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Abstract                                                                                                                                                                           
Optimal design of combined renewable energy systems for supplying heat load of greenhouses is studied. It is tried to analyze the 
system technically and economically so that it would be optimal from both viewpoints. Optimal design is done from technical point 
of view using TRNSYS software by setting different parts of the system so that besides preheating of the fluid entering the 
evaporator of the heat pump for increasing the temperature, heat recovery of the ground in maximum heat extraction periods and 
heat recovery during summer time is occurred. The optimized system is then studied from economical point of view and the final 
optimized design is then selected by trade-off between economical and technical considerations. Selected model has mean seasonal 
coefficient of performance of 4.14 for heat pump, borehole length of 150 meters and total solar collector area around 9.42 square 
meters and the temperature of the fluid in ground cycle would increase up to 0.5 or 1 degrees centigrade. Optimal amounts gained 
are compared with those obtained from and TRNSYS and MATLAB relation. Finally to supply electrical load homer software is 
used and the optimum system is chosen considering design conditions.                                                                                          
Key words: Geothermal heat pump, Solar collector, Coefficient of performance, TRNSYS, Homer. 
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1 Zero energy building 



 

 
 

 

�
.�

	<
 � 

��
�"

7
1

0�
*

 
4


�
�*

 
�

��
�	

�
 

	�
9�

��
�:

�
 

1
�	7

 
$

��
8�

 ...
 

238 

.��;� �3��` �	7�� �"C�� K7�=  K�)1  !� � �� 1��"� �� ����� k	<

��.�3� 

 ��]1[ !����;3 � ����	"�  1��)��` ��
�'� K��) ����	� 4
��*

��	6 $��0 ����	. Q;� ����� ����	. ��7 $��8� 1�	7 �� ��  ���5'6 0���

 �*�	7 �3��	���� �7 ����	� 4
��* ���"7 \�,� !���� 
*�7 0� [� .

�C�	` 0� ���]
*� e�	< 0� �[���	� 1�3����;� 0� ���� 
*�7 1�3

 _*�� ����	���� �7 1���� F��* D���	# �� ��	
�� X7��� �qd7

���6 �7 1��)��` 1�3��
�'��� 4�@�� 1� 1	�6�'C 	7 ��/( �� ��	6

;� �	�';( L�	M D3�� 0� �. 0� D�7 H�	5
*� 0� K���7 ����	. Q

 0� �C�	` F��* 1��� �!� J�	<� 1��� 
%� � ����0 F��� 0� +��	.

