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7KH� OHJLVODWLRQ� IRU� GHFRQWDPLQDWLRQ�RI�ZDVWH�ZDWHU� FRQ�

WDLQLQJ� RUJDQLF� VXEVWDQFHV� KDV� EHFRPH� PRUH� DQG� PRUH

VWULQJHQW�XQGHU� LQFUHDVHG�SXEOLF� FRQFHUQ�� ,W� LV�ZHOO� NQRZQ

WKDW�ELRORJLFDO�WUHDWPHQWV�DUH�QRW�DEOH�WR�UHPRYH�DOO�RUJDQLF

FRPSRXQGV�� HVSHFLDOO\� LI� WKH\� DUH� WR[LF�� IURP� WKH� ZDVWH

ZDWHU����� 7KXV� WR[LF� RUJDQLF� FRPSRXQGV� DFFXPXODWH� LQ� WKH

HIIOXHQW�ZDWHU��FDXVLQJ�DQ�LQFUHDVH�LQ�SROOXWLRQ�RI�RXU�QDWXUDO

HQYLURQPHQW��6R�IDU��YDULRXV�PHWKRGV�WR�VROYH�WKLV�SUREOHP

KDYH�EHHQ�DWWHPSWHG��H�J���SUHFLSLWDWLRQ�E\�VSHFLDO�FRDJXODQWV�

VROYHQW� H[WUDFWLRQ� DQG� WKH� DGVRUSWLRQ� RQ� VXLWDEOH� DGVRU�

EHQWV����� $W� WKH� SUHVHQW� WLPH�� WKH� DGVRUSWLRQ� RQ� DFWLYDWHG

FDUERQ�LV�FRQVLGHUHG�DQ�DWWUDFWLYH�WHFKQRORJ\�IRU�UHPRYLQJ�D

YDULHW\�RI�RUJDQLF�FRQWDPLQDQWV�IURP�WKH�ZDVWH�ZDWHU��7KH

DSSOLFDWLRQ� RI� DFWLYDWHG� FDUERQ� LQ� ZDVWH� ZDWHU� WUHDWPHQW

SURFHVV�LV��KRZHYHU��OLPLWHG�GXH�WR�WKH�ODFN�RI�HIIHFWLYH�DQG

ORZ�FRVW� UHJHQHUDWLRQ� WHFKQRORJ\�� &OHDUO\�� LQ� RUGHU� WR

UHF\FOH�DFWLYDWHG�FDUERQ�LQ�WKH�ZDVWH�ZDWHU�WUHDWPHQW�SODQWV�

UHJHQHUDWLRQ�WHFKQLTXHV�FDSDEOH�RI�GHVWUR\LQJ�WKH�DGVRUEHG

RUJDQLFV�ZKLOH�SUHVHUYLQJ� WKH�EXON�RI� DFWLYDWHG�FDUERQ�DUH

GHILQLWHO\�UHTXLUHG��

7KH� UHJHQHUDWLRQ� RI� VSHQW� FDUERQ� KDV� EHHQ� JHQHUDOO\

DFFRPSOLVKHG� XVLQJ� VROYHQW�� VWHDP�� DQG� WKHUPDO� URXWHV� ���

6ROYHQW�H[WUDFWLRQ�LV�FRQGXFWHG�ZLWK�D�VROYHQW�LQ�ZKLFK�WKH

DGVRUEDWH� LV� KLJKO\� VROXEOH�� ([WUDFWLRQ� ZLWK� VROYHQW� LV�

KRZHYHU��GLVDGYDQWDJHRXV�LI�WKH�RUJDQLFV�EHLQJ�UHPRYHG�LV

WR[LF�DQG�WKHUHIRUH�WKH�VSHQW�VROYHQW�LWVHOI�LV�GLVSRVHG�RI�DV�D

KD]DUGRXV�ZDVWH��5HJHQHUDWLRQ�E\�VWHDP� LV�DSSOLHG�RQO\� LI

DFWLYDWHG� FDUERQ� FRQWDLQV� VXEVWDQFHV� WKDW� YDSRUL]H� DW

WHPSHUDWXUHV�EHORZ����� R&��,W�KDV�EHHQ�UHSRUWHG�WKDW�VWHDP

LV� QRW� XVHIXO� ZKHQ� YHU\� VWURQJO\� DGVRUELQJ� RU� HQYLURQ�

PHQWDOO\�SHUVLVWHQW�FKORULQDWHG�DURPDWLF�FRPSRXQGV�VXFK�DV

GLR[LQV��3&%V��''7��DQG�3&3�DUH�SUHVHQW��)RU�VXEVWDQFHV�RI

KLJKHU� ERLOLQJ� SRLQWV�� WKHUPDO� UHJHQHUDWLRQ� LV� WKH� PRVW

ZLGHO\� HPSOR\HG� WHFKQRORJ\����� 7KH� SURFHVV� RI� WKHUPDO

UHJHQHUDWLRQ�LV�FDUULHG�RXW�LQ�UHJXODU�VHTXHQFH�DV�IROORZV���D�

GU\LQJ� �ú ���� R&��� �E�� YDSRUL]DWLRQ� RI� YRODWLOH� DGVRUEDWHV

���������R&����F��S\URO\VLV�RI�QRQ�YRODWLOH�DGVRUEDWHV��ZLWK

WKH� IRUPDWLRQ� RI� FDUERQDFHRXV�PDWHULDO� ��������� R&��� DQG

�G�� JDVLILFDWLRQ� RI� WKLV� PDWHULDO�� XVLQJ� VXLWDEOH� R[LGL]LQJ

DJHQWV�VXFK�DV�VWHDP��FDUERQ�GLR[LGH��DLU��RU�DQ\�PL[WXUH�RI

WKHVH� JDVHV� �≥ ���G R&���:KHQ� FDUERQ� UHDFWV�ZLWK�+�2� RU

&2���WKH�JDVLILFDWLRQ�RFFXUV�LQ�DFFRUGDQFH�ZLWK�HQGRWKHUPLF

