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$%675$&7�
�
7HPSHUDWXUH�FRQWURO� V\VWHPV� IRU�EXLOGLQJ� WHQG�WR�EH�
PRUH� HIILFLHQW�� ,Q� WKLV� FRQWH[W�� WKH� DLU�WR�DLU�
WKHUPRHOHFWULF� KHDW� SXPS� �7+3�� ZLWK� DQ� HQHUJ\�
HIILFLHQW� EXLOGLQJ� LV� DQ� LQWHUHVWLQJ� DOWHUQDWLYH� WR�
FODVVLF�WKHUPRG\QDPLF�V\VWHP��,Q�WKH�VWXG\��ZH�IRFXV�
RQ�WKH�RSWLPDO�QXPEHU�RI�WKHUPRHOHFWULF�PRGXOHV�DQG�
WKH�RSWLPDO�HOHFWULFDO�FXUUHQW�IRU�WKUHH�VWDQGDUG�FDVHV�
RI� FRXSOLQJ�� �L�� WKH� 7+3� LV� FRXSOHG� WR� DQ�
H[KDXVW�VXSSO\� PHFKDQLFDO� YHQWLODWLRQ� V\VWHP�
�(6096����LL��WKH�7+3�LV�FRXSOHG�WR�DQ�(6096�DQG�
DQ� DLU�WR�DLU� KHDW� H[FKDQJHU�� DQG� �LLL�� WKH� 7+3� LV�
LQVWDOOHG� ZLWK� DQ� (6096� DQG� DQ� HDUWK�WR�DLU� KHDW�
H[FKDQJHU�LQ�WKUHH�GLIIHUHQW�FLWLHV�LQ�)UDQFH��7UDSSHV��
/D� 5RFKHOOH� DQG� 1LFH��� 7KH� SHUIRUPDQFH� LV�
TXDQWLILHG� XVLQJ� WZR� GLIIHUHQW� &23� GHILQLWLRQV��
SHUIRUPDQFH�RI�7+3�RQO\� �&23+3��DQG�SHUIRUPDQFH�
RI�7+3� FRXSOHG� WR� HQHUJ\� HIILFLHQW� EXLOGLQJ� �&23X��
ZLWK�VHDVRQDO�FRQGLWLRQV�� �
:H� VKRZ� WKDW� IRU� HDFK� FRXSOLQJ� FDVH� DQG� HDFK�
FOLPDWH�� DQ� RSWLPDO� QXPEHU� RI� PRGXOHV� H[LVWV�� ,W�
JLYHV�WKH�PD[LPXP�SHUIRUPDQFH�RI�WKH�7+3�DQG�FDQ�
EH�DSSURDFKHG�IRU�D�JLYHQ�VHW�RI�RSHUDWLQJ�FRQGLWLRQV��
E\� VLPSO\� DGDSWLQJ� WKH� HOHFWULF� FXUUHQW� IRU� HDFK�
FRQGLWLRQ�� 7KLV� PHWKRG� DOORZV� DFKLHYLQJ� WKH�
PD[LPXP� SHUIRUPDQFH� DQG� UHGXFLQJ� WKH� PDWHULDOV�
FRVW� FRPSDUHG� WR� WKH� FODVVLFDO� GHVLJQ� EDVHG� RQ�
QRPLQDO�FRQGLWLRQV�� �
�

���,1752'8&7,21�
�
7KH�RSHUDWLRQ�RI� WKHUPRHOHFWULF�KHDW�SXPS��7+3�� LV�
EDVHG�RQ�3HOWLHU�HIIHFW�WR�SURGXFW�FROG�DQG�KRW�IOX[HV�
E\� VXSSO\LQJ� DQ� HOHFWULFDO� FXUUHQW�� ZKLFK� OHDGV� WR�
SXPS� WKHUPDO� SRZHU� IURP� WKH� FROG� VLGH� WR� WKH� KRW�
VLGH� >-&$�� 3��� ����@�� 7+3� VKRZV� PDQ\� DGYDQWDJHV�
FRPSDUHG� WR� VWDQGDUGV� KHDWLQJ� V\VWHPV� >%�-�� +XDQJ�
HW�DO�������@��QR�PRYLQJ�SDUWV��ORZ�PDLQWHQDQFH�FRVW�
DQG� KLJK� UHOLDELOLW\�� $FFRUGLQJ� WR� 5RZH� >5RZH� '��
0������@� WKH� 7+3� LV� FRPSHWLWLYH� LQ� WHUPV� RI�
SHUIRUPDQFH� ZKHQ� WKH� WHPSHUDWXUH� GLIIHUHQFH�
EHWZHHQ�VRXUFHV�RI�WKH�WKHUPRHOHFWULF�PRGXOH��7(0��
LV�PLQLPL]HG�DV�LW�FRXOG�EH�LQ�D�EXLOGLQJ�>;��;X�HW�DO���
����@�DQG�HVSHFLDOO\�IRU�DQ�HIILFLHQW�EXLOGLQJ�� �

�
5HFHQWO\��&RVQLHU�HW�DO��>0�&RVQLHU�����@�DQG�/L�>/L��
7���HW�DO�����@�VWXGLHG�D�V\VWHP� WKDW�FRROV�RU�ZDUPV�
DLUIORZ� LQ� D� EXLOGLQJ� E\� PHDQV� RI� WKHUPRHOHFWULF�
PRGXOHV��([SHULPHQWDO�UHVXOWV� VKRZHG� WKDW�D�&23+3�
KLJKHU� WKDQ� ���� FDQ� EH� UHDFKHG� LQ� DQ� DLU�FRROLQJ�
PRGH� ZLWK� D� ORZ� WHPSHUDWXUH� GLIIHUHQFH� ��±���&���
7KH�KHDWLQJ�&23+3�UHSRUWHG�LQ�/L�HW�DO�� >/L��7���HW�DO�
����@� LV� RYHU� ���� ZLWK� D� 7+3� DVVRFLDWHG� ZLWK� DQ�
H[KDXVW�VXSSO\� PHFKDQLFDO� YHQWLODWLRQ� V\VWHP� DQG� D�
VWDEOH�RXWVLGH�WHPSHUDWXUH���±��&���
�
7KH�JRDO�RI� WKLV� VWXG\�ZDV� WR�GHWHUPLQH� WKH�RSWLPDO�
GHVLJQ�DQG�RSHUDWLQJ�FRQGLWLRQV�RI�DQ�DLU�WR�DLU�7+3�
FRXSOHG� WR� HQHUJ\�HIILFLHQW� EXLOGLQJV� ZLWK� D�
PHFKDQLFDO� YHQWLODWLRQ� V\VWHP�� 3DUWLFXODU� DWWHQWLRQ�
KDV� WR� EH� SDLG� WR� WKH� GHILQLWLRQ� RI� WKH� &23��
TXDQWLI\LQJ� WKH� 7+3� SHUIRUPDQFH�� ZKLFK� FDQ� EH�
GHILQHG� LQ�GLIIHUHQW�ZD\V��:H�FRQVLGHU�DQG�FRPSDUH�
WKH� IROORZLQJ� GHILQLWLRQV�� &23+3�DV� LW� UHODWHV� WR� WKH�
7+3� DQG� &23X� DV� LW� UHODWHV� WR� WKH� XVHIXO� HQHUJ\�
WUDQVIHUUHG�WR�WKH�EXLOGLQJ��7KHVH�WZR�GHILQLWLRQV�OHDG�
WR� GLIIHUHQW� YDOXHV� DV� WKH� DLU� ORRS� LV� RSHQHG� WR� WKH�
DPELHQW�VXUURXQGLQJ��
:H� FRQVLGHU� WKUHH� FDVHV� RI� FRXSOLQJ� ZLWK� GLIIHUHQW�
KHDW� UHFRYHU\� V\VWHPV� ZLWK� DQ� H[KDXVW�VXSSO\�
PHFKDQLFDO� YHQWLODWLRQ� V\VWHP� �(6096�� DQG� WKUHH�
GLIIHUHQW� )UHQFK� JHRJUDSKLHV� ZLWK� �IURP� FROGHVW� WR�
KRWWHVW�FOLPDWH���7UDSSHV��/D�5RFKHOOH�DQG�1LFH��7KH�
QXPEHU� RI� PRGXOHV� DQG� WKH� FRUUHVSRQGLQJ� RSWLPDO�
HOHFWULFDO� FXUUHQW� DUH� RSWLPL]HG� WR� PHHW� WKH� SRZHU�
UHTXLUHG� LQ� WKH� EXLOGLQJ� LQ� UHODWLRQ� WR� WKH� RXWVLGH�
WHPSHUDWXUH��LQ�RUGHU�WR�PD[LPL]H�WKH�&23�� �
7KHVH� SHUIRUPDQFHV� DUH� DOVR� FRPSDUHG� WR� WKRVH�
REWDLQHG� FRQVLGHULQJ� WKH� FODVVLFDO� GHVLJQ� PHWKRG��
EDVHG�RQ�LQVWDQWDQHRXV�QRPLQDO�FRQGLWLRQV��
�

���6<67(0�
�
�
�
�
�

�
)LJXUH���6FKHPD�RI�WKH�WKHUPRHOHFWULF�HOHPHQW�

FRXSOHG�WR�KHDW�H[FKDQJHU��

Proceedings of BS2013: 
13th Conference of International Building Performance Simulation Association, Chambéry, France, August 26-28

- 1110 -



7KH� V\VWHP� VWXGLHG� LQ� WKLV� ZRUN� LV� FRPSRVHG� RI� D�
7+3��PDGH�XS�RI�WKHUPRHOHFWULF�PRGXOHV��FRXSOHG�WR�
KHDW� H[FKDQJHUV�� DV� VKRZQ� LQ� )LJXUH� ��� 7KH� 7+3�
SURYLGHV�KHDWLQJ�FRROLQJ� IOX[HV�DQG�LV�FRXSOHG� WR�DQ�
HQHUJ\�HIILFLHQW�EXLOGLQJ��
�

����7KHUPRHOHFWULF�+HDW�3XPS��7+3��
�

 0RGHOOLQJ�WKH�WKHUPRHOHFWULF�HOHPHQWV�
7KH�RSHUDWLRQ�RI�D�WKHUPRHOHFWULF�HOHPHQW��7(���ZLWK�
Q� SDLUV� RI� WKHUPRHOHFWULF� OHJV�� LV� GHVFULEHG� LQ� D�
VWDQGDUG�VLPSOH�PHWKRG�WKDW�LPSOLHV�3HOWLHU�DQG�-RXOH�
HIIHFWV�DQG� WKHUPDO�FRQGXFWLRQ��7KH� IOX[HV�DEVRUEHG�
�4F�� DQG� GLVVLSDWHG� �4K�� E\� D� 7(� DUH� ZULWWHQ�
DFFRUGLQJ�WR�HTXDWLRQV�����DQG�����>5RZH�'��0�����@�� �
�

4F �QÂ�ĮÂ,Â7F����Â5Â,��.Â¨7�� ����

4K �QÂ�ĮÂ,Â7K����Â5Â,��.Â¨7�� ����
7KH� SDUDPHWHUV� Į�� 5�� DQG� .� DUH�� UHVSHFWLYHO\�� WKH�
6HHEHFN�FRHIILFLHQW��WKH�HOHFWULFDO�UHVLVWDQFH��DQG�WKH�
WKHUPDO� FRQGXFWDQFH� RI� WKH� 7(� OHJV� DW� WKH� PHDQ�
WHPSHUDWXUH�� ZLWK� 7K� DQG�7F� WKH� WHPSHUDWXUHV� RI� WKH�
WKHUPRHOHFWULF� MXQFWLRQ� RQ� WKH� KRW� DQG� FROG� VLGHV�
UHVSHFWLYHO\��
7KH� HOHFWULFDO� SRZHU� 3HOHF� LV� WKH� GLIIHUHQFH� EHWZHHQ�
WKHVH�WZR�KHDW�IOX[HV��

3HOHF 4K�4F �QÂ�ĮÂ,Â¨7��5Â,��� ����
7KH� DQDO\WLFDO� H[SUHVVLRQ� RI� WKH� 7(� PDWHULDO�
FKDUDFWHULVWLF� %L�7H�� >*�)UDLVVH����@�� DQG� WKH�
JHRPHWU\� RI� WKH� PRGXOH� �UHI�� ������������� %��
)HUURWHF�� >)HUURWHF@� DUH� SURYLGHG� LQ� 7DEOH� �� IRU� D�
7(0�� � � �
'(6&5,37,21� 9$/8(�

'LPHQVLRQ�RI�
3HOWLHU�PRGXOH�

��î��î������PP���

1XPEHU�RI�SDLUV�
RI�OHJV� �

��������

(OHFWULFDO�
UHVLVWLYLW\�RI�D�OHJ�

�����������Â7P�������Â7Pð�Â��í���
�ȍ�P�� �

6HHEHFN�
FRHIILFLHQW�

�������������Â7P�������Â7Pð��
��í�� � �9�.����

7KHUPDO�
FRQGXFWLYLW\�RI�D�

OHJ�

�������±
�����Â7P�������Â7Pð�Â��í�� �

�:�P���.����
7DEOH����&KDUDFWHULVWLFV�RI�WKH�7(0�

�
7KH�IOXLG� IORZ� LQ�WKH�KHDW�H[FKDQJHUV�DOVR� UHVXOWV�LQ�
SUHVVXUH� GURS� WKDW�PXVW� EH� FRXQWHUHG� E\� FLUFXODWLRQ�
DX[LOLDU\�� :H� WKXV� GHILQH� WKH� &23� RI� WKH� 7+3� DV�
IROORZV�� �

IDQHOHF

K
+3 33

4&23



�

����

&RQVXPSWLRQ�RI�HOHFWULFDO�FLUFXODWLRQ�DX[LOLDU\�3IDQ�LV�
LQFOXGHG� LQ� WKHVH� FDOFXODWLRQV�� ZLWK� 3IDQ� VHW� WR� ����
�:�K�Pí���LQ�WKLV�VWXG\�IRU�HDFK�IDQ��7KH�YDOXH�RI�3IDQ�
GHSHQGV� RQ� WKH� KRXVH� YROXPH�� 7KH� YDOXH� RI� 3IDQ�

FRUUHVSRQGV� WR� WKH�KLJK�SHUIRUPDQFH� YDOXH� JLYHQ� E\�
WKH�(6096�PDQXIDFWXUHU�� �
)LJXUH� �� SORWV� WKH� YDULDWLRQ� RI�&23+3� GHSHQGLQJ� RQ�
WKH� QXPEHU� RI� PRGXOHV� LQ� WKH� 7+3� DQG� WKH�
WHPSHUDWXUH� GLIIHUHQFH�¨7� EHWZHHQ� WKH�KRW� DQG� FROG�
VLGHV�RI�WKH�PRGXOH��7KH�HOHFWULFDO�FXUUHQW�LV�DGDSWHG�
WR�UHDFK�D�ORDG�RI�4K �����:��
�

�
)LJXUH����&23+3��GHSHQGLQJ�RQ�1PRG�DQG�

WHPSHUDWXUH�GLIIHUHQFH��ZLWK�7K ����.��4K �����:�� �
�
$V�VKRZQ�LQ�)LJXUH����IRU�DQ\�WHPSHUDWXUH�GLIIHUHQFH��
D� QXPEHU� RI� WKHUPRHOHFWULF� PRGXOHV� H[LVWV� �1PRG���
OHDGLQJ�WR�WKH�PD[LPDO�&23+3�IRU�D�JLYHQ�KRW�SRZHU�
4K� DQG�D�JLYHQ�3IDQ��$V�H[SHFWHG��WKH�PD[LPDO�&23�
YDOXH� GHFUHDVHV� DV� WKH� WHPSHUDWXUH� GLIIHUHQFH� ¨7�
LQFUHDVHV�� 7KH� RSWLPDO� QXPEHU� RI� PRGXOHV� 1PRGRSW�
DOVR� GHFUHDVHV� DV� WKH� ¨7� LQFUHDVHV�� 7KDW� LV�� WKH�
RSWLPDO� QXPEHU� RI� PRGXOHV� 1PRGRSW� DQG� WKH�
FRUUHVSRQGLQJ� RSWLPDO�&23+3� DUH�PDLQO\� VHW� E\� WKH�
WHPSHUDWXUH�GLIIHUHQFH�¨7�DQG�WKH�ORDG�4K�� �
�

 &RXSOLQJ�WR�WKH�KHDW�H[FKDQJHUV�
7KH� KHDW� VLQNV�� FRXSOHG� RQ� HDFK� VLGH� RI� WKH�
WKHUPRHOHFWULF� PRGXOHV� WR� WUDQVIHU� KHDW� IURP� WKH�
VRXUFHV�WR�WKH�7+3��FRQVWLWXWH�WKH�VHFRQG�HOHPHQW�RI�
WKH�7+3��7KHVH�KHDW�VLQNV�DUH�GHVLJQHG�WR�UHGXFH�WKH�
WHPSHUDWXUH�GLIIHUHQFH�� IRU�HDFK�VRXUFH��EHWZHHQ� WKH�
PHDQ� WHPSHUDWXUH�RI� WKH�VRXUFH�DQG�WKH� WHPSHUDWXUH�
RI� WKH� WKHUPRHOHFWULF� KHDW� VLQNV� RI� WKH� KRW� DQG� FROG�
VLGHV�� L�H��� LW� UHGXFHV� WKH� � WKHUPDO� UHVLVWDQFH� RI� WKH�
KHDW� VLQNV�� ,Q�RXU�VWXG\�� WKHUPDO�UHVLVWDQFH�5WK� LV� VHW�
WR�������>.�:@�DFFRUGLQJ�WR�VLPXODWLRQ�UHVXOWV�RI�DQ�
LPSLQJLQJ�MHW�KHDW�H[FKDQJHU�>6��9��*DULPHOOD������@�� �
�

����&RXSOLQJ�7+3�WR�D�EXLOGLQJ�
7KH� UHIHUHQFH� EXLOGLQJ� XVHG� LQ� WKLV� ZRUN� LV� DQ�
HIILFLHQW�HQHUJ\� EXLOGLQJ� QDPHG� ,1&$6� KRXVH�
ORFDWHG� LQ� WKH� VLWH� RI� ,1(6� �/
,QVWLWXW� 1DWLRQDO� GH�
O
(QHUJLH�6RODLUH��DW�%RXUJHW�GX�/DF��7KH� VXUIDFH� RI�
WKH� EXLOGLQJ� FRQVLGHUHG� LV� 6E� ����� P�� DQG� LW� KDV� D�
KHLJKW� RI� ���� P� �WZR� IORRUV��� 7KH� GLIIHUHQW� 7+3�
FRXSOLQJ�FDVHV�DUH�SUHVHQWHG�LQ�WKLV�VHFWLRQ��
�
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2.2.1 Configurations 
7KH�GLIIHUHQW�7+3� FRXSOLQJ� FDVHV� DUH� VKRZQ� LQ�

)LJXUH� �����DQG� ���1RWH� WKDW� LQ�DOO� WKH� FDVHV� VWXGLHG�
KHUH��WKH�RXWVLGH�IUHVK�DLU�IORZ�UDWH�ĲIUHVK�LV�VHW�WR�����
$&+� �WKLV� OHYHO� DOORZV� VXIILFLHQW� DLU� UHQHZDO� IRU�
KHDOWK� FRQVLGHUDWLRQV���7KHQ� IUHVK� DLU� IORZ� ĲIUHVK� DQG�
UHF\FOHG�DLU�IORZ�ĲUHF�DUH�PL[HG��7KH�WRWDO�VXSSO\�IORZ�
UDWH�ĲV�LV�VHW�DW���$&+������P��K�����

�
 &DVH����(6096�

7KH� GHWDLOHG� LQIRUPDWLRQ� RI� WKH� FRXSOLQJ� EHWZHHQ� D�
7+3�DQG�D�EXLOGLQJ�IRU�FDVH���LV�VKRZQ�LQ�)LJXUH���� �
2Q� WKH� KRW� VLGH�� WKH� IUHVK� DLU� RI� WKH� 7+3� LV� WDNHQ�
GLUHFWO\� IURP� WKH� RXWVLGH� RI� WKH� EXLOGLQJ� EHIRUH�
PL[LQJ� ZLWK� UHF\FOHG� DLU�� 2Q� WKH� FROG� VLGH�� WKH�
H[KDXVW� DLU� LV� PL[HG� ZLWK� D� IORZ� RI� RXWVLGH� DLU��
HQVXULQJ�EDODQFHG�IORZV�RQ�ERWK�VLGHV�RI�WKH�7+3��
�

�
)LJXUH���6FKHPD�RI�WKH�7+3�DVVRFLDWHG�ZLWK�DQ�
(6096�ZLWK�QR�UHF\FOLQJ�RI�H[KDXVW�DLU�DW�WKH�FROG�

VLGH�� �
�

 &DVH� ��� (6096� ZLWK� DLU�WR�DLU� KHDW�
H[FKDQJHU�

7KH� VHFRQG� FDVH� LV� DVVRFLDWHG� ZLWK� DQ� (6096�
FRXSOHG� WR� DQ� DLU�WR�DLU� KHDW� H[FKDQJHU�� 2Q� WKH� KRW�
VLGH�� WKH� IUHVK� DLU� RI� WKH� 7+3� LV� SUHKHDWHG� E\�
UHFRYHULQJ�KHDW� IURP� WKH�H[KDXVW�DLU� �)LJXUH�����7KH�
UHF\FOHG�DLU�DQG�SUHKHDWHG�DLU�DUH�VXEVHTXHQWO\�PL[HG��
7KLV�UHVXOWV�LQ�DQ�LQFUHDVH�LQ�WKH�PL[LQJ�WHPSHUDWXUH�
7PL[��DW�WKH�LQOHW�RI�WKH�7+3��2Q�WKH�FROG�VLGH�RI�WKH�
7+3��WKH�IORZ�RI�RXWVLGH�DLU�LV�DGMXVWHG�WR�EDODQFH�WKH�
IORZ�UDWHV�RQ�ERWK�VLGHV�RI�WKH�7+3��,Q�RXU�VWXG\��WKH�
HIILFLHQF\�RI�WKH�KHDW�H[FKDQJHU��Ș��LV�VHW�WR������ �

�
)LJXUH���6FKHPD�RI�WKH�7+3�LV�DVVRFLDWHG�ZLWK�DQ�
(6096�FRXSOHG�WR�DQ�DLU�WR�DLU�KHDW�H[FKDQJHU��

�
 &DVH� ��� (6096� ZLWK� HDUWK�WR�DLU� KHDW�

H[FKDQJHU�
7KH� ODVW� FDVH� LV� DVVRFLDWHG�ZLWK� DQ�(6096�FRXSOHG�
WR�DQ�HDUWK�WR�DLU�KHDW�H[FKDQJHU��7KH�IUHVK�DLU�RI�WKH�
7+3� LV� WDNHQ� GLUHFWO\� IURP� RXWVLGH� WKH� KRXVH�� DV� LQ�
WKH� ILUVW� FDVH�� +RZHYHU�� LI� WKH� RXWVLGH� WHPSHUDWXUH�
7RXW� LV�OHVV�WKDQ����&��DLU�IORZV�WKURXJK�WKH�HDUWK�WR�

DLU�KHDW�H[FKDQJHU�WR�UHDFK�D�FRQVWDQW�WHPSHUDWXUH�RI�
����&�� ,I� WKH� RXWVLGH� WHPSHUDWXUH� LV� ZDUPHU� WKDQ�
���&�� DLU� LV� WDNHQ� GLUHFWO\� IURP�RXWVLGH� �HDUWK�WR�DLU�
KHDW�H[FKDQJHU�QRQ�DFWLYH��� �

�
)LJXUH���6FKHPD�RI�WKH�7+3�LV�DVVRFLDWHG�ZLWK�DQ�
(6096�FRXSOHG�WR�DQ�HDUWK�WR�DLU�KHDW�H[FKDQJHU��

:H�FRQVLGHUHG�WKH�LQVLGH�WHPSHUDWXUH�LV�VHW�WR����&��
�

 &OLPDWHV�
7KH�V\VWHP�³7+3�,1&$6�KRXVH´� LV�SODFHG� LQ� WKUHH�
FLWLHV� LQ� )UDQFH� FRUUHVSRQGLQJ� WR� WKUHH� GLVWLQFW�
FOLPDWHV�� 7KHVH� FLWLHV� DUH�� 7UDSSHV� �]RQH� +���� /D�
5RFKHOOH� �]RQH� +��� DQG� 1LFH� �]RQH� +���� +�� LV� WKH�
DUHD�ZKHUH� WKH�FOLPDWH� LV�ZDUPHU��WKDW� LV�WR�VD\�� WKH�
KHDWLQJ�UHTXLUHPHQW�LV�ORZHU��
�

2.2.2�COP assessment 
7KH�JRDO� RI� WKLV� VWXG\� LV� WR� REWDLQ� WKH� EHVW� VHDVRQDO�
SHUIRUPDQFH� RI� D� 7+3� WR� KHDW� D� EXLOGLQJ� IRU� WKH�
KHDWLQJ� SHULRG�� 3HUIRUPDQFH� LV� TXDQWLILHG� XVLQJ� WKH�
&23��ZKLFK�FDQ�EH�GHILQHG�LQ�GLIIHUHQW�ZD\V��

� 7KH� &23+3V� WDNHV� LQWR� DFFRXQW� WKH� KRW�
SRZHU� RI� WKH�7+3�� QRUPDOL]HG� E\� WKH� WRWDO�
SRZHU� FRQVXPHG� E\� WKH� V\VWHP�� LQFOXGLQJ�
WKH�FRQVXPSWLRQ�RI�WKH�DX[LOLDU\�FLUFXODWLRQ�
IDQ��3IDQ�� �

� 7KH� &23XV� WDNHV� LQWR� DFFRXQW� WKH� SRZHU�
VXSSOLHG� WR� WKH� EXLOGLQJ�4X�� QRUPDOL]HG� E\�
WKH� WRWDO� HOHFWULFDO� SRZHU� FRQVXPHG� E\� WKH�
WKHUPRHOHFWULF�PRGXOHV�DQG�WKH�IDQV��

� 7KH�&23Q� � LV�UHODWLYH� WR� WKH�7+3�RQO\�ZLWK�
WKH�QRPLQDO�RSHUDWLQJ�FRQGLWLRQV�GHILQHG�LQ�
WKH� (XURSHDQ� VWDQGDUG� 1)� (1� ������ >1)�
(1������@�

�
7KHVH� &23� DUH� UHVSHFWLYHO\� GHVFULEHG� E\� WKH�
HTXDWLRQV����������DQG������DUH�� �
�
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�����0RGHOLQJ�
�
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�
�
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�
�
�
�
�
�
�
�
�
�
�

�
)LJXUH���0RGHOLQJ�DOJRULWKP�RI�WKH�FRXSOLQJ�7+3�LQ�
,1&$6�
7KH�GLIIHUHQW� FRXSOLQJ� FDVHV� DUH� FDOFXODWHG�ZLWK� WKH�
VRIWZDUHV�((6�DQG�7516<6��7516<6�VHWV�VSHFLILF�
KHDWLQJ� QHHGV� RI� WKH� EXLOGLQJ�4X� RI� ,1&$6� KRXVH��
GHSHQGLQJ� RQ� ZHDWKHU� FRQGLWLRQV� LQ� ZKLFK� LW� LV�
SODFHG�� :H� DVVXPH� WKDW� WKH� WKHUPDO� UHVLVWDQFHV��
ILJXUH� RI� PHULW�� SURSHUWLHV�� DQG� GLPHQVLRQV� RI� WKH�
WKHUPRHOHFWULF�OHJV�DUH�DOVR�NQRZQ�DQG�IL[HG��WDEOH����
2XWVLGH� WHPSHUDWXUH�� KHDWLQJ� SRZHU� RI� WKH� EXLOGLQJ��
DUH� XVHG� IRU� GDWD� LQSXW� WR� WKH�PRGHO�((6��7KHQ��ZH�
VHHN� WKH� RSWLPDO� QXPEHU� RI� PRGXOHV� DQG� WKH�
FRUUHVSRQGLQJ� HOHFWULFDO� FXUUHQW� QHHGHG� IRU� WKH�
KHDWLQJ�UHTXLUHPHQW�RI�EXLOGLQJ�4K��
�

���5(68/76�
�
�����1RPLQDO�&23�
7KH� SHUIRUPDQFHV� RI� WKH� GLIIHUHQW� FRXSOLQJ� FDVHV�
KDYH� WR� EH� FRPSDUHG� WR� WKRVH� GHGXFHG� IRU� WKH�
QRPLQDO� RSHUDWLQJ� FRQGLWLRQV� GHILQHG� LQ� WKH�
(XURSHDQ� VWDQGDUG� 1)� (1� ������� DV� UHIHUHQFH��
7KHUPRHOHFWULF� SURSHUWLHV�� WKH� DLU� IORZ� FRQVLGHUHG�
����P��K�� DQG� WKHUPDO� UHVLVWDQFHV� DUH� NHSW�
XQFKDQJHG�� )RU� WKH� 7+3� FRQVLGHUHG�� FDOFXODWLRQV�
JLYHV� 1PRG

Q ���� DQG� &23Q ����� $V� WKH� &23Q� LV�
UHODWLYH� WR� WKH� 7+3� RQO\�� WKLV� YDOXH� DQG� LWV�
FRUUHVSRQGLQJ� RSWLPDO� QXPEHU� RI� PRGXOHV� LV�
LQGHSHQGHQW� RI� WKH� FRXSOLQJ� FRQVLGHUHG�� DQG� WKXV�
FRQVWDQW�IRU�FDVHV���WR���� �
�

�����&RXSOLQJ�LQIOXHQFH�ZLWK�RSWLPDO�QXPEHU�RI�
PRGXOH�
:H� FRPSDUH� VHDVRQDO� SHUIRUPDQFHV� UHJDUGLQJ� WR�
GLIIHUHQW� PHWKRGV� WR� GHVLJQ� D� 7+3�� 7KH� VHDVRQDO�

SHUIRUPDQFH� IRU� WKH� WKUHH� GLIIHUHQW� ZHDWKHU�
FRQGLWLRQV�LV�FRQVLGHUHG�� �
7KLV� VWXG\� LQWURGXFHV� ERWK� VHDVRQDO� FRHIILFLHQW� RI�
SHUIRUPDQFH�&23V+3�DQG�&23VX�WR� WDNH�LQWR�DFFRXQW�
RXWVLGH�WHPSHUDWXUH�YDULDWLRQ�GXULQJ�WKH�FROG�VHDVRQ��
1RWH� WKDW�WKH�RSWLPDO�QXPEHU�RI�PRGXOHV� OHDGLQJ� WR�
PD[LPL]H� &23+3� LV� WKH� VDPH� ZKHQ� PD[LPL]LQJ�
&23X�� $FWXDOO\�� WKH� RSWLPDO� QXPEHU� RI� PRGXOHV�
1PRGRSW� LV� WKH� RQH� DOZD\V� OHDGLQJ� WR� D� PLQLPL]HG�
HOHFWULFDO� SRZHU�3HOHF��%HVLGHV��4K� DQG�4X� ERWK� YDU\�
OLQHDUO\� ZLWK� WKH� RXWVLGH� WHPSHUDWXUH�� 7KHUHIRUH�
1PRGRSW�LV�WKH�VDPH�IRU�&23V+3RSW�DV�IRU�&23VXRSW�� �
7R� FRPSDUH� WKH� SHUIRUPDQFH� GHJUDGDWLRQ� FRPSDUHG�
WR�WKH�LGHDO�FDVH�ZKHUH�WKH�QXPEHU�RI�PRGXOHV�FDQ�EH�
DGDSWHG� IRU�HDFK�WHPSHUDWXUH�FRQGLWLRQ��ZH�HVWLPDWH�
WKH� SHUIRUPDQFH� JDS� �3*�� EHWZHHQ� &23V+3� IRU� D�
IL[HG�QXPEHU�RI�PRGXOHV�DQG�&23V+3RSW�REWDLQHG� IRU�
D�YDULDEOH�RSWLPDO�QXPEHU�RI�PRGXOHV�GHSHQGLQJ�RQ�
WKH�RXWVLGH�WHPSHUDWXUH��
�

� ����
�
�
7KH� IROORZLQJ� ILJXUH� SORWV� WKH� 3*� EHWZHHQ� &23V+3�
DQG�&23V+3RSW�IRU�WKH�GLIIHUHQW�FDVHV�� �
�

�
)LJXUH���&23V+3�DQG�&23V+3RSW�SHUIRUPDQFH�JDS�LQ�

WKH�FLW\�RI�7UDSSHV�DFFRUGLQJ�WR�WKH�GLIIHUHQW�
FRXSOLQJ�FDVHV��

7KHVH�3*�YDOXHV�PDNH�LW�SRVVLEOH�WR�ILQG�WKH�RSWLPDO�
QXPEHU� RI� PRGXOHV� DFFRUGLQJ� WR� VHDVRQDO�
SHUIRUPDQFHV� RI� WKH� 7+3� FRXSOHG� WR� WKH� EXLOGLQJ��
7KH�RSWLPDO�QXPEHU�RI�PRGXOHV�LV�GHGXFHG�ZKHQ�WKH�
3*�LV�PLQLPDO��WKDW�LV�WR�VD\��ZKHQ�WKH�SHUIRUPDQFHV�
DUH� WKH� FORVHVW� WR� WKH� LGHDO� FDVH�� ZLWK� D� QXPEHU� RI�
PRGXOHV� YDU\LQJ� ZLWK� WKH� RXWVLGH� WHPSHUDWXUH��
)LJXUH��VKRZV� WKDW�WKH�RSWLPDO�QXPEHUV�RI�PRGXOHV�
DUH���������DQG����IRU�FDVHV�������DQG����UHVSHFWLYHO\��
7KH� ORZ� YDOXHV� RI� 3*� UHSRUWHG� PHDQV� WKDW� WKH�
VHDVRQDO� SHUIRUPDQFH� GHJUDGDWLRQV� DUH� ORZ� ZKHQ�
VHOHFWLQJ� WKH� DSSURSULDWH� QXPEHU� RI� PRGXOHV�� :H�
DOVR�QRWH� WKDW� HDFK� FRXSOLQJ�QHHGV� GLIIHUHQW�QXPEHU�
RI� PRGXOHV�� 7KHUH� DUH� WZR� UHDVRQV� IRU� GLIIHUHQW�
QXPEHU�RI�PRGXOH��)LUVW�� WKHUH� LV�DQ� LQIOXHQFH�RI�4K�
YDU\LQJ� ZLWK� WKH� GLIIHUHQW� FDVHV� FRQVLGHUHG� �LQ� WKLV�
FDVH� 4K� KDV� VPDOO� YDULDWLRQV��� 6HFRQGO\�� WKH�
WHPSHUDWXUH� GLIIHUHQFH� EHWZHHQ� WKH� WZR� VLGHV� RI� WKH�

PRG PRG

PRG

� � � � ��
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WKHUPRHOHFWULF� V\VWHP� DIIHFWV� WKH� RSWLPDO�QXPEHU� RI�
PRGXOHV��DV� VKRZQ� LQ�)LJXUH����:KHQ�¨7� LQFUHDVHV��
WKH� RSWLPDO� HOHFWULFDO� FXUUHQW� DOVR� LQFUHDVHV�� WKXV�
UHVXOWLQJ� LQ� D� GHFUHDVH� RI� WKH� RSWLPDO� QXPEHU� RI�
PRGXOHV��7KHUHIRUH�� FDVH� �� UHTXLUHV� IHZHU�PRGXOHV��
7KDW� PHDQV� WKDW� WKH� VL]LQJ� RI� WKH� 7+3� FDQQRW� EH�
GHGXFHG�HDVLO\�IURP�WKH�QRPLQDO�FRQGLWLRQV��
7KH� SHUIRUPDQFH� JDS� UHVXOWLQJ� LQ� D� VL]LQJ� EDVHG� RQ�
QRPLQDO� FRQGLWLRQV� LV� DOVR� VKRZQ� LQ� )LJXUH� �� �IRU�
1PRG �����IRU�DQ\�FRXSOLQJ�FDVH�� �
:H� FRPSDUH� WKH� VHDVRQDO� &23� IRU� WKH� KHDW� SXPS�
REWDLQHG�ZLWK�WKUHH�GLIIHUHQW�VL]LQJ�PHWKRGV��1PRG�LQ�
LGHDO� FDVH� �1PRG� LV� YDULDEOH� IRU� HDFK� 7RXW��� 1PRG