�� 4�,
�� 	�E +��A7 ����0 F��� 1 � �
%�� D��?%� ��	#�
��* �C��

 �� ����	. Q;� �	�';( L�	M0.6  D��?%� �7� � +�,�,-� �7 
���

7����. ���) �7 !����;3 � l�% 1��( 10�* 1�	7 1�d7 �* ��������

 � $��0 ����	. F���$��0 ����	� 4
��* g� �� ����	6 ��
�'�

1��)��` -$��0 ����	. Q;� � �
`��	� ���-� !�;�� Z�� �7 ����	6

0 ����	. 
%��0�7 � $��0 ����� +�	��s� !�?�� ��*�-� 0� [� $��

 �� ���"7 k	< �3��
�'� _*����� ��	� �i��� ]2[ 

    !����;3 � 1�2 4
��* �*�	7 �7 Q;� �7 L��	� K7�= B'
5� 1�3

$��0 ����	.�7 ����	6  �� ����d� � �
`��	� 0��� ���� [��	* �7 �C��

$��0 ����	. Q;� 4
��* g� ����	6 ���"�� �7�� �� �)�7 �
)�� �����

��	� J	<	7 ����	� 4
��* 0� ���]
*� �7.���  
*�7 �d��U� $�� �� �G��

� ����L��	� �7 �� 
*� $�B'
5� 1�3 $��0 ����	. Q;� ����	6

�� 	�';( L�	M �7 !��� $�7 �3  ��5 
%�� 
*� ]3[.  0� ���]
*�

��` ��
�'� ����	� 4
��*$��0 ����	. Q;� � 1��)��	;"7 ����	6 

�	�`t�	* 	") g� �� +��	. 0�* $���� 1�	7 $�u F�;) �� X=�� 	�*

�) &�:�� 0��� ���� �%	A� &	6 ^� � D���	6]4[ 	7 ��/( . �.�	<

����"7 1v��	
*� �d��U� 0� [� ����';( +��I�A` B'
5� ��	
�� 1�3

 ���� 
*�7 w��
� .
*� ��) �
%	6 ��	= �d��U� ���� +a�. 0� &��� 	3

�� !� �  �U�-� D���	6 1�	7 _*�
� ��a�* !������ �� ��3�26 %

� $�� ��;( K��� �� 
*� �
)�� D��?%� ��
�'� 1	�6 ���7 D��?%

 43�	% � $��0 �� ��) �	�`t ����	. 12	�� D��?%� 
"C 1��)��`

�� 12	�� $�� 0� ���]
*� �7 �U�-� D���	6 !��;���/*� .�)�7 � ��v�

 ���� 0� ���]
*� �7 �� 
`����� +��	. F�,
�� !����;3u  K,
�� K�)

��	� �*�	7���6 �7 ���` K,
�� ���� &��� 	3 1� �7 ��� � �
)�� �� ��

 
"C 1��)��` ��
�'� �7 1	#�� � D���	6 1�	7 ����	. Q;�


%��0�7  
*� KA
� +��	. ]5[.  

      +�d��U� ��
�'� ����	� ��) LA� 4
��* g� 1�� � ���0�

$��0 ����	. Q;� � 1��)��`����	6  LA� ���	� &��0�� 	") �� ��

��) �) &�:�� .
*� � 
"C �'I� ���d� ��) LA� 4
��* $�� �� �G��

4�;A��� �� 1	�6
*� �	�';( L�	M ��)�7 �  � ����	. Q;� �	�';(

 ����	6 �i��� ����,� 
"C � B'
5� +�(�* �� ����	� 4
��* $��G;3

 .
*�w*�
�  ����. �'� 4
��* �	�';( L�	M �� 
*� L'U� $�� $���

10	
;� ���"�� �7 ����	. Q;� �	�';( L�	M 0� %  �� �)�7]6[.  ���	�C

!����;3 �]7[ ��0 ����	. Q;� �	�';( L�	M D��?%� �*�	7 �7 ����	6

�7 L��	� �� �
`��	� 1��)��` 1�3��
�'�!� � w��
� .��� $�� ���3�

�� L'U� 	
 �7 D7�� �7 \�,� �� ����	. Q;� �	�';( L�	M �� ��)�7

 a�7 D7�� �7 �	* e<��� �� LA� 
"C ����	� 4
��* � ��7 �3��` 	�a�7

.��7 �3��` L*��� ����7 ����� �� ���
�3�� \�,� �����  

    !����;3 � 1��]8[  ��
�'� ����	� 4
��* g� 1�	�';( K�'-� ?��

` D���0� B'
5� 1�3�� 1�	7 �� ����0 X��� ����	. Q;� � 1��)��

��	��� L'U� $�� ���3� !� � w��
� .��� 1��)��` +��	. �� ��)�7

�� Q;� �� ���"���0 �� $��0 
%��0�7 
(	* D��?%� 
"C 
���7

�	"7 !��0 +�� � ��) �
%	6 ���7 
*� Z���` ����	. +��	. 0� 1	�6

 
*� 	
"7 1��)��` 0� 1	�6�'C 1�	7 �	�`t g��� 1��� �7 �C�� �7

.��) ���"7 �F��* Z�	6 Q;� 1��	M 	�E �	����    

     ��  $��e�,-� &	� _�-� �� 	@� ���� k	< �*�	7 �7 ��?%�[���	� 

 1�3����;� ����,���1�	�';( ����� �A5 �  ����	� 4
��* g� ��

	� �i��� �7 �k	< ^�5
�� K�a� !���( �7 ����	. � ��% z�-� 0� ���"7 L��

�� �*�	7 [{* � �
`��	� 1��A
=� ��) ���� 0� ���< �u 1�0� �7 �� -

$��0 1�3 �i��� ����	� 4
��* 1��)��` ��
�'� 0� �-U* �u � ����	6

�� ���"7 1��A
=� � ��% z�-� 0� ��).�)�7  ��7 $��8� 1�	7 
��"� ��

 �C�	` 1�3����;� 0� �� ����	� 4
��* $�� 0��� ���� ���	
���

�� ��3� � K7�= [���	�&	� 0� ��)�7 4
��* � ���;� ���]
*� 	��3 ��?%�

$
%	6 	@� �� �7 ���"7  ���) 0� K,
�� 1��7 $�7��� � g���
�����% K��

���6 �7"� �� 4
��* �� ��) �� ^�5
�� 1� ����	. ��7 $��8� 
�'7�= 
��

.�)�7 �
)�� �� �	�';( $�	� ���"7 � ���?3 $�	
����� �7 ���	
��� �  

  

