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7KH� /DQJPXLU�%ORGJHWW� �/%��PHWKRG�� DO�
ORZLQJ� WR� REWDLQ�PROHFXODU�PRQR�� DQG�PXO�
WLOD\HUV� RI� ORZ� DQG� KLJK�PROHFXODU� RUJDQLF
FRPSRXQGV� ZLWK� FRQWUROODEOH� WKLFNQHVV� DQG
PROHFXODU�RULHQWDWLRQ��LV�QRZ�XVHG�ZLGHO\�LQ
YDULRXV� DUHDV� RI� VFLHQFH� DQG� HQJLQHHULQJ�
SDUWLFXODUO\� LQ� ELRVHQVRU� GHYHORSPHQW��QRQ�
OLQHDU�RSWLFV��QDQRHOHFWURQLFV��HWF��>�Ü�@�

0RVW� OXPLQRSKRUV� RI� JRRG�SURVSHFWV�� LQ�
FOXGLQJ�UXEUHQH��FDQQRW�IRUP�LQGHSHQGHQWO\
PRQRPROHFXODU� /%� OD\HUV� DW� WKH� ZDWHU�DLU
LQWHUIDFH��,Q�VXFK�FDVHV��PL[HG�VROXWLRQV�DUH
XVHG�WR�SURYLGH�VWDEOH�PRQRPROHFXODU�OD\HUV
RI�K\GURSKRELF� FRPSRXQGV��ZKHUH�RQH�FRP�

SRQHQW�LV�DEOH�WR�IRUP�WKH�/%�PRQRPROHFX�
ODU� OD\HUV� >����@�� 7KH� ZHOO�NQRZQ� DP�
SKLSKLOLF� FRPSRXQGV� VXFK� DV� IDWW\� DFLGV
�VWHDULF� DQG� DUDFKLGRQLF�� DQG� SRO\PHWK\O�
PHWKDFU\ODWH�DUH�RIWHQ�XVHG�DV�PDWULFHV�IRU
/%� ILOPV� >����@�� +RZHYHU�� SK\VLFDO� DQG
FKHPLFDO�IHDWXUHV�RI�/%�PRQRPROHFXODU�OD\�
HUV� IRUPDWLRQ� LQ� ELQDU\� PL[WXUHV� RI� OHQJ�
PXLURJHQLF� DQG�QRQ�DPSKLSKLOLF� FRPSRXQGV
RQ� DQ� DTXHRXV� VXESKDVH� VXUIDFH�� WKH� SURE�
OHP�RI�PXOWLOD\HU�/%�ILOP�SUHSDUDWLRQ��VWD�
ELOLW\� DQG� OXPLQHVFHQW� SURSHUWLHV� UHPDLQ
SRRUO\� LQYHVWLJDWHG� WR�GDWH��7KH�SXUSRVH�RI
WKLV�ZRUN�LV�WR�VWXG\�WKH�IRUPDWLRQ�IHDWXUHV
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RI�/DQJPXLU�%ORGJHWW�PRQRPROHFXODU�OD\HUV�LQ
WKH� RI� VWHDULF� DFLG�UXEUHQH� DQG� SRO\PHWK\O�
PHWKDFU\ODWH�UXEUHQH� V\VWHPV�� WKH� PXOWL�
OD\HU� /%� ILOP� IRUPDWLRQ� SURFHVVHV� DQG� WKH
VSHFWUDO� DQG� OXPLQHVFHQFH� SURSHUWLHV
WKHUHRI��

3RO\PHWK\OPHWKDFU\ODWH� �300$�� PR�
OHFXODU� PDVV� ���������� VWHDULF� DFLG� �+6W��
DQG�UXEUHQH�ZHUH�XVHG��7KH�FRPSXWHU�PRGHO
RI� WKH�UXEUHQH�PROHFXOH�H[HFXWHG�XVLQJ�WKH
GHVLJQ� WHFKQLTXH� kl�� �l|ckv�� LV� SUH�
VHQWHG�EHORZ�

