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���,QWURGXFWLRQ�

&RPSXWDWLRQ� RI� JODVV� SURSHUWLHV� RI� PXOWL�FRPSRQHQW� V\VWHP� IURP� LWV� FKHPLFDO�
FRPSRVLWLRQ�LV�SDUWLFXODUO\�GLIILFXOW�DQG�RIIHUV�TXLWH�DQ�LQWHUHVWLQJ�SUREOHP�DW�WKH�VDPH�WLPH��
(VSHFLDOO\�LW�LV�WUXH�LQ�FDVHV�ZKHUH�FRQVWLWXHQW�DWRPV��VXFK�DV�ERURQ�%��JHUPDQLXP�*H� � DQG�
DOXPLQXP�$O��ZRXOG�FKDQJH�WKHLU�FRRUGLQDWLRQ�QXPEHU�ZLWK�FKHPLFDO�FRPSRVLWLRQ�RI�JODVV�
LQFOXGLQJ� DONDOL�PHWDO� R[LGHV� RU� DONDOL� HDUWK�PHWDO� R[LGHV��:H� KDYH� SURSRVHG� D�PHWKRG� WR�
FDOFXODWH� JODVV� SURSHUWLHV� EDVHG� RQ� WKH� VXE�V\VWHP� FRQFHSW� ����� ZKHUHLQ� FKDQJH� RI�
FRRUGLQDWLRQ�VWDWH�LV�WDNHQ�LQWR�FRQVLGHUDWLRQ�� �

��&DOFXODWLRQ�RI�JODVV�SURSHUWLHV�E\�WKH�VXE�V\VWHP�FRQFHSW�

$FFRUGLQJ�WR�WKH�VXE�V\VWHP�FRQFHSW�D�PXOWL�FRPSRQHQW�V\VWHP��1D�2�%�2��*H2��IRU�
H[DPSOH��LV�VXSSRVHG�WR�FRQVLVW�RI�VRPH�PL[WXUHV�RI�ELQDU\�V\VWHPV��1D�2�%�2��DQG�1D�2�
*H2���VXE�V\VWHPV���7KH�HVVHQWLDO�SUHVXPSWLRQ�PDGH�LQ�WKLV�FRQFHSW�VWDWHV�WKDW�LQ�WKH�PXOWL�
FRPSRQHQW� V\VWHP� VXE�V\VWHPV� DUH� WKHUPRG\QDPLFDOO\� HTXLOLEUDWHG�� 7KH� DFWLYLW\� RI� DQ�
FRPSRQHQW��1D�2�IRU�LQVWDQFH�LQ�WKLV�V\VWHP��VKDUHG�DPRQJ�WKH�VXE�V\VWHPV�PXVW�EH�HTXDO��
7KH�DFWLYLW\�RI�1D�2�LWVHOI�ZRXOG�YDU\�ZLWK�FRPSRVLWLRQ��7R�GHWHUPLQH�WKH�FRQFHQWUDWLRQ�RI�

WKH�1D�2�FRPSRQHQW�LQ�HDFK�VXE�V\VWHP��YDOXH�RI�DFWLYLW\�FRHIILFLHQW    γ�PXVW�EH�FRQVLGHUHG��
7KH�DEVROXWH�YDOXHV�RI�γ�DUH�QRW�QHFHVVDU\��,QVWHDG�UHODWLYH�UDWLR γ��� γ��� LV�HVVHQWLDO��ZKHUH���
DQG� �� GHQRWH� WKH� � VXE�V\VWHP�� 1D�2�%�2�� DQG� 1D�2�*H2��� UHVSHFWLYHO\�� 7KH� DFWLYLW\� �
FRHIILFLHQW� UDWLR�ZDV� LQIHUUHG� IURP� WKH�5DPDQ� VSHFWUD�PHDVXUHG� LQ� WKH�1D�2�%�2��*H2��
V\VWHP�� 3DUWLDO� IUDFWLRQ� RI� %�2�� LQ� WKLV� V\VWHP� ZDV� VXEVWLWXWHG� IRU�*H2��� 7KH� FKDQJH� RI�
5DPDQ� VSHFWUD� ZLWK� WKH� VXEVWLWXWLRQ� VKRZHG� WKDW� ���FP��� SHDN� DOORFDWHG� WR� IRXU�IROG�
FRRUGLQDWHG� ERURQ� JURXS� %2�1D� LQFUHDVHG� ZLWK� %�2�� �!� *H2�� VXEVWLWXWLRQ�� PHDQZKLOH�
���FP���SHDN�DOORFDWHG�WR�WKUHH�IROG�FRRUGLQDWHG�%2��JURXS�LQ�WKH�ERUR[RO�ULQJ�GHFUHDVHG��
7KH� UHODWLYH� FKDQJH� LQ� WKH� SHDN� LQWHQVLW\� ZDV� LQWHUSUHWHG� DV� LPSO\LQJ� DIILQLW\� EHWZHHQ� �
1D�2� DQG� %�2��PXFK� VWURQJHU� WKDQ� EHWZHHQ� � 1D�2� DQG� *H2��� 7KHUHIRUH� LW� PLJKW� EH�

VSHFXODWHG�WKDW γ��� VKRXOG�EH�VPDOOHU�WKDQ�γ����7KH�UHODWLYH�UDWLR γ��� γ���ZDV�VHW�WHQWDWLYHO\�DW�
���$QRWKHU�FOXH�WR�HYDOXDWH�WKH�UHODWLYH�YDOXH�RI�WKH�DFWLYLW\�FRHIILFLHQW�LV�SURYLGHG�IURP�WKH�
HOHFWURPRWLYH� PHDVXUHPHQW� LQ� WKH� PROWHQ� VDOWV� RI� ELQDU\� V\VWHPV� LQFOXGLQJ� 1D�2�%�2���
1D�2�*H2�� DQG� 1D�2�6L2�� DV� D� IXQFWLRQ� RI� 1D�2� FRQFHQWUDWLRQ�� 1D�2� DFWLYLW\�
ORJD
�1D�2�� ��� ORJ2� LQ� WKH�1D�2�6L2�� V\VWHP� OLHV�RQ� WKH�VDPH� OHYHO�RI� WKH�1D�2�*H2��
V\VWHP�DQG�DW�PXFK�KLJKHU�OHYHO�FRPSDUHG�ZLWK�WKH�1D�2�%�2��V\VWHP��,W�LV�DSSDUHQW�IURP�

WKLV�PHDVXUHPHQW�WKDW�γ��� γ���VWD\V�DW�VRPHZKDW�FRQVWDQW�YDOXH�LQ�WKH�UDQJH�����WR������,W�PD\�
EH�UHDVRQDEOH�WR�DVVXPH�D�FRQVWDQW�YDOXH���IRU�γ��� γ��� DV�D�ILUVW�DSSUR[LPDWLRQ�LUUHVSHFWLYH�
1D�2� FRQFHQWUDWLRQ�� 6XSSRVH� WKH� 1D�2�%�2��*H2�� V\VWHP� RI� IROORZLQJ� FKHPLFDO�
FRPSRVLWLRQ�� V1D�2�P�%�2���P�*H2�� LV� GHFRPSRVHG� LQWR� WZR� VXE�V\VWHPV��1D�2�%�2��
DQG� 1D�2�*H2�� RI� FHUWDLQ� 1D�2� FRQFHQWUDWLRQV�� V�� DQG� V��� DV� JLYHQ� EHORZ�� 7KHQ�



V1D�2�P�%�2��P�*H2�� ��V�1D�2�P�%�2������V�1D�2�P�*H2��������6LQFH�DFWLYLW\�D
�LV�D�

SURGXFW� RI� DFWLYLW\� FRHIILFLHQW� γ� DQG� LWV� FRQFHQWUDWLRQ� V���V��P��� RU� V���V��P���� D
�  γ�
�V���V��P��� ���� DQG� D
�  γ� �V����V��P��� ����� $W� HTXLOLEULXP� D�
�  � D�
� ����� $QG� V��V� V� ����� �
V�P��P� �������)URP�HTXDWLRQV�����WKURXJK�����RQH�FDQ�REWDLQ�WKH�YDOXHV�RI�V��DQG�V��IRU�D�

JLYHQ� VHW� RI� V�� P�� DQG� P��� ,Q� FDVH� ZKHUH� γ� ��γ� � �� LV� DVVXPHG�� LW� PHDQV� WKDW� WKH� 1D�2�
FRQFHQWUDWLRQ�LQ�WKH�1D�2�%�2��VXE�V\VWHP�LV�VLPSO\�GRXEOH�DV�PXFK�DV�WKDW�LQ�WKH�1D�2�
*H2�� VXE�V\VWHP�� ,Q� WKH� SUHVHQW� VWXG\� GHQVLW\� RU� PRODU� YROXPH�� WKHUPDO� H[SDQVLRQ�
FRHIILFLHQW�� YLVFRVLW\�� JODVV� WUDQVLWLRQ� WHPSHUDWXUH� DQG� JODVV� IRUPLQJ� UHJLRQV� XQGHU� JLYHQ�
FRROLQJ� UDWHV�ZHUH�FRPSXWHG�IURP� LWV� FRPSRVLWLRQ� LQ� WKH�1D�2�%�2��*H2���6L2��� V\VWHP��
7KHUH�DUH�VRPH�H[SHULPHQWDO�GDWD�WKDW�FDQ�EH�FRPSDUHG�ZLWK�WKH�WKHRUHWLFDO�YDOXHV��

��5HVXOWV�DQG�GLVFXVVLRQ�

����0RODU�YROXPH�LQ�WKH�1D�2�%�2��*H2��V\VWHP�

7KH�PRODU�YROXPH�9�RI�JODVV�LQ�WKH�1D�2�%�2��*H2��V\VWHP�ZDV�FRPSXWHG�IURP�WKH�
PRODU�YROXPHV�9��RI�WKH�1D�2�%�2��V\VWHP�DQG�9��WKH�1D�2�*H2��V\VWHP�E\�9 �[�9����
[�9�� � �����ZKHUH�[�� V��P��DQG�[� V��P��DUH�WKH�PRODU�IUDFWLRQV�RI�WKH�VXE�V\VWHP���DQG����
UHVSHFWLYHO\��:H�QHHG�RI�FRXUVH�PRODU�YROXPHV�9��DQG�9�� � IRU�WKH�VXE�V\VWHP�DV�D�IXQFWLRQ�
RI�1D�2�FRQWHQW��9��GHFUHDVHV�ZLWK�1D�2�EXW�PHHWV� D� VPDOO� EXPS�DW� ��PRO��1D�2��9��
GHFUHDVHV� ZLWK� 1D�2� DQG� KDV� D� PLQLPXP� DW� ��PRO�� 1D�2�� )LJXUH�� VKRZV� WKH� PRODU�
YROXPH�LVRWKHUPV�LQ�WKH�1D�2�%�2��*H2��V\VWHP��([SHULPHQWDO�GDWD�DUH�IHZ�LQ�WKLV�V\VWHP��
,Q� WKH�1D�2�IL[HG�FRPSRVLWLRQ�VHULHV�REVHUYHG�YDOXHV�KDYH� VKRZQ�DQ�H[FHOOHQW�DJUHHPHQW�
ZLWK�WKH�WKHRUHWLFDO�RQHV�����
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����7KHUPDO�H[SDQVLRQ�LQ�WKH�1D�2�%�2��*H2��V\VWHP�

7R� FDOFXODWH� WKH� WKHUPDO� H[SDQVLRQ� FRHIILFLHQW�α� RI� WKH� V\VWHP� QHHGHG� DUH� <RXQJV·�
PRGXOL�(�� DQG�(�� WRJHWKHU� ZLWK� WKHUPDO� H[SDQVLRQ� FRHIILFLHQWV α� �� DQG α� �� RI� WKH� VXE�

V\VWHPV� �� DQG� ��� UHVSHFWLYHO\� DV� D� IXQFWLRQ� RI� 1D�2� FRQWHQW�� α�  � �[�(�� α� �� ��

[�(� α����[�(��[�(��� ����� (�� LQFUHDVHV� ZLWK� 1D�2� DQG� UHDFKHV� D� PD[LPXP� DW� ��PRO��

1D�2��(��VKRZV�D�PD[LPXP�DW���PRO�1D�2��2Q�WKH�RWKHU�KDQG α���GHFUHDVHV�ZLWK�1D�2�
DQG�UHDFKHV�D�PLQLPXP�DW���PRO��1D�2��α�� IDOOV�XQWLO��PRO��1D�2�LV�DWWDLQHG�DQG�DIWHU�

WKDW�α�LQFUHDVHV�VWHDGLO\��&RPELQLQJ�WKHVH�GDWD��WKHUPDO�H[SDQVLRQ�LVRWKHUPV�RI    α� ��[�����
���[�����.���ZHUH�REWDLQHG�DV�VKRZQ�LQ�)LJ���� �
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7KHUPDO�H[SDQVLRQ�

LVRWKHUPV�LQ�WKH�1D�2�%�2��

*H2��V\VWHP�LQ�WKH�UDQJH�α �
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����,VRWKHUPDO�YLVFRVLW\�LQ�WKH�1D�2�%�2��6L2��V\VWHP

��

,VRWKHUPDO� YLVFRVLW\� η� RI� WKH� 1D�2�%�2��6L2�� V\VWHP� ZDV� FDOFXODWHG� IURP� WKH�

LVRWKHUPDO�YLVFRVLWLHV�η��DQG�η��RI�WKH�VXE�V\VWHPV�1D�2�%�2��DQG�1D�2�6L2���UHVSHFWLYHO\��

E\� HT������ ORJη [�ORJη�� �� �����[�[�|ORJη��ORJη�|� ��[�ORJη�� �����η��H[KLELWV� UDWKHU� LUUHJXODU�
FRPSRVLWLRQDO� F� KDQJH�ZLWK�1D�2� FRQWHQW�� $W� WHPSHUDWXUHV� ORZHU� WKDQ� ���

R&� LW� VKRZV� D�

PD[LPXP�DW�DURXQG���PRO��1D�2�DQG�DW�RWKHU�WHPSHUDWXUHV�LW�GHFUHDVHV�PRQRWRQRXVO\��η��

VLPSO\�GHFUHDVHV�ZLWK�1D�2��7KH�LVRWKHUPDO�YLVFRVLWLHV�DW�����
R&�LQ�WKH�UDQJH�ORJη�3DV ��

���DUH�VKRZQ�LQ�)LJ����6WURQJ�LQIOXHQFH�RI�ERURQ�DQRPDO\�LQ�WKH�1D�2��%�2��VXE�V\VWHP�LV�
UHPDLQHG�LQ�WKH�1D�2�%�2��6L2��V\VWHP��� �
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)LJXUH���,VRWKHUPDO�YLVFRVLWLHV�

RI�WKH�1D�2�%�2��6L2��V\VWHP�

DW�����°&�LQ�WKH�UDQJH�
ORJη�3DV �����

�
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�
����*ODVV�WUDQVLWLRQ�SRLQW�7J�LQ�WKH�1D�2�%�2��*H2��V\VWHP

��

$QGUDGH�W\SH�HTXDWLRQ������DSSOLHV�DW�KLJKHU�YLVFRVLW\�UHJLRQ�ORJη�3DV ������ORJη� �&�
�'�7�������ZKHUH�7�LV�WHPSHUDWXUH��DQG�&�DQG�'�DUH�FRQVWDQWV��$VVXPLQJ�WKH�DGGLWLYH�ODZ�
DPRQJ�WKH�FKDUDFWHULVWLF�FRQVWDQWV�&��DQG�&���'��DQG�'���LQWULQVLF�WR�WKH� � VXE�V\VWHP���DQG�
���UHVSHFWLYHO\��&�DQG�'�YDOXHV�DUH�FRPSXWHG�E\�& [�&��[�&�������DQG�' [�'��[�'�� � ������

7J��FKDUDFWHULVWLF�WHPSHUDWXUH�RI�ORJη�3DV ����ZDV�FRPSXWHG�IURP�HT�������E\�7J '�����
&��������)DLUO\�JRRG�DJUHHPHQW�ZDV�REWDLQHG�LQ�WKH�1D�2�IL[HG�VHULHV��

�

�
�
�5�2WD��-�)XNXQDJD�DQG�7�:DNDVXJL��LQ�%RUDWH�*ODVVHV��&U\VWDOV�	�0HOWV��HGLWHG�E\$�&�:ULJKW��
6�$�)HOOHU�DQG�$�&�+DQQRQ��7KH�6RFLHW\�*ODVV�7HFKQRORJ\��������SS����������

��5�2WD��7�:DNDVXJL�DQG�.�7DQDND��$EVWUDFWV�RI�3URF��;,;,&*������(GLQEXUJK��3K\V��	�
&KHP��*ODVVHV��LQ�SUHVV��

�
�5�2WD�DQG�7�:DNDVXJL��0DWHULDOV�6FLHQFH�5HVHDUFK�,QWHUQDWLRQDO�����>�@��������������
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