  

  

 D��1-  �7
8)3 .��
� �
2,( E)*  



 
 

  

 1
�"

�
	%

�3
 �

 ��
��

	"
�

 



;3
 

1
��

7�
  
  
 

239 

2-  , ��8 F,� G��	� H�� I�9��(  
�7�5
�� �.	<  
������� ��% ��6��� 0�  .�)�7 ���"7 1��A
=�

 K�) 0� �� ���#��;31  �7 !?5� 0� ��) H��` &	6 F��* 
*����

	������1  ���;)15 �� K,
���� �� K��( F��* !� �� �� ��) �7 �����

 	������ ���;)13  D���	6 
"C 4�,
�� ��< �7 �� � ��) 
���3

 	������ �� .�	�9� +��I K;( �� 	3 0� ����	� �� � ��� ���7 ���5'6

 ���;)13 D�� 
"C F��* !�
��0 �� ?�� �7 1���� F��* D���	6

���� 1��� �� ����	���� �:��� �� �� ��) B�	d� F�12  ��	#�
��* �C��

��!�
�7�� �� � �)�7  ���;) 	���� �720  $��0 +��	. 
%��0�7 
"C

�� K,
�� �3	�) �'� �	�';( �� 
*� $�� 
�;3� ?i�. �
�� .��)

 ���;) 	�	
�� �����U7 ����	6 �� $��d� ��� 1�3	�	
�� _*��21  �7

	���� 0� �C�	` F��* 1��� �7 �C��2  ���;)17  �7 �� 	@� ���� !��	%

 ���;) 	������15 ��	�';( .�3� ���;) 	������ �13 Q;� � ���;) 1�3

10  �12 �� ����� B�	d� �
�dM� �� ��'� g� _*�� � �)�7 ���)

�� Z���` ��) 	�t Q;� �� 	3 ��	6 KA% �� �� L��	� $�� �7 .��)�7

 ���;) 1�3	������ �	�';( 	#�� J	< 0�14  �16  ����;3 |�,�=� ?��

 ���;) 	������15  �� &0a !��	% � ���7 ���;) ����� 	�	
�� 0�21 

�� 
%���� ���;) F��� 0� ��) H��` �	* F��* � ����;�8  �7 �C�� �7

�� K,
�� 	@� ���� ����	. X��� �7 D���	6 1�	7 ��) 
%���� !��	% -

���) �� �
%� ���7 ���(� �7 XC�� 	
 �7 +�-�M�� .��) � ����	% 10�*

	
*� $��G;3�
;�= �� ��	
�� 1v� 1�d7 1�3 .
*� ���� 	��]� �7

 }5 � K�) 0� �� ��U��;3 ?�� 0��� ���� ���	
��� ��7 $��8� 1�	7

 ���]
*�  ��	3 0� ����	� �� g���
�����% K�� �� 1��7 $�7��� 0� 
*�

��Q;� 0��� ���� ���	
��� ��7 
*� ��	= 4
��* $�� .4���;� ��3

 �� 0��� ���� ��;� ����	. ��7 � ����	. Q;� ��*	{;� 1�3	
�3 0�

�� $��8� ��;�8� �� ��)���;� $�� .   

 
2 -1- J
��)3�(K>( L)� M�03 �N1��): ��+ D
�"3   

&	� 0� K�'-� 1�	7 ��?%� [���	� .��) �� ���]
*� K�)2  !� �

 .
*� �"�� $�7 \����� � ~�?C� �'� k	< ���3�&	� 1���� [���	� ��?%�

���) 1�	7 Z	
�6 K7�= � X��C �U�-� 10�*���"7 �4
��* 10�* -

�� 12	�� 1�3.
*� !�	"� 	") �� ���5'6 g� �7�5
�� F�� .�)�7  ��7

� ���� ����	.���5'6 0� �U7�� 0� �1 ��) �� ��*�-� ��7 ��*�-� 1�	7 .

 
*�7 �� �*�	7 ���� ���5'6 +�A5 � ���7 ��
7� 0��� ���� ����	.