UHDFWLRQV�� 7KHUHIRUH�� H[WHUQDO� KHDW� KDV� WR� EH� FRQWLQXRXVO\

VXSSOLHG�WR�PDLQWDLQ�LVRWKHUPDO�VLWXDWLRQ��2Q�WKH�RWKHU�KDQG�

WKH� JDVLILFDWLRQ� UHDFWLRQ� LV� H[WUHPHO\� H[RWKHUPLF� LQ� WKH

SUHVHQFH�RI�DLU��R[\JHQ���7KLV�UHDFWLRQ�LV�GLIILFXOW�WR�FRQWURO�

DQG� H[FHVVLYH� ORVV� RI� FDUERQ� HDVLO\� RFFXUV�� UHVXOWLQJ� LQ� D

GHFUHDVH�LQ�DYHUDJH�SDUWLFOH�VL]H��

7KH� SUHVHQW� UHVHDUFK� LV� GLUHFWHG� WRZDUGV� WKH� GHFRQWD�

PLQDWLRQ�RI�ZDVWH�ZDWHU�XVLQJ�*$&�DQG�WKH�GHYHORSPHQW�RI

ORZ�FRVW� DQG� HIIHFWLYH� UHJHQHUDWLRQ� WHFKQRORJ\� RI� VSHQW

*$&�� 7KH� QHZO\� GHYHORSHG� UHJHQHUDWLRQ� WHFKQLTXH�� D

FRXQWHUFXUUHQW�R[LGDWLYH�UHDFWLRQ��&25��LV�VLPLODU�WR�UHYHUVH

EXUQ�PHWKRGRORJ\�XVHG�IRU�VLPXODWLQJ� LQ�VLWX�JDVLILFDWLRQ�RI

FRDO������� 7KH� &25� SURFHVV� XWLOL]HV� D� VHOI�VXVWDLQHG� IODPH

WKDW�PRYHV� LQ� WKH� UHYHUVH�GLUHFWLRQ� WR� WKH� IORZ�RI�R[LGDQWV
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�DLU� RU� 2���� 7KH� UHDFWLRQ� LV� H[RWKHUPLF�� DQG� WKH� RYHUDOO

SURFHVV�LV�FRPSOHWHG�LQ�D�VLQJOH�VWHS��ZLWK�PLQLPXP�H[WHUQDO

HQHUJ\� WR� LQLWLDWH� D� IODPH��7R� HYDOXDWH� WKH� SHUIRUPDQFH� RI

&25�RQ�UHJHQHUDWLRQ�RI�VSHQW�*$&��WKH�ORVV�RI�FDUERQ�DQG

WKH� WHPSHUDWXUH�RI�D� IODPH� LQ�DIIHFWLQJ� UHJHQHUDWLRQ�HIILFL�

HQF\� DQG� GHVWUXFWLRQ� DQG� UHPRYDO� HIILFLHQF\� �'5(�� RI

DGVRUEHG�RUJDQLFV�ZHUH�H[DPLQHG��DV�ZHOO�DV� VXUIDFH�DUHD�

VXUIDFH� VWUXFWXUH�� DQG� DGVRUSWLYH� FDSDFLW\� RI� UHJHQHUDWHG

*$&��E\�FRPSDULQJ�ZLWK�YLUJLQ�*$&��

0DWHULDOV�DQG�0HWKRGV

$GVRUSWLRQ�,VRWKHUP�6WXG\� IRU�3&%V��7R�HYDOXDWH� WKH

DGVRUSWLYH�FDSDFLW\�RI�*$&�IRU�D�VSHFLILF�RUJDQLF�FRPSRXQG

RI�LQWHUHVW�LQ�FRQWDPLQDWHG�ZDWHU��WKH�LVRWKHUP�H[SHULPHQWV

ZHUH�FRQGXFWHG��$FWLYDWHG�FDUERQ�XVHG�LQ�WKHVH�H[SHULPHQWV

ZDV� D� JUDQXODU� W\SH� �'DUFR�� ������ PHVK�� VXSSOLHG� E\

$OGULFK� &KHPLFDO� &RPSDQ\�� ,QF��� 86$�� $URFORU� ����� �D

PL[WXUH�RI�3&%V�FRPSRVHG�RI�PRVWO\���DQG���FKORULQHV�RQ

ELSKHQ\O� ULQJ�� DQG�$URFORU������ �D�PL[WXUH�RI�3&%V�ZLWK

PRVWO\� �� DQG� �� FKORULQHV��� SXUFKDVHG� IURP� $FFXVWDQGDUG

,QF���86$��ZHUH�XVHG�DV�PRGHO�DGVRUEDWHV�EHFDXVH�WKH\�DUH

WR[LF�DQG�QRW�UHDGLO\�GHFRPSRVHG�E\�DQ\�ELRORJLFDO�PHDQV

LQ�WKH�ZDVWH�ZDWHU�WUHDWPHQW�SODQWV����7KH�FRQWDPLQDWHG�ZDWHU

ZDV� PDGH� E\� VSLNLQJ� DERYH�PHQWLRQHG� WZR� 3&%� IRUPX�

ODWLRQV� ���PJ� HDFK�� LQ� ����P/� RI� GLVWLOOHG� ZDWHU�� UHVSHF�

WLYHO\��$�VHULHV�RI�NQRZQ�ZHLJKWV� �����J������J������J��DQG

�����J�HDFK��RI�*$&�ZDV�SDFNHG�LQWR�D�TXDUW]�WXEH����FP�L�G�

×����FP�ORQJ���DQG�VSLNHG�ZDWHU�ZDV�SXPSHG�WR�WKH�WXEH�DW
WKH�IORZ�UDWH�RI����P/�PLQ��6XEVHTXHQWO\��WKH�FRQFHQWUDWLRQ

RI�3&%V�LQ�WKH�HIIOXHQW�ZDWHU�ZDV�PHDVXUHG�ZLWK�D�*&�(&'

