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WRFDWDO\VW� 7KH SKRWRFDWDO\WLF GHFRPSRVLWLRQ UDWH RI 7&( LQFUHDVHG ZLWK WKH LQFUHDVH RI OLJKW LQWHQVLW\� +RZHYHU� WKH
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9RODWLOH FKORULQDWHG RUJDQLF FRPSRXQGV VXFK DV WULFKORURHWK\O�

HQH �7&(� KDYH EHHQ XVHG DV D VROYHQW LQ D ZLGH UDQJH RI LQGXV�

WULDO DSSOLFDWLRQV >$O�(NDEL DQG 6HUSRQH� ����� 2OOLV HW DO�� ����@�

$ VHULRXV DPRXQW RI WKHVH FRPSRXQGV KDV EHHQ GLVFKDUJHG RU OHDNHG

LQWR WKH HQYLURQPHQW GXH WR WKH LPSURSHU PDQDJHPHQW� 7KH FRQ�

WDPLQDWLRQ RI XQGHUJURXQGZDWHU� ULYHUV DQG GULQNLQJZDWHU E\ FKOR�

ULQDWHG RUJDQLF FRPSRXQGV KDV EHHQ DQ LVVXH RI VRFLDO FRQFHUQ� ,Q

SDUWLFXODU� VRPH RI WKH FKORULQDWHG RUJDQLF FRPSRXQGV DUH FDUFLQR�

JHQLF DQG DGYHUVHO\ DIIHFW KXPDQ KHDOWK >+LVDQDJD HW DO�� ����� 7XU�

FKL HW DO�� ����� 0XUDED\DVKL HW DO�� ����@�

$OWKRXJK VHYHUDO WUHDWPHQW PHWKRGV DUH FRPPRQO\ XVHG QRZ

VXFK DV DGVRUSWLRQ RQ DFWLYDWHG FDUERQ DQG DLU EXEEOLQJ� PDQ\ RI

WKHP VLPSO\ FKDQJH WKH VWDWH RI SROOXWDQWV DQG WKH KDUPIXO FRP�

SRXQGV VWLOO H[LVW DIWHU WKH WUHDWPHQW >/LX HW DO�� ����� (OHD]HU HW DO��

����@� 7KHUHIRUH� SKRWRFDWDO\VLV ZLWK 7L2� KDV UHFHLYHG JUHDW DWWHQ�

WLRQ EHFDXVH LW OHDGV WR WKH UHPDUNDEOH HOLPLQDWLRQ RI RUJDQLF FRP�

SRXQGV� LQYROYLQJ YRODWLOH RUJDQLF FRPSRXQGV �92&V� FRQWDLQHG

LQ DLU DQG ZDWHU >,]XPL HW DO�� ����� 7DQJXD\ HW DO�� ����� 'LEEOH

DQG 5DXSS� ����� )R[ DQG 'XOD\� ����� <DPD]DNL�1LVKLGD HW DO��

����� 1LPORV HW DO�� ����� +RIIPDQQ HW DO�� ����� .LP HW DO�� �����

+LOJHQGRUII HW DO�� ����� <RRQ HW DO�� ����� /HH HW DO�� ����� -HRQJ

HW DO�� ����� +RQJ HW DO�� ����@�

0XFK UHVHDUFK RQ WKH SKRWRFDWDO\WLF GHFRPSRVLWLRQ RI 7&( LQ

ZDWHU DQG DLU KDV EHHQ UHSRUWHG >+VLDR HW DO�� ����� 3UXGHQ DQG2OOLV�

����� 2OOLV HW DO�� ����� 2OOLV� ����� <RRQ HW DO�� ����@� ,Q UHFHQW

\HDUV� DWWHQWLRQ KDV EHHQ IRFXVHGRQ JDV�SKDVH SKRWRFDWDO\VLV EHFDXVH

7&( FDQ EH GHFRPSRVHGPXFK IDVWHU LQ JDV SKDVH WKDQ LQ DTXHRXV

SKDVH >0XUDED\DVKL HW DO�� ����@� ,Q DGGLWLRQ� WKH JDV�SKDVH SKRWR�

FDWDO\WLF GHJUDGDWLRQ RI 7&( KDV EHHQ ZLGHO\ VWXGLHG WR HOXFLGDWH

LWV UHDFWLRQ PHFKDQLVP >.XWVXQD HW DO�� ����� 1LPORV HW DO�� �����

<DPD]DNL�1LVKLGD HW DO�� ����� +XQJ DQG 0DULQDV� ����� .LP HW