.4�����7  

Q = U×A× (Ti-To)                                                     )1(  

    
.��� : ���5'6 
.��� ���5'6 1�3 ������130  	@� �� X7	� 	
�

                                                                                  .��) �� �
%	6  

���5'6 [�C:   a�;d� �� 
*� 	�t �7 &0a���5'6�'� 0� �3��� $'

g�a� � ��a�� �� �
`�* ���a�� ��� �� ���)�!� ��� �3�����  K��)

��	��� 1�����` 12	�� +�]'� 0� �� �)�7 1�	M .����L +��	. F�,
�� 

6�'C ��	� !��7 ��� 1�	7� +�]'� ����� 1	1/1 a g� 1�	7� �7/0  �

a�� 1�	7� �$�7 3/0  ��5/0 .�)�7   
U=0.7[BTU/hr.ft2.F]=0.7×5.678= 3.9746[W/m2.K]  

                                                           
1 Diverting valve 
2 Mixing valve 

-� ^�'U� 1�������5'6 _7 �3� $12  ��29  ��	6 �
��* �C��

��  ��( �� �)�718  ��� ^�5
���) ��.  ���5'6 �'� D��*� $��	7��7

 �U7�� e�<2  �U7�� 0� ���5'6 0��� ���� ����	. ��7 �3  �� 
*�7���.�  

)2(  U×A = 3.9746×130 = 516.7 [W/K]                   

)3(  Q = U×A×(Ti-To) = 516.7 × 130 × (291-263) = 26000 
[kWh] 
 

 ?�� ���5'6 0��� ���� �%	A� !��� ����� �	% �76  	3 � F�* 0� ���

 _*�
� ��< �7 0��10 $)�� � ���	6 4
��* 
(�* �)�7  �U7�� 0�4 

�� 
*�7  .���                                                                                           

Q/ time = 26000 [kWh] / 6 × 30 × 10 [h] = 14.45 [kW]   )4(           

     �	� �7 �C�� �7���	� ^�5
�� �� ����0�7 D,� ��
�'� 4�
%�  ����	.

�0���	6 � $�� �� ���A% �� �%	A� ^� D���	6 �7 0��D -�� �U

� ���� ��7 �7 �C�� �7 ��	* KA% �� � ���� �� ����� ��C���� 0� 1�	7 �����

$��8� �%	A� &	6 ^� ���	6�-� D��U ���D��	6�* D� 1���� �� F�

����	���� �7 $��0 ����	. 
%��0�7 � ���	� ��* 0� ���4
� ���� Y�% 1�3

.��) K;( �	7��7�� ��7 $8���� ��
�'� 0� ��) $ �����. 30 5
�� �I���^ 

���;����� 
*� 	�t �7 &0a .4 70 � ���� ��7 �,7�� �I��� Q;� 0� 0�

����	. �3	
�3 0� 0��� +��I �� �� � �8��$ ���	6.�        

)5(  Qsc = 0.3×Q = 0.3×26000 =7800 �kWh� 

     �� ��) ��*�-� ���7 ��
7� 1��)��` 1�3��
�'� TU* ��*�-� 1�	7

 12	�� ���,� �u��7 �3��` F�A-
*� K7�= �3��
�'� TU* �.�� 0�. 

 ��	* KA% �� ��7 $��8� 
"C 	@� ���� �'I� k	< ����� K���7

��  �U7�� e�< �� K=��. ���,� ��)�77 �� ^�5
��.4���;�                    


5� 1��)��` ��
�'� 12	�� ]9[ :770-880 [kWh/m2]    )6(  

�3��
�'� ����� TU*: Qsc/770=7800/770≈10[m2] )7(    

 �7 0��� $��0 0� ����	. ��7 +���'�� 	3 ��) �� �	%20  F��� 	
�

���� ����0 ]9[ . �� !� 
�%	� a�;d� ����	. Q;� ^�5
�� �� �%	< 0�

 ��*� 	770  ��� $��8� ���7 ���7 ����	� 4
��* �� 1��7 0� �I��

�� ^�5
�� |����. ?�� ����	. Q;�  Y	7 J	A� $��G;3� ��)  �7 	7�	7

25 F��� F�< � ����	. Q;� 
�%	� $��	7��7 .�)���� Q;� 
�%	� %

 L��	
7 _7��� e�<8 � 9 3��` 
*�7�.��� �  

)8(  Qo,hp = 0.7 × 14.45 ≈ 10 [kW] 