�7UDFH�*&������� ,WDO\���6HSDUDWLRQ�RI�3&%V�ZDV� DFKLHYHG

ZLWK�D�FDSLOODU\�'%���FROXPQ�������PP�L�G��×����P�ORQJ�
WKURXJK�D�WHPSHUDWXUH�SURJUDP��&KURPDWRJUDSKLF�SHDNV�ZHUH

LGHQWLILHG� E\� UHODWLYH� UHWHQWLRQ� WLPH�� ZLWK� SHQWDFKORUREHQ�

]HQH��3&%]��DV�WKH�UHWHQWLRQ�WLPH�PDUNHU��7KH�WRWDO�FRQFHQW�

UDWLRQ�RI�3&%V�ZDV�FDOFXODWHG�E\�VXPPLQJ�XS�WKH�FRQFHQW�

UDWLRQ�RI�LQGLYLGXDO�3&%��

&RXQWHUFXUUHQW�2[LGDWLYH�5HDFWLRQ�3URFHVV��6SHQW�*$&

ZDV�VLPXODWHG�E\�DGVRUSWLRQ�RI�3&%V�IURP�3&%�FRQWDPLQ�

DWHG�ZDWHU��2[\JHQ��XVHG�DV�DQ�R[LGDQW�LQ�&25�SURFHVV��ZDV

IRUFHG�WR�IORZ�IURP�WKH�WRS�RI�WXEH�WR�WKH�ERWWRP��7KH�IORZ

UDWH�RI�R[\JHQ�LQ�WKH�SURFHVV�ZDV�DGMXVWHG�DW�����P/�PLQ�

E\�FRQWUROOLQJ�ZLWK�D�IORZ�FRQWUROOHU��7KH�KHDW�ZDV�DSSOLHG�DW

WKH�ERWWRP�RI�FDUERQ�LQ�WKH�WXEH�XQWLO�D�IODPH�ZDV�JHQHUDWHG�

7KH�IODPH�ZDV�WKHQ�PRYHG�VORZO\�DQG�HYHQO\�XSZDUG�LQ�WKH

GLUHFWLRQ�FRXQWHU�WR�WKH�R[\JHQ�IORZ��FRQVXPLQJ�D�SRUWLRQ�RI

WKH� FDUERQ� DQG�� DW� WKH� VDPH� WLPH�� GHVWUXFWLQJ� DGVRUEHG

3&%V��7KH�R[\JHQ�IORZ�ZDV�KDOWHG�ZKHQ�WKH�IODPH�DUULYHG

DW� WKH� WRS�RI�FDUERQ��7KH�YHORFLW\�RU� UHVLGHQFH� WLPH�RI� WKH

IODPH�ZDV�GHWHUPLQHG�E\�GLYLGLQJ�WKH�KHLJKW�RI�FDUERQ�EHG

LQ�WXEH�E\�WRWDO�EXUQ�WLPH��7KH�HIIOXHQW�JDVHV�UHOHDVHG�IURP

WKH� WXEH� GXULQJ� WKH�&25�SURFHVV�ZHUH� FROOHFWHG� LQ� D� JDV�

FROOHFWLQJ� WXEH�� 7KH� JDV� FRPSRVLWLRQ� DQG� UHODWLYH� UDWLR� RI

&2� DQG� &2�� ZHUH� DQDO\]HG� ZLWK� D� *&�7&'� �7UDFH� *&

������,WDO\���E\�PHDVXULQJ�WKH�UHVSRQVH�UHODWLYH�WR�VWDQGDUG

JDV�PL[WXUHV��6FRWW�6SHFLDOW\�*DVHV��,QF���86$���7KH�VHSD�

UDWLRQ�RI� JDVHV�ZDV� FDUULHG�RXW�� XVLQJ� D� FDUERVLHYH� ������

PHVK��SDFNHG�FROXPQ�DW����R&�RYHQ�WHPSHUDWXUH��7KH�ORVV�RI

FDUERQ�EXUQW�DZD\� LQ� WKH�SURFHVV�ZDV�H[DPLQHG�E\�GLIIHU�

HQFH� LQ� ZHLJKW� EHIRUH� DQG� DIWHU� &25�� )ODPH� WHPSHUDWXUH

ZDV�FDOFXODWHG�IURP�ERWK�WKH�ORVV�RI�FDUERQ�DQG�WKH�UHODWLYH

UDWLR�RI�&2�&2��LQ�WKH�HIIOXHQW�JDVHV��

(YDOXDWLRQ� RI�&RXQWHUFXUUHQW�2[LGDWLYH�5HDFWLRQ�� ,Q

RUGHU�WR�HYDOXDWH�WKH�SHUIRUPDQFH�RI�&25�RQ�WKH�GHVWUXFWLRQ

DQG� UHPRYDO� HIILFLHQF\� �'5(�� RI� DGVRUEHG� 3&%V�� UHJHQH�

UDWHG� *$&� ZDV� ZLWKGUDZQ� IURP� WKH� WXEH� DQG� VR[KOHW�

H[WUDFWHG� ZLWK� Q�KH[DQH�DFHWRQH� �� � �� 9�9�� IRU� ��� KRXUV�

DQG� WKHQ� VLOLFD� JHO� �JUDGH� ����� ������� PHVK�� $OGULFK�

FROXPQ�FOHDQ�XS�ZDV�LQWURGXFHG�WR�UHPRYH�WKH�LQWHUIHUHQFHV

IURP�WKH�H[WUDFW��7KH�ILQDO�H[WUDFW�ZDV�UHGXFHG�LQ�YROXPH�WR