DO�� ����� <RRQ HW DO�� ����@� 3OHQW\ RI H[SHULPHQWDO UHVXOWV RQ WKH

SKRWRFDWDO\WLF GHJUDGDWLRQ RI 7&( LQ JDV SKDVH KDYH EHHQ UHSRUWHG

LQ OLWHUDWXUH� +RZHYHU� WKH\ DUH QRW FRQVLVWHQW ZLWK HDFK RWKHU VR

IDU� HVSHFLDOO\ ZLWK UHVSHFW WR WKH HIIHFW RI ZDWHU YDSRU� 1LPORV HW

DO� >����@ UHSRUWHG D VSHFLILF FKDLQ UHDFWLRQ PHFKDQLVP RI WKH &O

UDGLFDO LQ WKH 7&( SKRWRFDWDO\WLF UHDFWLRQ LQ WKH JDV SKDVH� ZKLOH

WKH UHDFWLRQ LQ WKH DTXHRXV SKDVH ZDV UHSRUWHG >2OOLV� ����@ WR SUR�

FHHG YLD DQ 2+ UDGLFDO�

,W LV SUDFWLFDOO\ TXLWH LPSRUWDQW WR FODULI\ WKH HIIHFW RI ZDWHU YDSRU

RQ WKH JDV�SKDVH SKRWRFDWDO\WLF UHDFWLRQ EHFDXVH PRVW RI WKH DLU

SROOXWHG ZLWK RUJDQLF FKORULQH FRPSRXQGV FRQWDLQV ZDWHU YDSRU� ,Q

KHWHURJHQHRXV SKRWRFDWDO\VLV� SKRWRLQGXFHG PROHFXODU WUDQVIRUPD�

WLRQV DQG UHDFWLRQV WDNH SODFH RQ WKH VXUIDFH RI SKRWRFDWDO\VW ZKHQ

WKH UHDFWDQW LV DGVRUEHG XQGHU 89 LOOXPLQDWLRQ >0DWWKHZV� ����@�

7KH DFWLYLW\ RI WKH SKRWRFDWDO\VW PLJKW EH GHSHQGHQW RQ WKH VXU�

IDFH FRQGLWLRQV� WKH DGVRUEHG VSHFLHV� RWKHU WKDQ UHDFWDQW RQ WKH VXU�

IDFH� PD\ DIIHFW WKH UHDFWLRQ EHFDXVH WKH\ FDQ KLQGHU WKH DGVRUS�

WLRQ RI UHDFWDQW� ,Q SDUWLFXODU� DGVRUEHG ZDWHU PROHFXOHV RQ WKH VXU�

IDFH RI WKH FDWDO\VW ILOP FDQ SDUWLFLSDWH LQ WKH UHDFWLRQ LI WKHLU DGVRUS�

WLRQ SURFHVV LV FRPSHWLWLYH ZLWK UHDFWDQW� 7&( >.LP HW DO�� ����@�

)RU WKHVH UHDVRQV� ZH WULHG WR ILQG WKH UHODWLRQVKLS EHWZHHQ WKH

SKRWRFDWDO\WLF DFWLYLWLHV RI WKH SUHWUHDWHG DQG XQWUHDWHG 7L2� ILOPV

ZLWK WKH ZDWHU YDSRU LQ WKH JDV�SKDVH SKRWRFDWDO\VLV RI 7&(� /LWWOH

KDV� KRZHYHU� EHHQ VWXGLHG RQ WKH UHODWLRQ EHWZHHQ WKH SKRWRFDWD�

O\WLF DFWLYLW\ DQG KXPLGLW\ XQGHU GLIIHUHQW SUHWUHDWPHQW RI WKH SKR�

WRFDWDO\VW LQ WKH SUHYLRXV LQYHVWLJDWLRQV RQ JDV�SKDVH 7&( SKR�

WRFDWDO\VLV� ,Q WKLV ZRUN� ZH WULHG WR PDNH FOHDU WKH HIIHFWV RI KXPLG�

LW\ E\ XVLQJ VRO�JHO 7L2� ILOPV FRDWHG RQ JODVV SODWHV �7L2��*3� LQ

WKH JDV�SKDVH SKRWRFDWDO\VLV RI 7&( ZKHQ WKH SUHWUHDWPHQW FRQGL�

WLRQV RI 7L2� ILOPV DQG OLJKW LQWHQVLW\ ZHUH FKDQJHG�

(;3(5,0(17$/

�� 3KRWRUHDFWRU DQG ([SHULPHQWDO 3URFHGXUHV

$ EDWFK UHDFWRU ����P/� ZDV XVHG IRU WKH H[SHULPHQW >.LP HW

DO�� ����@� ,W ZDV GHVLJQHG IRU LQ VLWXPHDVXUHPHQWV RI WKH GHJUDGD�
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WLRQ UHDFWLRQ RI 7&( E\ XVLQJ )RXULHU 7UDQVIRUP ,QIUDUHG �)7,5�

VSHFWURVFRS\� 7KH H[SHULPHQWDO SURFHGXUH ZDV DV IROORZV� ��� 7KH

7L2� ILOPV ZHUH SUHSDUHG RQ JODVV SODWHV ���î��PP
�� WZR SODWHV�

E\ WKH VRO�JHO SURFHVV� ��� WKH 7L2� ILOPV ZHUH SODFHG LQ WKH UHDF�

WLRQ FKDPEHU� ��� WKH DWPRVSKHUH RI WKH UHDFWLRQ FKDPEHU ZDV VXE�

VWLWXWHG ZLWK GULHG DLU� ��� WKH LQLWLDO FRQFHQWUDWLRQ RI 7&( ZDV DG�

MXVWHG E\ SXWWLQJ ���PJ /−� LQWR WKH UHDFWRU� DQG WKLV FRQFHQWUDWLRQ

RI 7&( ZDV XVHG WKURXJKRXW WKH H[SHULPHQW� 'LVWLOOHG ZDWHU ZDV

DGGHG LQWR WKH UHDFWRU LI QHFHVVDU\�

$IWHU WKH FRQFHQWUDWLRQ RI 7&( KDG UHDFKHG LWV HTXLOLEULXP YDOXH�

WKH GHJUDGDWLRQ UHDFWLRQ RI 7&( ZDV VWDUWHG� 7KH WHPSHUDWXUH RI

WKH UHDFWLRQ FKDPEHU ZDV NHSW DW �� R& E\ DLU�FRROLQJ� 7KH 7L2�

ILOPV ZHUH SUHWUHDWHG EHIRUH WKH UHDFWLRQ DW GLIIHUHQW FRQGLWLRQV� DQG

ZHUH DOVR SUHWUHDWHG IRU UHSHDWHG XVHV DIWHU WKH 7&( ZDV SKRWRFDW�

DO\WLFDOO\ GHJUDGHG WR D OHYHO WKDW ZDV XQGHWHFWDEOH ZLWK DQ )7,5

VSHFWURPHWHU�

�� 3KRWRFDWDO\VW DQG /LJKW 6RXUFH

7KH7L2��*3V ���î��PP
�� %(7 VXUIDFH DUHD� ����P� J−�� WKLFN�

QHVV� FD� ��� QP� ZHUH SUHSDUHG E\ D VRO�JHO SURFHVV� 7KH VDPSOHV

ZHUH ILQDOO\ KHDWHG DW ��� R& IRU ��� KRXUV DIWHU GLSSLQJ �� WLPHV�

7KH SUHSDUHG VDPSOHV� 7L2� SRZGHU DQG 7L2��*3� ZHUH WKH DQD�

WDVH SKDVH DV VKRZQ LQ )LJ� �� DQG WKH\ ZHUH DQDO\]HG E\ XVLQJ DQ

;�UD\ GLIIUDFWRPHWHU �;5'� 5LJDNX '�0D[�5&� �� N:� ZLWK &X

.D UDGLDWLRQ�$PRUH GHWDLOHG SUHSDUDWLRQPHWKRGKDV EHHQ GHVFULEHG

LQ DQ HDUOLHU UHSRUW >.LP HW DO�� ����@�

7KH7L2��*3VZHUH SUHWUHDWHG LQ WKH IROORZLQJ WZR GLIIHUHQWPHWK�

RGV DIWHU SUHSDUDWLRQ� ��� 7L2��*3V ZHUH ZDVKHG ZLWK ZDWHU DQG

GULHG DW ��� R& IRU ��PLQ DIWHU UHDFWLRQ� ��� 7L2��*3V ZHUH WKHQ

SUH�LOOXPLQDWHG IRU �� PLQ ZLWK 89 ODPSV�

7KH OLJKW LQWHQVLW\ ZDV DGMXVWHG IURP ��� WR �P:FP−� E\ FKDQJ�

LQJ WKH QXPEHU RI ODPSV WR VWXG\ WKH HIIHFW RI OLJKW LQWHQVLW\� )RU

RWKHU H[SHULPHQWV LQ WKLV ZRUN� HLJKW ��: EODFN OLJKW IOXRUHVFHQW

ODPSV �7RVKLED )/��6�%/%� ZHUH XVHG DV D OLJKW VRXUFH DQG WKHLU

OLJKW LQWHQVLW\� PHDVXUHG ZLWK D OLJKW SRZHU PHWHU �23+,5�/DVHU

3RZHU 0HWHU�� ZDV DURXQG � P: FP−��

�� $QDO\VLV

$Q )7,5 VSHFWURPHWHU �1LFROHW ��� )7�,5 VSHFWURPHWHU� ZDV

XVHG IRU WKH TXDQWLWDWLYH DQG TXDOLWDWLYH GHWHUPLQDWLRQ RI 7&( DQG

SURGXFWV� :H VHOHFWHG WKH OLJKW LQWHQVLW\ RI �P: FP−� WR LQYHVWL�

JDWH WKH UHDFWLRQ SURGXFWV EHFDXVH WKH NLQGV RI VSHFLHV ZHUH IRXQG

WR EH WKH VDPH LUUHVSHFWLYH RI WKH OLJKW LQWHQVLW\ DOWKRXJK WKH GHJUDGD�

WLRQ UDWH RI 7&(ZDV GLIIHUHQW� 7KH SHDN KHLJKW RI ��� FP−� IRU WKH

&�&O VWUHWFKLQJ YLEUDWLRQ ZDV XVHG WR GHWHUPLQH WKH FKDQJH LQ 7&(

FRQFHQWUDWLRQ�
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�� (IIHFW RI /LJKW ,QWHQVLW\

7KH FRQFHQWUDWLRQ RI 7&( GHFUHDVHG VORZO\ ZKHQ WKH LOOXPLQD�

WLRQ ZDV VWDUWHG EXW GHFUHDVHG UDSLGO\ DIWHU VHYHUDO PLQXWHV RI LOOXPL�

QDWLRQ� 7KXV� VLQFH LW ZDV GLIILFXOW WR HYDOXDWH WKH LQLWLDO UHDFWLRQ UDWH�

WKH DYHUDJH GHJUDGDWLRQ UDWH RI 7&( ZDV FDOFXODWHG IURP WKH KDOI�

OLIH RI WKH UHDFWLRQ� 7HVWV RI WKH HIIHFW RI OLJKW LQWHQVLW\ ZHUH SHU�

IRUPHG ZLWK WKH QRQ�WUHDWHG 7L2��*3�

)LJ� � VKRZV WKH 7&( GHJUDGDWLRQ UDWH DJDLQVW 89 OLJKW LQWHQ�

VLW\� 1R UHDFWLRQ WRRN SODFH LQ WKH DEVHQFH RI 89 OLJKW RU FDWDO\VW�

)LJ� �� ;5' SDWWHUQ RI 7L2� SRZGHU DQG 7L2��*3 �$� DQDWDVH

SKDVH��

)LJ� ��5HODWLRQVKLS EHWZHHQ WKH GHJUDGDWLRQ UDWH RI 7&( DQG WKH
OLJKW LQWHQVLW\� ,QLWLDO FRQFHQWUDWLRQ RI 7&( ZDV DGMXVWHG

WR EH ��� PJ�/ ZLWK QRQ�SUHWUHDWHG 7L2��*3�

)LJ� �� 5HODWLRQVKLS EHWZHHQ WKH UHODWLYH KXPLGLW\ DQG WKH KDOI�

OLYHV RI7&(GHJUDGDWLRQ UHDFWLRQ�7KHQRQ�SUHWUHDWHG7L2��
*3 ZDV XVHG�
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DQG KLJK FRQYHUVLRQ RI 7&( ZDV REWDLQHG DW VWURQJ OLJKW LQWHQVLW\