)9(  Ehp =10/4 [kw] => Qo,ghx = 10 - 10/4 ≈ 7.5[kw] , 
Lghx≈7.5×20=150 [m]                      

2 -2- �202 O0� , J	�;�  

    	
"7 +��	. F�,
�� 1�	7���� ��7 1�3  ����	. 
���3L*���  �

�� �
%	6 ���7 4� 
��5M.���)  ���� 0� e�,-� $�� �� $'��� �'� 	U= �7

32  
��5M �5/1  .
*� ��) ���]
*� 	
;�'�� F��* w��� ���]
*� ����

���	� ����0 F��� ��0� � 30  � F����� �I��70  ^� �I�����7 �� 

F�d
)� K���71	�9� !� �  1��� �	����1a�7 ��
�'�1�3  1��)��`

�;� ����	� 4
��* K� �� ���]
*� K7�=�)�7.  ��
�'� �� w��� X���

 L��	�50 
*� ^� � F���'6 $'���	� �I�� ��  !��7 �;* K���7

 0� ���]
*� !����!�  ����0 X��� F��� ��.
��� K� � $�� X%� 1�	7 

��!��� = �� �	� ���]
*� �d��� 0���* �� 	3 �� ���]
*� K7��)�7 4
 .

X��� $�� �� _*�� ]10[ ��) ��"� �� �� F���6� .�)�7
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 D��2- / P(K�( ��8 E)*J
��)3 �  

  

  

2 -3-  �/ ��>� ���+ ��$( -(K�(�
7�-���  

2 -3-1- -�
��0Q �0���8(type 73)     

    1��)��`��
�'� ���]
*� ��) �� ���) 10�* 0� ��� �-]I  
5�


*�  K���7 ��
;�= L*��� 	� � _��	) ^� � ����3 !�	"� � ���]
*� 

1�	7 $��8� ��7 � ���	6 � &�( 0��� �7 F��* �7 1��� �'�` ���0 .
*�  

                                                                                        

2 -3-2- �3�()' R�� (type 668)  

    g� ��� 0� ���]
*� ���� ����	. Q;��'.	� F�,
�� !� �� � ���7 1�

�� +��I 	#�� F��* �7 F��* g� 0� +��	. !��	% �7 �C�� �7 .�	�9�

 	�	
���� ��@
�� �� 1�	�';(�� +��I �q
,� !��0 �� ����	�9�.  

  

2 -3-3- �	
�� H�7�(type 557) 

    ���) $�� �� �
%� ���7 ����0 F����,'. 10�* �� ���7 1��;( �
�7

	
 �7 ���?3 ��C� �7 
��� �7 �,%� K���7  �7 0��� �	�a�7 g��2	�� !������

 	
;� Y	7 J	A� � LA� 
"C 	
;� 
.��� ^�5
�� ��7 g�� !��0 ��

��.��)  K�)3 .
*� �
%� ���7 1��;( F��� ��
`�* ���3� !� �  

  
 D��3-  �202 �+ H�7�D�� 01 -�;  

  

2 -3-4 - , I? S�TU*( (0;  (type 109) 

    ��  K��% e�	< 0� !�	"� 	") �7 \�7	� +�(/<� F�� 
;�= $��

&	� �7 1������ ���� ��?%� !�?�� �_�-� 1��� K��) +�(/<� $�� .��)

 ��
�'� TU* �7 1��)��` X d � ���`	7 ����0 �$��0 ���d�� �X d �

 .�)���� 0��� ���� ��]� +�(/<� 0� 	#�� 1����7 �  

 

2 -3-5 - 4
�� -��/ �+ V0+)� S�TU*( (type 501)  

!��0 �< $��0 1��� 1��;( X�0�� F�� [���	� 0� ~?C $�� 1�3

�� !��7 �� F�* B'
5�K�) 0� �� ���6 !�;3 .��� 4 �
*� }5 � ?�� 

.��7 �3��` 	
;� ����� ��-�� +�	��s� e;( D��?%� �7   

  

  
[11]  D��4- W�T �+ =7�� 4
�� -��/ S()