��P/�XVLQJ�D�URWDU\�HYDSRUDWRU�DQG�D�JHQWOH�VWUHDP�RI�1��

DQG� WKH� DQDO\VLV� RI� 3&%V� ZDV� IROORZHG�� 7KH� '5(� ZDV

GHWHUPLQHG�E\�GLIIHUHQFH� LQ� LQLWLDO�DQG� ILQDO�3&%�FRQFHQW�

UDWLRQ�� ,GHQWLILFDWLRQ� RI� 3&''V�3&')V�� REWDLQHG� IURP

$FFXVWDQGDUG� ,QF��� 86$�� ZDV� DFFRPSOLVKHG� E\� *&� LQWHU�

IDFHG�ZLWK�D�TXDGUXSROH�PDVV�VSHFWURPHWHU��6KLPDG]X�43�

������ -DSDQ��� RSHUDWLQJ� LQ� VHOHFWHG� LRQ� PRQLWRULQJ� �6,0�

PRGH��7KH�DQDO\VLV�RI�+&O�ZDV�GRQH�ZLWK�DQ�,&��';�����

86$���7KH�VXUIDFH�DUHD�PHDVXUHPHQW�RI� UHJHQHUDWHG�*$&

ZDV�FDUULHG�RXW�ZLWK�D�6XUIDFH�$UHD�$QDO\]HU��$6$3������

0LFURPHWULFV�� 86$��� XVLQJ� 1�� %(7� DGVRUSWLRQ� DW� ��� .�

6FDQQLQJ�HOHFWURQ�PLFURJUDSKV��-HRO��-60�������-DSDQ��ZHUH

DOVR�WDNHQ�WR�DVVHVV�WKH�LPSDFW�RI�&25�RQ�WKH�DSSHDUDQFH�RI

WKH� FDUERQ� VXUIDFH�� 7R� HVWLPDWH� WKH� DGVRUSWLYH� FDSDFLW\� RI

UHJHQHUDWHG�*$&��D�EDWFK�DGVRUSWLRQ�H[SHULPHQW�ZDV�FDUUL�

HG� RXW�� $� �� J� VDPSOH� RI� UHJHQHUDWHG�*$&�ZDV� FRQWDFWHG

ZLWK����J�RI�PLQHUDO�RLO�FRQWDLQLQJ�$URFORU������LQ�D�IODVN�

7KH�FDUERQ�RLO�V\VWHP�ZDV�EURXJKW�WR�HTXLOLEULXP�E\�URWDW�

LQJ� HQG�RYHU�HQG� LQ� D� URWDU\� VKDNHU� IRU� ��� KRXUV�� $IWHU� D

JLYHQ�HTXLOLEUDWLRQ�WLPH��WKH�DOLTXRW�RI�RLO�DERYH�WKH�UHJHQH�

UDWHG�*$&� LQ� WKH� IODVN�ZDV� UHPRYHG� DQG� ILOWHUHG� WKURXJK

�����µP�QLWURFHOOXORVH�ILOWHU�SDSHU��$IWHU�WKH�ILOWHUHG�RLO�ZDV
H[FKDQJHG� ZLWK� KH[DQH�� WKH� FRQFHQWUDWLRQ� RI� 3&%V� ZDV

PHDVXUHG��

5HVXOWV�DQG�'LVFXVVLRQ

�

$GVRUSWLRQ� ,VRWKHUPV� RI� $URFORU� ����� DQG� ����� RQ

*$&�� $GVRUSWLRQ� LVRWKHUP� VWXGLHV� ZHUH� SHUIRUPHG� ZLWK

FRQWDPLQDWHG�ZDWHU�FRQWDLQLQJ�D�PL[WXUH�RI�3&%V��$URFORU

�����DQG�$URFORU��������,VRWKHUP�LV�H[WUHPHO\�YDOXDEOH�LQ

JHWWLQJ� DQ� HYDOXDWLRQ� RI� WKH� HIIHFWLYHQHVV� RI� *$&� IRU

WUHDWLQJ�FRQWDPLQDWHG�ZDWHU��'DWD�IRU�LVRWKHUPV�ZHUH�REWDLQ�

HG�E\�WUHDWLQJ�IL[HG�YROXPHV�RI�WKH�FRQWDPLQDWHG�ZDWHU�ZLWK

NQRZQ�ZHLJKWV�RI�*$&��7R�DVVHVV�WKH�DGVRUSWLYH�FDSDFLW\�RI

*$&� IRU� $URFORU� ����� DQG� $URFORU� ������ WKH� )UHXQGOLFK

DGVRUSWLRQ� LVRWKHUP�HTXDWLRQ�ZDV� LQWURGXFHG��7KH�)UHXQG�

OLFK�LVRWKHUP�HTXDWLRQ�HPSLULFDOO\�UHODWHV�LVRWKHUP�GDWD��DQG

KDV� EHHQ� IRXQG� WR� ILW� PDQ\� W\SHV� RI� DGVRUSWLRQ� LQ� GLOXWH

VROXWLRQV��7KH�HTXDWLRQ�LV�RI�WKH�IRUP��

;� �N&��Q� ���

�
ZKHUH��;�UHSUHVHQWV�WKH�DPRXQW�RI�3&%V�DGVRUEHG�SHU�XQLW
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PDVV� RI�*$&��&� LV� WKH� FRQFHQWUDWLRQ� RI� UHVLGXDO� 3&%V� LQ

FRQWDPLQDWHG� ZDWHU� DIWHU� WKH� *$&� DQG� WKH� FRQWDPLQDWHG

ZDWHU� UHDFK� DGVRUSWLYH� HTXLOLEULXP�� DQG� N� DQG� Q� DUH� WKH

)UHXQGOLFK�FRQVWDQWV�IRU�HDFK�VDPSOH�WHVWHG��

$GVRUSWLRQ� LVRWKHUPV�� VKRZQ� LQ� )LJXUHV� �� DQG� ��� ZHUH

REWDLQHG� RYHU� WKH� H[SHULPHQWDO� FRQFHQWUDWLRQ� UDQJH�� 7KH

YDOXHV� RI� N� DQG�Q� IRU�$URFORU� ����� DQG�$URFORU� ����� DUH

OLVWHG� LQ� 7DEOH� ��� 7KH� KLJKHU� YDOXH� RI� N� IRU�$URFORU� ����

JLYHQ� LQ� 7DEOH� �� UHSUHVHQWV� WKDW� WKH� VRUSWLRQ� FDSDFLW\� IRU

$URFORU������LV�JUHDWHU�WKDQ�WKDW�IRU�$URFORU������RQ�*$&�

7KH� REVHUYHG� GLIIHUHQFH� LQ� WKH� DGVRUSWLRQ� HIILFLHQF\� RI

$URFORU������DQG�$URFORU������LQ�*$&�FRQWDPLQDWHG�ZDWHU

V\VWHP�FDQ�EH�H[SODLQHG�E\�WKH�JHRPHWU\��FKORULQH�QXPEHUV

DQG� WKHLU� VXEVWLWXWHG� SRVLWLRQV� RQ� ELSKHQ\O� ULQJ�� RI� 3&%

FRQVWLWXHQWV�WKDW�PDNH�XS�$URFORU������DQG�$URFORU�������,W

LV� JHQHUDOO\� NQRZQ� WKDW� $URFORU� ����� LV� FRQVLVWHG� DOPRVW

HQWLUHO\� RI� WUL� DQG� WHWUD� VXEVWLWXWHG� FKORULQHV� RQ� ELSKHQ\O

ULQJ�� ZKHUHDV�� WKH� 3&%V� FRPSULVLQJ� $URFORU� ����� KDYH

PRVWO\�KH[D�DQG�KHSWD�FKORULQH�DWRPV��,W�PHDQV�WKDW�DGVRUS�

WLRQ�HIILFLHQF\�RI�3&%V�GHFUHDVHV�ZLWK�LQFUHDVLQJ�QXPEHU�RI

FKORULQH� DWRPV� DWWDFKHG� RQ� ELSKHQ\O� ULQJ�� %HVLGHV�� WKH

SODQDU�FRQJHQHUV� LQ�$URFORU������FRQVWLWXWH�DSSUR[LPDWHO\

�����ZKLOH� WKH� FRQFHQWUDWLRQ� RI� VXFK� SODQDU� FRQJHQHUV� LV

RQO\� ������ LQ� $URFORU� ������ 7KH� FRQIRUPDWLRQ� RI� 3&%

SODQDU�QRQ�SODQDU�FRQJHQHUV�GHSHQGV�RQ�WKH�GHJUHH�RI�FKOR�

ULQH� VXEVWLWXWLRQ�RQ� WKH� IRXU�RUWKR�SRVLWLRQV� UHODWLYH� WR� WKH

ELSKHQ\O� ULQJ�� )RU� LQVWDQFH�� WKRVH� 3&%V�ZKLFK� KDYH� QRQ�

DQG�PRQR�RUWKR� VXEVWLWXWLRQ� DQG� DUH� KHDYLO\� VXEVWLWXWHG� DW

PHWD� DQG� SDUD� SRVLWLRQV� DUH� FDSDEOH� RI� DVVXPLQJ� D� SODQDU

FRQIRUPDWLRQ��%XW��LI�FKORULQH�DWRPV�DUH�RQ�DW�OHDVW�WZR�RUWKR

SRVLWLRQV��URWDWLRQ�RI�WKH�SKHQ\O�ULQJV�RFFXUV�GXH�WR�WKH�VWHULF

FURZGLQJ�FDXVHG�E\�FKORULQH�DWRPV��7KHUHIRUH��LW�LV�FDOOHG�DV

D�QRQ�SODQDU�VWUXFWXUH�� ,W� LV�DSSDUHQW� WKDW�DGVRUSWLRQ�HIILFL�

HQF\�RI�3&%V�RQ�*$&�LV�DOVR�YHU\�GHSHQGHQW�RQ�SODQDU�RU

QRQ�SODQDU�VWUXFWXUH�RI�3&%V��7KLV�FHUWDLQW\�ZDV�PRUH�FOHDU�

O\� LOOXVWUDWHG�E\� WKH� DGVRUSWLRQ� VWXG\�RI� VHOHFWHG�QRQ�� DQG

PRQR�RUWKR�3&%V��DQG�WKH�UHVXOW�LV�VKRZQ�LQ�)LJXUH����

&RXQWHUFXUUHQW�2[LGDWLYH�5HDFWLRQ� �&25���7KH� UHJHQH�

UDWLRQ� RI� VSHQW�*$&� LV� JHQHUDOO\� DIIHFWHG� QRW� RQO\� E\� WKH

JUDGXDO�ORVV�RI�FDUERQ��EXW�DOVR�E\�WKH�HIILFLHQW�GHVWUXFWLRQ

DQG� UHPRYDO� RI� DGVRUEHG� PDWHULDOV� WR� PDNH� IUHVK� FDUERQ

VXUIDFH�DYDLODEOH�IRU�WKH�IXUWKHU�DGVRUSWLRQ��,Q�RUGHU�WR�OHQJ�

WKHQ�WKH�OLIH�WLPH�RI�DFWLYDWHG�FDUERQ��WKH�EXON�RI�DFWLYDWHG

FDUERQ�LV�QHHGHG�WR�EH�SUHVHUYHG�DV�PXFK�DV�SRVVLEOH�GXULQJ

WKH� UHJHQHUDWLRQ� SURFHVV�� ,Q� WKH� FDVH� RI� &25�� WKH� ORVV� RI

FDUERQ� LQHYLWDEO\� RFFXUV� E\� WKH� FRPEXVWLRQ� UHDFWLRQ� RI

FDUERQ�DQG�R[\JHQ�LQ�IODPH�IURQW�]RQH��DQDORJRXV�WR�FRP�

EXVWLRQ�]RQH�E\�FRQYHQWLRQDO� WKHUPDO� UHJHQHUDWLRQ��GXULQJ

WKH�SURFHVV��)URP�WKH�SUHOLPLQDU\�&25�WHVW��GHYRLG�RI�DQ\

RUJDQLFV�RQ�*$&���WKH�DPRXQW�RI�FDUERQ�ORVV�ZDV�IRXQG�WR

EH�GHSHQGHQW�RQ�WKH�IORZ�UDWHV�RI�R[\JHQ��7KH�WHVW�VKRZHG

WKDW� WKH� ORVV� RI� FDUERQ� LQFUHDVHG� ZLWK� LQFUHDVLQJ� R[\JHQ

IORZ�UDWHV��7KHUHIRUH��GXULQJ�WKH�&25�SURFHVV��WKH�IORZ�UDWH

ZDV� NHSW� WR� D� PLQLPXP� VR� WKDW� QRW� WRR� PXFK� RI� FDUERQ

PDWUL[�LV�EXUQW�DZD\��7KH�UHVXOW�VKRZHG�WKDW�WKH�DPRXQW�RI

FDUERQ� ORVV�ZDV� DERXW� ���DW� WKH� R[\JHQ� IORZ� UDWH�RI� ���

P/�PLQ�� *HQHUDOO\�� WKH� R[\JHQ� IORZ� UDWH� LV� GLIILFXOW� WR

FRQWURO� LQ� WKH� FRQYHQWLRQDO� WKHUPDO� UHJHQHUDWLRQ� SURFHVV

ZKHUH� YLROHQW� UHDFWLRQ� UHVXOWV� IURP� H[FHVV� R[\JHQ�� DQG

H[FHVVLYH�ORVV�RI�FDUERQ�FDQ�HDVLO\�RFFXU��2Q�WKH�RWKHU�KDQG�

LQ�WKH�&25��WKH�R[\JHQ�VXSSO\�LV�OLPLWHG�DQG�WKLV�SHUPLWV�D

EHWWHU�FRQWURO�RI�WKH�ORVV�RI�FDUERQ��

7KH� GHVWUXFWLRQ� DQG� UHPRYDO� RI� RUJDQLFV� DGVRUEHG� RQ

DFWLYDWHG�FDUERQ�FRXOG�EH�JHQHUDOO\�DFKLHYHG�E\�PDLQWDLQLQJ

KLJK�IODPH�WHPSHUDWXUH��WKXV�DOORZLQJ�PRUH�WKRURXJK�UHJHQH�

)LJXUH����$URFORU������,VRWKHUPV�DW��������.�LQ�'DUFR�*$&�����
���PHVK��:DWHU�6\VWHP�

)LJXUH����$URFORU������,VRWKHUPV�DW��������.�LQ�'DUFR�*$&�����
���PHVK��:DWHU�6\VWHP�

7DEOH����)UHXQGOLFK�$GVRUSWLRQ� ,VRWKHUP�3DUDPHWHUV� IRU�$URFORU
�����DQG�$URFORU������LQ�*$&�:DWHU�6\VWHP

&DUERQ�7\SH
$URFORU����� $URFORU�����

�N� Q �N� Q

'DUFR�*$&��������0HVK� ������� ���� ����� �����

,Q�XQLW�RI�µJ�3&%V�J�RI�*$&�
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UDWLRQ�RI�WKH�VSHQW�*$&��7KHUHIRUH��GXULQJ�WKH�&25�SURFHVV�

GLUHFW� PHDVXUHPHQW� RI� IODPH� WHPSHUDWXUH� ZDV� UHSHDWHGO\

DWWHPSWHG��XVLQJ�WHPSHUDWXUH�WUDQVGXFHUV�VXFK�DV�3W�VHQVRUV

FRQQHFWHG�WR�D�S\URPHWHU�DQG�DQ�LQIUDUHG�VHQVRU��+RZHYHU�

GXH�WR�WKH�WUDQVLHQW�QDWXUH�RI�WKH�IODPH��WKHVH�PHDVXUHPHQWV

SURYHG�IXWLOH��+HQFH��WKH�IODPH�WHPSHUDWXUH�ZDV�GHWHUPLQHG

LQGLUHFWO\�E\�WKH�UHODWLYH�UDWLR�RI�WKH�&2�DQG�&2��JDV�H[LWLQJ

IURP�WKH�WXEH�DQG�WKH�ORVV�RI�FDUERQ��$W�SUHYLRXV�PHQWLRQHG

R[\JHQ�IORZ�UDWH�� UHODWLYH�PRODU� UDWLR�RI�&2�DQG�&2��ZDV

DSSUR[LPDWHO\�� � ����

7KH� IODPH� WHPSHUDWXUH� ZDV� FDOFXODWHG� DFFRUGLQJ� WR� WKH

IROORZLQJ� SURFHGXUHV�� $� NQRZQ� DPRXQW� RI� FDUERQ� ZDV

SODFHG� LQ� D� TXDUW]� WXEH� RI� FURVV�VHFWLRQDO� DUHD�$� FP�� DQG

OHQJWK�/�FP��7KH�QXPEHU�RI�FDUERQ�PROHV�SHU�FP��LV�&F� 

ZHLJKW����$/���,Q�D�VHFWLRQ�RI�WKLV�OHQJWK�RI�WXEH��WKH�FDUERQ

DQG� R[\JHQ� DW� 7� DUH� FRQYHUWHG� WR� FDUERQ�&��� &2�J��� DQG

&2��J�� DW� WHPSHUDWXUH�7
��ZLWK� ORVV�RI� VRPH�RI� WKH� FDUERQ

�∆Q&���$OO�RI�WKH�R[\JHQ�GHOLYHUHG�DW�D�YROXPHWULF�IORZ�UDWH
�)��FP��VHF��DQG�SUHVVXUH�3�DWP��LV�DVVXPHG�WR�EH�FRQVXP�

HG��7KH�DPRXQW�RI�R[\JHQ�FRQVXPHG�GHSHQGV�RQ� WKH� WRWDO

EXUQ�WLPH��7KLV�FDOFXODWLRQ�QHJOHFWV�R[\JHQ�ZKLFK�LV�SUHVHQW

LQ�WKH�LQWHUSDUWLFOH�DQG�LQWUDSDUWLFOH�SRUH�VSDFH�DW�WKH�EHJLQ�

QLQJ�RI�WKH�EXUQ��7KH�IODPH�DGYDQFHV�WKURXJK�WKLV�VHFWLRQ�DW

D�OLQHDU�EXUQLQJ�UDWH��%��FP�VHF���7KH�WLPH�UHTXLUHG�LV�W� �/�

%��7KH�YROXPH�RI�2��EXUQHG�LV��92�� �)W� �)/�%��0ROHV�RI�2�

EXUQHG�DUH��∆Q2�� �)3/�5%7��ZKHUH�5� LV� WKH�JDV�FRQVWDQW�
7KH�UDWLR�RI�FDUERQ�WR�R[\JHQ�EXUQHG�LV��∆Q&�∆Q2�� �������
I ��� DQG� ∆Q&�  � �)3/�5%7��� �� I ��� :KHUH� I� LV� WKH� PROH