,QLWLDO� VROXWLRQV� RI� ����Ü��0�OÜ�� FRQFHQ�
WUDWLRQ� LQ� FKORURIRUP� RI� FKHPLFDO� SXULW\

JUDGH� ZHUH� SUHSDUHG�� 7KH� ELGLVWLOOHG� ZDWHU
ZDV�XVHG�WR�SUHSDUH�VXESKDVH��)RUPDWLRQ�RI
/DQJPXLU�%ORGJHWW� PRQRPROHFXODU� OD\HUV
DQG�RI�VXUIDFH�SUHVVXUH�DUHD�SHU�D�PROHFXOH
LVRWKHUPV� �S�k� LVRWKHUPV�� ZHUH� VWXGLHG
XVLQJ�HTXLSPHQW�PDGH�DW�1,23,.��0RVFRZ��
7KH�VXUIDFH�SUHVVXUH��S��ZDV�UHFRUGHG�XVLQJ
D�:LOKHOP\�EDODQFH� �WR�ZLWKLQ�r����P1�PÜ��
DW� ����r����&�� 7KH� DUHD� SHU� RQH� VWUXFWXUH
XQLW� LQ� WKH� PRQRPROHFXODU� OD\HU� �$�� ZDV
PHDVXUHG� E\� H[WUDSRODWLQJ� WKH� UHFWLOLQHDU
SDUW� RI� WKH� LVRWKHUP� WR� WKH� ;� D[LV� DW� DQ
DFFXUDF\� RI� r��Ü���c��� 7KH� SUHVVXUH�� DW
ZKLFK� WKH� PXOWLOD\HUHG� ILOP� VWUXFWXUH� ZDV
IRUPHG� RQ� WKH�JODVV� VXEVWUDWHV� E\�6FKDHIHU
PHWKRG��ZDV�GHWHUPLQHG� IURP�WKH�FRPSUHV�
VLRQ� LVRWKHUPV�� 7KH� VXESKDVH� S+� YDOXH
�����r������ ZDV� PRQLWRUHG� E\� DQ� ,����l
LRQRPHWHU�� 7KH� DEVRUSWLRQ� VSHFWUD� RI� /%
ILOPV� ZHUH� PHDVXUHG� E\� D� 6SHFRUG� 0� ��
VSHFWURSKRWRPHWHU�� DQG� OXPLQHVFHQFH� VSHF�
WUD� ZHUH� PHDVXUHG� XVLQJ� D� 6'/��� GHYLFH�
7KH� /%� ILOP� FRPSRVLWLRQ� ZDV� DQDO\]HG� E\
;�UD\� SKRWRHOHFWURQ� VSHFWURVFRS\� XVLQJ� D
.UDWRV�;36�����VSHFWURPHWHU��

)LJ����� SÜ$� LVRWKHUPV� IRU� �300$���UXEUHQH�
PL[WXUHV� DW� UXEUHQH� FRQWHQW�� �� �� ����� ����
���������������������������������������������

)LJ����� SÜ$� LVRWKHUPV� IRU� �+6W���UXEUHQH�
PL[WXUHV� DW� UXEUHQH� FRQWHQW������ ���������
����������������������������������

7DEOH���� 7KH� FKDUDFWHULVWLFV� RI�PRQRPROHFXODU� OD\HUV� RI� ELQDU\�PL[HV�300$�UXEUHQH�ZLWK� WKH
YDULRXV�FRQWHQWV�RI�UXEUHQH
&UXE��PRO��� &RPSUHVVLELOLW\��G��P�P1Ü� $����c� SF��P1�PÜ� $UXE���c�
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&RQVLGHUDWLRQ�RI�S�k�LVRWKHUPV�SUHVHQWHG
DW�)LJV����DQG���VKRZV��7DEOHV���DQG����WKDW
SDUDPHWHUV� RI� WKH� /%� PRQRPROHFXODU� OD\HU
LQ� 300$�UXEUHQH� DQG� +6W�UXEUHQH� ELQDU\
PL[WXUHV� GHSHQG� RQ� WKH� UXEUHQH� FRQFHQWUD�
WLRQ�DQG�WKH�VXUIDFH�SUHVVXUH��7KH�DUHD�SHU
UXEUHQH� PROHFXOH� ZDV� FDOFXODWHG� DFFRUGLQJ
WR� D� UXOH� RI� DGGLWLYLW\� IRU� QRQLQWHUDFWLQJ
ELQDU\�PL[HV�>����@�

k��� �1�$����1�$�� ���
ZKHUH�1��DQG�1��DUH�PROH�IUDFWLRQV��$��DQG$��DUHD� WKH� DUHDV� SHU�PROHFXOH� RI� WKH� ILUVWDQG� VHFRQG� FRPSRQHQW�� UHVSHFWLYHO\�� k��DUHD� WKH� DYHUDJH� DUHD� REWDLQHG� IURP� FRP�
SUHVVLRQ� LVRWKHUPV�� 7KH� DUHDV� RI� UXEUHQH
PROHFXOH� SURMHFWLRQV� �FDOFXODWHG� IRU� WKH
PRGHO� VWUXFWXUH� SUHVHQWHG� DERYH�� RQ� WKH
SODQHV� SDUDOOHO� WR� ZDWHU�DLU� LQWHUIDFH� DQG
SHUSHQGLFXODU� WR� ;�D[LV� DUH� DERXW� ����c�

DQG� DERXW� ��� c��� UHVSHFWLYHO\�� 7KH� YDOXH
REWDLQHG�IURP�WKH�FRPSUHVVLRQ�LVRWKHUPV�DW
��� �� UXEUHQH� FRQWHQW� LQ� WKH� SRO\PHU� PD�
WUL[�LV����c���7DEOH�����,W�LV�SRVVLEOH�WR�VXJ�
JHVW� WKDW� VXFK� DUHD� FRUUHVSRQGV� WR� WKH�PR�
OHFXODU� RULHQWDWLRQ� DW� ZKLFK� EHQ]HQH� ULQJV
DUH�LQVLGH�RI�PRQRPROHFXODU�OD\HU�DQG�RWKHU
SDUW� RI� UXEUHQH� PROHFXOH� LV� SXVKHG� RXW� WR
WKH�VXUIDFH�RI�WKH�PRQRPROHFXODU�OD\HU�GXH
WR�VWURQJ�K\GURSKRELF�SURSHUWLHV�

$IWHU� LQWURGXFWLRQ� RI� OXPLQRSKRUH� LQWR
VWHDULF� DFLG� PRQRPROHFXODU� OD\HU� DW� DQ
DPRXQW� OHVV� WKDQ� ��� PRO��� �7DEOH����� WKH
DUHD� RI� UXEUHQH�PROHFXOH� SURMHFWLRQ� RQ� WKH
VXESKDVH� VXUIDFH� EHFRPHV� DESXW� ��� c��
7KXV�� WKH� UXEUHQH� SRVLWLRQV� LQ�/%� ILOPV� RI
300$�DQG�+6W�FDQ�EH�DVVXPHG�WR�EH�GLIIHU�
HQW�� ,Q� WKH�300$�UXEUHQH� V\VWHP�� WKH� UX�
EUHQH�PROHFXOH� LV� SDUWLDOO\�GLVSODFHG� WR� WKH
PRQRPROHFXODU� OD\HU� ZKLOH� LQ� WKH� +6W�UX�
EUHQH� RQH�� WKH� OXPLQRSKRUH� PROHFXOH� EDVLF
SODQH�LV�SRVLWLRQHG�EHWZHHQ�DON\O�FKDLQV�

7KH� GHFUHDVLQJ� DUHD� SHU� OXPLQRSKRUH
PROHFXOH� REVHUYHG� DW� LWV� ULVLQJ� FRQFHQWUD�
WLRQ�LQ�FRQVLGHUHG�/%�ILOPV��7DEOHV���DQG���
FDQ� EH� FDXVHG� E\� DJJUHJDWLRQ� RI� UXEUHQH
PROHFXOHV� ZLWK� WKHLU� IXUWKHU� UHOHDVH� LQWR� D
VHSDUDWH� SKDVH�� 7KLV� LV� HVSHFLDOO\� DSSUHFLD�
EOH�ZKHQ�UXEUHQH�LV�LQWURGXFHG�LQWR�ILOP�DW
WKH� DPRXQW� RI� ����� DQG� DERYH� �LVODQGV� RI
OXPLQRSKRUH�SKDVH�RQ�WKH�DTXHRXV�VXESKDVH
VXUIDFH�DUH�YLVXDOO\�REVHUYHG��

)RU� DOO� VWXGLHG� UXEUHQH� FRQFHQWUDWLRQ� LQ
300$� PDWUL[�� D� �SODWHDX�� LV� REVHUYHG� LQ
WKH�FRPSUHVVLRQ�LVRWKHUPV�FDXVHG�E\�FKDQJH
RI� OXPLQRSKRUH� PROHFXOHV� FRQIRUPDWLRQ� LQ
WKH� PDWUL[� PRQRPROHFXODU� OD\HU�� 7KH� FRO�
ODSVH� SUHVVXUH� LQ� WKH� /%� ILOPV� RI� +6W�UX�
EUHQH�V\VWHP�LV�KLJKHU�FRQVLGHUDEO\�WKDQ�LQ
300$�UXEUHQH� /%� ILOPV� �)LJ����� 7DEOH����
&RPSUHVVLELOLW\� RI� PRQRPROHFXODU� OD\HUV
GURSV� ZLWK� SUHVVXUH� LQFUHDVLQJ�� DQG� LQ� WKH
LQWHUYDOV� S� ���� WR� ��� P1�P��� �300$�UX�
EUHQH�� DQG� S� ���� WR� ��� P1�P� �+6W�UX�

)LJ����� /XPLQHVFHQFH� VSHFWUD� RI� UXEUHQH� LQ� D
���PRQROD\HU� ILOPV� LQ� GLIIHUHQW� PDWULFHV�
5XE�&ORURIRUP�Û��� �UXEUHQH�VROXWLRQ� LQ�FKOR�
URIRUP������Ü��0�O�����300$�Û����+6W�Û���DW
UXEUHQH� FRQWHQW� ����� 6SHFWUD� DUH� QRUPDOL]HG
WR�PD[LPXP��OH[F�� �����QP�

7DEOH���� 7KH� FKDUDFWHULVWLFV� RI� PRQRPROHFXODU� OD\HUV� RI� ELQDU\� PL[HV� +6W�UXEUHQH� ZLWK� WKH
YDULRXV�FRQWHQWV�RI�UXEUHQH�
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EUHQH���WKH�/%�ILOP�EHFRPHV�D�OLTXLG�FU\VWDO
�G� ���Ü��WR���Ü��P�P1���LQ�WKH�OLTXLG�FU\V�
WDO� VWDWH� >�@��� 7KH� FRQVLGHUHG� /%� ILOPV� DUH
VWDEOH� RQ� WKH� ZDWHU� VXUIDFH�� DQG� DUH� ZHOO
WUDQVIHUDEOH� RQWR� WKH� JODVV� VXEVWUDWHV� �WKH
WUDQVIHU� FRHIILFLHQW� RI� WKH� PRQRPROHFXODU
OD\HU�LV�FORVH�WR����

7KH� UXEUHQH� OXPLQHVFHQFH� VSHFWUD� LQ
YDULRXV�PDWULFHV� DQG� LQ� WKH� FKORURIRUP� VR�
OXWLRQ� DUH�SUHVHQWHG� LQ�)LJ�����7KH� UXEUHQH
OXPLQHVFHQFH� LQWHQVLW\�PD[LPXP� LQ�FKORUR�
IRUP� LV� DW� OPD[� ����r�� QP�� ZKLOH� LQ� WKH
/%� ILOPV�� DW� DERXW� ���r�� QP�� 7KH� VPDOO
K\SVRFKURPLF� VKLIW� LV� FDXVHG� REYLRXVO\� E\
ZHDN�UXEUHQH�LQWHUDFWLRQ�ZLWK�300$�RU�+6W�

7KH� OLQHDU� OXPLQHVFHQFH� LQWHQVLW\� GH�
SHQGHQFH� RQ� WKH�QXPEHU� RI� OD\HUV� VXJJHVWV
WKDW� HDFK� VXEVHTXHQW� OD\HU� LV� WUDQVIHUUHG
VLPLODUO\� WR�SUHYLRXV�RQH� �)LJ������:LWK� LQ�
FUHDVLQJ� VXSHUILFLDO� SUHVVXUH� DW� ZKLFK� WKH
PRQRPROHFXODU�OD\HU�LV�WUDQVIHUUHG�RQWR�WKH
VXEVWUDWH��WKH�OXPLQHVFHQFH�VLJQDO�LQFUHDVHV
OLQHDUO\��WRR��+HQFH��WKH�UXEUHQH�FRQFHQWUD�
WLRQ� LQ� 3llk�/%� ILOPV� LQFUHDVHV� OLQHDUO\�
$� KLJKHU� OXPLQHVFHQFH� VLJQDO� LQWHQVLW\� LQ
SRO\PHU�/%�ILOP�DV�FRPSDUHG�WR�WKH�VWHDULF
DFLG�UXEUHQH�/%� ILOP� �E\� D� IDFWRU� RI� DERXW
����� VKRZV� WKDW� LQ� WKH� ILUVW� FDVH�� WKH�QXP�
EHU� RI� UXEUHQH� PROHFXOHV� LV� JUHDWHU�� 7KH
UHODWLYH� FKDQJH� RI� WKH� OXPLQHVFHQFH� LQWHQ�
VLW\�LQ�FRQVLGHUHG�V\VWHPV��ZKHQ�SURFHVVLQJ
VXEVWUDWHV� LQ� ELGLVWLOOHG� ZDWHU� IRU� ��� PLQ�
LQ� VWHDULF� DFLG� /%� ILOPV� LV� ������ DQG� LQ
SRO\PHU� RQHV�� ����� �)LJ������ 7KXV�� WKH� VWD�
ELOLW\� RI� OXPLQHVFHQW� SURSHUWLHV� IRU� /%

ILOPV� LQ�ZDWHU� VROXWLRQV� LQ� 300$�UXEUHQH
V\VWHP�LV�JUHDWHU�WKDQ�LQ�+6W�UXEUHQH�

7KH� ;36� UHVHDUFK� RI� PXOWLOD\HU
300$�UXEUHQH�/%� ILOPV� ����PRO���RI� UX�
EUHQH�� KDV� VKRZQ� WKDW� HYHQ� ZKHQ� �� OD\HUV
RQO\� DUH� GHSRVLWHG�� D� FRQWLQXRXV� ILOP� RI
WKLFNQHVV� QRW� H[FHHGLQJ� ��� QP� LV� IRUPHG�
$IWHU� GHSRVLWLRQ� RI� �� OD\HUV�� WKH� VLJQDO
IURP� VXEVWUDWH� LV� HVVHQWLDOO\� DEVHQW� �OHVV
WKDQ� �� ���� WKDW� HYLGHQFHV� WKH� DEVHQFH� RI
SRUHV�LQ�/%�ILOPV��

7R� FRQFOXGH�� WKH� SRO\PRUSKLVP� RI
300$�UXEUHQH� DQG� +6W�UXEUHQH� PRQR�
PROHFXODU� OD\HUV� GHSHQGLQJ� RQ� WKH� OXPLQR�
SKRUH� FRQFHQWUDWLRQ� LPPRELOL]HG� LQ� D� ILOP
KDV� EHHQ� VWXGLHG�� 7KH� PD[LPXP� UXEUHQH
FRQFHQWUDWLRQ�DW�ZKLFK�WKH�SKDVH�VHSDUDWLRQ
LQ�PRQRPROHFXODU� OD\HUV� RI�300$�UXEUHQH
DQG�+6W�UXEUHQH�ELQDU\�PL[WXUHV�LV�QRW�RE�
VHUYHG�KDV� EHHQ� GHWHUPLQHG�� ,QIOXHQFH� RI� D
PDWUL[�RQ�UXEUHQH�RULHQWDWLRQ�LQ�WKH�IRUPHG
/%� ILOP� KDV� EHHQ� UHYHDOHG�� ,Q� VWHDULF� DFLG
PDWUL[�� WKH� OXPLQRSKRUH�PROHFXOHV� DUH� RUL�
HQWHG� ZLWK� WKH� EDVLF� SODQH� EHWZHHQ� PROH�
FXOHV�RI�VXUIDFWDQW�ZKLOH�LQ�300$�PDWUL[�
WKH\�DUH�SDUWLDOO\�GLVSODFHG�DERYH�WKH�PRQR�
PROHFXODU� OD\HU�� 7KH� UXEUHQH�PD[LPXP� OX�
PLQHVFHQFH� LQ� /%� ILOPV� LV� VKLIWHG� K\SVR�
FKURPLFDOO\�ZLWK�UHVSHFW�WR�WKDW�LQ�LWV�FKOR�
URIRUP� VROXWLRQ�� WKDW� LV� FDXVHG� E\� ZHDN
OXPLQRSKRUH� LQWHUDFWLRQ�RI� �ZLWK�300$�RU
+6W��,W�KDV�EHHQ�VKRZQ�WKDW�DW�IRUPDWLRQ�RI
WKH� PXOWLOD\HU� ILOPV� FRQWDLQLQJ� UXEUHQH
PROHFXOHV�LQ�300$�DQG�+6W�PDWUL[HV��HDFK
VXEVHTXHQW� OD\HU� LV� FDUULHG� DV� WKH� SUHYLRXV
RQH�� 7KH� WUDQVIHU� FRHIILFLHQW� LV� FORVH� WR

)LJ����� /XPLQHVFHQFH� SURSHUWLHV� VWDELOLW\� RI
300$�UXEUHQH� V\VWHPV� ���� DQG�+6W�UXEUHQH
���� YV� VXEVWUDWH� WUHDWPHQW� WLPH� �300$�UX�
EUHQH�� S� ���� P1�P�� +6W�UXEUHQH�� S� 
���P1�P���UXEUHQH����PRO����Q� ����

)LJ�����7KH�GHSHQGHQFHV�RI�UXEUHQH�HPLVVLRQ�LQ
/DQJPXLU�%ORGJHWW�ILOPV�300$�UXEUHQH�����RQ
WKH�Q��QXPEHU�OD\HUV��DW���S� ����P1�PÜ��DQG
+6W�UXEUHQH� ���� DW� S� ����P1�PÜ��� UXEUHQH
�����
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XQLW\��$W�WKH�VDPH�QXPEHU�RI�PRQRPROHFX�
ODU�OD\HUV�LQ�PXOWLOD\HU�/%�ILOPV��WKH�OXPL�
QHVFHQFH� LQWHQVLW\�� DQG�VR� WKH� UXEUHQH�FRQ�
FHQWUDWLRQ��LV�KLJKHU�LQ�300$�PDWUL[�WKDQ
LQ�+6W�RQH��7KH�UXEUHQH�FRQFHQWUDWLRQ�LQ�/%
300$�ILOP�JURZV�OLQHDUO\�ZLWK�LQFUHDVH�RI
WUDQVIHU� SUHVVXUH�� 7KH� OXPLQHVFHQFH� LQWHQ�
VLW\� RI� /%� ILOPV� RQ� JODVV� VXEVWUDWHV� KDV
EHHQ� HVWDEOLVKHG� WR� GHFUHDVH� DSSUR[LPDWHO\
HTXDOO\� IRU� ERWK� V\VWHPV� DW� ILOPV� H[SRVXUH
LQ�ELGLVWLOOHG�ZDWHU�DW����&�

7KLV�ZRUN� LV� VXSSRUWHG� LQ�SDUW�E\�67&8
JUDQW��*����

$FNQRZOHGJPHQWV��$XWKRUV�DUH�WKDQNIXO�WR
'U�2�$�=KLNRO�IRU�WKH�KHOS�LQ�FDOFXODWLRQV�DQG
SDUWLFLSDWLRQ�LQ�GLVFXVVLRQ�RI�UHVXOWV�
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