X3 �(/0��  

 (type 12)  2 -3 -6 - D"� �3�()' ��+  

    0�� 1���� F�� $�� ��- D�� 
"C �C�� �7 ����3�� ����	. ��7 ���7

�� ���7 +��*�-� K=��.�� �� �� 4
��* e�,-� $�� �� .���  g�

�� ��	= 1�	�';(4�3�  K�))5(  12	�� �� 
*� �
��. 	#���7 ��

 ���7 K-� �7 10��� +��A7 ��;� 0� �� ����	. ��7 0� 1�I�� _,% �

�;� F�A-
*� K7�= F��* !��	C e�	< 
*�7 ��;� 12	�� 0� ��)�7

�� .���  

  

 
 D��5-  -/)���T �1 �� �/ D"� �3�()' ��+ �(/0��  
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2 -4 - �	1()> E)� J
��)3 �/  

     	@� ���� ����	% 0� ���]
*� �7 ���5'6 0��� ���� ��7 $��8� J�3 �7

 	�9����:� X7��� ��
�'� 4
��* �7 \�7	� ~�?C� $�7 \����� �7 ��
7�

�� +��I �"�� L��	� [{* � ���"�� �7 1��)��` F��* .�	�9�

 � 4���� ��	= !� �� �� �U��	) �7 �C�� �7 !?5� 0� �C�	`�	% �� ���

�3	���� � �3	������ �7 ���� K,
�� 	@� ���� 
;�= �7 4�3� �� .��)

 ��;:� ��) &�:��  +��*�-� �7 �C�� �7 ����	% ����� k	) 1�	7 ��
7�

���� F�< �� �3150  �� 1��)��` 1�3��
�'� k�U* ��;:� � 	
�10 

�� 	@� �� X7	� 	
� K�) �� .4�	�62 
�= $�7 \����� � �'� k	< 1�3

 ��) ���� !� � B'
5� .
*�  

  

2 -5- �	1()> �2)�	8 -Y3()��(  

     � !������ D��?%� �� �'I� J�3 �) �
]6 43 �/�= �� ���#��;3

!��0 � ��	* KA% �� 4
��* �	�';( L�	M���3 ��7 �7 0��� �� 
*�

  �� 4
��* ����� �	% �7 J�3 $�� �7 K�� 1�	7 .���� ��C� � ���	6

 � !�
�7�� ������ ��C� � ���	* ��7 �7 0��� � ���7 Z���` &	6 F�A%

 1��< �� ����0 K��* �7 \�7	� 1�?C� 1���� F��#�* F	
�� ����;�

�� 4�@�� 8%	I � ���) H��` ���� 0� � ���	6 F�A% �� �� 4���;�

 �3	������ F��#�* F	
�� !��;� }5 � e�	< 0� ����	. 
%��0�7 !����


)�� ��C� �3	���� � 
�;3� ?i�. ����7 k	< $�� �� �G�� .�)�7 �

�� �	�`t !?5� 0� �d7 ��) LA� 	������ �	�';( �
*� �� �� �)�7

�� ���� !� �7 	@� ���� !��	% �:�����).  

COout = lt(12,T) )10(                                                      

 

 �U7��10 �� ��d� $�� �7 [���	� _�-� �� 1��� 	6� �� �)�7

 0� 	
�u�� ����	. Q;� ����	���� �7 1����12  !� �C�	` ��)�7 �C��

�� ����	������ �7 �� ����	% �:�
� �� � ��( ��)1  �� � ��7 �3��`

 Q;�����	���� 
;* �7 	������ �7 1���� F��* �� 
*��d� $��7 �:���

 �� ��� D��?%�  
"C ����	.12 �?%� �:�
� �� � �C�� L�	M D�

�� 
���3 �	�';(.��)  �C�� �7 ?�� 1��)��` ��
�'� �7 \�7	� 	�	
��

 H��` �	* F��* � ��
�'� 0� ��) H��` &	6 F��* 1��� J/
`� �7

�� ���I �� !��7 Z���` �� $)�� !��	% Q;� �7 !?5�0� ��).���;�  

 

2 -6- J
��)3 M
"� �/ .��
� -/�Z�[( �2/�\� D
�N3   

     $�� 1�	7�� ��@�����?3 ��;:� 
���7 �7 �� ����';( � ����� 1�3

 �'� ���?3 !���( �U7�� e�<11 .
%	6 	@� ��   

)11(  Total cost = (initial cost) + (operating cost) × (1/A.F) 