IUDFWLRQ�RI�&2��LQ�SURGXFW�VWUHDP��7KH�WRWDO�PROHV�RI�FDUERQ

LQYROYHG�LV�Q&� �$&F/��VR

∆Q&�Q&� ��)3�$&F5%7�����I���� ���

7KH�SURFHVV�LV�

�Q&�∆Q&��&�V��7���������I ��2��J��7��→�

I�&2��J��7
������−I ��&2�J��7
����>�Q&�∆Q&�−�@�&�V��7
�� ���

DQG�LV�DVVXPHG�WR�RFFXU�DGLDEDWLFDOO\��VR�WKDW

2� �I�>∆I+&2���� &3&2��G7@�����−I �>∆I+&2��� &3&2�G7@

��>�Q&�∆Q&�−�@� &3&�G7� ���

ZLWK�HQWKDOS\�RI�IRUPDWLRQ�DW�7��ZKLFK�LV�WDNHQ�DV��������.�

7KH� IODPH� WHPSHUDWXUHV�� 7
�� ZHUH� HVWLPDWHG� IURP� ERWK

HQWKDOS\�RI�IRUPDWLRQ�DQG�KHDW�FDSDFLW\�RI�&2�DQG�&2��JDV

DQG�WKH�ORVV�RI�FDUERQ�DW�WKH�GHVLUHG�R[\JHQ�IORZ�UDWH��7KH

IODPH�WHPSHUDWXUH�FDOFXODWHG�ZDV�DERXW�������R&��

'HVWUXFWLRQ�DQG�5HPRYDO�(IILFLHQF\��'5(��RI�3&%V�E\

&25��7KH�&25�SURFHVV�ZDV�FDUULHG�RXW�IRU�GHVWUXFWLRQ�DQG

UHPRYDO�RI�3&%V�WKDW�KDG�DGVRUEHG�RQ�*$&�DIWHU�DGVRUSWLRQ

WHVWV�RI�*$&�3&%�FRQWDPLQDWHG�ZDWHU��,Q�FDVH�RI�FRPEXV�

WLYH�GHJUDGDWLRQ�RI�3&%V�� WKH�SRVVLEOH�SURGXFWV�RU�E\�SUR�

GXFWV�IRUPHG�IURP�GHFRPSRVLWLRQ�RI�3&%V�DUH�DV�IROORZV�

�
7

7 ′
∫ 7

7 ′
∫

�
7

7 ′
∫

)LJXUH����&KURPDWRJUDPV�RI�&RSODQDU�3&%V� LQ�ZDWHU� �D��EHIRUH
DQG��E��DIWHU�$GVRUSWLRQ�RQ�*$&�

)LJXUH� ��� )ORZ� VFKHPDWLF� RI� FRXQWHUFXUUHQW� R[LGDWLYH� UHDFWLRQ
�&25��
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3&%�&�&O����2��→�&2�J���&2��J���+�2�J���+&O�J��

&O��J���5HVLGXDO�3&%V�&�&O���3&''V�3&')V�&�&O�2�� ����

�

$�FRPSUHKHQVLYH�H[SHULPHQWDO�SURFHGXUH�LV�SUHVHQWHG�LQ

)LJXUH� �� DV� D� IORZ� VFKHPDWLF��7KH� VFKHPDWLF� LV� VXEMHFW� WR

GHVWUXFWLRQ�DQG�UHPRYDO�HIILFLHQF\�RI�3&%V�DQG�FKDUDFWHUL�

]DWLRQ�RI�3&''V�3&')V��'HVWUXFWLRQ�DQG�UHPRYDO�RI�3&%V

E\�&25�UHTXLUHV�YHU\�KLJK� WHPSHUDWXUH�EHFDXVH�3&%V�DUH

YHU\�GLIILFXOW� WR�EXUQ��GXH� WR� WKHLU� WKHUPDO� VWDELOLW\��$� IHZ

H[SHULPHQWDO� DQG� WKHRUHWLFDO� ZRUNV� KDYH� VKRZQ� WKDW�� DW

WHPSHUDWXUHV�KLJKHU�WKDQ�����R&��3&%V�DUH�WKHUPRG\QDPL�

FDOO\�XQVWDEOH����7KHUHIRUH��LW�LV�REYLRXV�WKDW�GHVWUXFWLRQ�DQG

UHPRYDO�RI�3&%V�FRXOG�EH�DFKLHYHG�E\�PDLQWDLQLQJ�WHPSHU�

DWXUH�KLJKHU�WKDQ�DW�OHDVW�����R&��

7KH�GHVWUXFWLRQ�DQG�UHPRYDO�HIILFLHQF\�ZDV�FDOFXODWHG�E\

PHDVXULQJ� WKH� UHODWLYH� FRQFHQWUDWLRQ� RI� 3&%V� EHIRUH� DQG

DIWHU�&25�SURFHVV��,W�ZDV�REVHUYHG�WKDW��DV�VKRZQ�LQ�)LJXUH

���GHVWUXFWLRQ�DQG�UHPRYDO�HIILFLHQF\�RI�D�3&%�IRUPXODWLRQ

�$URFORU� ������ ZDV� YHU\� KLJK� �û���������� ZLWK� WKH

UHSURGXFLEOH�YDOXHV��,W�LV�TXLWH�FHUWDLQ�WKDW�D�&25�WHFKQLTXH

LV�SDUWLFXODUO\�HIIHFWLYH�IRU�GHVWUR\LQJ�UHIUDFWRU\�FKORULQDWHG

RUJDQLF� FRPSRXQGV�� DQG� WKHUHIRUH� HVVHQWLDOO\� DOO� RUJDQLFV

FDQ�EH�GHVWUR\HG��7KH�SRVVLEOH�IRUPDWLRQ�RI�3&''V�3&')V

ZHUH�DOVR�PRQLWRUHG�GXULQJ�WKH�&25�SURFHVV��EHFDXVH�PDQ\

VWXGLHV�LQGLFDWHG�WKDW� WKH\�ZHUH�HPLWWHG�IURP�WKH�S\URO\VLV

FRPEXVWLRQ�RI�3&%V�DW�����R&�LQ�WKH�SUHVHQFH�RI�DLU�������7KH

UHVXOWV� VKRZHG� WKDW� WR[LF� E\�SURGXFWV� VXFK� DV� 3&''V�

3&')V�ZHUH�QRW�IRXQG�RQ�WKH�FDUERQ�UHVLGXHV�DQG�QHLWKHU�LQ

WKH�H[KDXVW�JDVHV�RYHU�D���SSE�GHWHFWLRQ�OLPLW��7KLV�UHVXOW�LV

DWWULEXWHG� WR� WKH� H[WUHPHO\� KLJK� IODPH� WHPSHUDWXUH� DQG

SUHVHQFH�RI�DSSUHFLDEOH�K\GURJHQ�ZKLFK�FRPELQHV�ZLWK�WKH

UHOHDVHG�FKORULQH��

3K\VLFRFKHPLFDO�3URSHUWLHV�RI�5HJHQHUDWHG�*$&

6XUIDFH�6WUXFWXUH��6FDQQLQJ�HOHFWURQ�PLFURJUDSKV��6(0V��

VKRZQ� LQ� )LJXUH� ��� ZHUH� WDNHQ� RI� YLUJLQ� DQG� UHJHQHUDWHG

*$&�WR�DVVHVV�WKH�LPSDFW�RI�&25�RQ�WKH�DSSHDUDQFH�RI�WKH

FDUERQ�VXUIDFH��9LUJLQ�DQG�UHJHQHUDWHG�*$&�ZHUH�H[DPLQHG

DW� ���;� PDJQLILFDWLRQ�� $W� WKLV� PDJQLILFDWLRQ�� WKH� PLFUR�

JUDSKV�FOHDUO\�VKRZHG�ODUJHU�SRUHV�RI�WKH�FDUERQ�VXUIDFH��EXW

GLG� QRW� DOORZ� REVHUYDWLRQ� RI� PLFURSRUHV�� 9LUJLQ� *$&

H[KLELWHG� D� UHODWLYHO\� VPRRWK� VXUIDFH�� 5HJHQHUDWHG� *$&

GHYHORSHG� D� VSRQJH�OLNH� DSSHDUDQFH� ZLWK� WKH� ODUJH� SRUHV

DSSHDULQJ�RQ� WKH�VXUIDFH��7KH�IRUPDWLRQ�RI� ODUJH�SRUHV�DUH

GXH� WR� WKH� IUDFWXUH�RI� WKH�FDUERQ�FDXVHG�E\� WKHUPDO� VWUHVV�

7KH�ODUJH�SRUHV�LQ�UHJHQHUDWHG�*$&�FRXOG�PDNH�IDVWHU�WKH

)LJXUH����&KURPDWRJUDPV�RI�$URFORU�������D��DGVRUEHG�RQ�*$&�
�E��LQ�*$&�DIWHU�&25���F��LQ�LPSLQJHU�WUDS�DIWHU�&25�

)LJXUH����6FDQQLQJ�(OHFWURQ�0LFURJUDSKV��6(0V��RI��D��9LUJLQ�DQG
�E��5HJHQHUDWHG�*$&������;�0DJQLILFDWLRQ��
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DGVRUSWLRQ�NLQHWLF�LQ�G\QDPLF��QRQ�HTXLOLEULXP��FDUERQ�DG�

VRUSWLRQ�ZKLFK�WUDQVSRUWV�VROXWHV�IURP�WKH�VROXWLRQ�LQWR�WKH

LQWHULRU�PLFURSRUHV��%XW��WKHUPDO�FUDFNLQJ�DQG�GHYHORSPHQW

RI�VSRQJH�OLNH� WH[WXUH��RQ� WKH�QHJDWLYH�VLGH��PD\� OHDG� WR�D

ZHDNHQLQJ�RI�WKH�SK\VLFDO�VWUHQJWK�RI�WKH�UHJHQHUDWHG�*$&��

6SHFLILF�6XUIDFH�$UHD��$GVRUSWLYH�SRZHU�RI�WKH�DFWLYDWHG

FDUERQ�LV�GHSHQGHQW�PDLQO\�RQ�WKH�VXUIDFH�DUHD��7KHUHIRUH��LW

LV�HVVHQWLDO� WR�SUHVHUYH� WKH�RULJLQDO�VXUIDFH�DUHD�GXULQJ� WKH

UHJHQHUDWLRQ�SURFHVV��6XUIDFH�DUHDV�RI�YLUJLQ�DQG�UHJHQHUDW�

HG� *$&� ZHUH� GHWHUPLQHG� E\� QLWURJHQ� DGVRUSWLRQ� DW� ��.

XVLQJ�WKH�%(7�WKHRU\��7KH�QLWURJHQ�%(7�YDOXHV�H[SUHVV�WKH

VXUIDFH�DUHD�LQ�VTXDUH�PHWHUV�SHU�JUDP�RI�DGVRUEHQW�WKDW�FDQ

EH� FRYHUHG� E\� QLWURJHQ� LQ� D� PRQRPROHFXODU� OD\HU�� 7KH

UHVXOWV� VKRZHG� WKDW� QR�PHDVXUDEOH� FKDQJH� RFFXUUHG� LQ� WKH

VXUIDFH�DUHD�RI� UHJHQHUDWHG�*$&������P��J��� FRPSDUHG� WR

WKDW�RI�YLUJLQ�*$&������P��J���,W�EHDUV�RXW�WKDW�WKH�DGVRUS�

WLYH�FDSDFLW\�RI�UHJHQHUDWHG�*$&�ZDV�ODUJHO\�UHFRYHUHG��

$GVRUSWLYH�3URSHUW\��7KH�HIILFLHQF\�RI�&25�LV�VWURQJO\

DIIHFWHG� E\� UHVWRUDWLRQ� RI� UHJHQHUDWHG� FDUERQ¶V� DGVRUSWLYH

FDSDFLW\�IRU�IXUWKHU�DGVRUSWLRQ��9LUJLQ�DQG�UHJHQHUDWHG�*$&

ZHUH�WKHUHIRUH�H[DPLQHG�GLUHFWO\�WR�FRPSDUH�WKH�GLIIHUHQFH

LQ�WKH�EHKDYLRU�RI�WKHLU�DGVRUSWLYH�FDSDFLW\��%DWFK�DGVRUSWLRQ

H[SHULPHQW�ZDV�FDUULHG�RXW�ZLWK�WKH�PLQHUDO�RLO�FRQWDLQLQJ

$URFORU� ������ )LJXUH� �� UHSUHVHQWV� WKH� FKURPDWRJUDPV� RI

$URFORU� ����� EHIRUH� DQG� DIWHU� RQH�GD\� HTXLOLEUDWLRQ� RI
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