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3KHQRO� LV� D� PDMRU� HQYLURQPHQW� FRQWDPLQDWHG� IURP� YDULRXV� LQGXVWULHV� VXFK� DV� FRNH�� SHVWLFLGHV��
LQVHFWLFLGHV��IXQJLFLGHV�DQG�G\HV�GXH�WR�KLJK�WR[LFLW\�RQ�WKH�VNLQ��H\HV�DQG�PXFRXV�PHPEUDQH�LQ�KXPDQV��
,QGXVWULDO�ZDVWHZDWHU�FRQWDLQLQJ�SKHQROV�DUH�FRQYHQWLRQDO�WUHDWHG�E\�)H62� DQG�+�2� WR�R[LGL]H�SKHQRO�WR�
&2� DQG�+�2� )H62� LV FRQYHUWHG�WR�)H��62��� DQG�+�2� LV GHFRPSRVHG�DQG�WKHQ�WKH�UHDFWDQWV�FRXOG�QRW�EH�
UHF\FOHG�� ,Q�DGGLWLRQ� WKH� IHUULF�VXOIDWH� LV�GXPSHG�DQG�ZDWHU� LV�QRW� UHXVHG��$�QHZ�SURFHVV�ZDV�GHYHORSHG�
EDVHG� RQ� WUHDWPHQW� ZLWK� 9�2��6L2� SKRWRFDWDO\VW� RU� R]RQH� LQ� SUHVHQFH� RI� 89� OLJKW�� 7KH� SURFHVV� LV�
DGYDQWDJHRXV� DV� WKH� SKRWRFDWDO\VWV� FRXOG� EH� UHF\FOHG� DQG� ZDWHU� FRXOG� EH� UHXVHG�� 7KH� SURFHVV� ZDV�
VXFFHVVIXOO\�DSSOLHG�IRU�WUHDWPHQW�RI�ZDVWHZDWHU�SURGXFHG�IURP�FRNH�SODQW��7KH�SHUFHQW�GHJUDGDWLRQ�RI�WKH�
SKHQRO� LV� LQFUHDVHG� IURP� ������ WR� ���� XVLQJ� 9�2��6L2� [HURJHO� ORDGLQJ� IURP� ������ WR� ������ZW��� LQ�
SUHVHQFH�RI�89� OLJKW��7KH� UDWH�FRQVWDQW�ZDV� LQFUHDVHG� IURP��������WR�������PLQ���XVLQJ�GLIIHUHQW�9�2��
6L2� [HURJHO�ORDGLQJ�DQG�WKH�UHDFWLRQ�NLQHWLFV�ZHUH�IRXQG�WR�EH�ILUVW�RUGHU��2Q�WKH�RWKHU�KDQG��WKH�RSWLPXP�
FRQGLWLRQV�RI�SKRWRFDWDO\WLF�GHJUDGDWLRQ�RI�SKHQRO�XVLQJ�R]RQH�ZHUH�REWDLQHG�DV� WKH� IROORZLQJ������ZW���
R]RQH�FRQFHQWUDWLRQ�DQG�����P��K�DLUIORZ��7KH�SKHQRO�UHPRYDO�HIILFLHQF\�XVLQJ�WKHVH�FRQGLWLRQV�ZDV�����
DQG�WKH�UHDFWLRQ�ZDV�IRXQG�WR�REH\�ILUVW�RUGHU�UHDFWLRQ���������6'8��$OO�ULJKWV�UHVHUYHG��
�
.H\ZRUGV��3KRWRFDWDO\WLF��'HJUDGDWLRQ��3KHQRO��2]RQH�
�
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�

0RVW� RUJDQLF� FRPSRXQGV� DUH� UHVLVWDQW� WR� FRQYHQWLRQDO� FKHPLFDO� DQG� ELRORJLFDO� WUHDWPHQWV�� )RU� WKLV�
UHDVRQ�� RWKHU� PHWKRGV� DUH� EHLQJ� VWXGLHG� DV� DQ� DOWHUQDWLYH� WR� ELRORJLFDO� DQG� FODVVLFDO� SK\VLFR�FKHPLFDO�
SURFHVVHV��2I�WKHVH��$GYDQFHG�2[LGDWLRQ�3URFHVVHV� �$23V��ZLOO�SUREDEO\�FRQVWLWXWH�WKH�EHVW�RSWLRQ� LQ�WKH�
QHDU� IXWXUH��3H\WRQ�HW�DO�� �������KDYH�H[SORUHG�RWKHU�SRVVLEOH�ZD\V�RI�R]RQH�DFWLYDWLRQ��JLYLQJ�D�SUHFLVH�
H[SODQDWLRQ�RI� WKH�EHQHILFLDO�HIIHFW�RI�89� OLJKW�XSRQ�R]RQH� UHDFWLRQ��7KH�XVH�RI�89� OLJKW� LV�D�ZHOO�NQRZQ�
WHFKQLTXH�IRU�LPSURYLQJ�WKH�UHDFWLYLW\�RI�R]RQH�WRZDUG�WKH�RUJDQLF�VSHFLHV�DQG��IRU�WKDW�UHDVRQ��PDQ\�ZDWHU�
WUHDWPHQW�V\VWHPV�EDVHG�RQ�WKH�XVH�RI�R]RQH�WDNH�DGYDQWDJH�RI�VXFK�D�OLJKW�VRXUFH��+RZHYHU��WKH�XVH�RI�
KLJKO\� HQHUJHWLF� 89� SKRWRQV� LV� KDPSHUHG� E\� WKHLU� UHODWLYHO\� KLJK� HFRQRPLF� FRVW�� $Q\� RWKHU� ZD\� RI�
HIIHFWLYHO\�DFWLYDWH�R]RQH�ZKLOH�SUHVHUYLQJ�D�ORZ�FRVW�ZRXOG�EH�LQWHUHVWLQJ�IURP�DQ�DSSOLHG�SRLQW�RI�YLHZ��
MXVWLI\LQJ�WKH�GHYHORSPHQW�RI�UHODWHG�UHVHDUFK��,Q�WKH�XVXDO�IHQWRQ�W\SH�UHDFWLRQ�XVLQJ�K\GURJHQ�SHUR[LGH��
WKH�NH\�VWHS�LV�WKH�IRUPDWLRQ�RI�K\GUR[\O�UHGLFDOV�IURP�+�2� DQG�)H�,,���7KHVH�DUH�NQRZQ�WR�EH�UHVSRQVLEOH�
IRU�R[LGL]LQJ�WKH�RUJDQLF�PDWHULDO�5+�SUHVHQW�LQ�WKH�ZDVWHZDWHU��\LHOGLQJ�)H�,,��DQG�5�� %XW��WKH�XVH�RI�PHWDOOLF�
VDOWV�DV�FDWDO\VWV�LQGXFHV�DQ�DGGLWLRQDO�SROOXWLRQ��7KH�VHPLFRQGXFWRU�PDWHULDOV�ZKHQ�LUUDGLDWHG�E\�89�OLJKW��
IURP�WKH�VRODU�RU�D� ODPS�JHQHUDWHG�VSHFWUXP��FDQ�R[LGL]H�GHJUDGH�PRVW�RI�GLVVROYHG�RUJDQLF�FRPSRXQGV�
DQG�F\DQLGH�LQ�ZDWHU��0DWWKHZV��������$KPHG�DQG�2OOLV��������&KDQGUDVHNKDUDLDK�DQG�0DUJUDYH���������
$OVR��R]RQH�KDV�EHHQ�XVHG�VXFFHVVIXOO\�IRU�UHPRYDO�RI�YDULRXV�V\QWKHWLF�RUJDQLF�FRPSRXQGV�IURP�ZDWHUV��
2]RQH�LV�TXLW�VHOHFWLYH�LQ�LWV�UHDFWLRQ�ZLWK�RUJDQLF�VXEVWDQFHV�LQ�SUHVHQFH�RI�VXQOLJKW��/DXUD�HW�DO�� �������
2]RQH� PLJKW� DOVR� GHFRPSRVH� WR� JHQHUDWH� K\GUR[\O� UDGLFDO� �2+���� ZKLFK� LV� D� QRQ�VHOHFWLYH� DQG� KLJKO\�
UHDFWLYH� R[LGDQW�� DQG� KHQFH�PLJKW� VLJQLILFDQWO\� LPSURYH� WKH� R[LGDWLRQ� HIILFLHQF\� IRU� RUJDQLF� VXEVWDQFHV��
ZKLFK�PLJKW�EH�UHVLVWDQW�WR�GLUHFW�PROHFXODU�DWWDFN�RI�R]RQH��2]RQDWLRQ�FRXSOHG�ZLWK�89�UDGLDWLRQ��2��89��
KDV�EHHQ�GHPRQVWUDWHG�WR�EH�D�PXFK�PRUH�HIIHFWLYH�SURFHVV�WKDQ�R]RQDWLRQ�DORQH�IRU�WKH�UHPRYDO�RI�PDQ\�
RUJDQLF�FRPSRXQGV��3H\WRQ�HW�DO�� ������.XVDNDEH�HW�DO�� ������6DQWLDJR�HW�DO�� �������&ULVWLQD�HW�DO���������
REVHUYHG� WKDW� PLQHUDOL]DWLRQ� RI� SKHQRO� VROXWLRQ� LV� IDVWHU� ZLWK� WKH� XVH� RI� 2��89�)H��� WKDQ� ZLWK� VLPSOH�
R]RQDWLRQ��
�

 &RUUHVSRQGLQJ�DXWKRU��(�PDLO��DGHODOL��#\DKRR�FRP�
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7KHUHIRUH� WKLV� UHVHDUFK� KDYH� DLPHG� WR� GHWR[LI\� SKHQRO� IURP�ZDVWHZDWHU� XVLQJ�89� LQ� WKH� SUHVHQFH� RI�
9�2��6L2� RU� R]RQH�� ILQG� RXW� RSWLPXP� FRQGLWLRQ� RI� XVH� R]RQH� DV� D� R[LGDQW� DJHQW� DQG� H[SODLQ� WKH�
H[SHULPHQWDO�UHVXOWV�LQ�YLHZ�RI�NLQHWLF�PRGHOV�SUHVHQWHG�IRU�WKH�WZR�SURFHVVHV��
�

���(;3(5,0(17$/�
�
�����0DWHULDOV�DQG�SURFHGXUH�
�

$OO�FKHPLFDOV�XVHG�LQ�WKLV�VWXG\�ZHUH�DQDO\WLFDO�JUDGH�UHDJHQWV��7KH�IROORZLQJ�KLJK�SXULW\�UDZ�PDWHULDOV�
ZHUH� XVHG� WR� IRUPXODWH� 9�2��6L2� [HURJHO� SUHSDUDWLRQ�� WHWUDHWK\O� RUWKRVLOLFDWH�� �7(26�� ���� 6L>2&�+�@�
$OGULFK� &KHPLFDO� &R�� DQG� $PPRQLXP� PHWDYDQDGDWH� �$09�� DQG� SKHQRO� ������ $OGULFK� FKHPLFDO� &R��
3UHSDUDWLRQ�RI�9�2��6L2� [HURJHO�YLD�VRO�JHO�WHFKQLTXH�E\�GLVVROYLQJ�DPPRQLXP�PHWDYDQDGDWH��$09��DQG�
WHWUDHWK\O� RUWKRVLOLFDWH� �7(26�� KDV� EHHQ� DFKLHYHG�� 7KH� RSWLPXP� FRQGLWLRQV� IRU� SUHSDUDWLRQ� RI� 9�2��6L2�

PXVW�FRQWDLQ�WKH�IROORZLQJ�FRQGLWLRQV�����9��6L�PROH�UDWLR�DQG�&�+�2+��6L�2&�+��� �+�2� +&O� ��0�� ��1+�)
��0��PROH�UDWLRV�DUH�������������������������UHVSHFWLYHO\�DW���R& IRU���PLQ��7KH�YDQDGLD�r�VLOLFD�DOFRJHO�ZDV�
GULHG�DW����R& WR�SURGXFH�[HURJHO� �,VPDLO�HW�DO�� �������3KRWRFDWDO\WLF�GHJUDGDWLRQ�RI�SKHQRO�XVLQJ�9�2��
6L2� [HURJHO�ZDV�FDUULHG�RXW�XVLQJ�D�KRUL]RQWDO�F\OLQGHU�DQQXODU�EDWFK�UHDFWRU��$�EODFNOLJKW��EOXH�IORUHVFHQW�
EXOE��)��:��%/%��ZDV�SRVLWLRQHG�DW�WKH�D[LV�RI�WKH�UHDFWRU�WR�VXSSO\�89�LOOXPLQDWLRQ��7KH�ZDYHOHQJWK�DIWHU�
SDVVLQJ�WKURXJK�D�UHDFWLRQ�VXVSHQVLRQ�ZDV����QP��7KH�H[SHULPHQWV�ZHUH�SHUIRUPHG�E\�VXVSHQGLQJ�������
WR���ZW���RI�9�2��6L2� [HURJHO�LQWR����PO�SKHQRO�����SSP���7KH�UHDFWLRQ�ZDV�FDUULHG�RXW�LVRWKHUPDOO\�DW�
��R& DQG�VDPSOHV�RI�WKH�UHDFWLRQ�PL[WXUH�ZHUH�WDNHQ�DQ�LQWHUYDO�IRU�D�WRWDO�UHDFWLRQ�WLPH��K��

3KRWRGHJUDGDWLRQ� RI� SKHQRO� XVLQJ� R]RQH� ZDV� FDUULHG� RXW� XVLQJ� R]RQH� JDV� SURGXFHG� IURP� DQ� R]RQH�
JHQHUDWRU� �2=21,$��2=$7�� W\SH�&)6����7KH�R]RQH�SURGXFWLRQ� LV�GHSHQGHQW�RQ� WKH�DLUIORZ�DQG�HOHFWULFDO�
SRZHU��7KH�JDV�VWUHDP�ZDV�EXEEOHG�WKURXJK�D�WDQN�ILOOHG�ZLWK����OLWHU�SKHQRO�VROXWLRQ�����SSP����7KHUH�LV�
DSSHQGL[� o� JDV� IORZ� GLDJUDP� &)6���� DLU� WR� HVWLPDWH� DLUIORZ� �P��K�� EDVHG� RQ� DLU� VFDOH� GLYLVLRQ� DQG� WKHQ�
FDOFXODWH� WKH�R]RQH�FRQFHQWUDWLRQ� �ZW�����$�FRQWDLQHU�RI�DERXW����/�ZDV�XVHG� WR�FDUU\�RXW�H[SHULPHQWDO�
ZRUN�XVLQJ�89�DQG�R]RQH��7KH�89� ODPS�FRQVXPHV�DSSUR[LPDWHO\���:�E\�GUDZLQJ�����$��DQG� WKH� ODPS�
OHQJWK� LV� ��FP�� )RU� NLQHWLF� VWXG\�� HLWKHU� RQH� RU� WZR� ODPSV� DUH� KRUL]RQWDOO\� FRQQHFWHG�� 7KH� UHDFWLRQ�ZDV�
FDUULHG�RXW� LVRWKHUPDOO\�DW���R& DQG�VDPSOHV�RI� WKH� UHDFWLRQ�PL[WXUH�ZHUH� WDNHQ�DIWHU�GLIIHUHQW� UHDFWLRQV�
LQWHUYDOV�YDULHV�IURP����WR�����PLQXWHV�WR�FDOFXODWH�WKH�SKHQRO�UHPRYDO�HIILFLHQF\�DQG�UHDFWLRQ�NLQHWLF��7KH�
SKHQRO�FRQWHQW� LQ� WKH�VROXWLRQ�DIWHU� UHDFWLRQ�WLPH�ZDV�DQDO\]HG�E\�WKH�UHDFWLRQ�ZLWK���rDPLQRDQWLS\ULQH��
'LOXWHG�VDPSOH�RI�SKHQRO�ZDV�WUHDWHG�ZLWK��PO�RI��1�1+�2+���PO�RI��������r�DPLQRDQWLS\ULQH��DQG��PO�RI�
��� .�>)H�&1��@ DQG� TXDQWLWDWLYHO\� GLOXWHG� WR� ���PO�ZLWK� +�2�� $IWHU� �PLQ�� WKH� UHDFWLRQ�ZDV� GHWHUPLQHG�
FRORULPHWULFDOO\�DW� �&HFLO����������QP��-RKQ���������7KH� UHPRYDO�HIILFLHQF\�RI�SKHQRO�ZDV�FDOFXODWHG�E\�
DSSO\LQJ�WKH�IROORZLQJ�HTXDWLRQ��

� 5HPRYDO�HIILFLHQF\� �>��&R�&��&R @[���� � � � � � � � � � � � � � � � � � ����
:KHUH�&R WKH�RULJLQDO�SKHQRO�FRQWHQW�DQG�&�WKH�UHWDLQHG�SKHQRO�LQ�VROXWLRQ�
�
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�
�����3KRWRFDWDO\WLF�GHJUDGDWLRQ�RI�SKHQRO�XVLQJ�9�2��6L2� [HURJHO�
�

7KH�PHFKDQLVP�IRU�WKH�SKRWRFDWDO\WLF�R[LGDWLRQ�RI�FRPSRXQGV�E\�R[\JHQ�DW�VHPLFRQGXFWRUV�KDV�EHHQ�
LOOXVWUDWHG��7KXV�WKH�SURFHVV�IRU�UHPRYDO�RI�SKHQRO�FDQ�EH�UHSUHVHQWHG�DV�IROORZV��0DVDND]X�HW�DO�� ������
=HHYDONLQN��������7VHQJ���������
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&�+��2�� � �2+��o +22�&�r�&+� r &+�� ��&+�r�&+� r &�22+� � � � � � � � � � � ����
+22�&�r�&+� r &+�o &+�r�&+� r &�22+� ��+2�2&�r�&+� �&+�r�&�22+� � � � � � � � � ����
%\�IXUWKHU�R[LGDWLRQ�
+2�2&�r�&+�� ��&+�r�&�22+��o &2� � +�2 ����
:KHUH�K LV�SODQNnV�FRQVWDQW�DQG�Q LV�WKH�IUHTXHQF\��
7KH�H[SHULPHQWV�ZHUH�FRQGXFWHG�XQGHU�WKH�IROORZLQJ�FRQGLWLRQ��SKHQRO�FRQFHQWUDWLRQ�����SSP��YROXPH�

RI�SKHQRO�����PO�DW���R& IRU��K��7KH�UHVXOWV�LQGLFDWH�WKDW�WKH�LQFUHDVH�LQ�WKH�9�2��6L2� ORDGLQJ�IURP�������
WR� ��ZW���� WHQGHG� WR� LQFUHDVH� SKHQRO� UHPRYDO� HIILFLHQF\� IURP������� WR� ����� ([SHULPHQWDO� VWXGLHV� KDYH�
UHYHDOHG� WKDW� D� FDWDO\VW� ORDGLQJ�RI�������ZW��� LV� WKH�RSWLPDO�GRVH� IRU� WKH�GHJUDGDWLRQ�RI���PJ�O�RI� WKH�
SKHQRO�DIWHU��K��LUUDGLDWLRQ�SHULRG��%H\RQG�WKH�RSWLPDO�GRVH�WKH�SKHQRO�SKRWRGHJUDGDWLRQ�SHUFHQW�LV�VOLJKWO\
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LQFUHDVHG�DERXW�����7KLV�FDQ�EH�UDWLRQDOL]HG�LQ�WHUPV�RI�DYDLODELOLW\�RI�DFWLYH�VLWHV�RQ�9�2� VXUIDFH�DQG�WKH�
SHQHWUDWLRQ�RI�SKRWRDFWLYDWLQJ�OLJKW�LQWR�WKH�VXVSHQVLRQ��$W�KLJK�FDWDO\VW�FRQFHQWUDWLRQ�DYDLODELOLW\�RI�H[FHVV�
DFWLYH�VLWHV�RXWZHLJKV�WKH�GLPLQLVKLQJ�SKRWR�DFWLYDWHG�YROXPH�DQG�VLJQLILFDQWO\�JUHDWHU�UDWH�RI�GHJUDGDWLRQ�
LV�DFKLHYHG�DW�LQFUHDVHG�9�2� ORDGLQJ��0DWWKHZV���������7KHUHIRUH��WKH�RSWLPXP�FRQGLWLRQ�LV�������ZW����
�
7DEOH���
(IIHFW�RI�YDQDGLD�r�VLOLFD�[HURJHO�ORDGLQJ�RQ�SKHQRO�UHPRYDO�HIILFLHQF\�

9�2��6L2� ORDGLQJ��ZW����
������ ������ ������ ��

7LPH�
PLQ�
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��� ������ ������ ������ ������
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���� ������ ������ ������ ������

�����.LQHWLF�SKRWRFDWDO\WLF�GHJUDGDWLRQ�RI�SKHQRO�XVLQJ�9�2��6L2� [HURJHO��
�

7KH�UHDFWLRQ�RUGHU�ZLWK�UHVSHFW�WR�SKHQRO�ZDV�GHWHUPLQHG�E\�SORWWLQJ�UHDFWLRQ�WLPH�YHUVXV�ORJ�>SKHQRO@�
DFFRUGLQJ�WR�WKH�IROORZLQJ�HTXDWLRQ�IRU�YDULRXV�YDQDGLD�r�VLOLFD�ORDGLQJ��

/RJ�>&@W  �NW�����/RJ�>&@R �����
W���� �������N�� � � � � � � � � � � � � � � � � � � � � � � � ���������
:KHUH�>&@R DQG�>&@W UHSUHVHQW�WKH�FRQFHQWUDWLRQ��SSP��RI�WKH�VXEVWUDWH�LQ�VROXWLRQ�DW�]HUR�WLPH�DQG�W�WLPH�

RI�LOOXPLQDWLRQ�UHVSHFWLYHO\��DQG�N�UHSUHVHQWV�WKH�DSSDUHQW�UDWH�FRQVWDQW��PLQ�����7KH�ILQGLQJV�UHSUHVHQWHG�LQ�
)LJXUH���DQG�7DEOH���KDYH�EHHQ�VHHQ�WKDW�WKH�UHDFWLRQ�IROORZHG�ILUVW�RUGHU�NLQHWLFV�ZLWK�UHVSHFW�WR�SKHQRO�
DQG�WKLV�UHVXOWV�DUH�LQ�DJUHHPHQW�ZLWK�<RQJ�HW�DO���������DQG�WKH�UDWH�FRQVWDQWV�ZHUH�UDQJHG�IURP��������
WR�������PLQ���

)LJXUH����5HDFWLRQ�NLQHWLF�RI�YDQDGLD���VLOLFD�[HURJHO�ZLWK�SKHQRO�
�

7KH�SORW�RI�QDWXUDO�ORJDULWKP�RI�WKH�QRUPDOL]HG�FRQFHQWUDWLRQ�RI�SKHQRO�YHUVXV�LUUDGLDWLRQ�WLPH�VKRZV�D�
JRRG�DSSUR[LPDWLRQ�RYHU�WKH�UDQJH�RI�������WR���ZW����)LJXUH�����N�YDOXHV�REWDLQHG�IURP�WKH�VORSHV�RI�WKH�
SORWV�)LJXUH��DQG�W����YDOXHV�REWDLQHG�IURP�WKH�HTXDWLRQ���DUH�SUHVHQWHG�LQ�7DEOH����N�YDOXHV�LQFUHDVH�ZLWK�
LQFUHDVLQJ� 9�2��6L2� ORDGLQJ�� 7KLV� VXJJHVWV� WKDW� DV� SKRWRFDWDO\VW� ORDGLQJ� LQFUHDVHV�� WKH� UHTXLUHPHQW� RI�
FDWDO\VW� VXUIDFH� QHHGHG� IRU� WKH� GHJUDGDWLRQ� LQFUHDVH�� 6LQFH� WKH� LQLWLDO� FRQFHQWUDWLRQ� RI� WKH� SKHQRO� LV�
FRQVWDQW��WKH�2�

� DQG��2+�UDGLFDOV�IRUPHG�RQ�WKH�VXUIDFH�RI�9�2� DUH�LQFUHDVHG��+HQFH�WKH�UHODWLYH�QXPEHU�
RI� �2+�DQG�2�

� DWWDFNLQJ�WKH�SKHQRO�PROHFXOHV�LQFUHDVHV�ZLWK�LQFUHDVLQJ�SKRWRFDWDO\VW�ORDGLQJ��0DWWKHZV��
������ 0RKDPHG�� ������� +HQFH� WKH� UDWH� RI� GHJUDGDWLRQ� LQFUHDVHV� IURP� ������� WR� ������PLQ��� ZLWK�
LQFUHDVH�9�2��6L2� ORDGLQJ�IURP�������WR���ZW�����
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7DEOH���
5DWH�FRQVWDQW�RI�UHDFWLRQ�NLQHWLF�RI�SKHQRO�ZLWK�YDQDGLD�r�VLOLFD�[HURJHO�

9�2��6L2� ORDGLQJ��ZW��� N�[������ PLQ�� W���� PLQ�
������
������
������
������

���
���
���
���

����
����
����
����

�����3KRWRFDWDO\WLF�GHJUDGDWLRQ�RI�SKHQRO�XVLQJ�R]RQH�
�

,W�ZDV�GHFLGHG�WR�HYDOXDWH�WKH�XVH�RI�R]RQH�DQG�89�LUUDGLDWLRQ�WR�LQYHVWLJDWH�WKH�WHFKQLFDO�IHDVLELOLW\�RI�
WKH�89�DLGHG�R[LGDWLRQ�XVLQJ�R]RQH�DV�DQ�R[LGDQW� IRU� UHPRYLQJ�SKHQRO�DQG�FRPSDULQJ� WKLV�PHWKRG�ZLWK�
9�2��6L2� [HURJHO��

$ UHDFWLRQ�PHFKDQLVP� IRU� WKH�R]RQDWLRQ�RI�SKHQRO� FDQ�EH� VXPPDUL]HG�DV� IROORZV� �=HHYDONLQN��������
7VHQJ���������

2� � 2+�  2�
� � +2� �����

+2�  �2� � 2+�� � � � � � � � � � � � � � � � � � � � � � � ���������
7KH�K\GUR[\O�UHGLFDO�DWWDFNV�WKH�SKHQRO�DQG�WKH�PHFKDQLVP�ZDV�DIRUHPHQWLRQHG���

�
�������(IIHFW�RI�R]RQH�FRQFHQWUDWLRQ�

�
7KH� H[SHULPHQWV� KDYH� EHHQ� FDUULHG� RXW� WR� VWXG\� WKH� HIIHFW� RI� R]RQH� FRQFHQWUDWLRQ� RQ� WKH� SKHQRO�

UHPRYDO� HIILFLHQF\� XQGHU� WKH� IROORZLQJ� FRQGLWLRQV�� 89� OLJKW� SRZHU�� ��:�� $LUIORZ�� ����P��K�� SKHQRO�
FRQFHQWUDWLRQ�����SSP��YROXPH�RI�VROXWLRQ�����OLWHU��UHDFWLRQ�WLPH�����K�DW���R&��7KH�ILQGLQJV�DUH�VKRZQ�LQ�
7DEOH� �� DQG� WKH� UHVXOWV� LQGLFDWH� WKDW� LQFUHDVLQJ� R]RQH� FRQFHQWUDWLRQ� IURP� ���� WR� ���� ZW��� WKH� SKHQRO�
UHPRYDO�HIILFLHQF\�LV�LQFUHDVHG�IURP������WR�����UHVSHFWLYHO\�DIWHU��K��,W�LV�NQRZQ�WKDW�R]RQH�LV�SRZHUIXO�
R[LGL]HU�WKDW�FDQ�EH�HIIHFWLYH�IRU�GHJUDGDWLRQ�RI�PDQ\�SROOXWDQWV��<RQJ�HW�DO�� �������,W�LV�DOVR�QRWLFHG�WKDW��
WKH� LQFUHDVH� RI� R]RQH� FRQFHQWUDWLRQ�PRUH� WKDQ� ����ZW��� LV� QRW� HFRQRPLFDOO\� IHDVLEOH� GXH� WR� WKH� SKHQRO�
UHPRYDO� HIILFLHQF\� LQFUHDVHG� �� SHUFHQW� RQO\�� 6R� WKH� RSWLPXP� R]RQH� FRQFHQWUDWLRQ� LV� ���� ZW��� JLYLQJ�
�������SKHQRO�UHPRYDO�HIILFLHQF\���
�
7DEOH���
(IIHFW�RI�R]RQH�FRQFHQWUDWLRQ�RQ�SKHQRO�UHPRYDO�HIILFLHQF\�

2]RQH�FRQFHQWUDWLRQ��ZW���
���� �� ���� ����

7LPH�
PLQ�

3KHQRO�UHPRYDO�HIILFLHQF\����
��� ����� ������ ������ �����
��� ����� ������ ������ ������
��� ����� ������ ������ ������
��� ����� ������ ������ ������
���� ����� ������ ������ ������
���� ����� ������ ������ ������
���� ����� ������ ������ ������
���� ����� ������ ������ ������

�������(IIHFW�RI�DLUIORZ�
�

7KH�HIIHFW�RI�DLUIORZ�RQ�WKH�SKHQRO�UHPRYDO�HIILFLHQF\�KDV�EHHQ�FRQGXFWHG��7KH�GDWD�DUH�VKRZQ�LQ�7DEOH�
� DQG� WKH� ILQGLQJV� HPHUJH� WKDW� ZLWK� LQFUHDVLQJ� DLUIORZ� IURP� ����� WR� ����P��K�� WKH� SKHQRO� UHPRYDO�
HIILFLHQF\�ZDV� LQFUHDVHG� IURP������� WR�����DIWHU� IRXU�KUV��7KLV�PD\�EH�DWWULEXWHG� WR�DW�KLJK�DLUIORZ�UDWH�
VXIILFLHQW�R]RQH�JHQHUDWLRQ�ZDV�SHUIRUPHG�DQG�JRRG�PL[LQJ�DQG�GLIIXVLRQ�LQ�WKH�VROXWLRQ�LV�DOVR�DFKLHYHG��
7KHUHIRUH��WKH�RSWLPXP�DLUIORZ�UDWH�LV�����P��K�ZLWK�����ZW���RI�R]RQH�FRQFHQWUDWLRQ��
�
�������(IIHFW�RI�89�OLJKW�SRZHU�
�

89�LUUDGLDWLRQ�RI�ZDWHU�JHQHUDWHG�K\GUR[\O�UDGLFDO�WKDW�ZDV�UHVSRQVLEOH�IRU�WKH�R[LGDWLRQ�RI�SKHQRO�DQG�
ZDWHU�DV�DFFRUGLQJ�WR�WKH�IROORZLQJ�HTXDWLRQ��*XURO�DQG�:RRGPDQ���������

2� � +�2 ���KQ o +�2� � 2� �����
+�2� � KQ o � 2+�� � � � � � � � � � � � � � � � � � � � � � ���������
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�

7KHUHIRUH�� WKH� HIIHFW� RI� 89� OLJKW� SRZHU� RQ� SKRWRFDWDO\WLF� GHJUDGDWLRQ� RI� SKHQRO�ZDV� LQYHVWLJDWHG� E\�
YDU\LQJ�LWV�OLJKW�SRZHU�IURP��r���:DWW��7KH�UHVXOWV�DUH�GLVSOD\HG�LQ�7DEOH���DQG�WKH�ILQGLQJV�UHYHDO�WKDW�E\�
LQFUHDVLQJ�89�OLJKW�SRZHU�IURP���WR���:��WKH�SKHQRO�UHPRYDO�HIILFLHQF\�ZDV�VOLJKWO\�LQFUHDVHG�IURP������WR�
�����7KHUHIRUH��89�LOOXPLQDWLRQ�LV�QRW�QHFHVVDU\�WR�FRPSOHWH�WKLV�UHDFWLRQ��6R�WKH�RSWLPXP�FRQGLWLRQV�IRU�
GHJUDGDWLRQ�RI�SKHQRO�E\�R]RQH�DUH��R]RQH�FRQFHQWUDWLRQ������ZW���DQG�DLU�IORZ������P��K�ZLWKRXW�89�OLJKW�
SRZHU��
�
7DEOH���
(IIHFW�RI�DLUIORZ�UDWH�RQ�SKHQRO�UHPRYDO�HIILFLHQF\�

$LUIORZ�UDWH��P��K�
����� ����� ����� �����

7LPH�
PLQ�

3KHQRO�UHPRYDO�HIILFLHQF\����
��� ������ ������ ������ ������
�� ������ ������ ������ ������
��� ������ ������ ������ ������
��� ������ ������ ������ ������
���� ������ ������ ������ ������
���� ������ ������ ������ ������
���� ������ ������ ������ ������
���� ������ ������ ������ �

7DEOH���
(IIHFW�RI�89�OLJKW�SRZHU�RQ�SKHQRO�UHPRYDO�HIILFLHQF\��

89�LOOXPLQDWLRQ��:DWW�
� ��� ���

7LPH�
PLQ�

3KHQRO�UHPRYDO�HIILFLHQF\����
��� ������ ������ ������
��� ������ ������ ������
��� ������ ������ ������
��� ������ ������ ������
���� ������ ������ ������
���� ������ ������ ������
���� ������ ������ ������
���� ������ � �

�����.LQHWLF�RI�SKHQRO�ZLWK�R]RQH�
�
7KH�UHDFWLRQ�RUGHU�ZLWK�UHVSHFW�WR�SKHQRO�ZDV�GHWHUPLQHG�E\�SORWWLQJ�UHDFWLRQ�WLPH�YHUVXV�ORJ�>SKHQRO@�

DFFRUGLQJ�WR� WKH�HTXDWLRQV���DQG���PHQWLRQHG�EHIRUH��7KH� ILQGLQJV�DUH� UHSUHVHQWHG� LQ�)LJXUHV������DQG���
DQG� WKH� DSSDUHQW� UDWH� FRQVWDQWV� DQG� W���� DUH� VXPPDUL]HG� LQ� 7DEOH� ��� 7KH� UHVXOWV� VKRZ� WKDW� WKH� UHDFWLRQ�
IROORZV� ILUVW� RUGHU� NLQHWLFV�ZLWK� UHVSHFW� WR� SKHQRO� DQG� WKH� UDWH� FRQVWDQWV� LQFUHDVH�ZLWK� LQFUHDVLQJ� R]RQH�
FRQFHQWUDWLRQ�DQG�DLUIORZ�UDWH��,Q�DGGLWLRQ��W����GHFUHDVH�ZLWK�LQFUHDVLQJ�R]RQH�DQG�DLUIORZ�ZKHUHDV�89�OLJKW�
SRZHU�LV�LQVLJQLILFDQW�DQG�WKH�UDWH�FRQVWDQWV�DUH�UDQJHG�IURP����[�����WR����[����PLQ���

)LJXUH����5HDFWLRQ�NLQHWLF�RI�R]RQH�FRQFHQWUDWLRQ��ZW���ZLWK�SKHQRO�
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)LJXUH����5HDFWLRQ�NLQHWLF�RI�DLU�IORZ�ZLWK�SKHQRO�
�

)LJXUH����5HDFWLRQ�NLQHWLF�RI�89�OLJKW�SRZHU�ZLWK�R]RQH�
�
7DEOH���
5DWH�FRQVWDQW�RI�UHDFWLRQ�NLQHWLF�RI�SKHQRO�ZLWK�R]RQH�
,WHP� N[�����

PLQ���
W����
PLQ�

2]RQH�FRQFHQWUDWLRQ��ZW���
����
����
����

�
����
����
����

�
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���
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�����
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���&21&/86,216�
�

'LIIHUHQW�$23V� �R]RQH�DQG�SKRWRFDWDO\VW�� LQ�SUHVHQFH�RI�89�KDYH�EHHQ�VWXGLHG�DQG�FRPSDUHG�ZLWK�D�
YLHZ�WR�WKH�GHFUHDVH� LQ�WKH�SROOXWDQW�FRQFHQWUDWLRQ�� WKH�ILUVW�RUGHU�NLQHWLF�FRQVWDQW� IRU�WKH�GHJUDGDWLRQ�RI�
SKHQRO�LQ�DTXHRXV�VROXWLRQ��,W�KDV�EHHQ�IRXQG�����SKHQRO�UHPRYDO�HIILFLHQF\�ZDV�DFKLHYHG�E\�XVLQJ�������
ZW��9�2��6L2� [HURJHO� DIWHU���KRXUV�ZKHUHDV�������� SKHQRO� UHPRYDO� HIILFLHQF\�ZDV� IRXQG�E\�XVLQJ�����
ZW��� R]RQH� FRQFHQWUDWLRQ� DQG� ����P��K� DLUIORZ� DIWHU� �K�� 7KH� UHDFWLRQ� NLQHWLF� RI� SKRWRFDWDO\WLF�
GHFRPSRVLWLRQ�RI�SKHQRO�XVLQJ�9�2��6L2� [HURJHO�RU�R]RQH�ZDV�IRXQG�WR�EH�ILUVW�RUGHU��:KHUHDV�WKH�UDWHV�RI�
SKRWRFDWDO\WLF�GHJUDGDWLRQ�RI�SKHQRO�XVLQJ�R]RQH�DUH�IDVWHU�WKDQ�XVLQJ�9�2��6L2� [HURJHO�DERXW�WZR�WLPHV��
�

5()(5(1&(6�
�
$KPHG�� 6�� DQG� 2OOLV�� '�)��� 3KRWR�DVVLVWHG� FDWDO\WLF� GHFRPSRVLWLRQ� RI� WKH� FKORULQDWHG� K\GURFDUERQV�

WULFKORURHWK\OHQH�DQG�WULFKORURPHWKDQH��6RODU�(QHUJ\����������� ���������
&KDQGUDVHNKDUDLDK��0��DQG�0DUJUDYH��/���3URFHHGLQJV�RI�ZDVWH�VWUHDP�PLQLPL]DWLRQ�DQG�XWLOL]DWLRQ��9RO����r�

,QGXVWULDO�/LTXLG�DQG�*DVHRXV�:DVWH�3URFHVVLQJ��/HH��9��(���(G����$XVWLQ��7H[DV�����������r������
&ULVWLQD�� &��� 6DQWLDJR�� (��� -XDQ��&���0LQHUDOL]DWLRQ�RI�SKHQRO� LQ� DTXHRXV� VROXWLRQ�E\�R]RQDWLRQ�XVLQJ� LURQ�RU�

FRSSHU�VDOWV�DQG�OLJKW��$SSOLHG�&DWDO\VLV�%��(QYLURQPHQWDO������������� �r����
*XURO��0�'��DQG�:RRGPDQ��-�+���5HPRYDO�RI�LURQ�F\DQLGH�E\�SKRWRO\VLV�DQG�FKHPLFDO�R[LGDWLRQ��+D]DUG�,QG��

:DVWHV��3URF������VW�0LG�$WDODQWLF�,QVWULDO�:DVWH�&RQI���7HFKQRPLF�3XE��&R���,QF���/DQFDVWHU�������������
�����

,VPDLO��$�$���,EUDKLP��,�$���0RKDPHG��5�0���6ROrJHO�V\QWKHVLV�RI�YDQDGLD�VLOLFD�IRU�SKRWRFDWDO\WLF�GHJUDGDWLRQ�
RI�F\DQLGH��$SS��&DWDO��%��(QYLURQPHQWDO��������LQ�SUHVV���

-RKQ�� 5�3��� 5HWHQWLRQ� RI� SUHVHUYDWLYH� OHYHOV� RI� SKHQRO� LQ� GHVLFFDWHG� ELRORJLFDO� SURGXFWV�� -RXUQDO� RI� &XQLFDO�
0LFURELRORJ\�����������������

.XVDNDEH�� .��� $VR�� 6��� :DGD�� 7��� +D\DVKL�� -�,��� 0RURRND�� 6��� ,VRPXUD�� .��� 'HVWUXFWLRQ� UDWH� RI� YRODWLOH�
RUJDQRFKORULQH�FRPSRXQGV� LQ�ZDWHU�E\�R]RQDWLRQ�ZLWK�XOWUDYLROHW� UDGLDWLRQ��:DWHU�5HV�����������������
�����������

/DXUD��6�$���;DYLHU��'�(���-XDQ�&�DQG��-�(�3���6RODU�DFWLYDWHG�R]RQDWLRQ�RI�SKHQRO�DQG�PDOLF�DFLG��&KHPRVSKHUH�
��������� ����r������

0DVDND]X��$��� ,FKLUR�� 7��� <XWDND��.��� 3KRWROXPLQHVFHQFH� DQG�SKRWRUHGXFWLRQ�RI�9�2� VXSSRUWHG�RQ�SRURXV�
Y\FRU�JODVV���-��3K\V��&KHP������������ �����������

0DWWKHZV��5�:���3KRWR�R[LGDWLRQ�RI�RUJDQLF�PDWHULDO�LQ�DTXHRXV�VXVSHQVLRQV�RI�WLWDQLXP�GLR[LGH��:DW��5HV���
����������������������

0DWWKHZV��5�:���3XULILFDWLRQ�RI�ZDWHU�ZLWK�QHDUrX�Y��LOOXPLQDWHG�VXVSHQVLRQV�RI�WLWDQLXP�GLR[LGH��:DWHU�5HV���
�������������������

0RKDPHG�� .��� 6DUUD�� %�$��� 6HPLD�� &��� (OLPDPH�� (��� $PPDU�� +���0RXKLHGGLQH�� (��� 3KRWRGHJUDGDWLRQ� RI� OLJQLQ�
IURP�EODFN� OLTXRU�XVLQJ�D�89�7L2� V\VWHP�� -��RI�3KRWRFKHPLVWU\�DQG�3KRWRELRORJ\�$��&KHPLVWU\��������
���� ���r�����

3H\WRQ�� *�5��� +XDQJ�� )�<��� %XUOHVRQ�� -�/��� *OD]H�� :�+��� 'HVWUXFWLRQ� RI� SROOXWDQWV� LQ� ZDWHU� ZLWK� R]RQH� LQ�
FRPELQDWLRQ�ZLWK�XOWUDYLROHW�UDGLDWLRQ����*HQHUDO�3ULQFLSDO�DQG�2[LGDWLRQ�7HWUD�FKORURHWK\OHQH��(QYLURQ��
6FL��DQG�7HFK������������ ����������

3H\WRQ�� *�5��� 6PLWK�� 0�$��� 3H\WRQ�� %�0��� 3KRWRO\WLF� R]RQDWLRQ� IRU� SURWHFWLRQ� DQG� UHKDELOLWDWLRQ� RI� JURXQG�
ZDWHU� UHVRXUFHV�� D�PHFKDQLVWLF� VWXG\�� 8QLYHUVLW\� RI� ,OOLQRLV��:DWHU� 5HVRXUFHV� &HQWHU�� ������ 5HVHDUFK�
5HSRUW�1R�������

6DQWLDJR�� (��� -DLPH�� *��� 6DQGUD�� &��� (VWKHU�� 3��� 0LJXHO� 5�*��� &RPSDULVRQ� RI� GLIIHUHQW� DGYDQFHG� R[LGDWLRQ�
SURFHVVHV�IRU�SKHQRO�GHJUDGDWLRQ��:DWHU�5HVHDUFK����������� ����r������

7VHQJ��0�-��DQG�+XDQJ��3�&���5HPRYDO�RI�FKORURSKHQROV�IURP�ZDWHU�E\�SKRWR�FDWDO\WLF�R[LGDWLRQ��-��$P��:DWHU�
$VVRF������������ �������

<RQJTLDQJ�� 4��� 0DUN�� (�=��� &KLDQJ�� +�.��� (OL]DEHWK�� &�)��� .LQHWLF� DQG� PHFKDQLVWLF� VWXG\� RI� R]RQDWLRQ� RI��
GLFKORURSKHQROV�LQ�DTXHRXV�VROXWLRQV��-��RI�(QYLURQ��(QJ��������������������������

=HHYDONLQN��$�-���9LVVHU��&�'���$UQROG\��3���%RHOKRXZHU��&���0HFKDQLVP�DQG�NLQHWLFV�RI�F\DQLGH�R]RQDWLRQ� LQ�
ZDWHU��:DWHU�5HV������������ �����������


