.O� F� D��� 	M G���35� � ����� ���.M�;	<  	m� ��

G���35� U�	8 B
 	-1.06   � ���.M h1��� F� ���N
,� �1)Zj(  	M G�	1

] 
,� ��,�>� [1�I u�.O� D���13:[  

)18(  ��5"6 � 0.09	?$	AB
CD	E F �
8G H F 3600,  

)19(  �
8G � 0.968	 Lkg A��CDO F�5� 

)20(  7�89 � ��
� 
 	�� ��� F 0.09	?$	A��CDE 3600,  
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B
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	-
 �

V��
 �

 

�	8���.M �1��F�1 U1  B
 	- 	m� �� �1Z�M�  ��,i ) �E1�� F�22 (

1 ��� 
,� ] ���12:[  

 /� �� ��n  ��N� 	TW�����, �� q�	A�  .��4  

) Q1��� |1�E� qV
P� u�.O� G�	1 ���.M h1���23) �� (29 q�	A� (

�� ��	- ]15-17:[  

 

4 - N&�:�  

 GF������;	<  ��. � D	� �V�,�1 ��4 � 	A� qV
P� G�MEES 

[�V>� �� .
,� �
 	- D�0��  ����	���� 
� 	w �GJ�.-� � GJ	�� G�M50 

kW ����	���� G���� �� �	�� G��� �TE = −10°C �� �	�� G��� �

7�; �O�	;  B�TGC = 35°C�  ����4 7�; Q�>� G���TL = 

0°CU��	� �1 /�	�1 Q�>� ��6  � ��� �  

Tsur = 25°C  �Psur = 101 kPa � � ��,	pT� �����	
�.�� ��F�1

U��	� �1 ����� Q���� ηs,C = 60%  �ηs,EX = 70% ]18  �19[� 

 /�.���	   �� /�4 D	-�;	<  ���-�� ��6  =M�� G�M∆Tsup = 5°C  �

������ 	�KL� U�	8  B���	- ε = 50% ]20 [.
,� ��4 �
 	- 	m� �� 

[�V>� ��  �	���� ��E�>� 
��F � G��H
I� G�M�����,  g�, g�\ ��

N = 6570 h �Z�M�  �	31 ������,i = 8% ��N� 	TW � ������, n = 

15 
,� ��4 ~	  g�, ]15[.  B��XTMU�	8  g�@
����	- [� 

7�; �����	���� ������ � B�  B�����	-  U��	� �130 �40  �40 W 

m−2 K 
,� ��4 �
 	- 	m� �� ]21[.  � ����	���� �1 G���� G��M G���

7�;  U��	� �1 B�5°C  �25°C  � ����4 7�; G��M �1� .
,�

���- �1 ����� 7�;  �� �3�� �O�	; � G���� G��� v_
;� �� 
���

7�; � ����	����  B�10°C .��1 �M��;  

 [�47  �	�VTW U�	8 n�	�����;	<  ��6  U�9	1 �� qV
P� G�M

�� /�6� ��,	pT� ��VP�  =��. � ��,	pT� ��VP� ��6  �� ���5�M .�M�

�� ��	� ��� �1�� �O�	; G��� B
4�� �5� 
1�K �1 B��XTM � /� �T

7�; �� =��. � .�� ����	���� 
� 	w B�  �m9_� �� ��E��TM .�1��

��  ��	� ���� =��. � �	�VTW U�	8 ��VP� ��6  =��. � �1 ��
1� ���4

 � 	H� /��� F� 	
6�1 ����	���� 
� 	w =��. � 	�KL� 
��9 B�� �� .
,�

�� F� �A1 ��� .�4�1 � �0�
� �� � ��4 	
6�1 � 	H� /��� =��. � 	�KL� /

�� =M�� �	�VTW U�	8  g��O �� .�1��1  ��,	pT� ��VP� ��6  	���@�

1 � �� ���@� B�	
6�1 �	�VTW U�	8 /� �� �� 	8�9 ��� �� ���� 
,�

1 	���@� �1 
4�� �M��; �] hO	� �� ���� 
,�22.
,� ��4 ����@� [ 

[�V>� ���T� r� B�� F� MG�F� �1 � ��6  ��VP� ���31 D�0�� �
 	- 
,�.  

                                                           
1 Capital Recovery Factor (CRF) 

 [�48  qV
P� 	���@� G�F� �1 �� �	�VTW U�	8 n�	�����	   D	-

 �� ����	���� �O�	; �� �	�� /�4�;	<   /�6� ���-�� ��6  =M�� G�M

 .
,� ��4 ����G�	1  �� B�� �	�VTW U�	8 ����@��;	<  �1�;	< 

BC �	�VTW U�	8 ��;	<  [�4 �� xM ����8  �� 
,� ��4 ���� /�6�

 /�.�� �1�	   D	-/�4 �T� G	����  [�4 �� �� ��E��TM .���8  �m9_�

��  /�.�� =��. � ���	-�	   [��� �1 ����	���� �O�	; �� �	�� /�4 D	-

�� �	�VTW U�	8 =��. � bW�1 �����	���� �j�� 
� 	w =��. �  �� .��4

�;	< DEC; ��P1 ������F � ����	���� �O�	10°C �	  �� D	-  ���4

 �F���� �1 �	�VTW U�	80.013 )0.7%�� =��. � (  �� ���9 �� .�1��

 ���@� B�TM�	   �� ����	���� �O�	; ��P1 /�4 D	-�;	< 

IHE+DEC  bW�10.006 )0.3% �	�VTW U�	8 �� =��. � (

��  g�9 	M �1 .��	-�	   G.�<�� 	�KL� ����	���� �O�	; ��P1 /�	� D	-

 �1 
��� �	�VTW U�	8 =��. � G�� 	1�;	< �	   ���	>1=���	, 

HFC .����  

 [�49  	�KL� U�	8 �1 �	�VTW U�	8 n�	���� ���M� /�6�

������  B�G��	-  U�	8 =��. � /�.�� /��� /�6� G�	1 .
,� �V;��

 �1 
��� �	�VTW�;	< ������ /��1 B� �	�VTW U�	8 ��;	< BC  �

�;	< EC  .��
�M �
1�K 	���@� �� 
,� ��4 x,� .�� 

������ 7� F� ���N
,�  B�G��	-  �	�� 
�N�� =M�� bW�1 �V;��

 �j�� 
� 	w =��. � �0�
� �� � ����	���� �1 ���� ���;	< ��  �1 .��4

.�� /� � 	H� /��� ��,	pT� G���� �� ��� =��. � [��� �1 g�9 B�� 

�� =��. �  [�4 �� �� ��E��TM .�1��9 ���� /�6� ��4 �
,� 	�KL�  

   

  

  
 F��7-  2,���O P&,Q R),

SL�+,- �
�TL ��K1 �� �/  

  

  
 F��8-  U)8
� �� 2,���O P&,Q R),

SL),1  .),� U�� V,6

�+,-  .�/���6<2 ��K1 0/�3  

)21(  7�; � 1.06 F 7; F �PQ H F 3600,  

)22(  �PQ � i�1 0 i�S �1 0 i�S 	 1�  

)23(  7		� � 1397 F ��U.VW 
)24(  7		�
 � 1397 F ��
U.VW 
)25(  7		
 � 10167.5 F�� 
U.YZ 

)26(  7	�1 � 114.5 F��  
)27(  7		2� � 2332.9 F �2�U.ZV 

)28(  7	�� � 1.5 F �225 0 170]��  
)29(  7	�^��5 � 150.2 F ��� 
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 F��9- �A2�E� ,
WXL P&,Q �� 2,���O P&,Q R),

SL  .),� 43

�+,-  .�/�A2�E� ��  43.��,6 ��+)2  

  

 Y<��1-  .),� �	

� �
�TL ��K1 ,&2�'��+,-  P%?,� Z�:T� .�/

kPa.  

�;	< 	8�9 ��� 
 hO	�

]22[  

����  8943  8950 

���-�� ��6  =M�� 8895  8900  

������ �1  B�����	-  8776  8800  

������ �1 ���-�� ��6  =M��  B���	-  8763  8700  

 Q���� �1�����  8630  8600  

������ � ����� Q���� �1  B���	-  8575  8550  

  

=��. � 
� 	w �j�� �;	<   G�MIHE  �IHE+DEC  	�KL� F� 	
6�1

 �1 
��� �	�VTW U�	8 �0�
� �� � ���1 ��,	pT� � 	H� /��� =��. �

�;	< BC ) 
��9 B�	
31 �� �� 
,� �
 �� =��. �ε = 100% B�� (

=��. �  /�.�� �13.5% �� G�	1 �	�VTW U�	8 �� ���9 �� .�4�1ε = 

50%  /�.�� �12% �� =��. �  [�4 �� �� /��< .�1��8  }�8�� .��

 �	�VTW U�	8 =��. � �� G.�<�� 	�KL� ���-�� ��6  =M�� ��4 ����

 [�4 �� �� ����9 .
,� tP6� .��  

 �� ����;	< EC+IHE  ������ Q���� �1 G���� G��� =M��

/��� ���� � 	H� /��� �0�
� �� � /� G��;	< �� =��. � ��  �� .�M�

 =��. � 	�KL� F� 	
6�1 � 	H� /��� =��. � 	�KL� 
��9 B�� �j�� 
� 	w

�;	<  �	�VTW U�	8 �0�
� �� � ���1 �1 
����;	< EC  =M��

.
 �� �M��;  