RI �P:FP−� XQGHU RXU H[SHULPHQWDO FRQGLWLRQV� 7KHVH UHVXOWV ZHUH

FRQVLVWHQW ZLWK RWKHUV UHSRUWHG HOVHZKHUH >.XWVXQD HW DO�� ����@�

)LJ� � VKRZV WKH UHODWLRQVKLS EHWZHHQ WKH UHODWLYH KXPLGLW\ DQG

KDOI�OLIH DW WKUHH GLIIHUHQW OLJKW LQWHQVLWLHV� ���� ��� DQG �P: FP−��

)RU DOO WKUHH OLJKW LQWHQVLWLHV� WKH UHODWLYH KXPLGLW\ XS WR ��� GLG

QRW DIIHFW WKH KDOI�OLYHV RI 7&( GHJUDGDWLRQ� +RZHYHU� DV WKH KXPLG�

LW\ LQFUHDVHG RYHU ��� WKH UHDFWLRQ EHFDPH VORZHU IRU DOO OLJKW LQ�

WHQVLWLHV� )URP WKHVH UHVXOWV LW FDQ EH VDLG WKDW WKH UHODWLYH KXPLGLW\

SOD\HG WKH VDPH UROH RQ WKH GHJUDGDWLRQ UDWH RI 7&( UHJDUGOHVV RI

OLJKW LQWHQVLW\�

�� (IIHFW RI +XPLGLW\

)LJ� � VKRZV WKH HIIHFW RI KXPLGLW\ RQ WKH JDV�SKDVH SKRWRFDWD�

O\WLF GHJUDGDWLRQ RI 7&(� ,Q WKLV H[SHULPHQW� WKH 7L2� ILOPV FRDWHG

RQ JODVV SODWHV ZHUH QRQ�WUHDWHG� 7KH GHJUDGDWLRQ UDWHV RI 7&(ZHUH

QRW FKDQJHG DW UHODWLYH KXPLGLW\ LQ WKH UDQJH RI ������ +RZHYHU�

WKH LQFUHDVH RI UHODWLYH KXPLGLW\ KLJKHU WKDQ ��� PDGH WKH UHDF�

WLRQ SURFHHG VORZO\ FRPSDUHG WR WKDW EHORZ ����

)LJV� � DQG � DOVR VKRZ WKH HIIHFW RI KXPLGLW\ RQ WKH JDV�SKDVH

SKRWRFDWDO\WLF GHJUDGDWLRQ RI 7&(� EXW ILOPV ZHUH SUHWUHDWHG E\

ZDVKLQJ ZLWK ZDWHU DQG GULHG DW ��� R& IRU ��PLQ �)LJ� �� DQG E\

SUH�LOOXPLQDWLQJ 89 OLJKW �)LJ� ��� UHVSHFWLYHO\�

)URP )LJ� �� LW ZDV REVHUYHG WKDW WKH WUHQG RI WKH FKDQJH LQ GH�

JUDGDWLRQ UDWHZDV VLPLODUZLWK QRQ�WUHDWHG ILOPV �)LJ� �� LQ WKHZKROH

UDQJH RI ������ RI UHODWLYH KXPLGLW\ LQ RXU H[SHULPHQW� :KHQ WKH

7L2� ILOPV ZHUH ZDVKHG ZLWK ZDWHU� WKH VXUIDFH ZRXOG EH FRYHUHG

ZLWK ZDWHU PROHFXOHV DQG WKH\ PLJKW NHHS WKH UHDFWLRQ IURP SUR�

FHHGLQJ >.LP HW DO�� ����@� 0RLVWXUH DGGHG WR LQFUHDVH WKH KXPLG�

LW\ ZRXOG EH GLIILFXOW WR DGVRUE RQWR WKH 7L2� VXUIDFH LI LW ZDV DO�

UHDG\ RFFXSLHG ZLWK RWKHU ZDWHU PROHFXOHV� )URP WKHVH UHDVRQV� LW

ZRXOG EH WKRXJKW WKDW ZDWHU YDSRU DGGHG ZLWKLQ WKLV UDQJH H[KLELWV

D QHJDWLYH UROH RQ WKH UHDFWLRQ�

2XU UHVXOWV ZHUH GLIIHUHQW IURP WKRVH RI .XWVXQD HW DO� >����@

GXH WR WKH ORZHU LQLWLDO FRQFHQWUDWLRQ RI 7&( WKDQ RXUV� %XW IRU ERWK

UHVXOWV LW LV WUXH WKDW WKH DGVRUSWLRQ RI WKH FRPSRXQGV RQWR WKH VXU�

IDFH RI FDWDO\VW ZDV VKRZQ WR EH LPSRUWDQW� :KHQ WKH DPRXQW RI

ZDWHU YDSRU LQ WKH UHDFWRU LQFUHDVHG� WKH DGVRUSWLRQ RI 7&( RQWR

WKH SKRWRFDWDO\VW VXUIDFH ZRXOG EH UHVWULFWHG GXH WR WKH FRPSHWL�

WLYH DGVRUSWLRQ ZLWK ZDWHUPROHFXOHV� 7KLV PLJKW EH WKH UHDVRQ ZK\

WKH GHJUDGDWLRQ UDWHV RI 7&( LQ WKH SUHVHQFH RI ZDWHU YDSRU RI ���

DQG ���� GHFUHDVHG�

2Q WKH RWKHU KDQG� DV VKRZQ LQ )LJ� �� ZKHQ WKH 7L2� ILOPV ZHUH

)LJ� �� (IIHFW RI ZDWHU YDSRU RQ WKH JDV�SKDVH SKRWRFDWDO\VLV RI
7&( RYHU WKH QRQ�WUHDWHG 7L2��*3� 6\PEROV� 11 �::�ìì�

ðð DQGòò LQGLFDWH WKH UHODWLYH KXPLGLW\ RI ��� ���� ����
��� DQG ����� UHVSHFWLYHO\�

)LJUU �� (IIHFW RI ZDWHU YDSRU RQ WKH JDV�SKDVH SKRWRFDWDO\VLV RI

7&( ZKHQ WKH 7L2��*3 ZDVKHG ZLWK ZDWHU DQG GULHG DW
��� R& IRU ��PLQ ZDV XVHG� 6\PEROV�11�::�ìì�ðð DQGòò
LQGLFDWH WKH UHODWLYH KXPLGLW\ RI ��� ���� ���� ���DQG
����� UHVSHFWLYHO\�

)LJ� �� (IIHFW RI ZDWHU YDSRU RQ WKH JDV�SKDVH SKRWRFDWDO\VLV RI
7&(ZKHQ WKH 7L2��*3 SUHWUHDWHG E\ 89 SUHLOOXPLQDWLRQ

ZDV XVHG� 6\PEROV� 11� ::� ìì� ðð DQG òò LQGLFDWH WKH
UHDFWLYH KXPLGLW\ RI ��� ���� ���� ��� DQG ����� UH�

VSHFWLYHO\�
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XVHG DIWHU EHLQJ ZDVKHG ZLWK ZDWHU DQG WKHQ SUH�LOOXPLQDWHG E\

89 OLJKW� WKH GHJUDGDWLRQ UDWH ZDV WKH IDVWHVW DW UHODWLYH KXPLGLW\

RI ��� EXW GHFUHDVHG ZLWK WKH LQFUHDVH RI UHODWLYH KXPLGLW\� ,W LV

SRVVLEOH WR H[SODLQ WKDW ZDWHU PROHFXOHV DGVRUEHG RQWR WKH VXUIDFH

RI ILOP DIWHU ZDVKLQJ ZLWK ZDWHU GHVRUEHG RU GHFRPSRVHG E\ 89

SUH�LOOXPLQDWLRQ� DQG WKHUHIRUH 7&( FDQ EH HDVLO\ DGVRUEHG DQG GH�

JUDGHG� 7KH GHFUHDVH RI WKH GHJUDGDWLRQ UDWHV RI 7&( ZLWK WKH LQ�

FUHDVH RI WKH UHODWLYH KXPLGLW\ ZRXOG EH DOVR GXH WR WKH FRPSHWL�

WLYH DGVRUSWLRQ RI ZDWHU PROHFXOHV RQ WKH VXUIDFH RI 7L2� ILOP�

�� ,QWHUPHGLDWHV

7KH VHULHV RI )7,5 VSHFWUD WDNHQ GXULQJ WKH SKRWRFDWDO\WLF GHJUD�

GDWLRQ RI 7&( RYHU 7L2��*3ZLWK WKH OLJKW LQWHQVLW\ RI �P:FP−�

DUH VKRZQ LQ )LJ� �� :H FRQILUPHG WKH SURGXFWLRQ RI &O�&+&2&O

�GLFKORURDFHW\O FKORULGH� '&$&�� ZKLFK ZDV WKH PDLQ LQWHUPHGL�

DWH� WRJHWKHU ZLWK &2&O�� &2�&2� DQG+&O� 7KH SURGXFWLRQ RI &2�

ZDV LGHQWLILHG PDLQO\ IURP WKH SHDN DW ����� FP−� EXW FRXOG QRW EH

GHWHUPLQHG TXDQWLWDWLYHO\ EHFDXVH RI WKH VWURQJ LQWHUIHUHQFH RI WKDW

LQ DLU� 7KH VWDQGDUG SHDN SRVLWLRQV LQ )7,5 VSHFWUD RI 7&(� '&$&�

&2&O�� &2� &2� DQG +&O DUH OLVWHG LQ 7DEOH �� 7KH FKDQJH LQ WKH

FRQFHQWUDWLRQ RI SURGXFWV ZLWK WKH LOOXPLQDWLRQ WLPH GXULQJ WKH SKR�

WRFDWDO\WLF GHJUDGDWLRQ RI 7&( ZDV LOOXVWUDWHG LQ )LJ� ��

)LJ� � VKRZV WKH UHODWLRQVKLS EHWZHHQ WKH SURGXFWLRQ RI '&$&

DQG WKH UHODWLYH KXPLGLW\� 7KH SURGXFWLRQ DPRXQW RI '&$& ZDV

GHFUHDVHGZLWK WKH LQFUHDVH RI UHODWLYH KXPLGLW\� 7KLVPLJKW EH GXH WR

WKH IDFW WKDW WKH SURGXFHG'&$& UHDFWV LPPHGLDWHO\ ZLWK ZDWHU� DQG

)LJ� �� $ VHULHV RI )7,5 VSHFWUD WDNHQ GXULQJ WKH SKRWRFDWDO\WLF

GHJUDGDWLRQ RI 7&( ZLWK OLJKW LQWHQVLW\ RI �P:�FP�� �D��
�E�� �F�� �G� DQG �H� DUH WKH SHDNV XVHG WR GHWHUPLQH WKH FRQ�

FHQWUDWLRQ RI 7&(� '&$&� &2� +&O� DQG &2&O�� UHVSHF�
WLYHO\� 7L2��*3 ZDV XVHG�

7DEOH �� 0DLQ VWDQGDUG SHDNV RI SURGXFWV REWDLQHG IURP WKH OL�

EUDU\ VSHFWUD VXSSOLHG E\ 1LFROHW

&RPSRXQGV 0DLQ SHDNV RI )7,5 �FP−��

7&( ���� ���� ���� ����� ����� ����

'&$& ���� ���� ���� ����� ����

&2&O� ���� ����

&2 ����� ����

&2� ���� ����

+&O ���������� ����

)LJ� �� 7KH FKDQJH LQ WKH FRQFHQWUDWLRQ RI SURGXFWV ZLWK WKH LOOX�

PLQDWLRQ WLPH IRU WKH SKRWRFDWDO\WLF GHJUDGDWLRQ RI 7&(�
7L2��*3 DQG EODFNOLJKW IOXRUHVFHQW ODPSV KDYLQJ WKH OLJKW

LQWHQVLW\ RI �P:�FP� ZHUH XVHG�11� '&$&�ìì� &2&O��
::� &2�ðð� +&OUU

)LJ� �� 5HODWLRQVKLS RI WKH SURGXFWLRQ RI '&$& GXULQJ 7&( SKR�

WRFDWDO\VLV ZLWK WKH UHODWLYH KXPLGLW\� WKH FRQFHQWUDWLRQ RI
'&$&ZDV WKH KLJKHVW LQ WKH UHDFWLRQ� 7L2��*3 DQG EODFN�

OLJKW IOXRUHVFHQW ODPSV KDYLQJ WKH OLJKW LQWHQVLW\ RI �P:�
FP� ZHUH XVHG�



(IIHFW RI +XPLGLW\ RQ 3KRWRFDWDO\WLF 5HDFWLRQ ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

