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)LJXUH�������5HVLGXDO�VXJDU�FRQWHQW�DIWHU����GD\V�RI�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD RQ�YDULRXV�VXFURVH�FRQFHQWUDWLRQV�LQ�VKDNH�IODVNV� ������������������������������������������������ ��
)LJXUH��������(IIHFW�RI�LQGLYLGXDO�VXJDUV�DQG PRQRVDFFKDULGH�UDWLR�RQ�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD LQ�VKDNH�IODVNV� ����������������������������������������������������������������� ��
)LJXUH��������(IIHFW�RI�PHGLD�UHSODFHPHQW�RQ�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD LQ�VKDNH�IODVNV� ���������������������������������������������������������������������������������������������������������������������� ��
)LJXUH��������$SSDUHQW�ELRPDVV�\LHOG�DW�GLIIHUHQW�WLPH�SRLQWV�IRU�WUDQVIRUPHG�URRWV�RI�$��DQQXD JURZQ�RQ����RU����VXFURVH�LQ�VKDNH�IODVNV� ��������������������������������������������������������� ��
)LJXUH��������$SSDUHQW�ELRPDVV�\LHOG�DIWHU����GD\V�IRU�WUDQVIRUPHG�URRWV�RI�$��DQQXDJURZQ�RQ�YDULRXV�LQLWLDO�VXFURVH�FRQFHQWUDWLRQV�LQ�VKDNH�IODVNV� �������������������������������������� ��
)LJXUH��������$SSDUHQW�ELRPDVV�\LHOG�DIWHU�������DQG���GD\V�RI�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD RQ����RU����VXFURVH�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU� �������������������������� ��
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,QWURGXFWLRQ�DQG�OLWHUDWXUH�UHYLHZ�WKH�PDMRU�SRUWLRQ�RI�WKLV�FKDSWHU�LV�WDNHQ�IURP�DQ�LQYLWHG�UHYLHZ�FRDXWKRUHG�E\�7RZOHU��0�-���.LP��<�-���&RUUHOO��0�-���:\VORX]LO��%�(��DQG�:HDWKHUV��3�-��DQG�SXEOLVKHG�DV���'HVLJQ��GHYHORSPHQW��DQG�DSSOLFDWLRQV�RI�PLVW�ELRUHDFWRUV���,Q���3ODQW�WLVVXH�FXOWXUH�HQJLQHHULQJ��HG��6�'��*XSWD���.OXZHU�$FDGHPLF�3XEOLVKHUV��7KH�1HWKHUODQGV�� �������

$HURSRQLF�WHFKQRORJ\�KDV�EHHQ�XVHG�H[WHQVLYHO\�WR�VWXG\�ELRORJLFDO�SKHQRPHQD�LQ�
SODQWV�LQFOXGLQJ�GURXJKW�VWUHVV��V\PELRWLF�UHODWLRQVKLSV��P\FRUUKL]DO�DVVRFLDWLRQV��GLVHDVH�
HIIHFWV��PLQHUDO�QXWULWLRQ��RYHUDOO�SODQW�PRUSKRORJ\�DQG�SK\VLRORJ\��:HDWKHUV�DQG�=REHO��
�������DQG�VRPH�ZRUN�KDV�DOVR�EHHQ�FRPSOHWHG�ZLWK�DQLPDO�WLVVXH�FXOWXUH��)ULEHUJ�HW�DO���
��������$HURSRQLFV�RIIHUV�PDQ\�DGYDQWDJHV�WR�ZKROH�SODQW�JURZWK�EHFDXVH�RI�WKH�
HQKDQFHG�JDV�H[FKDQJH�WKDW�LV�SURYLGHG���7KH�IRFXV�KHUH�LV�RQ�WKH�XVH�RI�DHURSRQLFV�
�QXWULHQW�PLVWV��IRU�LQ�YLWUR FXOWXUH�RI�GLIIHUHQWLDWHG�WLVVXHV��VSHFLILFDOO\��WKH�FXOWXUH�RI�
WUDQVIRUPHG��KDLU\��URRWV�

7KHUH�DUH�WZR�PDLQ�FDWHJRULHV�RI�ELRUHDFWRUV���OLTXLG�SKDVH�DQG�JDV�SKDVH�UHDFWRUV�
�.LP�HW�DO�������E����,Q�OLTXLG�SKDVH UHDFWRUV��WKH�WLVVXH�LV�LPPHUVHG�LQ�WKH�PHGLXP���
7KHUHIRUH��RQH�RI�WKH�ELJJHVW�FKDOOHQJHV�LQ�D�OLTXLG�SKDVH�FXOWXUH�LV�GHOLYHULQJ�R[\JHQ�WR�
WKH�VXEPHUJHG�WLVVXHV�GXH�WR�ORZ�JDV�VROXELOLW\���,Q�JDV�SKDVH�UHDFWRUV��ZKLFK�LQFOXGH�
QXWULHQW�PLVW�FXOWXUH���WKH�ELRPDVV�LV�H[SRVHG�WR�DLU�RU�D�JDV�PL[WXUH�DQG�QXWULHQWV�DUH�
GHOLYHUHG�DV�GURSOHWV���'URSOHW�VL]HV�FDQ�UDQJH�IURP����������P�IRU�PLVWV���������P�IRU�
IRJV��DQG������� �P�IRU�VSUD\V��3HUU\�DQG�*UHHQ����������7KH�PDVV�WUDQVIHU�OLPLWDWLRQ��
HVSHFLDOO\�RI�R[\JHQ��FDQ�EH�VLJQLILFDQWO\�UHGXFHG�RU�HOLPLQDWHG�E\�XVLQJ�D�JDV�SKDVH�
FXOWXUH�V\VWHP��:HDWKHUV�HW�DO���������
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0LVW�UHDFWRU�FRQILJXUDWLRQV
7KH�RULJLQDO�GHVLJQ�RI�DHURSRQLFV�V\VWHPV�GLVSHUVHG�QXWULHQW�PHGLXP�YLD�VSUD\�

QR]]OHV�WKDW�UHTXLUHG�FRPSUHVVHG�JDV�DQG�ZHUH�SURQH�WR�FORJJLQJ�E\�PHGLXP�VDOWV�
�:HDWKHUV�DQG�=REHO���������ZKLOH�ODWHU�PLVW�UHDFWRUV�XVHG�VXEPHUJHG�XOWUDVRQLF�
WUDQVGXFHUV���,Q�WKH�HDUO\�PLVW�UHDFWRUV��)LJXUHV����$�	����%���WKH�XOWUDVRQLF�WUDQVGXFHU�
ZDV�LQ�GLUHFW�FRQWDFW�ZLWK�QXWULHQW�PHGLXP�VDOWV DQG�KDG�WR�EH�DXWRFODYHG��FRQVLGHUDEO\�
VKRUWHQLQJ�WKH�OLIH�RI�WKH�WUDQVGXFHU��7LVVHUDW�HW�DO���������:RR�DQG�3DUN��������%XHU�HW�
DO�����������%XHU�HW�DO���������IDEULFDWHG�DQ�DFRXVWLFDOO\�WUDQVSDUHQW�SRO\XUHWKDQH�ZLQGRZ�
WR�LVRODWH�WKH�PHGLXP�IURP�WKH�WUDQVGXFHU��)LJXUH����&��EXW�PDNLQJ�WKH�ZLQGRZV�ZDV�
GLIILFXOW��WLPH�FRQVXPLQJ��DQG�WKH�VWDUWLQJ�PDWHULDOV�ZHUH�H[SHQVLYH���&KDWWHUMHH�HW�DO��
�������UHSODFHG�WKH�FXVWRP�ZLQGRZ�ZLWK�DQ�LQH[SHQVLYH��FRPPHUFLDOO\�DYDLODEOH�
SRO\SURS\OHQH�FRQWDLQHU��)LJXUH������DQG�WKLV�GHVLJQ�ZDV�VXFFHVVIXOO\�XVHG�IRU�ERWK�KDLU\�
URRW��&KDWWHUMHH�HW�DO���������DQG�PLFURSURSDJDWLRQ�VWXGLHV��&RUUHOO�HW�DO���������&RUUHOO�
DQG�:HDWKHUV�����D������E����6LPLODUO\��%DLV�HW�DO���������XVHG�D�SRO\FDUERQDWH�*$���
YHVVHO���7KH�QXWULHQW�PLVW�V\VWHP�FXUUHQWO\�XVHG�E\�:HDWKHUV�HW�DO����������)LJXUH������
KDV�DQ�DFRXVWLF�ZLQGRZ�FRQVLVWLQJ�RI�D�WKLQ�WHIORQ�VKHHW�WKDW�KDV�D�KLJKHU�WHPSHUDWXUH�
WROHUDQFH�WKDQ�SRO\SURS\OHQH�DQG�FDQ�DOVR�EH�LQFRUSRUDWHG�LQWR�D�UHDFWRU�RI�DOPRVW�DQ\�
VL]H�RU�VKDSH���7KH�GHVLJQV�RI�WKH�PLVW�UHDFWRU�FRQILJXUDWLRQ�KDYH�HYROYHG�DV�WKH�
DSSOLFDWLRQV�RI�WKHVH�V\VWHPV�KDYH�EHFRPH�PRUH�YDULHG�
0LVW�UHDFWRUV�IRU�KDLU\�URRW�FXOWXUH

$�QXPEHU�RI�YDOXDEOH�SKDUPDFHXWLFDOV��IODYRUV��G\HV��RLOV��DQG�UHVLQV�DUH�SODQW�
GHULYHG�VHFRQGDU\�PHWDEROLWHV���6LQFH�VHFRQGDU\�PHWDEROLWHV�DUH�XVXDOO\�SURGXFHG�E\�
VSHFLDOL]HG�FHOOV�DQG�RU�DW�GLVWLQFW�GHYHORSPHQWDO�VWDJHV��%DODQGULQ�HW�DO����������SODQW�
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FHOO�VXVSHQVLRQ�FXOWXUHV�DUH�QRW�XVXDOO\�SUDFWLFDO�VRXUFHV�RI�WKHVH�FKHPLFDOV���+DLU\�URRW�
FXOWXUHV�FDQ�KDYH WKH�VDPH�RU�JUHDWHU�ELRV\QWKHWLF�FDSDFLW\�IRU�VHFRQGDU\�PHWDEROLWH�
SURGXFWLRQ�FRPSDUHG�WR�WKHLU�PRWKHU�SODQWV��%DQHUMHH�HW�DO���������.LWWLSRQJSDWDQD�HW�DO���
��������,QGHHG��KDLU\�URRWV�KDYH�EHHQ�FRQVLGHUHG�SRWHQWLDO�SURGXFWLRQ�VRXUFHV�IRU�
LPSRUWDQW�VHFRQGDU\�PHWDEROLWHV��)ORUHV�DQG�&XUWLV����������$�VXPPDU\�RI�VWXGLHV�XVLQJ�
KDLU\�URRWV�LQ�PLVW�UHDFWRUV�LV�SURYLGHG�LQ�7DEOH�������,Q�QHDUO\�DOO�FDVHV��KDLU\�URRW�JURZWK�
LQ�PLVW�UHDFWRUV�ZDV�DV�JRRG�DV�RU�EHWWHU�WKDQ�OLTXLG�SKDVH�FXOWXUHV�

6HFRQGDU\�PHWDEROLVP�RI�KDLU\�URRWV�JURZQ�LQ�YDULRXV�ELRUHDFWRUV�KDV�EHHQ�
UHFHQWO\�UHYLHZHG�E\�.LP�HW�DO�������E����.LP�HW�DO���������QRWHG�D���IROG�LQFUHDVH�LQ�
DUWHPLVLQLQ�DFFXPXODWLRQ�LQ�PLVW�UHDFWRUV��DQG�VXEVHTXHQWO\��6RXUHW�HW�DO���������SURYLGHG�
D�IXUWKHU�DQDO\VLV�ZKHQ WKH\�FRPSDUHG�WKH�H[SUHVVLRQ�OHYHOV�RI�IRXU�NH\�WHUSHQRLG�
ELRV\QWKHWLF�JHQHV�LQ�$��DQQXD KDLU\�URRWV�JURZQ�LQ�PLVW�UHDFWRUV�YHUVXV�OLTXLG�SKDVH�
V\VWHPV���$OWKRXJK�WKHUH�ZDV�QRWDEOH�KHWHURJHQHLW\�LQ�WHUSHQRLG�JHQH�H[SUHVVLRQ��WKH�
GLIIHUHQFHV�FRXOG�QRW�EH�DWWULEXWHG�GLUHFWO\�WR�RQH�VLQJOH�IDFWRU�DQG�ZHUH�OLNHO\�WKH�UHVXOW�
RI�FRPSOH[�LQWHUDFWLRQV�RI�PXOWLSOH�IDFWRUV�LQFOXGLQJ�R[\JHQ�VWDWXV��SUHVHQFH�RU�DEVHQFH�
RI�OLJKW��FXOWXUH�DJH��DQG�WLVVXH�ORFDWLRQ�ZLWKLQ�WKH�JURZWK�FKDPEHU�RI�WKH�ELRUHDFWRU���
%DLV�HW�DO� �������DQG�3DOD]RQ�HW�DO���������OLNHZLVH�QRWHG�DOWHUDWLRQV�LQ�VHFRQGDU\�
PHWDEROLWH�FRQWHQW�ZKHQ�KDLU\�URRWV�RI�&LFKRULXP DQG�3DQD[��UHVSHFWLYHO\��ZHUH�JURZQ�
LQ�PLVW�UHDFWRUV�

6HYHUDO�KDLU\�URRW�OLQHV�FDQ�GHYHORS�PDWXUH�FKORURSODVWV�FDSDEOH�RI�SKRWRV\QWKHVLV�
�)ORUHV�HW�DO����������DQG�WKHVH�JUHHQ�URRWV�KDYH�GLIIHUHQW�PHWDEROLF�FDSDELOLWLHV�FRPSDUHG�
WR�QRQ�JUHHQ�URRWV��DOWKRXJK�UHVSRQVH�WR�OLJKW�LV�QRW�QHFHVVDULO\�GHSHQGHQW�RQ�ZKHWKHU�WKH�
URRWV�WXUQ�YLVLEO\�JUHHQ���,Q�DGGLWLRQ��OLJKW�FDQ�KDYH�D�VLJQLILFDQW�HIIHFW�RQ�JURZWK�RI�KDLU\�
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URRWV��7D\D�HW�DO���������DQG�PDQ\�HQ]\PHV�LQ�WKH�ELRV\QWKHWLF�SDWKZD\V�IRU�VHFRQGDU\�
PHWDEROLWHV�DUH�UHJXODWHG�E\�OLJKW��.LP�HW�DO�������E����+RZHYHU��GHOLYHU\�RI�OLJKW�LQWR�D�
ELRUHDFWRU��HVSHFLDOO\�RQH�WKDW�LV�GHQVHO\�SDFNHG�ZLWK�URRWV��LV�SUREOHPDWLF���,QWHUHVWLQJO\��
WKH�URRWV�WKHPVHOYHV�PD\�KDYH�OLJKW�JXLGLQJ�SURSHUWLHV��0DQGROL�DQG�%ULJJV��������
��������$��DQQXD KDLU\�URRWV�ZHUH�DEOH�WR�WUDQVPLW�OLJKW�IURP�D�KHOLXP�QHRQ�ODVHU�WKURXJK�
WKH�LQWHULRU�RI�WKH�URRW��:HDWKHUV�DQG�6ZDUW]ODQGHU��XQSXEOLVKHG���LQGLFDWLQJ�WKDW�URRWV�
PD\�KDYH�WKH�DELOLW\�WR�IXQFWLRQ�DV�OHDN\�RSWLFDO�ILEHUV�

7KH�PRUSKRORJLFDO�FKDUDFWHULVWLFV�RI�KDLU\�URRWV�GHPDQG�VSHFLDO�FRQVLGHUDWLRQ�ZLWK�
UHJDUGV�WR�ELRUHDFWRU�GHVLJQ���7KH�PLVW�UHDFWRU�SURYLGHV�D�ORZ�VKHDU�HQYLURQPHQW�IRU�
JURZLQJ�KDLU\�URRWV�DQG�UHGXFHV�JDV�H[FKDQJH�OLPLWDWLRQV�QRUPDOO\�IRXQG�LQ�OLTXLG�SKDVH�
ELRUHDFWRUV���6WXGLHV�E\�0F.HOYH\�HW�DO���������VXJJHVWHG�WKDW�URRWV�DUH�PRUH�FDSDEOH�RI�
FRPSHQVDWLQJ�IRU�SRRU�OLTXLG�GLVSHUVLRQ�WKDQ�IRU�SRRU�JDV�GLVSHUVLRQ�ZLWKLQ�UHDFWRU�
V\VWHPV��&XUWLV����������$Q�HFRQRPLFDOO\�YLDEOH�SURGXFWLRQ�VFKHPH�GHSHQGV�LQ�SDUW�RQ�
WKH�DELOLW\�WR�DWWDLQ�D�KLJK�ELRPDVV�GHQVLW\���7KH�PD[LPXP�URRW�WLVVXH�FRQFHQWUDWLRQ�WKDW�
FDQ�EH�DFKLHYHG�LV�GHSHQGHQW�RQ�WKH�GHOLYHU\�RI�R[\JHQ�DQG�RWKHU�QXWULHQWV�LQWR�WKH�GHQVH�
PDWUL[��&XUWLV����������*DV�SKDVH�UHDFWRUV�VXFK�DV�WKH�PLVW�UHDFWRU�FDQ�YLUWXDOO\�HOLPLQDWH�
DQ\�R[\JHQ�GHILFLHQF\�LQ�GHQVH�URRW�EHGV��:HDWKHUV�HW�DO�����������.LP�HW�DO�������D���
KRZHYHU��QRWHG�WKDW�WKH�DYDLODELOLW\�RI�QRQ�JDVHRXV�QXWULHQWV�PD\�EH�D�FRQFHUQ��L�H��JDV�
GLVSHUVLRQ�LV�LPSURYHG�DW�WKH�H[SHQVH�RI�OLTXLG�GLVSHUVLRQ���)XUWKHUPRUH��LW�LV�GLIILFXOW�WR�
XQLIRUPO\�GLVWULEXWH�URRWV�LQ�WKH�JURZWK�FKDPEHU�RI�D�JDV�SKDVH�UHDFWRU�ZLWKRXW�PDQXDO�
ORDGLQJ��.LP�HW�DO�������E����6HYHUDO�JURXSV��)ORUHV�DQG�&XUWLV��������5DPDNULVKQDQ�HW�
DO���������:LOVRQ��������.LP�HW�DO�������D��5DPDNULVKQDQ�DQG�&XUWLV��������
FLUFXPYHQWHG�WKLV�LVVXH�ZLWK�K\EULG�OLTXLG� DQG�JDV�SKDVH�UHDFWRUV�ZKLFK�ZHUH�ILUVW�
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RSHUDWHG�DV�OLTXLG�SKDVH�V\VWHPV�WR�DOORZ�WKH�URRWV�WR�FLUFXODWH��GLVWULEXWH��DQG�RU�DWWDFK�
WR�LPPRELOL]DWLRQ�SRLQWV���*DV�SKDVH�RSHUDWLRQ�FRXOG�WKHQ�EH�LQLWLDWHG�DV�GHVLUHG��XVXDOO\�
ZKHQ�WKH�OLTXLG�SKDVH�UHDFWRU�ZDV�QR�ORQJHU�HIIHFWLYH�DW�VXSSRUWLQJ�URRW�JURZWK�GXH�WR�
OLPLWDWLRQV�LQ�QXWULHQW�GHOLYHU\�WR�WKH�GHQVH�URRW�EHGV���7RZOHU�DQG�:HDWKHUV��������VHH�
&KDSWHU����KDYH�DOVR�GHVFULEHG�D�PHWKRG�E\�ZKLFK�URRWV�PD\�EH�TXLFNO\�DWWDFKHG�WR�D�
PHVK�VXSSRUW��WKHUHE\�DOORZLQJ�PLVW�PRGH�WR�FRPPHQFH�VKRUWO\�DIWHU�LQRFXODWLRQ�

7KH�JDV�SKDVH�VXUURXQGLQJ�WLVVXHV�DOVR�SOD\V�D�NH\�UROH�LQ�WKH�FXOWXUH�DQG�
VHFRQGDU\�PHWDEROLWH�SURGXFWLYLW\�RI�KDLU\�URRWV��VHH�UHYLHZ�E\�.LP�HW�DO�������E����2QH�
RI�WKH�PDMRU�DGYDQWDJHV�RI�WKH�PLVW�UHDFWRU�LV�WKH�DELOLW\�WR�DOWHU�WKH�JDV�FRPSRVLWLRQ���
2[\JHQ�LV�HVVHQWLDO�IRU�UHVSLUDWLRQ�DQG�WKXV��WKH�JURZWK�RI�URRWV���7R�DVVHVV�WKH�UHVSRQVH�
RI�KDLU\�URRWV�WR�DOWHUHG�OHYHOV�RI�R[\JHQ�LQ�PLVW�UHDFWRUV��DOFRKRO�GHK\GURJHQDVH��$'+��
P51$��DQ�LQGLFDWRU�RI�R[\JHQ�VWUHVV��ZDV�PHDVXUHG�LQ�$��DQQXD KDLU\�URRWV���
&RPSDULVRQ�RI�$'+�P51$�H[SUHVVLRQ�LQ�ERWK�VKDNH�IODVNV�DQG�EXEEOH�FROXPQ�UHDFWRUV�
WR�PLVW�UHDFWRUV�LQGLFDWHG�WKDW�WKH�PLVW�JURZQ�URRWV�ZHUH�QRW�R[\JHQ�OLPLWHG��:HDWKHUV�HW�
DO�����������5RRWV�JURZQ�LQ�WKH�PLVW�UHDFWRU�WR�D�GHQVLW\�RI�DERXW������Y�Y��KDG�QR�
GHWHFWDEOH�H[SUHVVLRQ�RI�$'+��.LP� �������ZKHUHDV�$'+�P51$�ZDV�GHWHFWHG�LQ�URRWV�
IURP�WKH�EXEEOH�FROXPQ�DW�SDFNLQJ�GHQVLWLHV�DV�ORZ�DV����Y�Y��:HDWKHUV�HW�DO�����������
5RRWV�JURZQ�LQ�WKH�EXEEOH�FROXPQ�UHDFWRU��KRZHYHU��KDG�KLJKHU�GU\�PDVV�FRPSDUHG�WR�
WKRVH�KDUYHVWHG�IURP�WKH�PLVW�UHDFWRU�� 7KLV�XQH[SHFWHG�UHVXOW�PD\�EH�H[SODLQHG�WKURXJK�
PRGHOLQJ�RI�PLVW�GHSRVLWLRQ�G\QDPLFV��VHH�0LVW�GHSRVLWLRQ�PRGHOLQJ��EHORZ��

,Q�DGGLWLRQ�WR�R[\JHQ��FDUERQ�GLR[LGH�DOVR�DIIHFWV�WKH�JURZWK�RI�KDLU\�URRWV���&2��HQULFKHG�QXWULHQW�PLVW�FXOWXUHV�RI�&DUWKDPXV�WLQFWRULXV DQG�%HWD�YXOJDULV KDLU\�URRWV�
VKRZHG�LQFUHDVHG�JURZWK�YHUVXV�FRQWURO�FXOWXUHV�WKDW�ZHUH�IHG�DPELHQW�DLU��'L,RULR�HW�DO���
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����D����+RZHYHU��D�VLPLODU�HIIHFW�ZDV�QRW�REVHUYHG�LQ�KDLU\�URRWV�RI�$UWHPLVLD�DQQXD��
:KHQ�JURZQ�LQ�PLVW�HQULFKHG�ZLWK����&2���URRW�JURZWK�ZDV�QRW�VLJQLILFDQWO\�GLIIHUHQW�WKDQ�WKDW�RI�URRWV�JURZQ�LQ�DPELHQW�DLU��:\VORX]LO�HW�DO����������DOWKRXJK�YLVXDOO\�WKH�
URRWV�DSSHDUHG�PXFK�KHDOWKLHU�DQG�WKHUH�ZDV�D�FKDQJH�LQ�WKH�EUDQFKLQJ�UDWH���.LP�HW�DO��
�����D��DOVR�QRWHG�VLPLODU�UHVXOWV ZKHUH�WKH�ELRPDVV�DFFXPXODWLRQ�ZDV�VLPLODU�EHWZHHQ�
URRW�FXOWXUHV�JURZQ�LQ�DPELHQW�DLU�DQG�WKRVH�VXSSOHPHQWHG�ZLWK������&2��� ,W�LV�SRVVLEOH�WKDW�SHUKDSV�WKH�RSWLPXP�OHYHO�RI�&2� HQULFKPHQW�IRU�$��DQQXD KDLU\�URRWV�ZDV�QRW�SURYLGHG�WR�WKHVH�FXOWXUHV��SDUWLFXODUO\�FRQVLGHULQJ�WKDW�WKH�UHVSRQVH�RI�URRWV�WR�&2� FDQ�YDU\�GHSHQGLQJ�RQ�VSHFLHV�DQG�JURZWK�HQYLURQPHQW��'L,RULR�HW�DO�������D��:HDWKHUV�DQG�
=REHO��������

(WK\OHQH�DFFXPXODWLRQ�PD\�DOVR�EH�LQYROYHG�LQ�UHJXODWLQJ�ELRPDVV�DQG�VHFRQGDU\�
PHWDEROLWH�SURGXFWLRQ���$OWKRXJK�DOO�SODQW�WLVVXHV�FDQ�ERWK�SURGXFH�DQG�DEVRUE�WKH�
JDVHRXV�SK\WRKRUPRQH�HWK\OHQH��ZKLFK�KDV�SURIRXQG�HIIHFWV�RQ�JURZWK��GHYHORSPHQW��
DQG�HYHQ�WKH�SURGXFWLRQ�RI�VHFRQGDU\�PHWDEROLWHV��:HDWKHUV�DQG�:\VORX]LO���������VRPH�
VSHFLHV�RI�SODQWV�PD\�SURGXFH�PRUH�HWK\OHQH�WKDQ�RWKHUV���,QGHHG��%LRQGL�HW�DO���������
VKRZHG�WKDW�KDLU\�URRWV�RI�+\RVF\DPXV�PXWLFXV SURGXFHG���WLPHV�PRUH�HWK\OHQH�WKDQ�
XQWUDQVIRUPHG�URRWV��DQG�JURZWK�RI�$��DQQXD KDLU\�URRWV�ZDV�VLJQLILFDQWO\�UHGXFHG�E\�
HWK\OHQH��:HDWKHUV�HW�DO�� ��������6XQJ�DQG�+XDQJ��������VKRZHG�WKDW�KDLU\�URRWV�RI�
6WL]RORELXP�KDVVMRR KDG�ORZHU�ELRPDVV�DQG�SURGXFHG�ORZHU�OHYHOV�RI�VHFRQGDU\�
PHWDEROLWHV�ZKHQ�HWK\OHQH�ZDV�DOORZHG�WR�DFFXPXODWH�LQ�WKH�KHDGVSDFH�RI�WKH�FXOWXUH�
YHVVHO���5HFHQWO\��ZH�DOVR�REVHUYHG�WKDW�HWK\OHQH��SURYLGHG�DV�HWKHSKRQ��VLJQLILFDQWO\�
LQKLELWHG�ERWK�JURZWK�DQG�DUWHPLVLQLQ�SURGXFWLRQ�LQ�$��DQQXD KDLU\�URRWV��:HDWKHUV�HW�DO���
��������&RQVLGHULQJ�WKDW�HWK\OHQH�SURGXFWLRQ�LV�LQKLELWHG�E\�&2���LW�LV�SRVVLEOH�WKDW�WKH�
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VWLPXODWLRQ�LQ�URRW�JURZWK�E\�KLJKHU�OHYHOV�RI�&2� LV�WKH�UHVXOW�RI�LQKLELWLRQ�RI�HWK\OHQH�ELRV\QWKHVLV���'HVLJQV�LQ�UHDFWRUV�WKDW�VFUXE�HWK\OHQH�IURP�WKH�JDV�SKDVH�PD\�IXUWKHU�
LPSURYH�KDLU\�URRW�JURZWK�DQG�SURPRWH�VHFRQGDU\�PHWDEROLWH�SURGXFWLRQ�
0LVW�GHSRVLWLRQ�PRGHOLQJ

'URSOHW WUDQVSRUW�DQG�GHSRVLWLRQ�LQ�D�EHG�RI�KDLU\�URRWV�PD\�OLPLW�JURZWK�LI�DQ�
DGHTXDWH�VXSSO\�RI�QXWULHQWV�GRHV�QRW�UHDFK�WKH�VXUIDFH�RI�DOO�URRWV���&RQVHTXHQWO\��PLVW�
GHSRVLWLRQ�LV�D�NH\�VWHS�LQ�WKH�PDVV�WUDQVIHU�RI�QXWULHQWV�WR�WKH�URRWV�LQ�D�PLVW�UHDFWRU�
�:\VORX]LO�HW�DO�����������7KH�VWDQGDUG�DHURVRO�GHSRVLWLRQ�PRGHO�IRU�ILEURXV�ILOWHUV�ZDV�
DSSOLHG�WR�PLVW�GHSRVLWLRQ�LQ�KDLU\�URRW�EHGV�E\�:\VORX]LO�HW�DO�����������7KH�LGHDO�ILOWHU�
KDV�HYHQO\�GLVWULEXWHG�ILEHUV�WKDW�OLH�SHUSHQGLFXODU�WR�WKH�IORZ���7KRXJK�URRW EHGV�KDYH�
UHJLRQV�RI�KLJK�DQG�ORZ�SDFNLQJ�GHQVLW\�DQG�JURZ�LQ�DOO�GLUHFWLRQV��WKH�PRGHO�FDQ�VWLOO�EH�
XVHG�WR�VWXG\�WKH�TXDOLWDWLYH�WUHQGV�RI�PLVW�GHSRVLWLRQ�EHKDYLRU���:KHQ�WKH�PRGHO�ZDV�
WHVWHG�RQ�URRW�EHGV�WKDW�KDG�EHHQ�PDQXDOO\�SDFNHG�WR�.  ������.  �YROXPH�IUDFWLRQ�
RFFXSLHG�E\�URRWV���LW�ZDV�IRXQG�WR�FRUUHVSRQG�ZHOO�WR�H[SHULPHQWDO�GDWD�DV�ORQJ�DV�WKH�
5H\QROGV�QXPEHU��5H���EDVHG�RQ�WKH�URRW�GLDPHWHU��ZDV��������7KH�5H\QROGV�QXPEHU�
FKDUDFWHUL]HV�WKH�UHODWLYH�LPSRUWDQFH�RI�LQHUWLDO�DQG�YLVFRXV�IRUFHV��DQG�IRU�ILOWUDWLRQ�
SUREOHPV�

J
5R� '!8 5H >���@

ZKHUH�! DQG �J DUH�WKH�GHQVLW\�DQG�YLVFRVLW\�RI�WKH�FDUULHU�JDV��'5 LV�WKH�GLDPHWHU�RI�WKH�URRW��DQG�8R LV�WKH�JDV�YHORFLW\�LQ�WKH�URRW�EHG���,Q�WHUPV�RI�WKH�QXPEHU�RI�GURSOHWV�FDSWXUHG��WKH�HIILFLHQF\���%��RI�WKH�URRW�EHG�LV�D�IXQFWLRQ�RI�WKH�SDUWLFOH�GLDPHWHU��'3��DQG�LV�HTXDO�WR�
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ZKHUH�/ LV�WKH�OHQJWK�RI�WKH�URRW�EHG��DQG�
������� ',17,03& KKK �u�� � � >���@

WKH�FRPELQHG�FDSWXUH�HIILFLHQF\�GXH�WR�LPSDFWLRQ��LQWHUFHSWLRQ��DQG�GLIIXVLRQ��
UHVSHFWLYHO\���'HWHUPLQLQJ��,03�,17 LQYROYHV�VROYLQJ�WZR�QRQOLQHDU�HTXDWLRQV�DV�IRXQG�LQ�&UDZIRUG���������DQG�WKH�H[SUHVVLRQ�IRU�FDOFXODWLQJ��' LV�JLYHQ�LQ�)ULHGODQGHU����������7KH�RYHUDOO�PDVV�GHSRVLWLRQ�HIILFLHQF\���20��RI�WKH�URRW�EHG�LV�WKH�SURGXFW�RI�WKH�URRW�EHG�HIILFLHQF\��%�'3L��DQG�WKH�PDVV�IUDFWLRQ�P�'3L��RI�PLVW�SDUWLFOHV�RI�GLDPHWHU�'3L VXPPHG�RYHU�WKH�DHURVRO�VL]H�GLVWULEXWLRQ�GDWD�¦ u L 3L3L%20 'P' ����KK � >���@
7\SLFDO�PLVW�SDUWLFOH�VL]H�GDWD�ZHUH�REWDLQHG�H[SHULPHQWDOO\�E\�:\VORX]LO�HW�DO�����������
7KH�DPRXQW�RI�PHGLXP�FDSWXUHG�E\ WKH�URRWV��9GHS��LQ�P/�SHU�GD\�LV�

20/GHS 49 KZ uu �� >���@
ZKHUH����LV�WKH�FRQYHUVLRQ�IDFWRU�IURP�KRXUV�WR�GD\V��Z LV�WKH�GXW\�F\FOH�LQ�PLQXWHV�SHU�
KRXU��DQG�4/ LV�WKH�PHGLXP�IORZ�UDWH�LQ�P/�SHU�PLQXWH�ZKLOH�PLVWLQJ�LV�RFFXUULQJ���7KH�DPRXQW�RI�PHGLXP�UHTXLUHG�WR�VXSSRUW�WKH�JURZWK�RI�URRWV��9UHT��GHSHQGV�RQ���WKH�GHQVLW\�RI�WKH�URRWV�!): �JUDPV�IUHVK�ZHLJKW�SHU�P/���WKH�GU\�ZHLJKW���IUHVK�ZHLJKW�UDWLR�
�':�):���WKH�VSHFLILF�JURZWK�UDWH�� �GD\�����WKH�QXWULHQW�FRQFHQWUDWLRQ�LQ�WKH�PHGLXP�&V�J�SHU�/���WKH�DSSDUHQW�ELRPDVV�\LHOG�RI�WKH�JURZWK�OLPLWLQJ�QXWULHQW�<;�6 �J�':�ELRPDVV�
SHU�J�QXWULHQW�FRQVXPHG���WKH�ZRUNLQJ�YROXPH�RI�WKH�UHDFWRU�9 �/���DQG�SDFNLQJ�IUDFWLRQ�
.�� 7KH�H[SUHVVLRQ�IRU�9UHT LV�
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7KH�JURZWK�OLPLWLQJ�QXWULHQW�LV�DVVXPHG�WR�EH�VXJDU���&OHDUO\��9GHS PXVW�EH�HTXDO�WR�RU�JUHDWHU�WKDQ�9UHT LQ�RUGHU�WR�PDLQWDLQ�D�GHVLUHG�JURZWK�UDWH���.LP�HW�DO�������D��DSSOLHG�WKH�PRGHO�WR�$��DQQXD KDLU\�URRWV�JURZQ�LQ�WKH�QXWULHQW�
PLVW�ELRUHDFWRU��DQG�LW�VXJJHVWHG�WKDW JURZWK�ZDV�OLPLWHG�E\�LQVXIILFLHQW�QXWULHQW�
DYDLODELOLW\���7KLV�K\SRWKHVLV�KDV�EHHQ�WHVWHG�LQ�VHYHUDO�ZD\V��7RZOHU��WKLV�WKHVLV����6LQFH�
9GHS LV�D�IXQFWLRQ�RI�WKH�SDFNLQJ�IUDFWLRQ��.���LQFUHDVLQJ�. VKRXOG�LQFUHDVH�9GHS DQG�WKXV�VXSSRUW�D�KLJKHU�JURZWK�UDWH�E\�DOORZLQJ�PRUH�QXWULHQWV�WR�EH�FDSWXUHG�E\�WKH�URRWV���7R�
WHVW�WKLV�K\SRWKHVLV��WKH�QXWULHQW�PLVW�ELRUHDFWRU�GHVFULEHG�E\�:HDWKHUV�HW�DO�� �������ZDV�
PRGLILHG�ZKHUHE\�WKH�JURZWK�FKDPEHU�ZDV�UHSODFHG�ZLWK�D�PXFK�VPDOOHU��a���P/�
YROXPH��a���PP�GLDPHWHU��F\OLQGHU�LQWR�ZKLFK�URRWV�ZHUH�PDQXDOO\�LQRFXODWHG�DW�DQ�
LQLWLDO�SDFNLQJ�IUDFWLRQ�RI��������7KH�V\VWHP�ZDV�WKHQ�LPPHGLDWHO\�UXQ�LQ�PLVW�PRGH�
UDWKHU�WKDQ�DV�D�K\EULG�OLTXLG� DQG�JDV�SKDVH�UHDFWRU���7KRVH�VWXGLHV�DUH�GHVFULEHG�KHUH�
�&KDSWHU������:KLOH�.LP�HW�DO�������D��FRPPHQFHG�PLVW�PRGH�DW�SDFNLQJ�IUDFWLRQV�WKDW�
ZHUH�DW�PRVW������DQG�REVHUYHG�DQ�DYHUDJH�VSHFLILF�JURZWK�UDWH�RI������GD\����WKH�DYHUDJH�
JURZWK�UDWH�LQ�WKH�PRGLILHG�PLVW�UHDFWRU�ZDV������GD\�� IRU�D���GD\�SHULRG��VHH�&KDSWHU�
�����'XH�WR�WKH�GLVSDULW\�LQ�FXOWXUH�WLPHV�DQG�RWKHU�RSHUDWLQJ�FRQGLWLRQV��GLUHFW�
FRPSDULVRQ�EHWZHHQ�WKHVH�V\VWHPV�LV�GLIILFXOW��KRZHYHU��URRWV�JURZQ�LQ�WKH�PRGLILHG�PLVW�
UHDFWRU�KDG�KLJKHU�JURZWK�UDWHV�FRPSDUHG�WR�WKRVH�REWDLQHG�E\�.LP�HW�DO�������D���
WKHUHE\�VXSSRUWLQJ�WKH�K\SRWKHVLV�WKDW�LQLWLDO�LQRFXOXP�GHQVLW\�LQIOXHQFHV�VXEVHTXHQW�
JURZWK�LQ�PLVW�UHDFWRUV�
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$OWHUQDWLYHO\��VLQFH�9UHT LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�FRQFHQWUDWLRQ�RI�WKH�OLPLWLQJ�QXWULHQW�&6��LQFUHDVLQJ�&6 VKRXOG�GHFUHDVH�9UHT�� 8VLQJ�WKH�VPDOOHU�PRGLILHG�PLVW�UHDFWRU�SUHYLRXVO\�GHVFULEHG��$��DQQXD KDLU\�URRWV�ZHUH�IHG�PHGLXP�FRQWDLQLQJ�HLWKHU����
RU����VXFURVH���$IWHU���GD\V��URRWV�JURZQ�ZLWK����VXFURVH�KDG�D�VLJQLILFDQWO\�KLJKHU�
VSHFLILF�JURZWK�UDWH�FRPSDUHG�WR�URRWV�JURZQ�LQ����VXFURVH�������GD\V�� DQG������GD\V��
IRU����DQG����VXFURVH��UHVSHFWLYHO\����7KH�JURZWK�UDWH�GHSHQGHQFH�RQ�VXFURVH�
FRQFHQWUDWLRQ�LV�H[DPLQHG�IXUWKHU�LQ�&KDSWHU���

:KLOH�WKH�PRGHO�VXJJHVWV�WKDW�OHQJWKHQLQJ�WKH�GXUDWLRQ�RI�WKH�PLVWLQJ�F\FOH�
LQFUHDVHV�WKH�DPRXQW�RI�QXWULHQWV�GHOLYHUHG�WR�WKH�URRWV�DQG�VKRXOG�WKHUHE\�LQFUHDVH�
JURZWK��WKLV�VROXWLRQ�LV�DFWXDOO\�PRUH�FRPSOH[���)RU�UHDVRQV�DV�\HW�XQNQRZQ��WKH�PLVWLQJ�
F\FOH�SOD\V�D VLJQLILFDQW�UROH�LQ�WKH�VXFFHVVIXO�RSHUDWLRQ�RI�D�PLVW�ELRUHDFWRU���/LX�HW�DO��
�������IRXQG�WKDW�D�PLVWLQJ�F\FOH�RI���PLQ�RQ������PLQ�RII�ZDV�WKH�RSWLPXP�RI�WKRVH�
WHVWHG�IRU�WUDQVIRUPHG�URRWV�RI�$��DQQXD JURZQ�LQ�WKHLU�QXWULHQW�PLVW�ELRUHDFWRU��WKRXJK�
LWV GHVLJQ�DQG�RSHUDWLQJ�FRQGLWLRQV�ZHUH�GLIIHUHQW�WKDQ�WKRVH�LPSOHPHQWHG�E\�:HDWKHUV�HW�
DO�����������/LX�HW�DO���������SURYLGHG�JDV�HLWKHU�RQO\�ZKHQ�PLVW�ZDV�QRW�EHLQJ�JHQHUDWHG��
RU�FRQWLQXRXVO\��ZKLOH�:HDWKHUV�HW�DO���������SURYLGHG�JDV�RQO\�ZKHQ�WKH�PLVW�ZDV�
SURYLGHG���,QWHUHVWLQJO\��'L,RULR�HW�DO�������E��DOVR�REVHUYHG�WKDW�KDLU\�URRWV�VHHPHG�WR�
KDYH�RSWLPXP�PLVW�GXUDWLRQ�IRU�JURZWK���7KHLU�VWXGLHV�ZLWK�KDLU\�URRWV�RI�%HWD�YXOJDULV
DQG�&DUWKDPXV�WLQFWRULXV VKRZHG�WKDW�HLWKHU�LQFUHDVLQJ�RU�GHFUHDVLQJ�WKH�³RII´�WLPH�
EH\RQG�D�FHUWDLQ�OLPLW�DGYHUVHO\�DIIHFWHG�URRW�JURZWK�RI�WKRVH�VSHFLHV���&KDWWHUMHH�HW�DO��
�������IRXQG�WKDW�D�PLVW�F\FOH�RI���PLQ�RQ������PLQ�RII�FDXVHG�WUDQVIRUPHG�URRWV�RI�$��
DQQXD WR�GDUNHQ�DQG�EHFRPH�QHFURWLF�DIWHU����G���<HW��VWXGLHV�ZLWK�D�VLQJOH�WUDQVIRUPHG�
URRW�RI�$��DQQXD �:\VORX]LO�HW�DO���������VKRZHG�WKDW�D�PLVW�F\FOH�RI���PLQ�RQ������PLQ�
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RII�SURPRWHG�KHDOWKLHU�ORRNLQJ�URRWV�DQG�KLJKHU�IUHVK�ILQDO�ELRPDVV�\LHOGV�YHUVXV�WKH�
RWKHU�F\FOHV�WHVWHG���6WXGLHV�GHVFULEHG�KHUH��VHH�&KDSWHU����LQ ZKLFK�WKH�PLVWLQJ�F\FOH�
ZDV�PRGLILHG�VR�WKDW�WKH�PDVV�IORZ�UDWH�RI�VXFURVH�ZDV�PDLQWDLQHG�ZKLOH�WKH�VXFURVH�
FRQFHQWUDWLRQ�YDULHG�LQGLFDWHG�WKDW�URRW�JURZWK�FRXOG�EH�LQFUHDVHG�E\�LQFUHDVLQJ�WKH�
OHQJWK�RI�PLVWLQJ�F\FOH�ZKLOH�GHFUHDVLQJ�WKH�PLVW�RII�WLPH���7KHVH�UHVXOWV�VXSSRUW�WKH�
K\SRWKHVLV�WKDW�LQ�D�PLVW�UHDFWRU��KLJKHU�JURZWK�\LHOGV�FDQ�EH�DFKLHYHG�ZLWK�LQFUHDVHG�
GURSOHW�GHSRVLWLRQ�DQG�E\�PDQLSXODWLQJ�WKH�RQ�RII�F\FOH�SHULRG�

'URSOHW�VL]H�DQG�RULHQWDWLRQ�RI�IORZ�PXVW�DOVR�EH�FRQVLGHUHG�IRU�RSWLPDO�JURZWK
DQG�VHFRQGDU\�PHWDEROLWH�SURGXFWLRQ�RI�KDLU\�URRW�FXOWXUHV���,I�WKH�GURSOHW�VL]H�LV�WRR�
ODUJH��WKH�IRUPDWLRQ�RI�D�OLTXLG�OD\HU�DORQJ�WKH�URRW�VXUIDFH�ZLOO�LPSHGH�JDV�WUDQVIHU�WR�WKH�
URRWV�DQG�WKH�V\VWHP�ZLOO�EHKDYH�DV�LI�LW�ZHUH�D�OLTXLG�SKDVH�UHDFWRU��:HDWKHUV�DQG�
:\VORX]LO����������6LPLODUO\��ZKHQ�PLVW�LV�SURYLGHG�LQ�DQ�XSZDUG�GLUHFWLRQ��WKH�PLVW�FDQ�
FRDOHVFHQFH�RQ�WKH�URRWV�FORVHVW�WR�WKH�PLVW�IHHG�ZLWK�OHVV�PLVW�UHDFKLQJ�WKH�WLVVXH�LQ�WKH�
KLJKHU�OD\HUV�RI�WKH�JURZWK�FKDPEHU���/LX�HW�DO���������FRQVWUXFWHG�DQ�XSZDUG�IHG�PLVW�
UHDFWRU�ZLWK�WKUHH�OD\HUV�RI�VWDLQOHVV�VWHHO�PHVK�WR�VXSSRUW�WKH�URRWV��DQG�IRXQG�WKDW�WKHUH�
ZDV�D�JUHDWHU�WKDQ�����GHFUHDVH�LQ�ELRPDVV�EHWZHHQ�WKH�ILUVW��ERWWRP��OD\HU�DQG�WKH�
VHFRQG�DQG�WKLUG�OD\HUV���,W�LV�DOVR�OLNHO\�WKDW�DV�WKH�URRW�EHG�EHFRPHV�YHU\�GHQVH��WKH�
ORZHU�VHFWLRQV�ZLOO�DFFXPXODWH�OLTXLG�DQG�HVVHQWLDOO\�EHFRPH�VXEPHUJHG���0LVW�UHDFWRUV�
WKDW�DUH�WRS�IHG�KDYH�WKH�DGYDQWDJH�RI�FR�FXUUHQW�GRZQ�IORZ�RI�JDV�DQG�OLTXLG�SKDVHV�
DORQJ�ZLWK�JUDYLW\�ZKLFK�IDFLOLWDWHV�GUDLQDJH���,Q�FRQWUDVW��WRS�YHUVXV�ERWWRP�PLVW�IHHGLQJ�
VHHPV�WR�EH�RI�OHVV�FRQVHTXHQFH�LQ�PLFURSURSDJDWLRQ�V\VWHPV�DQG�WKH�RULHQWDWLRQ�FKRVHQ�
LV�RIWHQ�D�PDWWHU�RI�FRQYHQLHQFH�
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$QRWKHU�IDFWRU�WKDW�PD\�SOD\�D�UROH�LQ�WKH�JURZWK�RI�KDLU\�URRWV�LV�WKDW�RI�
FRQGLWLRQHG�PHGLXP���%RWK�&KDWWHUMHH�HW�DO���������DQG�:\VORX]LO�HW�DO���������XVHG�
DXWRFODYHG�PHGLXP�ZLWK�YDU\LQJ�GHJUHHV�RI�SUH�FRQGLWLRQLQJ�E\�SUH�JURZLQJ�URRWV�LQ�WKH�
PHGLXP�EHIRUH�XVLQJ�LW�LQ�VXEVHTXHQW�H[SHULPHQWV���:\VORX]LO�HW�DO���������DOVR�VKRZHG�
WKDW�WKHUH�ZHUH KLJKHU�EUDQFKLQJ�UDWHV�ZKHQ�URRWV�ZHUH�JURZQ�LQ�FRQGLWLRQHG�PHGLXP�
YHUVXV�IUHVK�PHGLXP���7KH�LGHQWLW\�RI�WKHVH�³FRQGLWLRQLQJ�IDFWRUV´�UHPDLQV�HOXVLYH��
DOWKRXJK�VWXGLHV�KDYH�FKDUDFWHUL]HG�VRPH�RI�WKHP�DV�ROLJRVDFFKDULGHV��6FKURGHU�HW�DO���
�������SHSWLGHV��0DWVXED\DVKL�DQG�6DNDJDPL���������DQG�DX[LQV��:HDWKHUV�HW�DO�����������
)RU�FRQVLVWHQF\��LW�LV�UHFRPPHQGHG�WKDW�IUHVK��ILOWHU�VWHULOL]HG�PHGLXP�EH�XVHG�LQ�DOO�
H[SHULPHQWV��:HDWKHUV�HW�DO�����������:RUN�IURP�RXU�ODE�KDV�URXWLQHO\�XVHG�ILOWHU�
VWHULOL]HG�PHGLXP�IRU�H[SHULPHQWV�VLQFH������
&RQFOXVLRQV

3ODQW�WLVVXHV�DUH�KLJKO\�UHVSRQVLYH�WR�JDVHV�LQ�WKHLU�HQYLURQPHQW��HVSHFLDOO\�2���&2���DQG�HWK\OHQH���'XH�WR�WKH�ORZ�VROXELOLW\�RI�WKHVH�JDVHV��PDVV�WUDQVIHU�RI�WKHVH�JDVHV�WR�WKH�URRWV�LV�KLQGHUHG�LQ�D�OLTXLG�V\VWHP���$WWHPSWLQJ�WR�HQKDQFH�JDV�WUDQVSRUW�E\�
VWLUULQJ��EXEEOLQJ��RU�VSDUJLQJ�WKH�OLTXLG�FDQ�GDPDJH�VKHDU�VHQVLWLYH�SODQW�WLVVXHV���
7KHUHIRUH��JDV�SKDVH�UHDFWRUV�VKRZ�PDQ\�DGYDQWDJHV�RYHU�OLTXLG�SKDVH�UHDFWRUV��
HVSHFLDOO\�LQ�WHUPV�RI�WKH�DELOLW\�WR�HDVLO\�PDQLSXODWH�JDV�FRPSRVLWLRQ�DQG�DOORZ�HIIHFWLYH�
JDV�H[FKDQJH�LQ�GHQVHO\�JURZLQJ�ELRPDVV���+RZHYHU��WKH�LQWHUDFWLRQV�EHWZHHQ�SODQW�
WLVVXHV�DQG�WKH�QXWULHQW�PLVW�HQYLURQPHQW�FDQ�EH�FRPSOH[�ZLWK�PDQ\�GLIIHULQJ�GHVLJQ�
DVSHFWV�GLFWDWHG�E\�WKH�DSSOLFDWLRQ���)RU�H[DPSOH��FRPSDUH�WKH�GHVLJQ�RI�WKH�JURZWK�
FKDPEHU�DQG�WKH�PLVWLQJ�UHJLPHQV�UHTXLUHG�IRU�JURZLQJ�KDLU\�URRWV�YV��PLFURSURSDJDWHG�
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SODQWOHWV��)LJXUHV���DQG������$�EHWWHU�XQGHUVWDQGLQJ�RI�WKH�ELRORJLFDO�UHVSRQVHV�RI�WKH�
FXOWXUHG�WLVVXHV�PXVW�EH�GHYHORSHG�LQ�RUGHU�IRU�PLVW�UHDFWRUV�WR�EH�H[SORLWHG�WR�WKHLU�
IXOOHVW�SRWHQWLDO���5HFHQW�UHVXOWV�DUH�SURPLVLQJ�DQG�IXUWKHU�VWXGLHV�DUH�ZDUUDQWHG�
2EMHFWLYHV�DQG�RUJDQL]DWLRQ�RI�WKHVLV

7KH�REMHFWLYHV�RI�WKH�ZRUN�SUHVHQWHG�LQ�WKH�VXEVHTXHQW�FKDSWHUV�DUH�DV�IROORZV���)RU�
WKH�SXUSRVHV�RI�VWXG\LQJ�WKH�JURZWK�RI�WUDQVIRUPHG�URRWV�LQ�D�JDV�SKDVH�UHDFWRU��LW�ZDV�
GHVLUDEOH�WR�GHFUHDVH�RU�HOLPLQDWH�WKH�OLTXLG�SKDVH�LPPRELOL]DWLRQ�DQG�JURZWK�SHULRG�
SULRU�WR�WKH�VZLWFK�WR�DHURSRQLF�PRGH���7KLV�ZDV�DFFRPSOLVKHG�E\�GHYLVLQJ�D�PHWKRG�LQ�
ZKLFK�WKH�URRWV�DWWDFK�WR�D�JURZWK�PDWUL[�YHU\�TXLFNO\��WKHUHE\�DOORZLQJ�WKH�UHPRYDO�RI�
WKH�OLTXLG�SKDVH�DQG�LQLWLDWLQJ�JDV�SKDVH�FXOWXUH�DOPRVW�LPPHGLDWHO\���7KLV�WHFKQLTXH�LV�
GHVFULEHG�LQ�&KDSWHU�����,W�EHFDPH�DSSDUHQW��KRZHYHU��WKDW�WKH�LQLWLDO�URRW�ELRPDVV�GHQVLW\�
LQ�WKH�PLVW�UHDFWRU�ZDV�D�NH\�SDUDPHWHU�WR�VWXG\�ZLWK�UHJDUGV�WR�LWV�HIIHFWV�RQ�QXWULHQW�
FDSWXUH�DQG�VXEVHTXHQW�JURZWK��VR�UDSLG�LPPRELOL]DWLRQ�ZDV�QRW�SXUVXHG�IXUWKHU���
,QVWHDG��WKH�VL]H�RI�WKH�JURZWK�FKDPEHU�ZDV�UHGXFHG�DQG�LW�ZDV�PDQXDOO\ SDFNHG�ZLWK�
URRWV�DW�YDULRXV�LQLWLDO�GHQVLWLHV���%DVHG�RQ�PDWKHPDWLFDO�PRGHOLQJ�RI�PLVW�GHSRVLWLRQ�RQ�
URRWV��VHYHUDO�RWKHU�SDUDPHWHUV�ZHUH�DOVR�GHHPHG�ZRUWK\�RI�LQYHVWLJDWLRQ��LQFOXGLQJ�WKH�
FRQFHQWUDWLRQ�RI�QXWULHQWV�LQ�WKH�JURZWK�PHGLXP�DQG�WKH�PLVW�GHOLYHU\�UDWH���7KH�
UHVSRQVHV�RI�WKH�URRWV�WR�WKH�H[SHULPHQWDO�FRQGLWLRQV�ZHUH�HYDOXDWHG�E\�QRW�RQO\�
PRQLWRULQJ�ELRPDVV�DFFXPXODWLRQ��EXW�QXWULHQW�FRQVXPSWLRQ�DV�ZHOO���7KLV�DOORZHG�WKH�
GHWHUPLQDWLRQ�RI�JURZWK�HIILFLHQF\��RU�WKH�DELOLW\�RI�WKH�URRWV�WR�XVH�WKH QXWULHQWV�
SURYLGHG�WR�WKHLU�KLJKHVW�SRWHQWLDO���7KH�UDWLRQDOH�KHUH�ZDV�WR�EHDU�LQ�PLQG�WKDW�LI�KLJK�
ELRPDVV�SURGXFWLRQ�FDQQRW�EH�DWWDLQHG�LQ�D�FRVW�HIIHFWLYH�PDQQHU��XVH�RI�WKH�JURZWK�
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V\VWHP�ZLOO�QRW�EH�FRPPHUFLDOO\�IHDVLEOH���7KHVH�DQDO\VHV�DUH�GLVFXVVHG LQ�&KDSWHU�����
/DVWO\��VLQFH�UHVHDUFK�XQGHUWDNHQ�WR�DQVZHU�RQH�TXHVWLRQ�DOZD\V�VHHPV�WR�EHJHW�HYHQ�
PRUH�TXHVWLRQV��&KDSWHU���SURYLGHV�VRPH�WKRXJKWV�RQ�IXWXUH�ZRUN�DQG�UHFRPPHQGDWLRQV�
IRU�IXUWKHU�UHVHDUFK�



��

7DEOH������ 6XPPDU\�RI�KDLU\�URRW�PLVW�UHDFWRU�VWXGLHV
6SHFLHV 6\VWHP 0DLQ�5HVXOWV 5HIHUHQFH$UWHPLVLD DFRXVWLF�ZLQGRZ� PLVW�UHDFWRU JURZWK�FRPSDUDEOH�WR�IODVNV�DQG�SODWHV %XHU�HW�DO�������$UWHPLVLD VXEPHUJHG�XOWUDVRQLFV PRGLILHG�LQQHU�ORRS�UHDFWRU�JURZWK�FRPSDUDEOH�WR�IODVNV /LX�HW�DO�������$UWHPLVLD DFRXVWLF�ZLQGRZ� PLVW�UHDFWRU QR�2� OLPLWDWLRQ��EXW�����OHVV�ELRPDVV�WKDQ�OLTXLG�V\VWHPV :HDWKHUV�HW�DO�������$UWHPLVLD DFRXVWLF�ZLQGRZ� PLVW�UHDFWRU DOWHUHG�EUDQFKLQJ�UDWH�YHUVXV�IODVNV :\VORX]LO�HW�DO�������$UWHPLVLD DFRXVWLF�ZLQGRZ� PLVW�UHDFWRU �[�KLJKHU�DUWHPLVLQLQ�FRQWHQW�WKDQ�EXEEOH�FROXPQ .LP�HW�DO�������$UWHPLVLD DFRXVWLF�ZLQGRZ� PLVW�UHDFWRU JURZWK�FRPSDUDEOH�WR�EXEEOH�FROXPQ .LP�HW�DO�������D$UWHPLVLD DFRXVWLF�ZLQGRZ� PLVW�UHDFWRU DOWHUHG�WHUSHQRLG�JHQH�H[SUHVVLRQ�YHUVXV�IODVNV 6RXUHW�HW�DO�������%HWD VXEPHUJHG�XOWUDVRQLFV JURZWK�FRPSDUDEOH�WR�IODVNV :HDWKHUV�HW�DO�������&DUWKDPXV VXEPHUJHG�XOWUDVRQLFV JURZWK�FRPSDUDEOH�WR�IODVNV������IDVWHU�WKDQ�DLUOLIW�UHDFWRU 'L,RULR�HW�DO�������E��:HDWKHUV�HW�DO�������&LFKRULXP DFRXVWLF�ZLQGRZ� PLVW�UHDFWRU KLJKHU�ELRPDVV�DQG�HVFXOLQ�FRQWHQW�WKDQ�EXEEOH�FROXPQ %DLV�HW�DO�������'DWXUD GURSOHW�UHDFWRU ���[�ORZHU�GRXEOLQJ�WLPH�WKDQ�VXEPHUJHG�FXOWXUHV :LOVRQ�HW�DO�������'DWXUD K\EULG�VXEPHUJHG�GURSOHW�UHDFWRU VXFFHVVIXO�ODUJH�VFDOH������/��FXOWXUH :LOVRQ������)UDJDULD PLVW�UHDFWRU ELRPDVV�\LHOG�KLJKHU�WKDQ�GURSOHW�ELRUHDFWRU 1XXWLOD�HW�DO�������+\RVF\DPXV K\EULG�WULFNOH�EHG�UHDFWRU ����J�):�/�� DFKLHYHG�LQ�IHG�EDWFK���2��HQULFKHG�V\VWHP 5DPDNULVKQDQ�DQG�&XUWLV������+\RVF\DPXV VSUD\��UHDFWRU JURZWK�FRPSDUDEOH�WR�VKDNH�IODVNV 0F.HOYH\�HW�DO�������1LFRWLDQD VSUD\��UHDFWRU ����ORZHU�GRXEOLQJ�WLPH�WKDQ�IODVNV :KLWQH\������������3DQD[ VSUD\��UHDFWRU DOWHUHG�JLQVHQRVLGH�SDWWHUQ�YHUVXV�QDWLYH�UKL]RPH 3DOD]RQ�HW�DO�������
���&RQDS
V�(1������7HIORQ�����SRO\FDUERQDWH
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)LJXUH����� 7KUHH�W\SHV�RI�XOWUDVRQLF�PLVW�UHDFWRUV���WKH�PLVW�JHQHUDWRU�DQG�WKH�JURZWK�FKDPEHU�DUH�LQ�VHSDUDWH�YHVVHOV��$���PLVW�JHQHUDWRU�DQG�JURZWK�FKDPEHU�DUH�LQ�WKH�VDPH�YHVVHO��%���DQG�WKH�WUDQVGXFHU�LV�VHSDUDWHG�IURP�DXWRFODYHG�FRPSRQHQWV�E\�DQ�DFRXVWLF�ZLQGRZ��&����'LUHFWLRQ�RI�PLVW�PRYHPHQW�LV�LQGLFDWHG�E\�DUURZV���)LJXUH�FRXUWHV\�RI�0��&RUUHOO�

$ %

$LU�,QOHW

�
0LVW�*HQHUDWRU *URZWK�&KDPEHU

$LU�,QOHW

�

$FRXVWLFDOO\7UDQVSDUHQW�:LQGRZ

&

�
0LVW�*HQHUDWRU *URZWK�&KDPEHU� 0LVW�*HQHUDWRU$QG�*URZWK�&KDPEHU

��
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)LJXUH����� $FRXVWLF�ZLQGRZ�PLVW�UHDFWRU���$��PLVW�JHQHUDWRU��%��PLFURSURSDJDWLRQ�FKDPEHU��&��PHGLD�UHVHUYRLU�����SRO\SURS\OHQH�PLVW�FKDPEHU�����QXWULHQW�PHGLXP�OHYHO�����+ROPHV��KXPLGLILHU�EDVH�����XOWUDVRQLF�WUDQVGXFHU�����FRDOHVFHU�����RQH�ZD\�YDOYH�����PLFURSURSDJDWLRQ�FKDPEHU�����SODQW�SODWIRUP�����JDV�VDPSOLQJ�SRUW������FKDPEHU�VXSSRUWV��3��SHULVWDOWLF�SXPS�XVHG�IRU�SXPSLQJ�PHGLXP�WR�PLVW�FKDPEHU���)LJXUH�FRXUWHV\�RI�0��&RUUHOO�

�
�
��

�
�
�
�

$LU,QOHW$LU,QOHW

&

%

$

�
��

1D2+�)ODVN
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PLVW

UHVHUYRLU
PLVW

PHGLXP

FXOWXUHFKDPEHU
PLVWFKDPEHU

PLVW�JHQHUDWRU

PLVWFRDOHVFHU

DLU�RXWDLU�LQ

PHGLXP

JDV�SKDVH
PHGLXP

UHVHUYRLU
FXOWXUH�FKDPEHU

DLU�LQ

JDV�SKDVHDLU�LQ

)LJXUH����� 7ZR�W\SHV�RI�JDV�SKDVH�ELRUHDFWRUV�IRU�KDLU\�URRW�FXOWXUH���7RS��WULFNOH�EHG�UHDFWRU���%RWWRP��QXWULHQW�PLVW�UHDFWRU���)LJXUH�FRXUWHV\�RI�<��.LP�
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�
$GKHVLRQ�RI�SODQW�URRWV�WR�SRO\�/�O\VLQH�FRDWHG�SRO\SURS\OHQH�VXEVWUDWHV�WKLV�FKDSWHU�ZDV�SXEOLVKHG�DV�7RZOHU��0�-��DQG�:HDWKHUV��3�-���������$GKHVLRQ�RI�SODQW�URRWV�WR�SRO\�/�O\VLQH�FRDWHG�SRO\SURS\OHQH�VXEVWUDWHV���-RXUQDO�RI�%LRWHFKQRO����������������
$EVWUDFW

7KH�DELOLW\�WR�LPPRELOL]H�SODQW�WLVVXH�LQ�D�ELRUHDFWRU�LV�DQ�LPSRUWDQW�SURFHVV�WRRO���:H�
KDYH�VKRZQ�WKDW�URRWV�RI�VHYHUDO�VSHFLHV�UDSLGO\ DWWDFK�WR�SRO\�/�O\VLQH�FRDWHG�
SRO\SURS\OHQH�PHVK�LQ�D�OLTXLG�HQYLURQPHQW���8VLQJ�WUDQVIRUPHG�URRWV�RI�$UWHPLVLD�DQQXD
DV�D�PRGHO��WKH�DWWDFKPHQW�SURFHVV�ZDV�IRXQG�WR�EH�HQKDQFHG�E\�VKHHS�VHUXP�EXW�QRW�%6$��
DQG�LQKLELWHG�E\�H[FHVV�0Q�� EXW�XQDIIHFWHG�E\�&D�� RU�0J�����$WWHPSWV�WR�FKDUDFWHUL]H�WKH�
PROHFXOH�V��UHVSRQVLEOH�IRU�ELQGLQJ�XVLQJ�OHFWLQV�DQG�DQWLERGLHV�VKRZHG�WKDW�WKH�ELQGLQJ�VLWH�
GRHV�QRW�DSSHDU�WR�EH�JO\FRV\ODWHG�RU�YLWURQHFWLQ�OLNH���7KLV�PHWKRG�RI�UDSLG�DWWDFKPHQW�
VKRXOG�SURYH�XVHIXO�IRU�FRQWUROOHG�LPPRELOL]DWLRQ�RI�URRWV�LQ�ELRUHDFWRUV�
,QWURGXFWLRQ