)12(  Initial cost = Csc + Cghp    

)13(  Csc = Cscp + Cstorage + Cpump ≈ 540 × Area [$][16] 

:Csc 1��)��` ��
�'� �7 \�7	� +�?�":� ��'� ���?3  

)14(  Cghp = 142.5 × N × Length [$][9] 

:Cghp  ��'� ���?3 K��) ����	6 $��0 ����	. Q;� �7 \�7	� +�?�":�

���?3 1��]. 1�3  

)15(  Operating cost = (Ptot + Aux + ELcom) × Cel 

 :���5'6 1�	7 Y	7 �%	d� 	7�	7 �� �3195 	3 1�0� �7 F���   Cel  +���'�� 


*� 
(�*.                                                      

Cel : 0.008125 [$/kWh] 

:Ptot Q;� �%	A� !��� ��;:� �7 �C�	` 0� [���	� _�-� �� �� �3

�� ���� 1��A
=� ����d���)  

      $��8� �7 ���= 	@� ���� 4
��* �� 0��� ���� ��;� 12	�� ���,�

�;��� � �)�7 � ��
�'� !?5� �� ��) LA� 1�3	
�3 e�	< 0� 
���7

 Q;� �� ��) �
%	6 ���7 �� 1���� +��A7 �:��� �� � ��) $��8� ����	.

�� ���� 1��A
=� ����d� �7 �d��U� ���� K-� 0�.��)    

:ELcom  F��d� �� ����	. Q;� _*�� �%	A� �
���	
��� ���,�25 %

.
*� ����	. Q;� 
�%	� 

)16(  Qabs = Cap – ELcom = 3 × Cap/4                                 

 ����	. Q;� 
�%	� : Cap  

Qabs  : ����0 F��� 0� ����	. Q;� _*�� ��) ^9C +��	. ���,�  

     4��) ������ ?�� K�= 0� �� ���#��;3 �%	< 0� �U7��17  	@� ��

�� �
%	6.��)  

)17(  N × Lghex [m] ≈ 20 × Qabs = 15 × Cap 

:N ���� ���d���) 	]. 1�3 

F�< �����3  : Lghex 

A.F = i × (1+i)n/(1+i)n-1                               )18(  

 �'� ���?3 $��	7��7 �U7�� e�< 19 �� ��*�-���	6.  
Total cost = initial cost + 5.775 × operating cost                 

   = 540 × A [$] + 142.5 × N × L[$]+ (Ptot + Aux 
 + ELcom) × 0.008125 × 5.775[$]                                         

                    

)19(  

    
2 -7- �7
8)3 .��
� �/ �	

+ )1/�C� I�9��(  

2 -7-1- �	

+ )1/�C� I�9��(                                       
    1�3����;� 0� ����"� F�� �� ���"7 	���,� ^�5
�� 
"C����,� 1�

�� ���]
*�.��)  

  

2 -7-1-1- �0���8 W1)* �( ��+ 4
�53 �$�/ �	

+ �(�C�  

    7	 B'
5� +�	��s� �*����;� 12	�� 	����.  L�	M $�#����

�	�';( L�	M) ��	* KA% �� ����	. Q;� �	�';(  ���?3  � (�'A%

 
*� ��) &�:�� K�]1[  K�))6 4
��* !���( �7 1��)��` ��
�'� .(

 ���� ����	. Q;� ��;��� ���� ��
�'� _*�� ��7 $��8� $��	7��7 ���)

 	����.50 �� �
%	6 	@� �� �I�� }5 � K�) 0� �� ��U��;3  .��)

 �7 �C�� �7 ��
�'� e�	< 0� ��) $��8� ��7 4"* D��?%� �7 
*�

�C�	` 0� ���� 
*�7 � �'�= +��*�-� &	� L�	M � K� ���?3 ���?%�

 �� �0��� ���� ��;� 12	�� ���,� � �
%�� D3�� ����	. Q;� �	�';(

 0� 	
 �7 $��8� +��I30  D��?%� �7 ��
�'� e�	< 0� ��7 �I��

 4;����� $�#���� �	�';( L�	M �%	< 0� .��7 �3��` �	7�� 1	�#; u

 0� 	
 �7 1���,� 0� ��7 $��8� D��?%� �7 ?��30 �� 	�0 �7 �I4  D3��

 ��
�'� e�	< 0� ��7 $��8� �I�� ����� ���,� $��	7��7 .�7�� ��30  �I��

�C�	` ����,� �7 �� ���"� ���,� � ��) �
%	6 	@� ��
*�7 �3  .��� ��  

  