VRRQ SURGXFHV &O�&+&22+ �'&$$� RQ WKH 7L2� VXUIDFH WKURXJK

K\GURO\VLV DV IROORZ�

&O�&+&2&O�+�2ç&O�&+&22+�+&O ���

,Q IDFW� '&$$ ZDV FRQILUPHG RQ WKH 7L2� VXUIDFH E\ WKH REVHUYD�

WLRQ RI WKUHH SHDNV RI &22+E\ XVLQJ D'5,)7 �'LIIXVH 5HIOHFWDQFH

,QIUDUHG )RXULHU 7UDQVIRUP 6SHFWURVFRS\�� DV VKRZQ LQ )LJU ���
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7KURXJK GHWDLOHG H[SHULPHQWV LW ZDV IRXQG WKDW WKH HIIHFW RI KX�

PLGLW\ RQ WKH SKRWRFDWDO\WLF GHJUDGDWLRQ UDWH RI 7&( LQ JDV SKDVH

GHSHQGHG RQ WKH SUHWUHDWHG VWDWHV RI WKH 7L2� ILOPV� ,W ZDV DOVR RE�

VHUYHG WKDW WKH SKRWRFDWDO\WLF DFWLYLW\ RI WKH 7L2� ILOPV ZDV DIIHFWHG

PRUH VWURQJO\ E\ WKH SUHWUHDWPHQW FRQGLWLRQV �HVSHFLDOO\ 89 SUH�

LOOXPLQDWLRQ� FRPSDUHG WR WKH PRLVWXUH FRQWHQW� :KHQ WKH UHODWLYH

KXPLGLW\ ZDV RYHU ���� WKH UHDFWLRQ UDWHV GHFUHDVHG UHJDUGOHVV RI

WUHDWPHQW FRQGLWLRQV RI SKRWRFDWDO\VW� 7KHVH UHVXOWV LQGLFDWH WKDW

ZDWHU YDSRU FRXOG EH HDVLO\ DGVRUEHG RQ WKH FOHDQ 7L2� VXUIDFH SUH�

WUHDWHG E\ 89 LOOXPLQDWLRQ� DQG WKH DGVRUEHG ZDWHU YDSRU KLQGHUV

WKH UHDFWLRQ�

7KH SKRWRFDWDO\WLF GHFRPSRVLWLRQ UDWH RI 7&( LQFUHDVHG ZLWK

WKH LQFUHDVH RI OLJKW LQWHQVLW\� 7KH LQWHUPHGLDWHV DQG E\SURGXFWV RI

WKH UHDFWLRQ ZHUH QRW FKDQJHG LQ GLIIHUHQW KXPLGLW\ FRQGLWLRQV�

)URP RXU UHVXOWV� WKH 89 LOOXPLQDWLRQ RQ WKH VXUIDFH RI 7L2� ILOP

DIWHU ZDVKLQJ ZLWK ZDWHU ZDV WKH PRVW HIIHFWLYH SUHWUHDWPHQW PHWK�

RG WR LQFUHDVH WKH DFWLYLW\ RI 7L2� ILOPV� &RQVHTXHQWO\� LQ RUGHU WR

UHJHQHUDWH WKH SKRWRFDWDO\WLF DFWLYLW\ RI WKH 7L2� ILOPV� WKH 89 SUH�

LOOXPLQDWLRQ DIWHU ZDVKLQJ ZLWK ZDWHU LV UHFRPPHQGHG EHIRUH WKHLU

UHXVH�

5()(5(1&(6

$O�(NDEL� +� DQG 6HUSRQH� 1�� ³.LQHWLF 6WXGLHV LQ+HWHURJHQHRXV 3KR�

WRFDWDO\VLV� 3KRWRFDWDO\WLF 'HJUDGDWLRQ RI &KORULQDWHG 3KHQROV LQ

$HUDWHG $TXHRXV 6ROXWLRQV RYHU 7L2� 6XSSRUWHG RQ *ODVV 0DWUL[�́

-� 3K\V� &KHP�� ��� ���� �������

'LEEOH� /� $� DQG 5DXSS� *� %�� ³.LQHWLFV RI WKH *DV�6ROLG +HWHURJH�

QHRXV 3KRWRFDWDO\WLF 2[LGDWLRQ RI 7ULFKORURHWK\OHQH E\ 1HDU 89

,OOXPLQDWLRQ 7LWDQLXP 'LR[LGH�́ &DWDO� /HWW�� �� ��� �������

(OHD]HU�:�(��2GOH�:� 6��:DQJ�<� 6� DQG%DUOD]�0�$�� ³%LRGHJUDG�

DELOLW\ RI 0XQLFLSDO 6ROLG :DWHU &RPSRXQGV LQ /DERUDWRU\�6FDOH

/DQGILOOV�́ (QYLURQ� 6FL� 7HFKQRO�� ��� ��� �������

)R[� 0�$� DQG 'XOD\� 0� 7�� ³+HWHURJHQHRXV 3KRWRFDWDO\VLV�́ &KHP�

5HY�� ��� ��� �������

+VLDR� &�<�� /HH� &� /� DQG 2OOLV� '� )�� ³+HWHURJHQHRXV 3KRWRFDWDO\�

VLV�'HJUDGDWLRQRI'LOXWH6ROXWLRQVRI&+�&O��&+&O� DQG&&O�ZLWK

,OOXPLQDWHG 7L2� 3KRWRFDWDO\VW�́ -� &DWDO�� ��� ��� �������

+LVDQDJD� 7�� +DUDGD� .� DQG 7DQDND� .�� ³3KRWRFDWDO\WLF 'HJUDGDWLRQ

RI 2UJDQRFKORULQH &RPSRXQGV LQ 6XVSHQGHG 7L2��́ -� 3KRWRFKHP�

3KRWRELRO� $� &KHP�� ��� ��� �������

+RIIPDQQ� 0�5�� 0DUWLQ� 6� 7�� &KRL� :�<� DQG %DKQHPDQQ� '�:��

³(QYLURQPHQWDO $SSOLFDWLRQV RI 6HPLFRQGXFWRU 3KRWRFDWDO\VW�́

&KHP� 5HY�� ��� �� �������

+LOJHQGRUII� 0� DQG %DKQHPDQQ� $�:�� ³0HFKDQLVP RI 3KRWRFDWDO\�

VLV� 7KH 5HGXFWLYH 'HJUDGDWLRQ RI 7HWUDFKORURPHWKDQH LQ $TXHRXV

7LWDQLXP'LR[LGH 6XVSHQVLRQV�́ -� $GY�2[LG� 7HFKQRO���� �� �������

+RQJ�6� 6�� -X�&� 6�� /LP�&�*��$KQ�%�+�� /LP�.�7� DQG/HH�*�'��

³$3KRWRFDWDO\WLF'HJUDGDWLRQRI3KHQRO2YHU7L2�3UHSDUHGE\ 6RO�

*HO 0HWKRG�́ -� ,QG� (QJ� &KHP�� �� �� �������

+XQJ� &�+� DQG 0DULQDV� %� -�� ³5ROH RI &KORULQH DQG 2[\JHQ LQ WKH

3KRWRFDWDO\WLF 'HJUDGDWLRQ RI 7ULFKORURHWK\OHQH 9DSRU RQ 7L2�

)LOPV�́ (QYLURQ� 6FL� 7HFKQRO�� ��� ��� �������

+XQJ� &�+� DQG 0DULQDV� %� -�� ³5ROH RI :DWHU LQ WKH 3KRWRFDWDO\WLF

'HJUDGDWLRQ RI 7ULFKORURHWK\OHQH 9DSRU RQ 7L2� )LOPV�́ (QYLURQ�

6FL� 7HFKQRO�� ��� ���� �������

,]XPL� ,��'XQQ�:�:��:LOERXUQ�.�2�� )DQ�)� )� DQG%DUG�$� -�� ³+HW�

HURJHQHRXV 3KRWRFDWDO\WLF 2[LGDWLRQ RI +\GURFDUERQV RQ 3ODWLQL]HG

7L2� 3RZGHU�́ -� 3K\V� &KHP�� ��� ���� �������

-HRQJ� +�5�� .LP� -� 6�� -RR� +�.�� $XK� &�0�� /HH� 7� .�� 0RRQ� ,�

DQG <XQ� :�6�� ³3KRWRFDWDO\WLF 'HJUDGDWLRQ RI 3HUFKORURHWK\OHQH

E\ 7L2� &RDWHG RQ 2SWLFDO )LEHU 5HDFWRU LQ WKH *DV 3KDVH�́ +:$�

+$..21*+$.� ��� ��� �������

.LP� -� 6�� ,WRK� .� DQG 0XUDED\DVKL� 0�� ³(IIHFWV RI 3UHWUHDWPHQW RI

7L2� 7KLQ�)LOPV RQ WKH *DV�3KDVH 3KRWRFDWDO\WLF 5HDFWLRQ RI 7UL�

FKORURHWK\OHQH�́ 'HQNL .DJDNX� ��� ���� �������

.LP� -� 6�� ,WRK� .� DQG0XUDED\DVKL� 0�� ³3KRWRFDWDO\WLF 'HJUDGDWLRQ

RI7ULFKORURHWK\OHQH LQ*DV�3KDVHRYHU WKH7L2�6RO�*HO )LOPV�$Q�

DO\VLV RI 3URGXFWV�́ &KHPRVSKHUH� ��� ��� �������

.LP� -� 6�� ,WRK�.� DQG0XUDED\DVKL�0�� ³3UHWUHDWPHQW RI 7L2� 3KRWR�

FDWDO\VW LQ WKH *DV�3KDVH 3KRWRFDWDO\WLF 'HJUDGDWLRQ RI 7ULFKORUR�

HWK\OHQH�́ &KHPRVSKHUH� ��� ���� �������

.LP� -� 6�� -RR� +�.�� /HH� 7� .�� ,WRK� .� DQG0XUDED\DVKL�0�� ³3KR�

WRFDWDO\WLF$FWLYLW\ RI 7L2�3KRWRFDWDO\VW 3UHVHUYHG LQ9DULRXV&RQ�

GLWLRQV DQG *DV�3KDVH 3KRWRFDWDO\WLF 'HJUDGDWLRQ RI 7ULFKORUR�

HWK\OHQH�́ -� &DWDO�� ���� ��� �������

/LX� 7� &� DQG &KHQJ� 7� ,�� ³ (IIHFW RI 6L2� RQ WKH &DWDO\WLF 3URSHUWLHV

RI 7L2� IRU WKH ,QFLQHUDWLRQ RI &KORURIRUP�́ &DWDO� 7RGD\� ��� ��

�������

.XWVXQD� 6�� (ELKDUD�<��1DNDPXUD�.� DQG ,EXVXNL� 7�� ³+HWHURJHQHRXV

3KRWRFKHPLFDO 5HDFWLRQV %HWZHHQ 9RODWLOH &KORULQDWHG +\GURFDU�

ERQV �7&(� 3&(� DQG 7LWDQLXP 'LR[LGH�́ $WPRVSKHULF (QYLURQ��

��$� ��� �������

0DWWKHZV� 5�:�� ³.LQHWLF RI 3KRWRFDWDO\WLF 2[LGDWLRQ RI2UJDQLF 6RO�

XWHV2YHU 7LWDQLXP 'LR[LGH�́ -� &DWDO�� ���� ��� �������

-HRQ� 0�� /HH� 7�.�� .LP� '�+�� -RR� +� DQG .LP� +�.�� ³7KH (Q�

)LJ� ��� '5,)7 VSHFWUXP RI 7L2� SRZGHU DIWHU WKH SKRWRFDWDO\WLF
GHJUDGDWLRQ RI 7&(�



��� -� 6� .LP DQG 7� .� /HH

1RYHPEHU� ����

KDQFHPHQW RI 5HGR[ 5HDFWLRQV ZLWK0L[HG 2[LGH &DWDO\VWV E\ WKH

6RO�*HO 3URFHVV�́ 6RODU (QHUJ\ 0DWHULDOV 	 6RODU &HOOV� ��� ���

�������

0XUDED\DVKL�0�� ,WRK�.��.XURGD� 6��+XGD�5��0DVXGD�5��7DNDKDVKL�

:� DQG.DZDVKLPD�.�� ³3KRWRFDWDO\WLF'HJUDGDWLRQRI&KORURIRUP

ZLWK 7L2� &RDWHG )LEHU &ORWK�́ 'HQNL .DJDNX� ��� ��� �������

0XUDED\DVKL� 0�� ,WRK� .�� 7RJDVKL� .�� 6KLR]DZD� .� DQG <DPD]DNL�

+�� ³3KRWRFDWDO\WLF 'HJUDGDWLRQ RI 2UJDQLF &KORULQH &RPSRXQGV

LQ WKH *DV�3KDVH DQG /LTXLG�3KDVH�́ -� $GY� 2[LG� 7HFKQRO�� �� ��

�������

1LPORV� 0�5�� -DFRE\� :�$�� %ODNH� '�0� DQG 0LOQH� 7� $�� ³'LUHFW

0DVV 6SHFWURPHWULF 6WXGLHV RI WKH'HVWUXFWLRQ RI+D]DUGRXV:DVWHV�

*DV�3KDVH 3KRWRFDWDO\WLF2[LGDWLRQ RI7ULFKORURHWK\OHQH RYHU 7L2��́

(QYLURQ� 6FL� 7HFKQRO�� ��� ��� �������

2OOLV� '� )�� +VLDR� &�<�� %XGLPDQ� /� DQG /HH� &� /�� ³+HWHURJHQHRXV

3KRWRDVVLVWHG &DWDO\VLV� &RQYHUVLRQV RI 3HUFKORURHWK\OHQH� 'LFKOR�

URHWKDQH� &KORURDFHWLF DFLGV DQG &KORUREHQ]HQH�́ -� &DWDO�� ��� ��

�������

2OOLV� '� )�� ³&RQWDPLQDQW 'HJUDGDWLRQ LQ :DWHU�́ (QYLURQ� 6FL� 7HFK�

QRO�� ��� ��� �������

2OOLV� '� )�� 3HOL]]HWWL� (� DQG 6HUSRQH� 1�� ³'HVWUXFWLRQ RI:DWHU &RQ�

WDPLQDQWV�́ (QYLURQ� 6FL� 7HFKQRO�� ��� ���� �������

7DQJXD\� -� )�� 6XLE� 6� /� DQG&RXJKOLQ�5�:�� ³'LFKORURPHWKDQH3KR�

WRGHJUDGDWLRQ8VLQJ 7LWDQLXP&DWDO\VW�́ -� &DWDO�� ���� ��� �������

7XUFKL� &� 6� DQG 2OOLV� '� )�� ³ 3KRWRFDWDO\WLF 'HJUDGDWLRQ RI 2UJDQLF

:DWHU &RQWDPLQDQWV�0HFKDQLVPV ,QYROYLQJ+\GUR[\O 5DGLFDO $W�

WDFN�́ -� &DWDO�� ���� ��� �������

<DPD]DNL�1LVKLGD�6��1DJDQR�.� -�� 3KLOOLSV� /� $��&HUYHUD�0DUFK� 6�

DQG$QGHUVRQ� 0�$�� ³3KRWRFDWDO\WLF 'HJUDGDWLRQ RI 7ULFKORURHWK�

\OHQH LQ WKH *DV�3KDVH 8VLQJ 7LWDQLXP 'LR[LGH 3HOOHWV�́ -� 3KRWR�

FKHP� 3KRWRELRO� $� &KHP�� ��� �� �������

<DPD]DNL�1LVKLGD�6��&HYHUD�0DUFK�6��1DJDQR�.� -��$QGHUVRQ�0�$�

DQG +RUL� .�� ³([SHULPHQWDO DQG 7KHRUHWLFDO 6WXG\ RI WKH 5HDFWLRQ

0HFKDQLVP RI WKH 3KRWRDVVLVWHG &DWDO\WLF 'HJUDGDWLRQ RI 7ULFKOR�

URHWK\OHQH LQ WKH *DV�3KDVH�́ -� 3K\V� &KHP�� ��� ����� �������

<RRQ� -� .�� <RRQ�:� 6�� -RR� +�.�� -HRQ�0� 6� DQG /HH� 7�.�� ³3UHS�

DUDWLRQ DQG &KDUDFWHUL]DWLRQ RI0R�7L0L[HG 2[LGH DQG 7L2� 3KR�

WRFDWDO\VWV� 3KRWRFDWDO\WLF'HJUDGDWLRQ RI7ULFKORURHWK\OHQH LQ*DV�

SKDVH 8VLQJ &LUFXODWLRQ 6\VWHP�́ +:$+$. .21*+$.� ��� ���
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