0DQ\�ELRORJLFDOO\�DFWLYH�FRPSRXQGV�DFFXPXODWHG�LQ�SODQWV�KDYH�EHHQ�XVHG�DV�
SK\WRSKDUPDFHXWLFDOV��3HUHLUD�HW�DO�� ��������+DLU\�URRWV�KDYH�EHHQ�VXJJHVWHG�DV�D�GHVLUDEOH�
VRXUFH�RI�WKHVH�FKHPLFDOV�EHFDXVH�WKH\�FDQ�SURGXFH�FRPSRXQGV�QRUPDOO\�V\QWKHVL]HG�LQ�
URRWV�DV�ZHOO�DV�LQ�RWKHU�SDUWV�RI�WKH�ZKROH�SODQW���$GGLWLRQDOO\��KLJKHU�OHYHOV�RI�VHFRQGDU\�
PHWDEROLWHV�FDQ�EH�REWDLQHG�LQ�GLIIHUHQWLDWHG�WLVVXH�FXOWXUHV�DV�FRPSDUHG�WR�XQGLIIHUHQWLDWHG�
FHOO�VXVSHQVLRQ�FXOWXUHV��6KDQNV�DQG�0RUJDQ��������



��

7KRXJK�PDQ\�UHDFWRUV�KDYH�EHHQ�XVHG�WR�JURZ�KDLU\�URRWV��WKH\�FDQ�EH�GLYLGHG�LQWR�
WKUHH�PDMRU�W\SHV��VHH�UHYLHZ�E\�.LP�HW�DO�������E����/LTXLG�SKDVH�W\SHV�LQFOXGH���VWLUUHG�
WDQNV��DLU�VSDUJHG�YHVVHOV��DQG�URWDWLQJ�GUXPV���*DV�SKDVH��RU�OLTXLG�GLVSHUVHG��W\SHV�
LQFOXGH���QXWULHQW�PLVW��GURSOHW��WULFNOH�EHG�RU�WULFNOLQJ�ILOP��DQG�GULS�WXEH�UHDFWRUV���7KH�
WKLUG�W\SH�LQFOXGHV�K\EULG�UHDFWRUV��ZKHUH�JDV�DQG�OLTXLG�SKDVHV�DUH�XVHG�DW�GLIIHUHQW�SRLQWV�
GXULQJ�WKH�FXOWXUH�SHULRG���:KHQHYHU�URRWV�DUH�JURZQ�LQ�OLTXLG�SKDVH�UHDFWRUV��WKH\�UHPDLQ�
VXVSHQGHG�DQG�FDQ�EHFRPH�HYHQO\�GLVWULEXWHG��XOWLPDWHO\�ILOOLQJ�WKH�JURZWK�FKDPEHU�DQG�
HIIHFWLYHO\�EHFRPLQJ�LPPRELOL]HG���*DV�SKDVH�UHDFWRUV��KRZHYHU��SRVH�D�FKDOOHQJH��LI�WKHUH�
LV�QR�VXSSRUWLQJ�OLTXLG�SKDVH�DIWHU�LQRFXODWLRQ��WKH�URRWV�VHWWOH�WR�WKH�ERWWRP�RI�WKH�UHDFWRU��
UHVXOWLQJ�LQ�XQHYHQ�ELRPDVV�GLVWULEXWLRQ�WKDW�FDQ�OHDG�WR�FKDQQHOLQJ�DQG�OLPLWDWLRQV�LQ�PDVV�
WUDQVIHU���&HUWDLQO\�LPPRELOL]DWLRQ�RI�WKH�URRW�LQRFXOXP�RQ�D�VXSSRUW�ZRXOG�IDFLOLWDWH�D�PRUH�
HYHQ�GLVWULEXWLRQ�RI�WKH�JURZLQJ�URRW�EHG�DQG�PLQLPL]H�PDVV�WUDQVIHU�SUREOHPV���,QGHHG��
HYHQ�D�K\EULG�UHDFWRU�ZRXOG�EHQHILW�IURP�ELRPDVV�LPPRELOL]DWLRQ���$GGLQJ�LQRFXOXP�LQWR�
WKH�OLTXLG�SKDVH�ZRXOG��DIWHU�LPPRELOL]DWLRQ��DOORZ�LW�WR�UHPDLQ GLVWULEXWHG�DW�DWWDFKPHQW�RU�
FDWFK�SRLQWV��:LOVRQ��������DQG�FRXOG�VXEVHTXHQWO\�EH�JURZQ�IXUWKHU�HLWKHU�LQ�D�OLTXLG� RU�
JDV�SKDVH�V\VWHP���$�PHDQV�RI�DFKLHYLQJ�XQLIRUP��UDSLG��DQG�SUHGLFWDEOH�DWWDFKPHQW�ZLWKLQ�
D�ELRUHDFWRU�LV�WKHUHIRUH�GHVLUHG�

0DQ\�VWXGLHV�KDYH�IRFXVHG�RQ�FHOO�DGKHVLRQ�WR�YDULRXV�VXEVWUDWHV��LQFOXGLQJ�SODQW�FHOO�
DWWDFKPHQW�SKHQRPHQD��5RELQV�HW�DO���������:DODFK�DQG�3LUW��������)DFFKLQL�HW�DO���������
)DFFKLQL�HW�DO���������$UFKDPEDXOW�HW�DO���������)DFFKLQL��������)DFFKLQL�DQG�'L&RVPR��
��������,QWHUDFWLRQV�EHWZHHQ�URRWV�DQG�EDFWHULD��H�J��5KL]RELXP��KDYH�EHHQ�VWXGLHG�IRU�PDQ\�
\HDUV��'XYHUJHU�DQG�'HOPRWWH��������.LMQH�HW�DO�����������,QWHUDFWLRQV�EHWZHHQ�URRWV�DQG�VRLO�
KDYH�DOVR�EHHQ�GLVFXVVHG��%RZHQ�DQG�5RYLUD���������EXW�WKH�QDWXUH�RI�DQ\ ERQGLQJ�EHWZHHQ�
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LQGLYLGXDO�URRWV�DQG�VRLO�SDUWLFOHV�KDV�UHFHLYHG�OLWWOH�DWWHQWLRQ��)LWWHU����������(YHQ�OHVV�LV�
NQRZQ�DERXW�KRZ�URRWV�PLJKW�DGKHUH�WR�VXUIDFHV�LPPHUVHG�LQ�OLTXLG��DOWKRXJK�HDUO\�ZRUN�E\�
7DQDGD��������LQYHVWLJDWHG�DGKHVLRQ�RI�URRW�WLSV�RI�EDUOH\��+RUGHXP�YXOJDUH /���YDU�
&RPSDQD��DQG�PXQJ�EHDQ��3KDVHROXV�DXUHXV��WR�JODVV���7DNHQ�WRJHWKHU��WKHVH�VWXGLHV�
VXJJHVWHG�WKDW�URRWV�KDYH�DGKHVLYH�SURSHUWLHV�WKDW�PLJKW�EH�H[SORLWHG�DV�DQ�LPPRELOL]DWLRQ�
VWUDWHJ\�LQ�D�ELRUHDFWRU�

$W�WKH�S+�OHYHOV�RI�W\SLFDO�JURZWK�PHGLD��SODQW�FHOOV�KDYH�D�QHW�QHJDWLYH�FKDUJH�
�)DFFKLQL�HW�DO�����������0DQ\�VXEVWUDWHV�XVHG�IRU�LPPRELOL]DWLRQ�DUH�DOVR�QHJDWLYHO\�
FKDUJHG��DQG�WKXV�LQWHUDFWLRQV�DUH�XQIDYRUDEOH���:H�LQYHVWLJDWHG�YDULRXV�SRO\FDWLRQV�IRU�
WKHLU�DELOLW\�WR�UHGXFH�WKH�UHSXOVLRQ�EHWZHHQ�SODQW�WLVVXH�DQG�VXEVWUDWHV�ZLWKRXW�DIIHFWLQJ�
ELRPDVV�YLDELOLW\���+HUH�ZH�UHSRUW�RQ�WKH�FKDUDFWHULVWLFV�RI�WKH�UDSLG�ELQGLQJ�RI�URRWV�WR�D�
SRO\SURS\OHQH�PDWUL[�FRDWHG�ZLWK�WKH�SRO\FDWLRQ��SRO\�/�O\VLQH�
0DWHULDOV�DQG�PHWKRGV
3ODQW�PDWHULDO�DQG�FXOWLYDWLRQ

+DLU\�URRWV�RI�$UWHPLVLD�DQQXD �FORQH�<87����:HDWKHUV�HW�DO���������ZHUH�
VXEFXOWXUHG�HYHU\����GD\V�LQWR����P/�*DPERUJ
V�%��PHGLXP��ZLWK�����Z�Y��VXFURVH��S+�
����EHIRUH�DXWRFODYLQJ��LQ�����P/�VKDNH�IODVNV��*DPERUJ�HW�DO���������DQG�LQFXEDWHG�RQ�D�
URWDU\�VKDNHU�DW�����USP�DQG�����q&�LQ�DPELHQW�OLJKW��DERXW����PRO�P��VHF������5RRWV�JURZQ�
LQ�WKH�GDUN�DW�����q&�RQ�VHPL�VROLG��������Z�Y�3K\WDJHO��6LJPD�3�������%��PHGLXP�LQ�
SHWUL�GLVKHV�ZHUH�LQRFXODWHG�LQWR�OLTXLG�%��PHGLXP�LQ�VKDNH�IODVNV� $IWHU����GD\V��WKHVH�
URRWV�ZHUH�WUDQVIHUUHG�WR�VKDNH�IODVNV�IRU�DQ�DGGLWLRQDO����GD\V��VXEVHTXHQWO\��WKH�WLVVXH�ZDV�
XVHG�IRU�H[SHULPHQWV�
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+DLU\�URRWV�RI�%HWD�YXOJDULV ZHUH�LQLWLDWHG�YLD�WKH�URRW�GLVN�PHWKRG��'L,RULR�HW�DO���
����F��XVLQJ�$JUREDFWHULXP�UKL]RJHQHV VWUDLQ�$7&&��������DQG�ZHUH�PDLQWDLQHG�LQ�WKH�
GDUN�DW�����q&�RQ�VHPL�VROLG�%��PHGLXP�LQ�SHWUL�GLVKHV���$�VLQJOH�FORQH�ZDV�VHOHFWHG��DQG�
LQRFXOXP�IRU�H[SHULPHQWV�ZDV�REWDLQHG�IURP����GD\�ROG�OLTXLG�FXOWXUHV�WKDW�ZHUH�LQRFXODWHG�
ZLWK�URRWV�JURZQ�RQ�VHPL�VROLG�PHGLXP�DQG�WKHQ�JURZQ�DV�GHVFULEHG�DERYH�IRU�$��DQQXD
VKDNH�IODVNV�

1RUPDO�URRWV�RI�$UDELGRSVLV�WKDOLDQD �VWUDLQ�'L����ZHUH�REWDLQHG�E\�VWHULOL]LQJ�VHHGV�
DFFRUGLQJ�WR�5HHG�HW�DO���������DQG�WKHQ�LQFXEDWLQJ�WKH�VHHGV�LQ�OLTXLG�%��PHGLXP�LQ�VKDNH
IODVNV�DV�GHVFULEHG�DERYH�IRU�$��DQQXD�� ,QRFXOXP�IRU�H[SHULPHQWV�ZDV�REWDLQHG�IURP�
SODQWOHWV�WKDW�ZHUH�VXEFXOWXUHG�HYHU\����GD\V�
%LRPDVV�PHDVXUHPHQWV

)UHVK�ZHLJKWV�ZHUH�GHWHUPLQHG�DIWHU�EORWWLQJ�URRW�WLVVXH�RQ�SDSHU�WRZHOV���'U\�ZHLJKWV�
ZHUH�REWDLQHG�DIWHU�GU\LQJ�WKH�URRW�WLVVXH�LQ�D���q&�RYHQ�WR�FRQVWDQW�ZHLJKW�
%LQGLQJ�7HVW�6\VWHP

$OO�ELQGLQJ�VWXGLHV�RFFXUUHG�LQ����P/�JODVV�WHVW�WXEHV�����PP�,'�����PP�2'������
PP�KLJK����$�����[�����FP�SLHFH�RI�SRO\SURS\OHQH�PHVK��5�&03�������6PDOO�3DUWV�,QF���
ZDV�SODFHG�YHUWLFDOO\�LQ�WKH�ERWWRP�RI�HDFK�WXEH�FRQWDLQLQJ����P/�DXWRFODYHG�%��PHGLXP�
�S+������XQOHVV�RWKHUZLVH�QRWHG���(DFK�WXEH�FRQWDLQHG����URRW�VHJPHQWV�XQOHVV�RWKHUZLVH�
VSHFLILHG���5RRW�VHJPHQWV�ZHUH�FXW�����PP�IURP�WKH�URRW�WLS�DQG�DJDLQ�����PP�EHKLQG�WKH�
ILUVW�FXW��L�H��WZR�VHJPHQWV�ZHUH�FXW�IURP�HDFK�URRW����7HVW�WXEHV�ZHUH�LQFXEDWHG�LQ�VODQW�
UDFNV�RQ�D�URWDU\�VKDNHU�DW�����USP�DQG�����q&�LQ�DPELHQW�OLJKW��DQG�REVHUYHG��$IWHU�D���KU�
LQFXEDWLRQ��URRWV�UHPDLQLQJ�LPPRELOL]HG�RQ�WKH�PHVK�SLHFH�DIWHU�JHQWOH�PDQXDO�VZLUOLQJ�
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ZHUH�FRQVLGHUHG�WR�EH�ERXQG���%LQGLQJ���LV�GHILQHG�DV�>��RI�URRW�VHJPHQWV�DWWDFKHG�WR�PHVK@�
��>WRWDO�VHJPHQWV@�[�����
3RO\�/�O\VLQH�FRDWLQJ

6ROXWLRQV�RI�������Z�Y��SRO\�/�O\VLQH��3�������6LJPD�&KHPLFDO�&RPSDQ\��LQ�G+�2�
ZHUH�NHSW�IUR]HQ�����q&��XQWLO�XVH���7KH�VROXWLRQ�ZDV�ILOWHU�VWHULOL]HG�WKURXJK�D�������P�
Q\ORQ�ILOWHU������������1DOJHQH��SULRU�WR�XVH�LI�QHFHVVDU\���3RO\SURS\OHQH�PHVK�PDWULFHV�
ZHUH�FRDWHG�E\�VXEPHUVLRQ�LQ�WKH�VROXWLRQ�IRU����PLQXWHV��DIWHU�ZKLFK�WKH�PHVK�ZDV�DLU�
GULHG�
$QWLERG\�LQWHUDFWLRQ�SURWRFRO

5RRW�VHJPHQWV�ZHUH�LQFXEDWHG�LQ�EORFNLQJ�VROXWLRQ�������Y�Y��VKHHS�VHUXP��6�
������6LJPD��LQ�%��PHGLXP��IRU����PLQXWHV��DQG�WKHQ�VXEMHFWHG�WR�WKUHH����PLQXWH�ULQVHV�
LQ�SKRVSKDWH�EXIIHUHG�VDOLQH��3%6��������0�1D&O������P0�.&O������P0�.+�32�������P0�1D�+32���S+������:DQJ�HW�DO���������IROORZHG�E\�LQFXEDWLRQ�ZLWK�DQWLERG\��VKHHS�
DQWL�KXPDQ�YLWURQHFWLQ�SXULILHG�,J*��6$91�,*��(Q]\PH�5HVHDUFK�/DERUDWRULHV�,QF����
GLOXWHG�������LQ�3%6��IRU�WZR�KRXUV��DQG�DQ�DGGLWLRQDO�VHW�RI�WKUHH����PLQXWH ULQVHV�ZLWK�
3%6��EHIRUH�EHLQJ�UHSODFHG�LQWR�WKH�ELQGLQJ�WHVW�V\VWHP�SUHYLRXVO\�GHVFULEHG���$OO�
LQFXEDWLRQV�SULRU�WR�ELQGLQJ�DVVHVVPHQW�RFFXUUHG�LQ�����P/�JODVV�EHDNHUV�RQ�D�URWDU\�
VKDNHU�DW�����USP�DQG�����q&�LQ�DPELHQW�OLJKW��ZLWK�WKH�H[FHSWLRQ�RI�DQWLERG\�
LQFXEDWLRQ�WKDW�ZDV�SHUIRUPHG�LQ����P/�JODVV�WHVW�WXEHV�WR�PLQLPL]H�WKH�YROXPH�RI�
DQWLERG\�QHHGHG���3UHYLRXV�VWXGLHV�XVHG�DQWLERG\�GLOXWLRQV�IURP�������WR�DV�ORZ�DV��������
�6DQGHUV�HW�DO��� ������:DJQHU�DQG�0DWWK\VVH���������WKXV��ZH�FRQVLGHUHG�WKDW�D�GLOXWLRQ�
RI�������ZDV�DGHTXDWH�IRU�RXU�DSSOLFDWLRQ�
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3URWHLQ�HIIHFWV�RQ�URRW�ELQGLQJ�WR�PHVK�DQG�JURZWK
3URWHLQ�VRDNHG�URRWV�ZHUH�GHILQHG�DV�URRW�VHJPHQWV�WKDW�ZHUH�LQFXEDWHG�LQ�WKH�

IROORZLQJ�SURWHLQ�VROXWLRQV�GLOXWHG�ZLWK�%��PHGLXP�IRU����PLQXWHV��DV�LI�EORFNLQJ�WKH�WLVVXH�
IRU�DQWLERG\�VWXGLHV�������Y�Y��VKHHS�VHUXP��RU�DQ�DSSUR[LPDWH�DOEXPLQ�HTXLYDOHQW�RI������
�Z�Y��ERYLQH�VHUXP�DOEXPLQ��%6$�������������6LJPD����7R�GHWHUPLQH�WKH�HIIHFWV�RI�SRO\�/�
O\VLQH�RQ�URRW�JURZWK��WKH�DPRXQW�RI�SRO\�/�O\VLQH�QHHGHG�WR�FRDW�RQH�SLHFH�RI�PHVK�ZDV�
PHDVXUHG�E\�ZHLJKW�GLIIHUHQFH��ZHW�PHVK�ZHLJKW�PLQXV�GU\�PHVK�ZHLJKW��EDVHG�RQ�DQ�
HVWLPDWHG�VROXWLRQ�GHQVLW\�RI�����J�P/������$V�D�ZRUVW�FDVH�VFHQDULR��LW�ZDV�DVVXPHG�WKDW�DOO�
RI�WKH�SRO\�/�O\VLQH�RQ�WKH�PHVK�ZHQW�LQWR�VROXWLRQ�� 5RRWV�ZHUH�LQRFXODWHG�LQWR�%��PHGLXP�
FRQWDLQLQJ�WKH�FRUUHVSRQGLQJ�FRQFHQWUDWLRQ�RI�SRO\�/�O\VLQH���3RO\SURS\OHQH�PHVK�ZDV�QRW�
LQFOXGHG���7R�GHWHUPLQH�WKH�HIIHFWV�RI�VKHHS�VHUXP�RQ�URRW�JURZWK��URRWV�ZHUH�HLWKHU�
LQRFXODWHG�LQWR������Y�Y��VKHHS�VHUXP�LQ�%��PHGLXP�LQ�IODVNV��RU�VRDNHG�LQ������Y�Y��
VKHHS�VHUXP�IRU����PLQXWHV�EHIRUH�LQRFXODWLRQ�LQWR�%��PHGLXP��DJDLQ��QR�PHVK�ZDV�
LQFOXGHG�ZLWK�WKH�URRWV���,Q�D�VXEVHTXHQW�VHW�RI�H[SHULPHQWV��PHVK��ERWK�FRDWHG�DQG�
XQFRDWHG��ZDV�LQFOXGHG�ZLWK�WKH�LQRFXOXP�WR�DVVHVV�LWV�HIIHFWV�RQ�URRW�JURZWK�
7U\SVLQL]DWLRQ

$IWHU�ELQGLQJ�WR�SRO\�/�O\VLQH�FRDWHG�SRO\SURS\OHQH�PHVK�IRU���KRXUV�LQ�%��PHGLXP��
��P/�DOLTXRWV�RI�WU\SVLQ��7�������6LJPD��ZHUH�DGGHG�WR�JLYH�ILQDO�FRQFHQWUDWLRQV�RI������RU�
�������Z�Y����&RQWURO�FXOWXUHV�UHFHLYHG���P/�RI�%��PHGLXP���7KH�QXPEHU�RI�URRWV�WKDW�
UHPDLQHG�ERXQG�WR�WKH�PHVK�ZDV�PHDVXUHG����PLQXWHV�DIWHU�WU\SVLQ�DGGLWLRQ�
/HFWLQ�LQWHUDFWLRQ�ZLWK�URRW�ELQGLQJ