2 -7-1-2-  �03()�(,( �+ -/,�, H�
� -��/ �	

+ �(�C�

�3�()' R��   

      +�	��s� 1��96	�j8� ��-� ������ 1�	70� �C�	` F��* 1���  F���

 .��) �� �*�	7 ����	. Q;� $�#���� �	�';( L�	M 	7 ����0  
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 D��6-  ��1�C� �0���8 W1)* �( ��+ 4
�53 �$�/ �	

+ �(�C� 

  

     �I�� �����	% ��	
�� 1v��	
*� �� ��) F�;(� +�	��s� 0� ���]
*� �7

 1��� 1��?6	�j8� ��-� $��G;3 � ��;� ��7 $��8�4�@�� 1�� ��)

 �7 &0a .��) �� K�'-� ����0 F��� 0� �C�	` F��* 1��� D��?%�

 K�= 
;�= �7 �C�� �7 ��) �
%	6 	@� �� L��	� �� 
*� 	�t30 

 �C�	` 1�3����;� .��7 �3��` ��
�'� e�	< 0� ��7 $��8� �I��

�� !� � [���	� 1��� 0� �� ��3�8  ��12  L�	M ��	6 �
��* �C��

%� �	�';( 1��� +�	��s� � D3�� 0��� ���� ��;� 12	�� ���,� �D��?

�� ^�'U� �#;3 �� �
%�� D��?%� ?�� ����0 F��� 0� �C�	` � ��)�7

 �� ��� D��?%� �7 ��� .��) �� �
���	
��� J	A� D3�� f(�712  �C��

 � �
%�� D��?%� 0��� ���� ��;� 12	�� ���,� � ���7 
7�j �	�';( L�	M

1��� +�	��s� �� D3�� �C�	` F��* ����� 	@� �� &��� ��3 �� �7��

 1�� ����	���� �7 1���� 1��� �:�
� �� �12     .�) �3��` 4�@�� �C��  

         

2 -7-1-3-  -/,�, H�
� �+/ �	

+ �(�C�  

     ���,� 	3 1�0� �7 ����� �7 �C�� �7 K-� �� F��* �7� ���"7 ���,�

��;� ����	. ��7 !�?�� �u �7� �� 
*�7 �
*� 0��� ����$��8� �7 .��� 

 ���<�
-� �. 0� D�7 �.�	< 0� ��;� 	
�3 e�	< 0� ��7 0� �;� �I��

 F��� 0� 12	�� �. 0� D�7 H�	5
*� $��G;3 � ���?3	� �:�
� �� �
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)20(  

Total cost  = 378 × A/h[$] + 142.5 × N   × L[$]+ (Ptot + 
Aux+ELcom) × 0.008125 × 5.775[$] 

)21(  eta = qUseful / (Gt   × A) = mdot × Cp × (TO,sc-Ti,sc)/ (Gt ×  A)    

K�) 9 !� � ���3� +�	��s� !������ ��
�'� 
��� �7 J/
`� 1��� 

_�-� � 1��� F��* K��( ��
'� 4��,� 	7 !�?�� D7�� ��)��` �� 

!�	"� 
*� �� 0� \����� $�7 [���	� � L'
� 
*�7 ���� 
*�  .�� �� 

!� �7 1��?#��C F��	% !������ �� _�-� L'
� �U7�� 22 
*�7 �� ���.  

)22(  Total cost =378 × Gt   × A2/Cp (TO,sc-Ti,sc) [$] + 142.5  
N×L[$]+  (Ptot+Aux+ELcom)   × 0.00812 × 55.775[$] 

)23(  Total Cost  = a × A2/(TO,sc-Ti,sc) + b   × L + c  × Aux + c × 
Ptot 

)24(  Qtot = Qsc+ Qhp +Aux = 26000                         

)25(  Total cost   = a × A2/(TO,sc-Ti,sc) – d × A + b × L + c × 
Aux + c × Ptot + cte   
St :  TO,sc,Ti,sc , A , L , Aux ,Ptot >= 0  
A>=6.8 , L >= 43 
A<=13.5 , L <= 56.5 
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K�t  k	 7:���                                       A = 9.56, L = 52, N = 3  
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