RSW�
GHWHUPLQHG� ZLWK� RXU� PHWKRG� �1PRG

RSW� LV� GHWHUPLQHG�
IRU� HDFK� FDVH� ZLWK� ILJXUH� ��� DQG� QRPLQDO� 1PRG

Q�
�DFFRUGLQJ�WR� WKH�QRPLQDO�FRQGLWLRQV���9DULDWLRQV�RQ�
WKH� QXPEHU� RI� PRGXOHV� IRU� WKH� GLIIHUHQW� GHVLJQ�
DSSURDFK�DUH�FDOFXODWHG�DV�IROORZ��
�

� ����
�
$FFRUGLQJ�WR� WKH�UHVXOWV��RXU�GHVLJQ�PHWKRG� OHDGV� WR�
YDOXHV� RI� &23V+3� FORVH� WR� WKRVH� REWDLQHG� IURP� WKH�
LGHDO�FDVH�1PRG��7KH�PD[LPXP�3*�LV������LQ�FDVH����
:H� DOVR� VKRZ� WKDW� WKHUH� LV� D� VOLJKW� GLIIHUHQFH�
EHWZHHQ� WKH� LGHDO� FDVH� DQG� WKH� QRPLQDO� FDVH� IRU�
&23V+3�� 7KH� SHUIRUPDQFHV� FRXOG� EH� LPSURYHG� E\�
�����IRU�FDVH���������IRU�FDVH���DQG������IRU�FDVH���
LI� WKH� QXPEHU� RI�PRGXOHV� LV� RSWLPL]HG�� %HVLGH�� WKLV�
RSWLPL]DWLRQ� DOVR� OHDGV� WR� D� ODUJH� UHGXFWLRQ� RI� WKH�
PRGXOH�TXDQWLW\�E\������IRU�FDVH���������IRU�FDVH���
DQG�����IRU�FDVH���FRPSDUHG�WR�QRPLQDO�FRQGLWLRQV��
�

�����,QIOXHQFH�RI�WKH�FOLPDWH�ZLWK�RSWLPDO�QXPEHU�
RI�PRGXOH�
)LJXUH� �� VKRZV� SHUIRUPDQFH� JDS� IRU� GLIIHUHQW�
FOLPDWHV��FLW\�RI�7UDSSHV��/D�5RFKHOOH�DQG�1LFH��ZLWK�
FRXSOLQJ�FDVH����(YHQ�LI�FOLPDWH�EHWZHHQ�WKHVH�WKUHH�
FLWLHV�LV�VOLJKWO\�GLIIHUHQW��3*�LV�VLPLODU�ZKDWHYHU�WKH�
QXPEHU�RI�PRGXOH��0RUHRYHU��WKH�RSWLPDO�QXPEHU�RI�
PRGXOHV�LV�WKH�VDPH�IRU�WKH�WKUHH�FLWLHV��
7KH� SRZHU� QHHGHG� 4K� DQG� ¨7� DUH� VPDOO� ZKHQ� WKH�
FOLPDWH�LV�ZDUP� OLNH� LQ�1LFH��:KHQ�4K� LV� VPDOO��ZH�
QHHG� OHVV�1PRG�� )XUWKHUPRUH�� ZKHQ� ¨7� LV� VPDOO�� ZH�
QHHG�PRUH�1PRG��)LQDOO\��ZH�QHHG� WKH�VDPH�UDQJH�RI�
RSWLPDO�QXPEHU�RI�PRGXOH�IRU�WKH�WKUHH�FLWLHV��6R�ZH�
FDQ�FRQFOXGH�WKDW��WKH�RSWLPDO�QXPEHU�RI�PRGXOHV�LV�
PRUH�LQIOXHQFHG�E\�WKH�FRXSOLQJ�FDVHV��
:H�DOVR�VKRZ�WKDW�WKH�SHUIRUPDQFH�JDS�LV�VOLJKWO\�WKH�
VDPH��������IRU�FDVHV������DQG����,Q�DGGLWLRQ��ZH�FDQ�
VHH�WKDW�WKH�SHUIRUPDQFH�FRXOG�EH�LPSURYHG�E\�������
7KH�PRGXOH�TXDQWLW\�LV�DOVR�ODUJHO\�UHGXFHG�E\������
IRU� WKH� WKUHH� VWXGLHG� FLWLHV� RI� 7UDSSHV�� /D� 5RFKHOOH�
DQG�1LFH�FRPSDUHG�WR�QRPLQDO�FRQGLWLRQV��
�

�
)LJXUH���&23V+3�DQG�&23V+3RSW�SHUIRUPDQFH�JDS�LQ�

FDVH���IRU�WKH�GLIIHUHQW�FLWLHV��
�

�����,QIOXHQFH�RI�&23�
:LWK� WKH� RSWLPDO� QXPEHU� RI� PRGXOHV� IRU� HDFK�
FRXSOLQJ� DQG� GLIIHUHQW� FOLPDWHV�� ZH� REWDLQ� WKH�
&23V+3�DQG�&23VX�IRU�ZLQWHU�VHDVRQ��
)LJXUH� �� FRPSDUHV� WKH� &23V+3� ZLWK� WKH� RSWLPDO�
QXPEHU� RI� PRGXOHV��:H� QRWH� WKDW� 7+3� LV� WKH� PRVW�
HIILFLHQW� IRU�1LFH�� WKH�KRWWHVW� FOLPDWH��:KHQ�RXWVLGH�
WHPSHUDWXUH� LV� KLJK�� WKH� WHPSHUDWXUH� GLIIHUHQFH�
EHWZHHQ�FROG�DQG�KRW�VLGH�RI�7+3�LV�ORZ��UHVXOWLQJ�LQ�
D� KLJK� SHUIRUPDQFH� RI� 7+3�� 7KH� FRXSOLQJ� FDVH� ���
ZLWK� HDUWK�WR�DLU� KHDW� H[FKDQJHU�� KHOS� WR� UHGXFH� WKH�
GLIIHUHQFH� WHPSHUDWXUH� RQ� ERWK� VLGHV� RI� WKH� PRGXOH�
7+3� ZKHQ� WKH� RXWVLGH� WHPSHUDWXUH� LV� ORZHU� WKDQ�
���&� �HDUWK�WR�DLU� KHDW� H[FKDQJHU� DFWLYH��� DQG� WKLV�
GLIIHUHQFH� LV� WR� HTXDO� WKRVH� RI� FDVH� ��� ZKHQ� WKH�
RXWVLGH� WHPSHUDWXUH�LV�KLJKHU� WKDQ����&��HDUWK�WR�DLU�
KHDW�H[FKDQJHU�QRQ�DFWLYH���
�
�
�
�
�
�
�
�
�

)
LJXUH���&RPSDULVRQ�RI�&23+3�IRU�GLIIHUHQW�FOLPDWHV�

DQG�WKH�WKUHH�FRXSOLQJ�FDVHV�
%HVLGHV��FDVH���LV� OHVV�HIILFLHQW�WKDQ�FDVH����EHFDXVH�
WKH� H[KDXVW� DLU� IORZ� LV� PL[HG� ZLWK� IUHVK� DLU� RQ� WKH�
FROG�VLGH�LQ�FDVH����ZKHUHDV�WKH�H[KDXVW�DLU�LV�XVHG�WR�
SUHKHDW� WKH� IUHVK� DLU� RI� WKH� KRW� VLGH� DQG� IUHVK� DLU� LV�
GLUHFWO\�XVHG�IRU�WKH�FROG�VLGH�LQ�FDVH����7KH�FROG�VLGH�
QR� ORQJHU� UHFHLYHV� EHQHILWV� IURP�KHDW� JDLQ� SURYLGHG�
E\� WKH� H[KDXVW� DLU� LQ� FDVH� ��� )RU� WKLV� UHDVRQ�� WKH�
WHPSHUDWXUH� GLIIHUHQFH� EHWZHHQ� WKH� WZR� VLGHV� RI� WKH�
7(0�EHFRPHV�KLJKHU�WKDQ�WKDW�RI�FDVH����7KHUHIRUH��
&23V+3�GHFUHDVHV�LQ�FDVH���FRPSDUHG�WR�FDVH���� �
�
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6R�� FRQVLGHULQJ� &23V+3�� WKH� FLW\� RI� 1LFH� ZLWK�
FRXSOLQJ� FDVH� �� VKRZV� WKH� EHVW� SHUIRUPDQFH� ZLWK�
&23+3�XS�WR������
�
6LPLODUO\�� ZH� HYDOXDWHG� &23VX� ZKLFK� WDNHV� LQWR�
DFFRXQW�WKH�SRZHU�VXSSOLHG�WR�WKH�EXLOGLQJ�4X��)LJXUH�
���VKRZV�WKDW�WKH�WHQGHQFLHV�GHGXFH�IURP�&23V+3�DUH�
GLIIHUHQW�� 7KH� &23VX� LV� PXFK� VPDOOHU� WKDQ� &23V+3��
7KLV� LV� EHFDXVH� WKH� UHIHUHQFH� V\VWHP� LV� GLIIHUHQW��
+HUH��4X�WDNHV�LQWR�DFFRXQW�����$&+�RI�IUHVK�DLU�VR�LW�
LV� ORZHU� WKDQ� 4K�� ,Q� 1LFH�� FDVH� �� VKRZV� SRRU�
SHUIRUPDQFH�FRPSDUHG�ZLWK�FDVH���DQG���GXH� WR� WKH�
FRQVXPSWLRQ�RI�DLU�VXSSO\�V\VWHP�3IDQ��$FWXDOO\��3IDQ� �
LV� D� IL[HG� YDOXH� ZKDWHYHU� WKH� FOLPDWH�� VR� ZKHQ� WKH�
RXWVLGH� WHPSHUDWXUH� LV� KLJK�� WKH� YDOXH� RI� 3IDQ� LV�
RYHUHVWLPDWHG�� UHVXOWLQJ� LQ� D� GHFUHDVH� RI� WKH� V\VWHP�
SHUIRUPDQFH�&23VX��
�
�
�
�
�
�
�
�
�
�

�
)LJXUH����&RPSDULVRQ�RI�&23X�IRU�GLIIHUHQW�FOLPDWHV�

DQG�WKH�WKUHH�FRXSOLQJ�FDVHV�
�
7KH�FRXSOLQJ�WR�DQ�DLU�WR�HDUWK�RU�DLU�WR�DLU�H[KDQJHU�
DOORZV� WR� UHGXFH� 7+3� FRQVXPSWLRQ� SDUW�� OHDGLQJ� WR�
LPSURYH�&23X�IRU�FRXSOLQJ�FDVH���DQG����
,Q�EHVW�FRQGLWLRQV��D�&23X�RI�����FDQ�EH�UHDFKHG�ZLWK�
WKH�FRXSOLQJ���DW�7UDSSHV��
�

&21&/86,21�
7KH�JRDO�RI� WKLV� VWXG\�ZDV� WR�GHWHUPLQH� WKH�RSWLPDO�
QXPEHU� RI� WKHUPRHOHFWULF� PRGXOHV� DQG� WKH� RSWLPDO�
HOHFWULFDO� FXUUHQW� RI� D� 7+3� FRXSOHG� WR� DQ� HQHUJ\��
HIILFLHQW� EXLOGLQJ�� 7KUHH� VHOHFWHG� FDVHV� RI� FRXSOLQJ�
ZLWK� GLIIHUHQW�KHDW� UHFRYHU\� V\VWHPV� DUH� FRQVLGHUHG��
DQ� DLU�WR�DLU� KHDW� H[FKDQJHU�� DQ� HDUWK�WR�DLU� KHDW�
H[FKDQJHU�� DQG� QR� DGGLWLRQDO� KHDW� H[FKDQJHU�
DVVRFLDWHG� ZLWK� DQ� H[KDXVW�VXSSO\� PHFKDQLFDO�
YHQWLODWLRQ� V\VWHP� �(6096��� 7KHVH� FRXSOLQJ� FDVHV�
DUH� � DOVR�VWXGLHG� � IRU�GLIIHUHQW�)UHQFK�FLWLHV��
,W� KDV� EHHQ� VKRZQ� WKDW� IRU� DOO� FDVHV�� DQ� RSWLPDO�
QXPEHU� RI� PRGXOHV� H[LVWV� WR� DSSURDFK� WKH� VHDVRQDO�
RSWLPDO� &23+3�&23X�� UHJDUGOHVV� RI� WKH� RSHUDWLQJ�
FRQGLWLRQV��E\�VLPSO\�DGDSWLQJ�WKH�HOHFWULFDO�FXUUHQW��
7KH� RSWLPDO� QXPEHU� RI� PRGXOHV� LV� XQFKDQJHG�

UHJDUGLQJ� WKH� &23+3� RU� WKH� &23X�� ,QGHHG�� WKH�
RSWLPDO�QXPEHU� RI�PRGXOHV� LV� GULYHQ� E\�4K� DQG� WKH�
¨7�EHWZHHQ�ERWK�VLGHV�RI�WKH�7(0��ZKLFK�DIIHFWV�WKH�
RSWLPDO� HOHFWULFDO� FXUUHQW�� 7KLV� RSWLPDO� QXPEHU� RI�
PRGXOHV� FRUUHVSRQGV� WR� WKH� PLQLPXP� HOHFWULFDO�
SRZHU�FRQVXPSWLRQ�UHTXLUHG�WR�PHHW�WKH�GHPDQG�4K�� �
7KH� QXPEHU� RI� PRGXOHV� ZLWK� RXU� GHVLJQ� PHWKRG�
�FDVH�������FDVH������DQG�FDVH��������OHDGV�WR�YDOXHV�
RI� VHDVRQDO�&23V+3�FORVH� WR� WKRVH� REWDLQHG� IURP� WKH�
LGHDO�FDVH�1PRG��7KH�PHWKRG�ZH�VXJJHVW�LQ�WKLV�SDSHU�
LV�D�SHUWLQHQW�ZD\�WR�HVWLPDWH�WKH�RSWLPDO�QXPEHU�RI�
PRGXOHV� �GHFUHDVH� WKH� WKHUPRHOHFWULF� PDWHULDO� FRVW�
XS� WR� ����� DQG� LPSURYH� WKH� V\VWHP� SHUIRUPDQFHV�
�LQFUHDVHG�E\�������PD[LPXP�LQ�FDVH����GHSHQGLQJ�
RQ� WKH� GLIIHUHQW� FRXSOLQJ� DQG� EXLOGLQJ� FRQVLGHUHG�
FRPSDUHG�WR�QRPLQDO�FRQGLWLRQ��1QPRG �����
,W�LV�LPSRUWDQW�WR�FRUUHFWO\�GHILQH�D�UHIHUHQFH�V\VWHP�
DV� ZH� KDYH� VKRZQ� WKDW� GLIIHUHQFHV� LQ� FOLPDWH�
FRQGLWLRQV�FDQ�OHDG� WR�YHU\�GLIIHUHQW�UHVXOWV�EHWZHHQ�
&23+3�DQG�&23X��
,I� &23+3� LV� WKH� EHVW� IRU� KRWWHVW� FOLPDWH�� LW� LV� WKH�
VRPHWLPHV� RSSRVLWH� IRU� &23X�� GHSHQGLQJ� RQ� WKH�
VL]LQJ�RI� WKH�FRQVXPSWLRQ�RI�DLU� VXSSO\�V\VWHP�ZLWK�
4X��
:LWK� RXU� PHWKRG�� ZH� FDQ� DFKLHYH� WKH� PD[LPXP�
SHUIRUPDQFH���VHVRQDO�&23+3�UHDFKHV�����LQ�FDVH���DW�
1LFH� DQG� VHVRQDO� &23X� UHDFKHV� ���� LQ� FDVH� �� DW�
7UDSSHV��
�

120(1&/$785(�
�
Symbols 
$&+ �$LU�FKDQJH�SHU�KRXU�9RO�K�
&23 �FRHIILFLHQW�RI�SHUIRUPDQFH�
&S �VSHFLILF�KHDW�FDSDFLW\��-�.J��.��� �
, �HOHFWULF�FXUUHQW��$�
. �WKHUPDO�FRQGXFWDQFH��:�.���

P =�PDVV�IORZ��NJ�V
��� �

1PRG �QXPEHU�RI�PRGXOHV�
3HOHF �HOHFWULFDO�SRZHU�:�
� 4� �KHDW�IOX[�:�
5WK �WKHUPDO�UHVLVWDQFH��.�:���

7 �WHPSHUDWXUH��.�
ǻ7 �WHPSHUDWXUH�GLIIHUHQFH��7K�±�7F��.�
= �ILJXUH�RI�PHULW��.��� � � � � � � � � � � � � � �
 
Greek Symbols 
D �6HHEHFN�FRHIILFLHQW��9�.���

Ȝ �WKHUPDO�FRQGXFWLYLW\��:�P���.���

ȡ �HOHFWULFDO�UHVLVWLYLW\��ȍ�P�
Ĳ �7KRPVRQ�FRHIILFLHQW��9�.�� 
�
Subscripts 
F� �FROG�VLGH�RI�WKH�MXQFWLRQ� � � � � �
K �KRW�VLGH�RI�WKH�MXQFWLRQ�
P �DYHUDJH�IURP�LQOHW�WR�WKH�RXWOHW�RI�WKH�KRW�DQG�
FROG�VLGHV�RI�WKH�7(0� � � � � � �
PD[� �PD[LPXP� � �
PLQ �PLQLPXP�
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Q �QRPLQDO�
RSW �RSWLPXP�
X� �XVHIXO�SHUIRUPDQFH�LQ�WKH�EXLOGLQJ�
�

$&.12:/('*(0(17�
7KH� DXWKRUV� H[WHQG� WKHLU� WKDQNV� WR� (')� IRU�
VXSSRUWLQJ�WKH�SUHVHQW�ZRUN��
�

5()(5(1&(6�
-&$��3��������1RXYHOOHV�H[SpULHQFHV�VXU�OD�FDORULFLWp� � �
GHV�FRXUDQWV�pOHFWULTXHV��$QQ��&KHPLFDO�3K\VLFV��S��
��������

%�-��+XDQJ��&�-��&KLQ��&�/��'XDQJ�� ������$�GHVLJQ�
PHWKRG� RI� WKHUPRHOHFWULF� FRROHU�� ,QWHUQDWLRQDO�
-RXUQDO�RI�UHIULJHUDWLRQ�������S����������

5RZH� '�� 0�� ������ &5&� +DQGERRN� RI�
7KHUPRHOHFWULFV��

;X��;���6�9��'HVVHO��DQG�$��0HVVDF��������6WXG\�RI�
WKH�SHUIRUPDQFH�RI�WKHUPRHOHFWULF�PRGXOHV�IRU�XVH�
LQ� DFWLYH� EXLOGLQJ� HQYHORSHV�� %XLOGLQJ� DQG�
(QYLURQPHQW���������S�������������

&RVQLHU�� 0��� *�� )UDLVVH�� DQG� /�� /XR�� ������ � $Q�
H[SHULPHQWDO� DQG� QXPHULFDO� VWXG\� RI� D�
WKHUPRHOHFWULF� DLU�FRROLQJ� DQG� DLU�KHDWLQJ� V\VWHP��
,QWHUQDWLRQDO� -RXUQDO� RI� 5HIULJHUDWLRQ�� ������� S��
�����������

/L�� 7��� HW� DO�� ������ ,QYHVWLJDWLRQ� RI� SURWRW\SH� �
WKHUPRHOHFWULF� GRPHVWLF�YHQWLODWRU�� $SSOLHG�
7KHUPDO�(QJLQHHULQJ����������S�������������

*��)UDLVVH��0��/D]DUG��&��*RXSLO�� -�<��6HUUDW�� 6WXG\�
RI� D� WKHUPRHOHPHQW
V� EHKDYLRXU� WKURXJK� D�
PRGHOOLQJ�EDVH�RQ�HOHFWULFDO�DQDORJ\��,QWHUQDWLRQDO�
-RXUQDO� RI� +HDW� DQG� 0DVV� 7UDQVIHU�� ������ ����
S������������

+�� $�� (O�6KHLNK� DQG� 6�� 9�� *DULPHOOD�� ������ +HDW�
7UDQVIHU� IURP� 3LQ�)LQ� +HDW� 6LQNV� XQGHU�0XOWLSOH�
,PSLQJLQJ� -HWV�� ,(((� 7UDQVDFWLRQV� RQ� $GYDQFHG�
3DFNDJLQJ�����S�����������

)HUURWHF�YDOXHV��KWWS���ZZZ�IHUURWHF�FRP��
+��$��(O�6KHLNK�DQG�6��9��*DULPHOOD��+HDW�7UDQVIHU�
IURP�3LQ�)LQ�+HDW�6LQNV�XQGHU�0XOWLSOH�,PSLQJLQJ�
-HWV�� ,(((� 7UDQVDFWLRQV� RQ� $GYDQFHG� 3DFNDJLQJ��
���������S�����������

1)�(1���������������O�(XURSHDQ�VWDQGDU
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