)RXU�OHFWLQV�ZHUH�VWXGLHG�IRU�WKHLU�DELOLW\�WR�EORFN�WKH�ELQGLQJ�VLWH���FRQFDQDYDOLQ�$�
�FRQ$��&�������6LJPD���SHDQXW�DJJOXWLQLQ��31$��/�������6LJPD���ZKHDW�JHUP�DJJOXWLQLQ�
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�:*$��/�������6LJPD���DQG�5LFLQXV�FRPPXQLV DJJOXWLQLQ�,��5&$�,��/�������6LJPD����
/HFWLQV�ZHUH�GLVVROYHG�RU�GLOXWHG�LQ�G+�2�DW�D�FRQFHQWUDWLRQ�RI������J�P/����WKLV�
FRQFHQWUDWLRQ ZDV�VXIILFLHQW�WR�EORFN�QRGXODWLRQ�RI�0DFURSWLOLXP�DWURSXUSXUHXP E\�
5KL]RELXP �5LGJH�DQG�5ROI����������8QFXW�URRWV������J�):��ZHUH�LQFXEDWHG�LQ����P/�RI�
VROXWLRQ�IRU����PLQXWHV��DQG�WKHQ�VHJPHQWV�ZHUH�FXW�IURP�WKH�URRWV�DQG�LQRFXODWHG�LQWR�WKH�
ELQGLQJ�WHVW�V\VWHP���,Q�D�VHSDUDWH�H[SHULPHQW��URRW�VHJPHQWV�ZHUH�LQFXEDWHG�ZLWK�YDULRXV�
FRQFHQWUDWLRQV�RI�FRQFDQDYDOLQ�$�IRU����PLQXWHV�SULRU�WR�DGGLWLRQ�RI�SRO\�/�O\VLQH�FRDWHG�
SRO\SURS\OHQH�PHVK���6KDURQ�DQG�/LV��������UHSRUWHG�WKDW�FRQ$�UHTXLUHV�0Q�� DQG�&D�� LQ
RUGHU�WR�EH�DFWLYH��WKHUHIRUH��WKHVH�FDWLRQV�ZHUH�DGGHG�WR�WKH�LQFXEDWLRQ�PHGLXP�DV�
0Q&O�Â�+�2��0�������6LJPD��DQG�&D&O�Â�+�2��&�������6LJPD���UHVSHFWLYHO\���6XEVHTXHQW�VWXGLHV�H[DPLQHG�WKH�LQGLYLGXDO�HIIHFWV�RI�ERWK�GLYDOHQW�FDWLRQV�DV�ZHOO�DV�WKDW�RI�0J�� �DV�
0J&O�Â�+�2��0�������6LJPD��RQ�URRW�ELQGLQJ�
6WDWLVWLFDO�DQDO\VLV

6WDQGDUG�GHYLDWLRQV�IURP�WKH�PHDQ�ZHUH�FDOFXODWHG�IRU�HDFK�H[SHULPHQW���8QSDLUHG�
VWXGHQW�W�WHVWV�ZHUH�XVHG�WR�GHWHUPLQH�VWDWLVWLFDO�VLJQLILFDQFH�DW�3 �����
5HVXOWV�DQG�GLVFXVVLRQ

:H XQGHUWRRN�D�VWXG\�RI�URRW�ELQGLQJ�WR�LQHUW�VXEVWUDWHV�EHFDXVH�ZH�KDG�QRWLFHG�
WKDW�URRWV�RIWHQ�EHFDPH�DWWDFKHG�WR�ZDOOV�RI�JODVV�VKDNH�IODVNV�DQG�SODVWLF�UHDFWRU�YHVVHOV���
%DVHG�RQ�SUHOLPLQDU\�VWXGLHV�RI�D�QXPEHU�RI�PHVK�VXEVWUDWHV��QHRSUHQH��Q\ORQ��SRO\HVWHU��
SRO\SURS\OHQH��VWDLQOHVV�VWHHO��DQG�SRO\FDWLRQV��FHW\OS\ULGLQLXP�FKORULGH��FKLWRVDQ��
KH[DGLPHWKULQH�EURPLGH��SRO\HWK\OHQLPLQH��SRO\�/�O\VLQH��SURWDPLQH���ZH�FKRVH�WR�
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IXUWKHU�LQYHVWLJDWH�WKH�XVH�RI�SRO\�/�O\VLQH�FRDWHG�SRO\SURS\OHQH�PHVK�IRU�
LPPRELOL]DWLRQ�RI�URRWV�
*HQHUDO�ELQGLQJ�IHDWXUHV

0LFURVFRSLF�H[DPLQDWLRQ�RI�$��DQQXD URRW�VHJPHQWV�ERXQG�WR�WKH�PHVK�UHYHDOHG�WKDW�
WKH�URRWV�ZHUH�RIWHQ�ERXQG�WR�WKH�SRO\SURS\OHQH�VWUDQGV�YLD�H[WHQGHG�URRW�KDLUV��)LJXUH�����
DOWKRXJK�DGKHVLRQ�DOVR�RFFXUUHG�GLUHFWO\�ZLWK�KDLUOHVV�HSLGHUPDO�FHOOV���7KH�DWWDFKHG�URRW�
KDLUV�VHHPHG�WR�IXQFWLRQ�OLNH�HODVWLF�WHWKHUV���5RRWV�DWWDFKHG�E\�URRW�KDLUV�ZRXOG�ERXQFH�
EDFN�DQG�IRUWK�ZKHQ�JHQWO\�VKDNHQ��EXW�WKHQ�UHWXUQHG�WR�WKHLU�RULJLQDO�WHWKHUHG�SRVLWLRQ���
$SSUR[LPDWHO\�����RI�WKH�$��DQQXD KDLU\�URRW�VHJPHQWV�EHFDPH�ERXQG�WR�SRO\�/�O\VLQH�
FRDWHG�SRO\SURS\OHQH�PHVK�ZLWKLQ�D�IHZ�PLQXWHV�DIWHU�DGGLWLRQ�WR�WKH�WHVW�V\VWHPV��DQG�DOO�
ELQGLQJ�ZDV�FRPSOHWH�ZLWKLQ�WZR�KRXUV��GDWD�QRW�VKRZQ����7R�GHWHUPLQH�LI�WKLV�ELQGLQJ�ZDV�
XQLTXH�WR�$��DQQXD RU�PRUH�EURDGO\�DSSOLFDEOH�WR�RWKHU�VSHFLHV��ZH�DOVR�FRPSDUHG�%HWD�
YXOJDULV WUDQVIRUPHG�ZLWK�WKH�VDPH�VWUDLQ�RI�$JUREDFWHULXP�UKL]RJHQHV�DQG�D�
QRQWUDQVIRUPHG�VSHFLHV��$UDELGRSVLV�WKDOLDQD�� 7KH�URRWV�RI�DOO�WKUHH�VSHFLHV�UHVSRQGHG�
VLPLODUO\�LQ�WKDW�DOO�VKRZHG�D�VLJQLILFDQW�LQFUHDVH�LQ�WKH�OHYHO�RI�ELQGLQJ�DFKLHYHG�ZKHQ�WKH�
VXSSRUWLQJ�PDWUL[�ZDV�FRDWHG�ZLWK�SRO\�/�O\VLQH���$��DQQXD�������%��YXOJDULV�������$��
WKDOLDQD��������)RU�DOO�WKUHH�VSHFLHV��WKH�SURFHVV�ZDV�FRPSOHWH�ZLWKLQ�PLQXWHV��GDWD�QRW�
VKRZQ����7KHVH�UHVXOWV�VXJJHVW�WKDW�WKH�ELQGLQJ�SURFHVV�LV�FRPPRQ�WR�D�YDULHW\�RI�VSHFLHV��
DQG�WKDW�LW�LV�QRW�QHFHVVDULO\�LQIOXHQFHG�E\�$JUREDFWHULXP WUDQVIRUPDWLRQ���2I�WKH�WKUHH�
VSHFLHV�WHVWHG��%HWD�YXOJDULV KDLU\�URRWV�FRQVLVWHQWO\�VKRZHG�ORZHU�OHYHOV�RI�ELQGLQJ��
SRVVLEO\�EHFDXVH�SRO\�/�O\VLQH�DOVR�DIIHFWV�FHOO�PHPEUDQHV�DQG�FDXVHV�SLJPHQW�HIIOX[�IURP�
EHHW�URRW�WLVVXH��6LHJHO�DQG�'DO\����������3LJPHQW�OHYHOV�LQ�WKH�PHGLXP�ZHUH�QRW�DQDO\]HG��
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QRU�ZDV�JURZWK�PRQLWRUHG�LQ�WKH�H[SHULPHQWV�UHSRUWHG�KHUH��KRZHYHU��QR�YLVLEOH�FRORUDWLRQ�
RI�WKH�PHGLXP��LQGLFDWLYH�RI�SLJPHQW�OHDNDJH��ZDV�QRWHG�
3URWHLQV�LQYROYHG�LQ�ELQGLQJ�

,Q�DQ�HIIRUW�WR�XQGHUVWDQG�WKH�ELQGLQJ�SURFHVV��ZH�VHDUFKHG�IRU�DGKHVLRQ�PROHFXOHV��
LQFOXGLQJ�SODQW�YLWURQHFWLQV�DQG�JO\FRSURWHLQV��LQ�WKH�URRWV�WKDW�PLJKW�EH�FRPPRQ�WR�D�
QXPEHU�RI�VSHFLHV���:H�K\SRWKHVL]HG�WKDW�LI�WKHVH�PROHFXOHV�ZHUH�EORFNHG�WKURXJK�XVH�RI�
VSHFLILF�FRPSRXQGV��DQG�VXEVHTXHQW�DGKHVLRQ�GLG�QRW�RFFXU��LW�ZDV�OLNHO\�WKDW�D�VLPLODU�
PROHFXOH�ZDV�LQYROYHG�LQ�WKH�PHFKDQLVP�RI�URRW�DWWDFKPHQW�WR SRO\�/�O\VLQH�FRDWHG�
SRO\SURS\OHQH�PHVK��

3ODQW�DGKHVLRQ�PROHFXOHV�VLPLODU�WR�KXPDQ�YLWURQHFWLQV�DUH�FRPPRQ�LQ�PDQ\�SODQWV�
�6DQGHUV�HW�DO���������:DJQHU�DQG�0DWWK\VVH��������:DJQHU�HW�DO���������=KX�HW�DO���������
=KX�HW�DO���������:DQJ�HW�DO�����������$�YLWURQHFWLQ�OLNH�PROHFXOH��KRZHYHU��LV�SUREDEO\�QRW�
LQYROYHG�LQ�WKH�SURFHVV�RI�URRW�DWWDFKPHQW�IRU�$��DQQXD��%��YXOJDULV��RU�$��WKDOLDQD EHFDXVH�
ELQGLQJ�RFFXUUHG�GHVSLWH�WKH�DGGLWLRQ�RI�YLWURQHFWLQ�DQWLERGLHV�WR�WKH�ELQGLQJ�WHVW�V\VWHP�
�GDWD�QRW�VKRZQ��

3ODQW�FHOOV�DUH�DOVR�NQRZQ�WR�KDYH�D�GLYHUVLW\�RI�SRO\VDFFKDULGHV��SURWHLQV��DQG�
JO\FRSURWHLQV�DVVRFLDWHG�ZLWK�WKHLU�FHOO�VXUIDFH��.ROVWHU�DQG�%LHGHUEHFN���������DQG�XVH�RI�
OHFWLQV�FDQ�SURYLGH�XVHIXO�LQIRUPDWLRQ�DERXW�ELQGLQJ�VLWHV���7R�WHVW�ZKHWKHU�JO\FRSURWHLQV�
PD\�EH�LQYROYHG�LQ�ELQGLQJ�ZH�XVHG�IRXU�OHFWLQV��FRQFDQDYDOLQ�$��FRQ$��VSHFLILF�IRU�.�/�
PDQQRVH�.�/�JOXFRVH���SHDQXW�DJJOXWLQLQ��31$��VSHFLILF�IRU�'�JDODFWRVH�������1�DFHW\O�.�
'�JDODFWRVDPLQH���ZKHDW�JHUP�DJJOXWLQLQ��:*$��VSHFLILF�IRU�VLDOLF�DFLG���DQG�5LFLQXV�
FRPPXQLV DJJOXWLQLQ�,��5&$�,��VSHFLILF�IRU���'�JDODFWRVH����+RZHYHU��QRQH�RI�WKH�IRXU�
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OHFWLQV�LQKLELWHG�DGKHVLRQ�RI�$��DQQXD URRWV�WR�WKH�SRO\�/�O\VLQH�FRDWHG�PHVK��VXJJHVWLQJ�
WKDW�JO\FRSURWHLQV�DUH�QRW�LQYROYHG�LQ�WKH�DGKHVLRQ�SURFHVV��GDWD�QRW�VKRZQ��

0DPPDOLDQ�FHOOV�UHDGLO\�DGKHUH�WR�VXUIDFHV�FRDWHG�ZLWK�SRO\�/�O\VLQH��DQG�FDQ�EH�
UDSLGO\�GHWDFKHG�XVLQJ�WU\SVLQ���:H�WU\SVLQL]HG�DWWDFKHG�URRWV�IRU����PLQXWHV��EXW�QR�
GHWDFKPHQW�RI�URRWV�RFFXUUHG��GDWD�QRW�VKRZQ����.ROVWHU�DQG�%LHGHUEHFN��������VLPLODUO\�
VKRZHG�WKDW�YDULRXV�HQ]\PHV�ZHUH�LQHIIHFWLYH�LQ�GHWDFKLQJ�FHOOV�RI�&DO\VWHJLD�VHSLXP /��
WKDW�ZHUH�ERXQG�WR�YDULRXV�VXEVWUDWHV�LQFOXGLQJ�JODVV��SRO\VW\UHQH��SRO\HWK\OHQH�
WHWUDSKWKDOHQH��DQG�DOXPLQXP�IRLO�
3URWHLQ�HIIHFWV�RQ�URRW�JURZWK

,I�SRO\�/�O\VLQH�LV�WR�EH�XVHG�WR�LPPRELOL]H�URRWV�LQ�D�ELRUHDFWRU��LW�LV�LPSRUWDQW�WR�
GHWHUPLQH�ZKHWKHU�VXEVHTXHQW�JURZWK�LV�DIIHFWHG���3RO\�/�O\VLQH�GLG�QRW�VLJQLILFDQWO\�
LQFUHDVH�URRW�ELRPDVV�FRPSDUHG�WR�WKH�%��FRQWURO��DOWKRXJK�WKH�':�):�UDWLR�GLG�LQFUHDVH�
VOLJKWO\��7DEOH������7KHVH�GDWD�DOVR�VKRZHG�WKDW�WKH�DPRXQW�RI�SRO\�/�O\VLQH�XVHG�WR�FRDW�WKH�
PHVK�ZDV�QRW�WR[LF�WR�$��DQQXD KDLU\�URRWV��7DEOH������7KH�DPRXQW�RI�SRO\�/�O\VLQH�XVHG�LQ�
WKLV�H[SHULPHQW��������Z�Y���ZDV�DQ�DPRXQW�HVWLPDWHG�WR�EH�FRDWLQJ�WKH�PHVK� 5RRWV�
FXOWLYDWHG�ZLWK�SRO\�/�O\VLQH�FRDWHG�PHVK��ZLWK�RU�ZLWKRXW�D�SULRU�LQFXEDWLRQ�LQ�VKHHS�
VHUXP��VKRZHG�LQFUHDVHG�JURZWK�FRPSDUHG�WR�FRQWUROV�JURZQ�ZLWK�XQFRDWHG�PHVK��7DEOH������
':�):�UDWLRV�ZHUH��KRZHYHU��VWDWLVWLFDOO\�LGHQWLFDO�IRU�DOO�FRQGLWLRQV�

,QWHUHVWLQJO\��WKH�VKHHS�VHUXP�XVHG�LQ�WKH�YLWURQHFWLQ�DQWLERG\�H[SHULPHQWV�DSSHDUHG�
WR�LQFUHDVH�WKH�QXPEHU�RI�$��DQQXD URRWV�WKDW�ERXQG�WR�SRO\�/�O\VLQH�FRDWHG�PHVK��DQG�D�
VXEVHTXHQW�H[SHULPHQW�FRQILUPHG�WKDW�LQFXEDWLQJ�URRWV�RI�$��DQQXD LQ�VKHHS�VHUXP�
HQKDQFHG�WKH�ELQGLQJ�SURFHVV�E\�DERXW�������7KLV�HIIHFW�ZDV�QRW�D�JHQHUDO�SURWHLQ�HIIHFW��
KRZHYHU��EHFDXVH�URRWV�VRDNHG�LQ�D�VROXWLRQ�RI�%6$�ZHUH�QRW�VLPLODUO\�VWLPXODWHG��



��

7R�GHWHUPLQH�ZKHWKHU�WKH�VKHHS�VHUXP�FUHDWHG�DQ�DUWLIDFW�LQ�DQWLERG\�ELQGLQJ�VWXGLHV�
E\�DIIHFWLQJ�URRW�JURZWK��URRWV�ZHUH�LQFXEDWHG�LQ�%��PHGLXP�FRQWDLQLQJ�VKHHS�VHUXP�DQG�
JURZWK�ZDV�PHDVXUHG�DIWHU����GD\V���&RQWLQXRXV�FXOWXUH�LQ������Y�Y��VKHHS�VHUXP�LQKLELWHG�
URRW�JURZWK�DQG�SURPRWHG�YLVXDO�FDOOXV�IRUPDWLRQ��DV�HYLGHQFHG�DOVR�E\�WKH�KLJKHU�':�):�
UDWLR��7DEOH������,Q�FRQWUDVW��WKH�VKRUW�����PLQ��LQFXEDWLRQ�SHULRG�LQ�VKHHS�VHUXP�XVHG�SULRU�
WR�WKH�YLWURQHFWLQ�ELQGLQJ�VWXG\��UHVXOWHG�LQ�JURZWK�HTXLYDOHQW�WR�WKDW�RI�URRWV�JURZQ�LQ�%��
PHGLXP��DOWKRXJK�WKH�':�):�UDWLR�ZDV�VOLJKWO\�KLJKHU��7DEOH������:KHUHDV�%6$�LV�D�VLQJOH�
SXUH�SURWHLQ��VKHHS�VHUXP�LV�D�FRPSOH[�PL[WXUH�RI�SURWHLQV�DQG�RWKHU�VPDOO�PROHFXOHV���,W�LV�
WKXV�SRVVLEOH�WKDW�DQ\�RQH�RI�WKHVH�RWKHU�FRPSRXQGV�DIIHFWV�WKH�VWLPXODWLRQ�RI�ELQGLQJ�E\�
VKHHS�VHUXP�
,PPRELOL]DWLRQ�HIIHFWV�RQ�URRW�JURZWK

7R�GHWHUPLQH�ZKHWKHU�WKH�SK\VLFDO�SURFHVV�RI�LPPRELOL]DWLRQ�VWLPXODWHG�URRW�
JURZWK��URRWV�ZHUH�JURZQ�ZLWKRXW�PHVK�DQG�FRPSDUHG�WR�WKRVH�JURZQ�ZLWK�XQFRDWHG�RU�
SRO\�/�O\VLQH�FRDWHG�PHVK���7KHUH�ZDV�QR�VLJQLILFDQW�LQFUHDVH�LQ�JURZWK�LQ�WKH�SUHVHQFH
RI�PHVK��7DEOH������$OWKRXJK�WKHUH�ZDV�D�VPDOO�EXW�VLJQLILFDQW�LQFUHDVH�LQ�':��WKHUHE\�
DOVR�DOWHULQJ�WKH�':�):�UDWLRV��WKLV�LQFUHDVH�PD\�KDYH�EHHQ�GXH�WR�D�VOLJKW�LQFUHDVH�LQ�
FDOOXV�IRUPDWLRQ�LQ�URRW�PDWV�HQWDQJOHG�LQ�WKH�PHVK�SLHFHV���7DNHQ�WRJHWKHU��WKHVH�GDWD�
VXJJHVW�WKDW�WKHUH�DUH�QR�PHDVXUDEOH�HIIHFWV�RQ�JURZWK�IURP�HLWKHU�WKH�DGGLWLRQ�RI�SRO\�/�
O\VLQH�RU�WKH�SK\VLFDO�SURFHVV�RI�LPPRELOL]DWLRQ�RI�URRWV�RQ�PHVK�
'LYDOHQW�FDWLRQV�DIIHFW�ELQGLQJ

'XULQJ�RXU�VWXGLHV�ZLWK�WKH�OHFWLQ�FRQ$��ZH�REVHUYHG�WKDW�WKH�UHTXLUHG��DFWLYDWLQJ��
FDWLRQV��0Q�� DQG�&D����VLJQLILFDQWO\�GHFUHDVHG�$��DQQXD URRW�ELQGLQJ���7R�LQYHVWLJDWH�
WKLV�IXUWKHU��VXEVHTXHQW�H[SHULPHQWV�LQYROYHG�WKH�DGGLWLRQ�RU�H[FOXVLRQ�RI���GLYDOHQW�
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FDWLRQV��0Q����&D����DQG�0J����IURP�WKH�ELQGLQJ�VROXWLRQ� 7KH�GDWD�LQ�7DEOH���VKRZ�WKDW�
RQO\�0Q�� DSSHDUHG�WR�DIIHFW�ELQGLQJ���,QFUHDVHG�OHYHOV�RI�0Q�� UHVXOWHG�LQ�D�VLJQLILFDQW�
GHFUHDVH�LQ�ELQGLQJ���6WXGLHV�ZLWK�YDULRXV�FRQFHQWUDWLRQV�RI�0Q�� LQGLFDWHG�WKDW�WKLV�
HIIHFW�LV�QRW�DSSDUHQW�XQWLO�DW�OHDVW���P0�H[FHVV�0Q�� LV�SUHVHQW��GDWD�QRW�VKRZQ����7KH�
EDVDO�OHYHOV�RI�0Q����&D����DQG�0J�� LQ�%��PHGLXP�DUH��������������DQG������P0��
UHVSHFWLYHO\���)RU�0Q������P0�UHSUHVHQWV�D�QHDUO\�����IROG�LQFUHDVH�LQ�FRQFHQWUDWLRQ���
$OWKRXJK�H[FHVV�0Q�� FDQ�LQKLELW�DWWDFKPHQW��RQFH�WKH�URRWV�DUH�ERXQG�WR�WKH�PHVK��
DGGLWLRQ�RI����P0�H[FHVV�0Q�� GLG�QRW�UHVXOW�LQ�GHWDFKPHQW��GDWD�QRW�VKRZQ��

,Q�PDQ\�LQVWDQFHV��WKH�SK\VLRORJLFDO�VWDWH�RI�WKH�FHOO�RUJDQLVP�KDV�D�VLJQLILFDQW�HIIHFW�
RQ�LWV�DGKHVLRQ�SURSHUWLHV��9DQ�+DHFKW�HW�DO���������)DFFKLQL�HW�DO���������$UFKDPEDXOW�HW�
DO�����������&RQVHTXHQWO\��ZH�FRQVLGHUHG�WKDW�WKH�ODUJH�LQFUHDVH�LQ�0Q�� FRQFHQWUDWLRQ�PD\�
KDYH�DIIHFWHG�WKH�PHWDEROLVP�RI�WKH�URRWV���:KHQ�URRWV�ZHUH�JURZQ�LQ�%��PHGLXP�SOXV����
P0�0Q�� IRU����GD\V��WKHUH�ZDV�YHU\�OLWWOH�LQFUHDVH�LQ�ELRPDVV���+RZHYHU��LI�URRWV�ZHUH�
LQFXEDWHG�LQ�WKLV�PHGLXP�IRU���KRXUV�DQG�WKHQ�WUDQVIHUUHG�LQWR�QRUPDO�%��PHGLXP��JURZWK�
ZDV�FRPSDUDEOH�WR�FRQWUROV��GDWD�QRW�VKRZQ����7KH�FDWLRQV�&D�� DQG�0J�� ZHUH�QRW�WHVWHG�
IRU�WKHLU�HIIHFWV�RQ�JURZWK�EHFDXVH�WKH\�KDG�QRW�EHHQ�VKRZQ�WR�DIIHFW�WKH�ELQGLQJ�SURFHVV���
$OWKRXJK�LW�LV�QRW�FOHDU�ZK\�0Q�� DQG�QRW�WKH�RWKHU�GLYDOHQW�FDWLRQV�WHVWHG�DIIHFWHG�WKH�OHYHO�
RI�DWWDFKPHQW�RI�$��DQQXD URRWV�WR�WKH�PHVK��RWKHUV�KDYH�REVHUYHG�VRPH�VSHFLHV�DQG�
VXEVWUDWH�VSHFLILFLW\�RI�FDWLRQV�LQ�DGKHVLYH�UHVSRQVHV��:DODFK�DQG�3LUW��������)DFFKLQL�HW�DO���
��������)RU�H[DPSOH��1D� KDG�QR�HIIHFW�RQ�WKH�DGKHVLRQ�RI�&DWKDUDQWKXV�URVHXV FHOOV�WR�
VHYHUDO�SODVWLF�VXEVWUDWHV��ZKHUHDV�&D�� VOLJKWO\�VWLPXODWHG�DGKHVLRQ��DQG�$O�� LQFUHDVHG�
DGKHVLRQ�XS�WR�D�FRQFHQWUDWLRQ�RI�����P0��DIWHU�ZKLFK�DGKHVLRQ�GHFUHDVHG��)DFFKLQL�HW�DO���
��������)RU�WKH�DIRUHPHQWLRQHG�VWXGLHV��WKH�SODVWLF�VXEVWUDWHV�ZHUH�QRW�FRDWHG�ZLWK�SRO\�/�



��

O\VLQH�DQG�WKHUHIRUH�ZHUH�QHJDWLYHO\�FKDUJHG���,Q�VWXGLHV�XVLQJ�&KORUHOOD��:DODFK�DQG�3LUW�
�������REVHUYHG�WKDW�WKH�FHOOV�ERXQG�PRUH�HIILFLHQWO\�WR�JODVV�ZKHQ�JURZQ�LQ�D�PRGLILHG�
PHGLXP��DQG�LQ�FRQWUDVW�WR�RXU�UHVXOWV��D�GHFUHDVHG�OHYHO�RI�PDJQHVLXP�GHFUHDVHG�WKH�OHYHO�
RI�FHOO�DGKHVLRQ���5HGXFLQJ�WKH�FRQFHQWUDWLRQ�RI�LURQ��FDOFLXP��DQG�WUDFH�HOHPHQWV�UHVXOWHG�LQ�
DQ�LQFUHDVHG�OHYHO�RI�DGKHVLRQ��KRZHYHU��WKHVH�FRPSRQHQWV�WHVWHG�LQGLYLGXDOO\�VKRZHG�OLWWOH�
HIIHFW�RQ�ELQGLQJ�RI�&KORUHOOD�
2WKHU�IDFWRUV�DQG�ELQGLQJ

,Q�DQ�HIIRUW�WR�UHGXFH�YDULDELOLW\�LQ�WKH�SHUFHQWDJH�RI�URRWV�ELQGLQJ�WR SRO\�/�O\VLQH�
FRDWHG�SRO\SURS\OHQH�PHVK�IRU�D�JLYHQ�VHW�RI�FRQGLWLRQV��D�QXPEHU�RI�RWKHU�IDFWRUV�ZHUH�
WHVWHG���7KHUH�ZDV�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�ELQGLQJ�IRU�URRW�WLSV�YHUVXV�WKH�DGMDFHQW�
VHJPHQW��GDWD�QRW�VKRZQ����$OWKRXJK $��DQQXD URRWV�JURZ�EHWWHU�LQ�ILOWHU�VWHULOL]HG�PHGLXP�
WKDQ�LQ�DXWRFODYHG�PHGLXP��XQSXEOLVKHG�GDWD���DGKHVLRQ�ZDV�QRW�DIIHFWHG���:KLOH�)DFFKLQL�
HW�DO���������DQG�0R]HV�HW�DO���������IRXQG�WKDW�WKH�S+�RI�WKH�VXVSHQGLQJ�PHGLXP�KDG�D�
PHDVXUDEOH�HIIHFW�RQ�WKH�DGKHVLRQ�RI�&DWKDUDQWKXV�URVHXV FHOOV�DQG�0RQLOLHOOD�SROOLQLV��
UHVSHFWLYHO\��RXU�H[SHULPHQWV�VKRZHG�WKDW�WKH�OHYHO�RI�ELQGLQJ�RI�$��DQQXD URRWV�ZDV�QRW�
DIIHFWHG�LQ�D�S+�UDQJH�RI�����������)XUWKHUPRUH��WKH�LRQLF�VWUHQJWK�RI�WKH�SKRVSKDWH�EXIIHU�
XVHG�������P0�WR�����P0��GLG�QRW�DSSHDU WR�DIIHFW�ELQGLQJ���$OORZLQJ�WKH�URRW�VHJPHQWV�D�
SHULRG�RI�DFFOLPDWL]DWLRQ����WR����PLQXWHV��SULRU�WR�WKH�DGGLWLRQ�RI�PHVK��DQG�YDU\LQJ�WKH�
WLPH�SHULRG�EHWZHHQ�PHVK�DGGLWLRQ�DQG�REVHUYDWLRQ�RI�ELQGLQJ����WR���KRXUV��DOVR�KDG�QR�
VLJQLILFDQW�HIIHFW�RQ�ELQGLQJ�PHDVXUHPHQWV��GDWD�QRW�VKRZQ��
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&RQFOXVLRQV
:H�KDYH�GHPRQVWUDWHG�WKDW�URRWV�RI�WKUHH�GLIIHUHQW�VSHFLHV��$UWHPLVLD�DQQXD��%HWD�

YXOJDULV��DQG�$UDELGRSVLV�WKDOLDQD��ZLOO�DGKHUH�WR�D�SRO\�/�O\VLQH�FRDWHG�SRO\SURS\OHQH�
VXEVWUDWH���5RRWV�DWWDFK�WR�WKH�VXEVWUDWH�ZLWKLQ�PLQXWHV��DQG�GR�QRW�DGKHUH�WR�SRO\SURS\OHQH�
ZLWKRXW�WKH�SRO\�/�O\VLQH�FRDWLQJ���7KH�DWWDFKPHQW�SKHQRPHQRQ�DSSDUHQWO\�GRHV�QRW�LQYROYH�
HLWKHU�YLWURQHFWLQ�OLNH�PROHFXOHV�RU�JO\FRSURWHLQV���7KH�DPRXQW�RI�SRO\�/�O\VLQH�XVHG�LQ�
WKHVH�VWXGLHV�ZDV�QRW�WR[LF�WR�URRWV�RI�$��DQQXD���$OWKRXJK�WKH�GLYDOHQW�FDWLRQ�0Q�� DGGHG�LQ�
H[FHVV�GHFUHDVHG�ELQGLQJ��&D�� RU�0J�� GLG�QRW���+RZHYHU��RQFH�URRWV�ZHUH�DWWDFKHG�WR�WKH�
VXEVWUDWH��DGGLWLRQ�RI�0Q�� GLG�QRW�HIIHFW�GHWDFKPHQW���7KH�H[FHVV�0Q�� ZDV�QRW�GHWULPHQWDO�
WR URRW�JURZWK�DIWHU�VKRUW�WHUP�H[SRVXUH��EXW�JURZWK�ZDV�DUUHVWHG�LQ�FRQWLQXRXV�FXOWXUH���
$WWDFKPHQW�RI�URRWV�GRHV�QRW�DSSHDU�WR�EH�DIIHFWHG�E\�WKH�PHWKRG�RI�PHGLD�VWHULOL]DWLRQ��S+��
LRQLF�VWUHQJWK��DFFOLPDWL]DWLRQ�SHULRG�LQ�ELQGLQJ�VROXWLRQ��RU�OHQJWK�RI�LQFXEDWLRQ�SULRU�WR�
ELQGLQJ�PHDVXUHPHQWV���$GKHUHG�URRWV�GLG�QRW�GHWDFK�DIWHU�WU\SVLQL]DWLRQ���7KHVH�UHVXOWV�
VKRZ�WKDW�URRWV�FDQ�EH�ERXQG�TXLFNO\�DQG�LQ�D�FRQWUROOHG�PDQQHU�WR�DQ�LQHUW�VXEVWUDWH���7KLV�
LQIRUPDWLRQ�ZLOO�SURYH�XVHIXO�QRW�RQO\�IRU�WKH�LPPRELOL]DWLRQ�RI�KDLU\�URRWV�LQ�ELRUHDFWRUV��
EXW�DOVR�LQ�IXUWKHULQJ�WKH�XQGHUVWDQGLQJ�RI�WKH�IXQGDPHQWDO�ELRORJ\�RI�URRWV�



��

7DEOH����� (IIHFW�RI�SRO\�/�O\VLQH�DQG�VKHHS�VHUXP�RQ�$��DQQXD URRW�JURZWK�
&21',7,21 R

RI):):): �
DIWHU����G R

RI':':': �
DIWHU����G ):': UDWLR��u �����

FRQWURO��%�� ���������D ���������D ���������D������Z�Y��SRO\�/�O\VLQH�LQ�%� ���������D ���������D ���������E�����Y�Y��VKHHS�VHUXP�LQ�%� ���������E ���������E ����������F��
�����VKHHS�VHUXP�VRDN��WKHQ�JURZQ�LQ�%� ���������D ���������D ���������E
,QRFXOXP�ZDV������J�EORWWHG�IUHVK�ZHLJKW�RI�$��DQQXD KDLU\�URRWV�LQ�����P/�VKDNH�IODVNV�FRQWDLQLQJ����P/�%��PHGLXP���7KHUH�ZHUH�DW�OHDVW���UHSOLFDWHV�SHU�FRQGLWLRQ�WHVWHG���&XOWXUHV�ZHUH�LQFXEDWHG�DW�����USP�DQG�����q&�LQ�DPELHQW�OLJKW�IRU����GD\V���/HWWHUV�LQGLFDWH�VWDWLVWLFDO�VLJQLILFDQFH�ZLWKLQ�D�FROXPQ�DW�3� ������



��

7DEOH����� (IIHFW�RI�PHVK��SRO\�/�O\VLQH�FRDWLQJ��DQG�VKHHS�VHUXP�VRDNLQJ�RQ�$��DQQXDURRW�JURZWK�
&21',7,21 R

RI):):): �
DIWHU����G R

RI':':': �
DIWHU����G ):': UDWLR��u �����

XQFRDWHG�PHVK���URRWV ���������D ���������D ���������DSRO\�/�O\VLQH�FRDWHG�PHVK���URRWV ���������E ���������E ���������DSRO\�/�O\VLQH�FRDWHG�PHVK���VKHHS�VHUXP�SUH�VRDNHG�URRWV ���������E ���������F ���������DQR�PHVK ���������D ���������D ���������DXQFRDWHG�PHVK���URRWV ���������D ���������E ���������ESRO\�/�O\VLQH�FRDWHG�PHVK���URRWV ���������D ���������D�E ���������E
,QRFXOXP�ZDV������J�EORWWHG�IUHVK�ZHLJKW�RI�$��DQQXD KDLU\�URRWV�LQ�����P/�VKDNH�IODVNV�FRQWDLQLQJ����P/�%��PHGLXP���7KHUH�ZHUH�DW�OHDVW���UHSOLFDWHV�SHU�FRQGLWLRQ�WHVWHG���&XOWXUHV�ZHUH�LQFXEDWHG�DW�����USP�DQG�����q&�LQ�DPELHQW�OLJKW�IRU����GD\V���%UHDN�LQ�WDEOH�LQGLFDWHV�VHSDUDWH�H[SHULPHQWV�� /HWWHUV�LQGLFDWH�VWDWLVWLFDO�VLJQLILFDQFH�ZLWKLQ�D�FROXPQ�DQG�IRU�HDFK�VHSDUDWH�H[SHULPHQW�DW�3� ������
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7DEOH����� (IIHFW�RI�0Q����&D����DQG�0J�� RQ�ELQGLQJ�RI�$��DQQXD URRW�VHJPHQWV�WR�SRO\�/�O\VLQH�FRDWHG�SRO\SURS\OHQH�PHVK�
0Q&O��P0� &D&O��P0� 0J&O��P0� ��%281'
����� ���� ���� ���D������ ���� ���� ���E��� ���� ���� ���D����� ����� ���� ���D����� ��� ���� ���D����� ���� ����� ���D����� ���� ��� ���D

$�WRWDO�RI����URRW�VHJPHQWV�IRU�HDFK�FRQGLWLRQ�ZDV�LQRFXODWHG�LQWR�WKH�LQGLFDWHG�WHVW�VROXWLRQV��DQG�WKHUH�ZHUH�DW�OHDVW���UHSOLFDWHV�SHU�FRQGLWLRQ�WHVWHG���0HDVXUHPHQWV�ZHUH�WDNHQ���KRXUV�DIWHU�DGGLWLRQ�RI�PHVK���/HWWHUV�LQGLFDWH�VWDWLVWLFDO�VLJQLILFDQFH�DW�3� �����



��

�

)LJXUH����� 5RRW�IUDJPHQW�ZLWK�H[WHQGHG�URRW�KDLUV�ERXQG WR�SRO\�/�O\VLQH�FRDWHG�SRO\SURS\OHQH�PHVK���5��URRW��0��SRO\SURS\OHQH�PHVK��7+��WHWKHUHG�URRW�KDLUV���%DU� ������P�



��

�
(IIHFW�RI�ELRPDVV�GHQVLW\��VXFURVH�FRQFHQWUDWLRQ��DQG�IHHG�UDWH�RQ�JURZWK�DQG�ELRPDVV�\LHOG�RI�WUDQVIRUPHG�URRWV�RI�$UWHPLVLD�DQQXD LQ D�QXWULHQW�PLVW�ELRUHDFWRU
,QWURGXFWLRQ

7KH�GHVLJQ�RI�D�ELRUHDFWRU�IRU�JURZWK�RI�KDLU\�URRWV�PXVW�WDNH�LQWR�FRQVLGHUDWLRQ�
WKH�PRUSKRORJLFDO�FKDUDFWHULVWLFV�RI�WKH�WLVVXH���7KH�PLVW�UHDFWRU�UHGXFHV�WKH�JDV�
H[FKDQJH�OLPLWDWLRQV�DQG�VKHDU�FRQGLWLRQV�QRUPDOO\�IRXQG�LQ�OLTXLG�SKDVH�UHDFWRUV���,W�
VKRXOG�EH�QRWHG�WKDW�VXFFHVVIXO�HVWDEOLVKPHQW�RI�D�KDLU\�URRW�FXOWXUH�RQ�VROLG�PHGLXP�
GRHV�QRW�JXDUDQWHH�WKDW�WKHVH�URRWV�ZLOO�FRQWLQXH�WR�JURZ�ZKHQ�WUDQVIHUUHG�WR�OLTXLG�
PHGLXP��+DOODUG�HW�DO����������VR�D�JDV�SKDVH UHDFWRU�PD\�EH�D�QHFHVVDU\�RSWLRQ�LQ�WKRVH�
LQVWDQFHV���2[\JHQ�LV�HVVHQWLDO�IRU�UHVSLUDWLRQ�DQG�WKXV��JURZWK�RI�URRWV���7KH�DELOLW\�WR�
DWWDLQ�D�KLJK�ELRPDVV�GHQVLW\�LV�DQ�LPSRUWDQW�SDUW�RI�DQ�HFRQRPLFDOO\�YLDEOH�SURGXFWLRQ�
VFKHPH��DQG�WKH�PD[LPXP�URRW�WLVVXH�FRQFHQWUDWLRQ�WKDW�FDQ�EH�DFKLHYHG�GHSHQGV�RQ�WKH�
GHOLYHU\�RI�R[\JHQ�DQG�RWKHU�QXWULHQWV�LQWR�WKH�GHQVH�PDWUL[��&XUWLV����������$FFRUGLQJ�WR�
VWXGLHV�E\�0F.HOYH\�HW�DO����������URRWV�DUH�PRUH�FDSDEOH�RI�FRPSHQVDWLQJ�IRU�SRRU�
OLTXLG�GLVSHUVLRQ�WKDQ�IRU�SRRU�JDV�GLVSHUVLRQ�ZLWKLQ�UHDFWRU�V\VWHPV��&XUWLV����������7R�
DVVHVV�WKH�UHVSRQVH�RI�KDLU\�URRWV�WR�DOWHUHG�OHYHOV�RI�R[\JHQ�LQ�PLVW�UHDFWRUV��DOFRKRO�
GHK\GURJHQDVH��$'+��P51$�ZDV�PHDVXUHG�LQ�$��DQQXD KDLU\�URRWV���&RPSDULVRQ�RI�
$'+�P51$�H[SUHVVLRQ�LQ�ERWK�VKDNH�IODVNV�DQG�EXEEOH�FROXPQ�UHDFWRUV�WR�PLVW�UHDFWRUV�
VKRZHG�WKDW�PLVW�JURZQ�URRWV�ZHUH�QRW�R[\JHQ�OLPLWHG��:HDWKHUV�HW�DO�����������7KHUH�
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ZDV�QR�GHWHFWDEOH�H[SUHVVLRQ�RI�$'+�P51$�LQ�URRWV�JURZQ�LQ�WKH�PLVW�UHDFWRU�WR�D�
GHQVLW\�RI�DERXW������Y�Y���.LP����������7KLV�LV�HTXLYDOHQW�WR�D�SDFNLQJ�IUDFWLRQ��D��
ZKLFK�HTXDOV�WKH�IUHVK�ZHLJKW�FRQFHQWUDWLRQ��J�/����u �������RI��������+RZHYHU��
H[SUHVVLRQ�ZDV�GHWHFWHG�LQ�URRWV�IURP�WKH�EXEEOH�FROXPQ�DW�SDFNLQJ�GHQVLWLHV�DV�ORZ�DV�
����Y�Y��D �������:HDWKHUV�HW�DO���������

7KH�UHVSLUDWRU\�TXRWLHQW��ZKLFK�LV�WKH�UDWLR�RI�&2� SURGXFHG�WR�2� FRQVXPHG��LQFUHDVHV�ZLWK�WKH�GHJUHH�RI�DQDHURELF�UHVSLUDWLRQ��%RUGRQDUR�DQG�&XUWLV����������$V�
SUHYLRXVO\�VWDWHG��$��DQQXD URRWV�DUH�R[\JHQ�GHSULYHG�LQ�D�OLTXLG�SKDVH�EXEEOH�FROXPQ�
UHDFWRU��:HDWKHUV�HW�DO���������DQG�WKXV�DUH�QRW�IXQFWLRQLQJ�DW�WKHLU�IXOOHVW�DHURELF�
FDSDFLW\���:KHQ�%RUGRQDUR�DQG�&XUWLV��������FRPSDUHG�WKH�UHVSLUDWRU\�TXRWLHQWV�RI�
+\RVF\DPXV�PXWLFXV KDLU\�URRWV�JURZQ�LQ�HLWKHU�D�EXEEOH�FROXPQ�UHDFWRU�RU�D�WULFNOH�EHG�
UHDFWRU�DQG�QRWHG�WKDW�WKH�IRUPHU�ZDV�FRQVLVWHQWO\�KLJKHU��LW�VXJJHVWHG�WKDW�DQDHURELF�
UHVSLUDWLRQ�ZDV�RFFXUULQJ�LQ�WKH�OLTXLG�SKDVH�V\VWHP���7KH�UHVSLUDWRU\�TXRWLHQW�LQ�WKH�PLVW�
UHDFWRU�V\VWHP�GHVFULEHG�KHUHLQ�FRXOG�QRW�EH�PHDVXUHG�DFFXUDWHO\�EHFDXVH�WKH�
LQWHUPLWWHQW�DLU�IORZ�XVHG�GLG�QRW�DOORZ�WKH�URRWV�WR�UHDFK�D�VWHDG\�VWDWH�RI�UHVSLUDWLRQ��EXW�
EDVHG�RQ�WKH�ODFN�RI�PHWDEROLF�R[\JHQ�VWUHVV�LQGLFDWRUV�DQG�WKH�KLJKO\�DHUDWHG�
HQYLURQPHQW�LQ�WKH�PLVW�UHDFWRU��WKH�URRWV�VKRXOG�JURZ�PRUH�HIILFLHQWO\�FRPSDUHG�WR
OLTXLG�SKDVH�V\VWHPV���8OWLPDWHO\��LI�D�SURILWDEOH�PHWKRG�RI�URRW�FXOWXUH�LV�GHVLUHG��QRW�
RQO\�PXVW�WKH�DPRXQW�RI�ELRPDVV�SURGXFHG�SHU�XQLW�YROXPH�EH�PD[LPL]HG��EXW�WKH�
FRQYHUVLRQ�RI�FRVWO\�QXWULHQWV�LQWR�WKDW�ELRPDVV�VKRXOG�EH�RSWLPL]HG�DV�ZHOO�

.LP�HW�DO�������D��VXJJHVWHG�WKDW�LQ�D�PLVW�UHDFWRU��JDV�GLVSHUVLRQ�LV�LPSURYHG�DW�
WKH�H[SHQVH�RI�OLTXLG�GLVSHUVLRQ��WKDW�LV��DYDLODELOLW\�RI�QXWULHQWV�LQ�WKH�OLTXLG�SKDVH�PD\�
EH�DQ�LVVXH���5RRWV�JURZQ�LQ�D�EXEEOH�FROXPQ�UHDFWRU�KDG�KLJKHU�GU\�PDVV�FRPSDUHG�WR�
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WKRVH�KDUYHVWHG�IURP�WKH�PLVW�UHDFWRU���7KLV�XQH[SHFWHG�UHVXOW�ZDV�H[SODLQHG�WKURXJK�
PRGHOLQJ�RI�PLVW�GHSRVLWLRQ�G\QDPLFV��.LP�HW�DO�������D����,I�DQ�DGHTXDWH�VXSSO\�RI�
QXWULHQWV�GRHV�QRW�UHDFK�WKH�VXUIDFH�RI�DOO�URRWV�GXH�WR�LQVXIILFLHQW�GURSOHW�WUDQVSRUW�DQG�
GHSRVLWLRQ��JURZWK�PD\�EH�OLPLWHG���0LVW�GHSRVLWLRQ�LV�FRQVHTXHQWO\�D�FUXFLDO�VWHS�LQ�WKH�
PDVV�WUDQVIHU�RI�QXWULHQWV�WR�WKH�URRWV�LQ�D�PLVW�UHDFWRU��:\VORX]LO�HW�DO�����������
$SSOLFDWLRQ�RI�WKH�VWDQGDUG�DHURVRO�GHSRVLWLRQ�PRGHO�IRU�ILEURXV�ILOWHUV�WR�PLVW�GHSRVLWLRQ�
LQ�KDLU\�URRW�EHGV�ZDV�GHVFULEHG�E\�:\VORX]LO�HW�DO�����������:H�K\SRWKHVL]HG�WKDW�WKHUH�
ZHUH�VHYHUDO�SRVVLEOH�DSSURDFKHV�WR�LPSURYH�WKH�JURZWK�UDWH�LQ�D�PLVW�UHDFWRU���,QFUHDVLQJ�
WKH�LQLWLDO�ELRPDVV�GHQVLW\�VKRXOG�LQFUHDVH�WKH�HIILFLHQF\�RI�QXWULHQW�PLVW�SDUWLFOH�FDSWXUH�
E\�WKH�URRWV���,QFUHDVLQJ�WKH�QXWULHQW�FRQFHQWUDWLRQ�VKRXOG�LQFUHDVH�WKH�JURZWK�UDWH�VLQFH�
WKH�YROXPH�RI�PHGLXP�UHTXLUHG��DQG�WKXV�WKH�DPRXQW�RI�PLVW�WKH�URRWV�PXVW�FDSWXUH��
ZRXOG�EH�ORZHU���,QFUHDVLQJ�WKH�PHGLXP�GHOLYHU\�UDWH�VKRXOG�DOVR�LQFUHDVH�WKH�DPRXQW�RI�
QXWULHQWV�DYDLODEOH�WR�WKH�URRWV��WKRXJK�WKHUH�DUH�DGGLWLRQDO�LVVXHV�FRQFHUQLQJ�WKH�
DOWHUDWLRQ�RI�PLVWLQJ�F\FOHV�WKDW�ZLOO�EH�DGGUHVVHG�ODWHU�

:H�VWXGLHG�WKH�HIIHFW�RI�SDFNLQJ�IUDFWLRQ�RQ�JURZWK�UDWH�E\�UHGXFLQJ�WKH�VL]H�RI�WKH�
PLVW�UHDFWRU�JURZWK�FKDPEHU�IURP�����/�WR������/�DQG�LQRFXODWLQJ�ZLWK�URRWV�DW�SDFNLQJ�
IUDFWLRQV�RI�D ������������*URZWK�UDWHV�ZHUH�PHDVXUHG�DQG�FRPSDUHG�DW�GLIIHUHQW�VXFURVH�
FRQFHQWUDWLRQV�DQG�PLVWLQJ�F\FOHV�LQ�RUGHU�WR�H[DPLQH�WKH�HIIHFWV�RI�QXWULHQW�
FRQFHQWUDWLRQ�DQG�IHHG�UDWH���6LQFH�LW�KDV�DOUHDG\�EHHQ�GHWHUPLQHG�WKDW�KLJK�ELRPDVV�
GHQVLWLHV�RI�WLVVXH�FDQ�EH�JURZQ�LQ�WKH�PLVW�UHDFWRU�ZLWKRXW�R[\JHQ�GHSULYDWLRQ��LI�ZH�FDQ�
DOVR�LPSURYH�WKH�JURZWK�UDWH�VXFK�WKDW�LW�PHHWV�RU�H[FHHGV�WKDW�DFKLHYHG�LQ�FRQYHQWLRQDO�
OLTXLG�SKDVH�UHDFWRUV��LW�ZLOO�EH�D�YHU\�LPSRUWDQW�VWHS�WRZDUG�SURPRWLQJ�FRPPHUFLDO�
IHDVLELOLW\�RI�WKLV�XQLTXH�V\VWHP�
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0DWHULDOV�DQG�PHWKRGV
&XOWXUHV�DQG�WKHLU�PDLQWHQDQFH

7UDQVIRUPHG�URRWV�RI�$��DQQXD �FORQH�<87����:HDWKHUV�HW�DO���������ZHUH�
PDLQWDLQHG�RQ�SHWUL�GLVKHV�FRQWDLQLQJ�VHPL�VROLG�PHGLD��*DPERUJ¶V�%��PHGLXP�
�*DPERUJ�HW�DO���������ZLWK����Z�Y�VXFURVH�DQG�������Z�Y�3K\WDJHO����7KH�PHGLXP�ZDV�
DGMXVWHG�WR�S+�����EHIRUH�DXWRFODYH�VWHULOL]DWLRQ��DQG�SODWHV�ZHUH�LQFXEDWHG�LQ�WKH�GDUN�DW�
��r�q&���$OO�LQRFXOXP�IRU�H[SHULPHQWV�ZDV�REWDLQHG�IURP�FXOWXUHV�WKDW�ZHUH�ILUVW�
VXEFXOWXUHG�IURP�SODWHV�WR�OLTXLG�FXOWXUH������P/�VKDNH�IODVNV�FRQWDLQLQJ����P/�
*DPERUJ¶V�%��PHGLXP�ZLWK����Z�Y�VXFURVH��IRU�WZR�SDVVDJHV���)ODVNV�ZHUH�SODFHG�RQ�D�
VKDNHU�DW�����USP����r�q&��XQGHU�FRQWLQXRXV�DPELHQW�FRRO�ZKLWH�IOXRUHVFHQW�OLJKW��a��P(�
P���V������,QRFXOXP�XVHG�IRU�H[SHULPHQWV�ZDV�������GD\V�ROG��DQG�DOO�PHGLD�ZHUH�ILOWHU�
VWHULOL]HG�������PP��WR�HOLPLQDWH�YDULDWLRQ�LQ�LQLWLDO�VXJDU�SURILOHV�IURP�WKHUPDOO\�
GHJUDGHG PRQRVDFFKDULGHV�GXULQJ�DXWRFODYLQJ��:HDWKHUV�HW�DO���������
0LVW�UHDFWRU�FXOWXUH

7KH�QXWULHQW�PLVW�ELRUHDFWRU�GHVFULEHG�E\�:HDWKHUV�HW�DO���������ZDV�PRGLILHG��)LJ��
�����IRU�WKHVH�VWXGLHV�DQG�LV�KHQFHIRUWK�UHIHUUHG�WR�DV�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU���7KH�����
/�JURZWK�FKDPEHU�ZDV�UHSODFHG�ZLWK�D�PXFK�VPDOOHU��a���P/�YROXPH��a���PP�
GLDPHWHU��F\OLQGHU�IDEULFDWHG�IURP�D����P/�SRO\SURS\OHQH�FRQLFDO�FHQWULIXJH�WXEH���7KH�
PLVWLQJ�F\FOH�ZDV����PLQ�RQ������PLQ�RII�XQOHVV�QRWHG�RWKHUZLVH�DQG�ZDV�FRQWUROOHG�
XVLQJ�D WLPHU��*UD/DE�WLPHU������'LPFR�*UD\�&R���&HQWHUYLOOH��2+����7KH�DLU�IORZ�UDWH�
ZDV���/�PLQ�� GXULQJ�WKH�³RQ´�F\FOH�DQG�ZDV�VXSSOLHG�E\�D�YDFXXP�SUHVVXUH�SXPS������
������%DUQDQW�&R���%DUULQJWRQ��,/����7KLV�F\FOH�GHOLYHUHG������P/�PLQ�� RI�OLTXLG�
QXWULHQWV�� $LU�ZDV�KXPLGLILHG�XVLQJ�D�0+�VLQJOH�WXEH�1DILRQ�KXPLGLILHU��3HUPD�3XUH��
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,QF���7RPV�5LYHU��1-��EHIRUH�SDVVDJH�WKURXJK�D�VWHULOH������PP�ILOWHU���5RRWV�KDUYHVWHG�
IURP�VKDNH�IODVNV�ZHUH�EORWWHG�DQG�ZHLJKHG�SULRU�WR�PDQXDO�LQRFXODWLRQ�LQWR�WKH�JURZWK�
F\OLQGHU�DW�WKH�GHVLUHG�LQLWLDO�SDFNLQJ�IUDFWLRQ��D��ZKLFK�HTXDOV�WKH�IUHVK�ZHLJKW�
FRQFHQWUDWLRQ��J�/����u ���������7KH�ELRPDVV�PHGLXP�YROXPH�UDWLR�ZDV�NHSW�FRQVWDQW�DW���
J�):�/�� ������J�':�/����LQ�ERWK�PLVW�UHDFWRU�DQG�VKDNH�IODVN�VWXGLHV�
%LRPDVV�PHDVXUHPHQWV

5RRWV�ZHUH�KDUYHVWHG�DIWHU���GD\V�RI�JURZWK�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�IRU�
SDFNLQJ�IUDFWLRQ�H[SHULPHQWV��RU�RQ�GD\V�������DQG���IRU�JURZWK�NLQHWLFV�VWXGLHV���$�IHZ�
PLVW�UHDFWRU�H[SHULPHQWV�ZHUH�UXQ�ORQJHU��������GD\V����6KDNH�IODVNV�ZHUH�KDUYHVWHG�RQ
GD\����IRU�VXFURVH�FRQFHQWUDWLRQ�H[SHULPHQWV��DQG�RQ�GD\V�����������������DQG����IRU�
JURZWK�NLQHWLFV�VWXGLHV���5RRWV�ZHUH�ULQVHG�ZLWK�GLVWLOOHG�ZDWHU�DQG�EORWWHG�RQ�SDSHU�
WRZHOV�WR�GHWHUPLQH�IUHVK�ZHLJKW��DQG�WKHQ�GULHG�LQ�D���q&�RYHQ�WR�GHWHUPLQH�GU\�ZHLJKW�

7KH�DYHUDJH�VSHFLILF�JURZWK�UDWH��PDYJ��ZDV�FDOFXODWHG�DV�
W':

':
L
I

DYJ ' OQP >���@
ZKHUH�VXEVFULSWV�I�DQG�L�GHQRWH�ILQDO�DQG�LQLWLDO�GU\�ZHLJKWV��UHVSHFWLYHO\��DQG�XQLWV�RI�
WLPH��W��DUH�GD\V���

7KH�DSSDUHQW�ELRPDVV�\LHOG��<;�6��ZDV�FDOFXODWHG�DV�WKH�UDWLR�RI�ELRPDVV�LQFUHDVH�WR�WRWDO�VXJDU�FRQVXPSWLRQ�
<;�6  �' J�':���' J�JOXFRVH�HTXLYDOHQW >���@

ZKHUH�J�JOXFRVH�HTXLYDOHQW� �J�JOXFRVH���J�IUXFWRVH�������������u J�VXFURVH���7KH�IDFWRU�
RI�����������WDNHV�LQWR�DFFRXQW�WKH�PROHFXOH�RI�ZDWHU�WKDW�LV�LQFRUSRUDWHG�GXULQJ�
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K\GURO\VLV�RI�VXFURVH��6KDUS�DQG�'RUDQ����������7KH�WRWDO�UHPDLQLQJ�YROXPH�RI�PHGLXP�
LQ�WKH�UHVHUYRLU�DQG�WXELQJ��RU�VKDNH�IODVN�DV�DSSURSULDWH��ZDV�PHDVXUHG��DQG�DQ�DOLTXRW�
ZDV�VWRUHG�DW�±��q&�XQWLO�UHVLGXDO�QXWULHQWV�ZHUH�DQDO\]HG�
0HGLD�DQDO\VHV

6XFURVH��JOXFRVH��DQG�IUXFWRVH�FRQFHQWUDWLRQV�ZHUH�PHDVXUHG�YLD�+3/&��:DWHUV��
0LOIRUG��0$��XVLQJ�D�0LFURVRUE�DPLQR�FROXPQ����PP������u ����PP������c��9DULDQ�
$QDO\WLFDO�,QVWUXPHQWV��:DOQXW�&UHHN��&$��ZLWK�D�5����UHIUDFWLYH�LQGH[�GHWHFWRU�
�:DWHUV��0LOIRUG��0$��DQG�D�PRELOH�SKDVH�RI�������Y�Y�DFHWRQLWULOH�ZDWHU�DW�D�IORZ�UDWH�
RI���P/�PLQ�����)UXFWRVH��JOXFRVH��DQG�VXFURVH�ZHUH�XVHG�DV�VWDQGDUGV���1LWUDWH�
FRQFHQWUDWLRQV�ZHUH�DQDO\]HG�VSHFWURSKRWRPHWULFDOO\�DV�GHVFULEHG�LQ�.LP�HW�DO�����������
6WDQGDUG�VROXWLRQV�ZHUH�PDGH�IURP�.12��� 3KRVSKDWH�FRQFHQWUDWLRQV�ZHUH�PHDVXUHG�
VSHFWURSKRWRPHWULFDOO\�E\�PL[LQJ�����P/�VDPSOH�ZLWK���P/�ZRUNLQJ�SKRVSKRUXV�UHDJHQW�
DQG�WKHQ�UHDGLQJ�WKH�DEVRUEDQFH�DW�����QP�DIWHU����PLQXWHV���:RUNLQJ�SKRVSKRUXV�
UHDJHQW�UHFLSH�LV�DV�IROORZV���������J�DPPRQLXP�PRO\EGDWH�ZHUH�GLVVROYHG�LQ�����P/�RI�
���P/�/�� VXOIXULF�DFLG���7KLV�VROXWLRQ�ZDV�DGGHG�WR�����P/�RI����J�/��
SRO\YLQ\OS\UUROLGRQH��6LJPD�3���������)HUURXV�DPPRQLXP�VXOIDWH�������J��ZDV�WKHQ�
DGGHG�WR�WKH�FRPELQHG�VROXWLRQV���6WDQGDUG�VROXWLRQV�ZHUH�PDGH�IURP�1D+�32�Â+�2���6SHFLILF�FRQGXFWLYLW\�RI�WKH�PHGLXP�ZDV�PHDVXUHG�XVLQJ�D�FRQGXFWLYLW\�PHWHU��&ROH�
3DOPHU��9HUQRQ�+LOOV��,/��
'DWD�DQDO\VHV

8QSDLUHG�VWXGHQW�W�WHVWV�ZHUH�XVHG�WR�GHWHUPLQH�VWDWLVWLFDO�VLJQLILFDQFH�EHWZHHQ�
YDULRXV�H[SHULPHQWDO�FRQGLWLRQV���7KHUH�ZDV�D�PLQLPXP�RI���UHSOLFDWHV�LQ�HDFK�FDVH��
H[FHSW�ZKHUH�QRWHG�RWKHUZLVH�
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5HVXOWV�DQG�GLVFXVVLRQ
,QFUHDVHG�SDFNLQJ�IUDFWLRQ�LQFUHDVHV�JURZWK�UDWH

7KH�PLVW�GHSRVLWLRQ�PRGHO��:\VORX]LO�HW�DO���������VKRZV�WKDW�GHQVH�EHGV�RI�URRWV�
FDQ�EH�FRPSDUHG�WR�ILEURXV�ILOWHUV���7KH�LGHDO�ILOWHU�KDV�HYHQO\�GLVWULEXWHG�ILEHUV�WKDW�OLH�
SHUSHQGLFXODU�WR�WKH�IORZ���7KRXJK�URRW�EHGV�KDYH�UHJLRQV�RI�KLJK�DQG�ORZ�SDFNLQJ�
GHQVLW\�DQG�JURZWK�RFFXUV�LQ�DOO�GLUHFWLRQV��WKH�TXDOLWDWLYH�WUHQGV�DQG�EHKDYLRU�RI�PLVW�
GHSRVLWLRQ�FDQ�VWLOO�EH�VWXGLHG�E\�DSSO\LQJ�WKH�PRGHO���:KHQ�WKH�PRGHO�ZDV�WHVWHG�RQ�URRW�
EHGV�WKDW�KDG�EHHQ�PDQXDOO\�SDFNHG�WR�D  ������LW�ZDV�IRXQG�WR�FRUUHVSRQG�ZHOO�WR�
H[SHULPHQWDO�GDWD�DV�ORQJ�DV�WKH�5H\QROGV�QXPEHU��5H��ZDV�� ����:\VORX]LO�HW�DO����������
,Q�WKLV�V\VWHP���������5H����������7KH�5H\QROGV�QXPEHU�FKDUDFWHUL]HV�WKH�UHODWLYH�
LPSRUWDQFH�RI�LQHUWLDO�DQG�YLVFRXV�IRUFHV��DQG�IRU�ILOWUDWLRQ�SUREOHPV�

J
5R� '!8 5H >���@

ZKHUH�U DQG�PJ DUH�WKH�GHQVLW\�DQG�YLVFRVLW\�RI�WKH�FDUULHU�JDV��'5 LV�WKH�GLDPHWHU�RI�WKH�
URRW��DQG�8R LV�WKH�JDV�YHORFLW\�LQ�WKH�URRW�EHG���,Q�WHUPV�RI�WKH�QXPEHU�RI�GURSOHWV�
FDSWXUHG��WKH�HIILFLHQF\��K%��RI�WKH�URRW�EHG�LV�D�IXQFWLRQ�RI�WKH�SDUWLFOH�GLDPHWHU��'3��DQG�
LV�HTXDO�WR�

»¼º«¬ª ��� ����H[S� DDKK 5
&% ' / >���@

ZKHUH�/ LV�WKH�OHQJWK�RI�WKH�URRW�EHG�DQG�
������� ',17,03& KKK �u�� � � >���@

WKH�FRPELQHG�FDSWXUH�HIILFLHQF\��K&��GXH�WR�LPSDFWLRQ�DQG�LQWHUFHSWLRQ��K,03�,17���DQG�
GLIIXVLRQ��K'����'HWHUPLQLQJ�K,03�,17 LQYROYHV�VROYLQJ�WZR�QRQOLQHDU�HTXDWLRQV�DV�IRXQG�
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LQ�&UDZIRUG���������DQG�WKH�H[SUHVVLRQ�IRU�FDOFXODWLQJ�K' LV�JLYHQ�LQ�)ULHGODQGHU����������
7KH�HTXDWLRQV�IRU�K,03�,17 DUH�DOVR�JLYHQ�LQ�.LP�HW�DO�������D����7KH�RYHUDOO�PDVV�
GHSRVLWLRQ�HIILFLHQF\��K20��RI�WKH�URRW�EHG�LV�WKH�SURGXFW�RI�WKH�URRW�EHG�HIILFLHQF\�
K%�'3L��DQG�WKH�PDVV�IUDFWLRQ�P�'3L��RI�PLVW�SDUWLFOHV�RI�GLDPHWHU�'3L VXPPHG�RYHU�WKH�
DHURVRO�VL]H�GLVWULEXWLRQ�GDWD�¦ u L 3L3L%20 'P' ����KK � >���@