 [�410 7�; F� �	�� �O�	; G��� 	�KL� ���M� /�6�  G�� 	1 B�

 �	�VTW U�	81 R��
� .
,� ����	���� qV
P� G�M��� �� � �� ���� 
,�

 G�F� �1 �0���∆Tsup = 5°C  �ε = 50% �� .�4�1  �	�� G��� =��. �

7�; �O�	; ��  �j�� 
� 	w =M�� bW�1 B��;	<  ���0�� F� � ��4

�� �I�1 
1�K � 	H� /��� �� �� =M�� �	�VTW U�	8 �����  .�1��

[�4 �� �� ��E��TM  G�M8  �9 ������ ��O� ��4 ���� }�8��  B�

����	-  �	�VTW U�	8 =��. � �� �T� 	�KL� ���-�� ��6  =M�� �

 �1 
����;	< BC  =��. � B�	
6�1 �
��9 B�� �� .����� U�	8

	1 �	�VTW G��;	< IHE+DEC G��� �� TGC = 40°C  �TE = 

−5°C  ���@� �10.05 )(3.3% �� .�4�1  

 �� ����� Q���� ��O� ����;	< /��� F� G���@� /�	�O [��� �1 �

 B�	
6�1 .���� �	�VTW U�	8 =��. � �� G���F 	�KL� ���,	pT� � 	H�

 ���@� �1 
��� �	�VTW U�	8 =��. ��;	< BC  G�	1�;	< EC  ���1

 	1�	1 ��0.54 )25%G��� �� ( TGC = 34°C � TE = −5°C 

��  [�4 �� �� ��E��TM �
��� .�4�19 ��4 ���� }�8�� ������ ��O�  B�

G��	- ) �V;���;	< EC+IHEbW�1 (  
��� �	�VTW U�	8 =M��

 �1�;	< EC �� �� 	m� �1 �<	-� .��4 7�; G��� =��. � �1 �,�  B�

������ �N�� 	�KL�  B���	-  =M�� ��
 � B�� [��� .
,� =M�� �1 ��

 ��� G�� 	1 ����� Q���� G���� �� �	�� G��� /�4 7�; 	�KL�

 �0�
� �� � /� G����� �j�� 
� 	w =��. � 	�KL� /�4 	
6�1�;	< 

� /��� =��. � 	�KL� �1 
���.
,� � 	H  U�	8 =��. � B�	
6�1

 �	�VTW �1 
����;	< BC  .�� �1 S�1	��;	< EC  /�.�� �1

27.3% )0.28 G��� �� (TGC = 40°C  �TE = −15°C �� .�4�1 

 [�4 �� �� ��E��TM10  G��� =M�� �
,� ��4 ���� /�6�

7�; �O�	; G��� 7� �� ����	����  /��� =��. � [���1 �B�A� B�

 ���T� �	�VTW U�	8 =M�� bW�1 ��,	pT� � 	H��;	< �� �M  .��4

 �	�VTW U�	8 g��� /���W �1�;	< BC  �EC  G��� ��TGC = 

30°C  F� ����	���� G��� �� ����F−5°C  ��−15°C �� 	����  �1 ����

 /�.��24% �� =M�� .���1 

 [�411  qV
P� u�.O� �� �� GJ�.-� G��1���;	<  ���� G�M

�� /�6� �,�	1  �� .�M��;	< BC  �6��N; 	�4 �� GJ�.-� B�	
6�1

�� ��1��  	1�	1 /� ���@� �� ��419.4 kJ kg−1 )26%  (G���� GJ�.-�

��  �� .�4�1�;	< DEC � [��� �1 =��. � 	H� /���  �� � ��,	pT�

7�; �O�	; G��� �0�
�  �1 
��� u�.O� B�� �� ��4 ��1�� GJ�.-� �B�

�;	< BC  U��	� �12.5%  �10.6%  .
,� �
 �� =��. � .�� �0��� ��

����	  �1 S�1	� GJ�.-� n�NV� B�	
6�1  �� �� ���1 �6��N; G�M

a�T0� 19.5 kJ kg−1 )25% �� (G���� GJ�.-� .�4�1  ���;	<   G�M

IHE  �IHE+DEC ����	���� �j�� 
� 	w =��. �  /��� B��XTM �

��,	pT� � 	H� g�@
�� =��. � ���	- /�	�1 Q�>� �1 7�; �� B�  �� ��

 .���� ��1 GJ�.-� n�NV� B��	1��1 ��m9_� [1�I ��\ �� =��. � G�  �1��

)32%  �� 	M �� G���� GJ�.-��;	<.(  ���;	< EC  Q���� ��O�

1 ����� ��m9_� [1�I ��\  �1 
��� �� S����� ����	  GJ�.-� n�NV� G�

�;	< BC �� =M�� .�M�  G�	1 ���@� B���;	< EC 	1�	1  

7.94 kJ kg−1 )9.5% �� (G���� GJ�.-�  [��� �1 B��XTM .�4�1

 � 	H� /��� =M���;	<7�; � ��,	pT� GJ�.-� n�NV� �  .�� B�

 �1 
����;	< BC  � ��,	pT� GJ�.-� n�NV� .
,� �
 �� =M��

7�;  �� B��;	< EC �1 U��	� 17.76 kJ kg−1 )29%  GJ�.-�

� (G���� 16.55 kJ kg−1 )27%  �� ����] �� ���1 (G���� GJ�.-�

 ���;	< BC 7�; � ��,	pT� n�NV�  U��	� �1 B�18.21 kJ kg−1 

)25%  � (G���� GJ�.-�18.28 kJ kg−1 )25%  (G���� GJ�.-�

�� �� �m9_� �� ��E��TM .�4�1 ������ ��O� ��4  B���	-  ���;	< 

EC+IHE 7�; � ��,	pT� GJ�.-� n�NV�  �1 
��� �� B��;	< EC 

.
,� ���� =��. �  

 [�412  �1 7��������	� D�� /���I ��F�1 n�	���� ���M� /�6�

 G�F�7�; F� �	�� �O�	; G���  .
,� qV
P� ����	���� G�M��� � B�

1 R��
� � G�F� �1 �0��� �� ���� 
,�∆Tsup = 5°C  �ε = 50% 

�� 7�; Q�>� G��� � Q�>� G��� �� ���0�� F� .�4�1  
1�K ����4

 U�	8 G�M����T� ��
 � ����� Y�@�I� �M����T� B�� ��
 � B��	1��1 �
,�

 [�4) �	�VTW10 (.��1 �M��;  [�4 �� �� ��E��TM11  ��4 ���� .��
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  �� GJ�.-� n�NV� 	�5T6< =M���;	< EC  �1 
����;	< BC 

�� bW�1  ���@� �1 D�� /���I ��F�1 =��. � B�	
6�1 ��44.95%  S�1	�

 B�� �1�;	<  .�4�1  

  

  

  
 F��10 -  P%? ,� 2,���O P&,Q R),

SL 43 �	+ ��<,+ .��2

 .),�TE = −−−−5°°°°C  �(I��)TE = −−−−10°°°°C  < (M�<)TE = −−−−15°°°°C (4
&��)  

  

  

  
 F��11-  .),� Z�:T� ])8�) .7�86) .2*��� �%&�'��+,- �/  

  

  

  

  
 F��12-  P%? ,� .7�86) �25�� R),

SL .),� 43 �	+ ��<,+ .��2

TE = −−−−5°°°°C  �(I��)TE = −−−−10°°°°C  < (M�<)TE = −−−−15°°°°C (4
&��)  

  

 [�413 Z�M� ���.M ������,  F�- ��6
�� /�	�O F� �4�� G�MCO2  ��

 G�	1 �� G���35� � �	���� � 
��F Q�>��;	<  /�6� qV
P� G�M

��  [�4 �� �� ��E��TM .�M�13  
,� ��4 ���� /�6� .���;	< EC  �

EC+IHE  ���.M �1 U��	� �112402 $ � 13235 $  B�	
T� g�, ��

Z�M�  F�- ��6
�� /�	�O F� �4�� ���.MCO2  ���� �� 
��F Q�>� ��

��  B�� �� ����� Q���� ��O� .��4�1�;	<  /��� =M�� bW�1 �M

 �0�
� �� � ��4 ��,	pT� G�	1 DF` ���	
���Z�M�  F� �4�� ���.M

 F�- ��6
�� /�	�OCO2  	��, F� 	
T� 
��F Q�>� ���;	<  �M��; �M

 	��, ��� .��1�;	< �M ���.M �1  ���9 �� G�15500 $  G���� g�, ��

Z�M�  F�- ��6
�� /�	�O F� �4�� ���.MCO2  G	
6�1 
��F Q�>� ��

.��1 ��M��;  
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