7KH�DPRXQW�RI�PHGLXP�FDSWXUHG�E\�WKH�URRWV��9GHS��LQ�P/�SHU�GD\�LV�H[SUHVVHG�DV�
20/GHS 49 KZ uu �� >���@

ZKHUH����LV�WKH�FRQYHUVLRQ�IDFWRU�IURP�KRXUV�WR�GD\V��Z LV�WKH�GXW\�F\FOH�LQ�PLQXWHV�SHU�
KRXU��DQG�4/ LV�WKH�PHGLXP�IORZ�UDWH�LQ�P/�SHU�PLQXWH�GXULQJ�WKH�PLVW�³RQ´�F\FOH���7KH�DPRXQW�RI�PHGLXP�UHTXLUHG�WR�VXSSRUW�WKH�JURZWK�RI�URRWV��9UHT��LQ�P/�SHU�GD\�
GHSHQGV�RQ���WKH�GHQVLW\�RI�WKH�URRWV�U): �JUDPV�IUHVK�ZHLJKW�SHU�P/���WKH�GU\�ZHLJKW���
IUHVK�ZHLJKW�UDWLR��':�):���WKH�VSHFLILF�JURZWK�UDWH�P �GD\�����WKH�QXWULHQW�FRQFHQWUDWLRQ�
LQ�WKH�PHGLXP�&6 �J�/�����WKH�DSSDUHQW�ELRPDVV�\LHOG�RI�WKH�JURZWK�OLPLWLQJ�QXWULHQW�<;�6�J�':�ELRPDVV�SHU�J�QXWULHQW�FRQVXPHG���WKH�ZRUNLQJ�YROXPH�RI�WKH�UHDFWRU�9 �/���DQG�
SDFNLQJ�IUDFWLRQ�D�� 7KH�H[SUHVVLRQ�IRU�9UHT LV�

DPU uuuuu 9<&):':9 6;6):UHT �
� ��� >���@

2EYLRXVO\��9GHS PXVW�EH�HTXDO�WR�RU�JUHDWHU�WKDQ�9UHT LQ�RUGHU�WR�PDLQWDLQ�D�GHVLUHG�JURZWK�
UDWH�P�

,QVXIILFLHQW�QXWULHQW�DYDLODELOLW\�ZDV�SURSRVHG�DV�D�SRVVLEOH�H[SODQDWLRQ�IRU�WKH�
DSSDUHQW�JURZWK�OLPLWDWLRQV�RI�$��DQQXD KDLU\�URRWV�LQ�WKH�QXWULHQW�PLVW�ELRUHDFWRU��.LP�
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HW�DO�������D����6LQFH�9GHS LV�D�IXQFWLRQ�RI�WKH�SDFNLQJ�IUDFWLRQ��D���LQFUHDVLQJ�D VKRXOG�
LQFUHDVH�9GHS DQG�WKXV�VXSSRUW�D�KLJKHU�JURZWK�UDWH�E\�DOORZLQJ�PRUH�QXWULHQWV�WR�EH�
FDSWXUHG�E\�WKH�URRWV���9UHT DOVR�GHSHQGV�RQ�D��EXW�LW�GRHV�VR�LQ�D�OLQHDU�PDQQHU��ZKLOH�D�
SORW�RI�9GHS YHUVXV�D \LHOGV�D�VLJPRLGDO�FXUYH���7KRXJK�YDOXHV�ZLOO�YDU\�GHSHQGLQJ�RQ�
WKH�JURZWK�UDWH��QXWULHQW�FRQFHQWUDWLRQ��DQG�URRW�GLDPHWHU��JHQHUDOO\�VSHDNLQJ��9GHS ! 9UHT
DW�KLJKHU�YDOXHV�RI�D���:KHQ�PLVW�PRGH�FRPPHQFHG�DW�SDFNLQJ�IUDFWLRQV�WKDW�ZHUH�DW�
PRVW��������.LP�HW�DO�������D��REVHUYHG�DQ�DYHUDJH�VSHFLILF�JURZWK�UDWH��P��RI������GD\�����
,Q�FRQWUDVW��WKH�DYHUDJH�VSHFLILF�JURZWK�UDWH�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�DW�LQLWLDO�
SDFNLQJ�IUDFWLRQV�UDQJLQJ�IURP�������������ZDV������GD\�� IRU�D���GD\�SHULRG��)LJ���������
'LUHFW�FRPSDULVRQ�EHWZHHQ�WKHVH�V\VWHPV��KRZHYHU��LV�FRPSOLFDWHG�GXH�WR�GLIIHUHQW�
FXOWXUH�WLPHV�DQG�RSHUDWLQJ�FRQGLWLRQV���1HYHUWKHOHVV��LW�DSSHDUV�WKDW�URRWV�JURZQ�LQ�WKH�
GLIIHUHQWLDO�PLVW�UHDFWRU�KDG�KLJKHU�JURZWK�UDWHV�WKDQ�WKRVH�REVHUYHG�E\�.LP�HW�DO��
�����D���VXSSRUWLQJ�WKH�K\SRWKHVLV�WKDW�D�KLJKHU�LQLWLDO�LQRFXOXP�GHQVLW\�SRVLWLYHO\�DIIHFWV�
VXEVHTXHQW�JURZWK�LQ�PLVW�UHDFWRUV���,W�ZDV�QRW�SRVVLEOH�WR�PDQXDOO\�SDFN�WKH�URRWV�WR�D ��
������VLQFH�WKH�URRWV�KDG�D�QDWXUDO�WHQGHQF\�WR�FRPSDFW�WKHPVHOYHV�WR�WKLV�PLQLPXP�
GHQVLW\�LQ�WKH�JURZWK�FKDPEHU���6LQFH�WKHUH�ZDV�QR�VWDWLVWLFDO�GLIIHUHQFH�EHWZHHQ�WKH�
WKUHH�SDFNLQJ�IUDFWLRQV�WHVWHG��WKH�LQWHUPHGLDWH�YDOXH��D  �������ZDV�XVHG�LQ�VXEVHTXHQW�
H[SHULPHQWV���$V�D�FRPSDULVRQ��URRWV�ZHUH�LQRFXODWHG�LQWR�D�VKDNH�IODVN�DW�WKH�VDPH�
SDFNLQJ�IUDFWLRQ�������J�):�LQ����P/�%��PHGLXP�ZLWK����VXFURVH���DQG�WKH�JURZWK�UDWH�
DIWHU���GD\V�ZDV�RQO\������GD\�� �7DEOH��������,I�ZH�DVVXPH�DQ�DSSDUHQW�ELRPDVV�\LHOG�RI�
�����J�':�SURGXFHG�SHU�J�VXJDU�FRQVXPHG��WKH�KLJKHVW�SRVVLEOH�ELRPDVV�LQFUHDVH�ZRXOG�
EH������J�':��ZKLFK�FRUUHVSRQGV�WR�D�JURZWK�UDWH�RI������GD\���� 6LQFH�WKLV�ZDV�QRW�
DFKLHYHG��RQH�FDQ�LQIHU�D�FRPELQDWLRQ�RI�OLTXLG��QXWULHQW��DQG�JDV��R[\JHQ��PDVV�WUDQVIHU�
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OLPLWDWLRQ�LQWR�WKH�GHQVHO\�LQRFXODWHG�URRWV��ZKLFK�ZHUH�SDFNHG�DW�D�OHYHO�DSSUR[LPDWHO\�
��u KLJKHU�WKDQ�WKDW�XVHG�IRU�H[SHULPHQWV�XVLQJ�VKDNH�IODVNV�

,Q�RQH�PLVW�UHDFWRU�H[SHULPHQW��URRWV�ZHUH�DOORZHG�WR�JURZ�IURP�DQ�LQLWLDO�SDFNLQJ�
IUDFWLRQ�RI������LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�IRU������GD\V�� $�ILQDO�SDFNLQJ�IUDFWLRQ�RI�
�����ZDV�DFKLHYHG�ZLWK�D�JURZWK�UDWH�RI������GD\����DQG�WKH�KDUYHVWHG�URRWV�DSSHDUHG�
KHDOWK\�DQG�QRQ�QHFURWLF�WKURXJKRXW�WKH�GHQVH�EHG���7KLV�GHQVLW\�RI�ELRPDVV�LV�H[WUHPHO\�
GLIILFXOW�WR�DFKLHYH�LQ�D�OLTXLG�SKDVH�V\VWHP���$W�KLJK�WLVVXH�FRQFHQWUDWLRQV��������J�':�
/����RU�D�SDFNLQJ�IUDFWLRQ�UDQJH�RI�DERXW�������������WKH�KLJK�IOXLG�IORZ�UHVLVWDQFH�RI�WKH�
URRW�EHGV�OLPLWV�WKH�DELOLW\�WR�VFDOH�XS�VXEPHUJHG�FXOWXUH�UHDFWRUV��&DUYDOKR�DQG�&XUWLV��
��������+\RVF\DPXV�PXWLFXV KDLU\�URRWV�JURZQ�LQ�D���/�FRQYHFWLYH�IORZ�ELRUHDFWRU�
UHDFKHG�D�ILQDO�IUHVK�ZHLJKW�GHQVLW\�RI�����J�/�� �D  �������DIWHU�RQH�PRQWK���2[\JHQ�ZDV�
VXSSOLHG�YLD�H[WHUQDO�DHUDWLRQ�RI�WKH�PHGLXP��ZKLFK�ZDV�WKHQ�IRUFHG�WKURXJK�WKH�URRW�EHG�
XVLQJ�D�SRVLWLYH�GLVSODFHPHQW�SXPS���7KH�SRZHU�UHTXLUHG�WR�RYHUFRPH�WKH�IORZ�UHVLVWDQFH�
DQG�PDLQWDLQ�D�PLQLPXP�R[\JHQ�FRQFHQWUDWLRQ�LQ�WKH���/�UHDFWRU�DW�WKH�WLPH�RI�KDUYHVW�
ZDV�HVWLPDWHG�DV���:�/����ZKLFK�LV�FRPSDUDEOH�WR�D�W\SLFDO�DJLWDWRU�SRZHU�UHTXLUHPHQW�
IRU�PLFURELDO�IHUPHQWDWLRQ��&DUYDOKR�DQG�&XUWLV����������+RZHYHU��ZKLOH�RQH�FDQ�
DSSUR[LPDWH�VFDOH�XS�FRQGLWLRQV�E\�DVVXPLQJ�FRQVWDQW�SRZHU�SHU�XQLW�YROXPH�LQ�D�ZHOO�
PL[HG�PLFURELDO�IHUPHQWDWLRQ��WKH�SRZHU�UHTXLUHG�WR�PDLQWDLQ�D�JLYHQ�IORZ�UDWH�LQFUHDVHV�
DV�WKH�OHQJWK�DQG�RU�ZLGWK�RI�WKH�URRW�EHG�LQFUHDVHV�GXH�WR�WKH�KLJKHU�SUHVVXUH�GURS�DFURVV�
WKH�EHG��DQG�VFDOH�XS�EHFRPHV�XQIHDVLEOH���7KH�IORZ�UHVLVWDQFH�RI�D�KLJKO\�SDFNHG�URRW�
EHG�LV�VLPLODU�WR�D�FROXPQ�RI�SDFNHG�VDQG��1LHOG�DQG�%HMDQ��������

$�ILQDO�IUHVK�ZHLJKW�GHQVLW\�RI�����J�/�� �D  �������ZDV�DWWDLQHG�E\�5DPDNULVKQDQ�
DQG�&XUWLV��������IRU�KDLU\�URRWV�RI�+��PXWLFXV LQ�D����/�WULFNOH�EHG�UHDFWRU�ZLWK�R[\JHQ�
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HQULFKPHQW�DQG�IHG�EDWFK�DGGLWLRQV�RI�IUHVK�PHGLXP���7KH�JURZWK�UDWH�ZDV������GD\����RU�
�����GD\�� ZLWKRXW�R[\JHQ�VXSSOHPHQWDWLRQ���,Q�D�VFDOHG�GRZQ������/��YHUVLRQ�RI�WKDW�
UHDFWRU��5DPDNULVKQDQ�DQG�&XUWLV��������DFKLHYHG�D�JURZWK�UDWH�RI�����������GD\�� DW�WKH�
LQLWLDWLRQ�RI�WULFNOH�EHG�RSHUDWLRQ��EXW�LW�WKHQ�VWHDGLO\�GHFOLQHG�WR�OHVV�WKDQ������GD\�� DIWHU�
RQO\���GD\V���:H�ZHUH�DEOH�WR�DWWDLQ�D�FRPSDUDEOH�ELRPDVV�GHQVLW\��DV�KLJK�DV�D  �������
DQG�JURZWK�UDWH�LQ�RXU�V\VWHP�ZLWKRXW�VXSSOHPHQWDWLRQ�RI�WKH�JURZWK�PHGLXP��DQG�
R[\JHQ�ZDV�VXSSOLHG�IURP�DPELHQW�URRP�DLU���7KDW�VDLG��RXU�PLVW�UHDFWRU�VKRXOG�EH�
FRQVLGHUHG�D�³GLIIHUHQWLDO´�UHDFWRU��0F.HOYH\�HW�DO����������DQG�WKH�ELRPDVV�PHGLXP�
UDWLR�ZDV�DERXW��u KLJKHU�DQG�WKH�EHG�GHSWK�ZDV�DERXW��u GHHSHU�LQ�WKH�����/�WULFNOH�EHG�
UHDFWRU�WKDQ�LQ�WKH�RXU�PLVW�UHDFWRU���$Q\�SHUIRUPDQFH�FRPSDULVRQV�PXVW�WDNH�WKLV�LQWR�
DFFRXQW�
,QFUHDVHG�FDUERQ�FRQFHQWUDWLRQ�LQFUHDVHV�JURZWK�UDWH

9UHT �WKH�YROXPH�RI�PHGLD�UHTXLUHG�E\�WKH�URRWV�WR�JURZ�DW�D�SDUWLFXODU�JURZWK�UDWH��LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�QXWULHQW�FRQFHQWUDWLRQ�&6� WKHUHIRUH��LQFUHDVLQJ�&6 VKRXOG�GHFUHDVH�9UHT�� 7KH�PDMRU�QXWULHQWV�LQ�%��PHGLXP�DUH�VXJDU��QLWURJHQ�FRQWDLQLQJ�FRPSRXQGV��QLWUDWH�DQG�DPPRQLXP���DQG�SKRVSKDWH���+HUH�ZH�FKRVH�WR�DOWHU�VXFURVH�
FRQFHQWUDWLRQ���8VLQJ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�V\VWHP�SUHYLRXVO\�GHVFULEHG��$��DQQXD
KDLU\�URRWV�ZHUH�IHG�PHGLXP�FRQWDLQLQJ����RU����VXFURVH���$IWHU���GD\V��URRWV�JURZQ�
ZLWK����VXFURVH�KDG�D�VLJQLILFDQWO\�KLJKHU�VSHFLILF�JURZWK�UDWH��VHH�)LJ������������GD\��
IRU����VXFURVH�YHUVXV������GD\�� IRU����VXFURVH����:KHQ�WKH�JURZWK�NLQHWLFV�RI�URRWV�
JURZQ�LQ����RU����VXFURVH��)LJ�������DUH�H[DPLQHG��LW�DSSHDUV�WKDW�WKH�KLJKHVW�JURZWK�
UDWH�RFFXUV�E\�GD\���DW�ERWK�VXJDU�OHYHOV���$W�GD\���LQ����VXFURVH��WKH�JURZWK�UDWH�LV�
HTXLYDOHQW�WR�WKDW�LQ�VKDNH�IODVNV��7DEOH��������$OWKRXJK�WKH�JURZWK�UDWH�DFWXDOO\�
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GHFUHDVHG��)LJ�������IURP�GD\V�����IRU�URRWV�JURZQ�LQ����VXFURVH��FDUERQ��PHDVXUHG�DV�
VXJDU��)LJ�������ZDV�QRW�GHSOHWHG�LQ�WKLV�EULHI�WLPH�SHULRG���$QDO\VLV�RI�RWKHU�PHGLXP�
FRQVWLWXHQWV�LV�GLVFXVVHG�ODWHU���:KLOH�WKH�UHDVRQV�IRU�WKH�VORZHU�JURZWK�DW�WKLV�HDUO\�VWDJH�
DUH�QRW�NQRZQ��WKH�UHVXOWV�VXJJHVW�WKDW�D�KLJK�VXFURVH�FRQFHQWUDWLRQ�QHHGV�WR�EH�
PDLQWDLQHG�ERWK�WR�DFKLHYH�DQG�WR�VXVWDLQ�D�KLJKHU�JURZWK�UDWH�LQ�WKH�PLVW�UHDFWRU���$�
VLPLODU�WUHQG�LQ�JURZWK�ZDV�VHHQ�LQ�VKDNH�IODVNV�ZKHQ�URRWV�ZHUH�JURZQ�RQ����VXFURVH�
�)LJ���������7KHUH�ZDV�D�QRWLFHDEOH�ODJ�SKDVH�IRU�URRWV�JURZQ�RQ����VXFURVH��DQG�JURZWK�
GHFUHDVH�ZDV�HYLGHQW�DIWHU�GD\����DOWKRXJK�VXJDU�ZDV�QRW�H[KDXVWHG��VHH�)LJ������IRU�
UHVLGXDO�VXJDU�GDWD��
,QFUHDVHG�PLVWLQJ�GRHV�QRW�VLJQLILFDQWO\�LQFUHDVH�JURZWK�UDWH

/HQJWKHQLQJ�WKH�GXUDWLRQ�RI�WKH�PLVWLQJ�F\FOH�ZRXOG�DSSHDU�WR�EH�DQ�REYLRXV�ZD\�
RI�LQFUHDVLQJ�WKH�DPRXQW�RI�QXWULHQWV�GHOLYHUHG�WR�WKH�URRWV�DQG�WKHUHE\�LQFUHDVH�JURZWK��
EXW�WKLV�VROXWLRQ�LV�DFWXDOO\�QRW�VR�VLPSOH���)RU�UHDVRQV�QRW�IXOO\�XQGHUVWRRG��WKH�PLVWLQJ�
F\FOH�SOD\V�D�VLJQLILFDQW�UROH�LQ�JURZWK�RI�URRWV�LQ�D�PLVW�ELRUHDFWRU��7DEOH��������/LX�HW�DO��
�������IRXQG�WKDW�D�PLVWLQJ�F\FOH�RI���PLQ�RQ������PLQ�RII�ZDV�WKH�RSWLPXP�RI�WKRVH�
WHVWHG�IRU�WUDQVIRUPHG�URRWV�RI�$��DQQXD JURZQ�LQ�WKHLU�QXWULHQW�PLVW�ELRUHDFWRU��WKRXJK�
LWV�GHVLJQ�DQG�RSHUDWLQJ�FRQGLWLRQV�ZHUH�GLIIHUHQW�WKDQ�WKRVH�LPSOHPHQWHG�E\�:HDWKHUV�HW�
DO�����������/LX�HW�DO���������SURYLGHG�JDV�HLWKHU�ZKHQ�PLVW�ZDV�QRW�EHLQJ�JHQHUDWHG��RU�
FRQWLQXRXVO\��ZKLOH�:HDWKHUV�HW�DO���������SURYLGHG�JDV�RQO\�ZKHQ�WKH�PLVW�ZDV�EHLQJ�
JHQHUDWHG���$GGLWLRQDOO\��/LX�HW�DO���������IHG�PLVW�WR�WKH�ERWWRP�RI�WKH�JURZWK�FKDPEHU��
ZKHUHDV�:HDWKHUV�HW�DO���������IHG�PLVW�IURP�WKH�WRS���&R�FXUUHQW�GRZQ�IORZ�RI�JDV�DQG�
OLTXLG�SKDVHV��DORQJ�ZLWK�JUDYLW\��IDFLOLWDWHV�GUDLQDJH�LQ�PLVW�UHDFWRUV�WKDW�DUH�WRS�IHG���
5HDFWRUV�IHG�IURP�WKH�ERWWRP�HQFRXUDJH�OLTXLG�DFFXPXODWLRQ�LQ�ORZHU�OD\HUV�RI�WLVVXH��
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SDUWLFXODUO\�ZKHQ�WKH�EHG�KDV�EHFRPH�GHQVH���,QGHHG��/LX�HW�DO���������QRWHG�D�JUHDWHU�
WKDQ�����GHFUHDVH�LQ�ELRPDVV�EHWZHHQ�WKH�ERWWRP�DQG�WRS�OD\HUV���)HHGLQJ�IURP�WKH�
ERWWRP�FDQ�QRW�RQO\�LQKLELW�PLVW�IURP�UHDFKLQJ�WKH�XSSHU�OD\HUV��EXW�LI�D�VLJQLILFDQW�
DPRXQW�RI�OLTXLG�EHFRPHV�HQWUDSSHG�LQ�WKH�ORZHU�OD\HUV��WKDW�VHFWLRQ�RI�WLVVXH�EHFRPHV�D�
OLTXLG� UDWKHU�WKDQ�D�JDV�SKDVH�FXOWXUH���&KDWWHUMHH�HW�DO���������IRXQG�WKDW�D�PLVWLQJ�F\FOH�
RI���PLQ�RQ������PLQ�RII�FDXVHG�WUDQVIRUPHG�URRWV�RI�$��DQQXD WR�GDUNHQ�DQG�EHFRPH�
QHFURWLF�DIWHU����G���$V�LQ�/LX�HW�DO����������WKLV�V\VWHP�ZDV�DOVR�IHG�PLVW�IURP�WKH�
ERWWRP�

6WXGLHV�ZLWK�KDLU\�URRWV�RI�%HWD�YXOJDULV DQG�&DUWKDPXV�WLQFWRULXV VKRZHG�WKDW�
HLWKHU�LQFUHDVLQJ�RU�GHFUHDVLQJ�WKH�³RII´�WLPH�EH\RQG�D�FHUWDLQ�SRLQW�DGYHUVHO\�DIIHFWHG�
URRW�JURZWK�RI�WKRVH�VSHFLHV��'L,RULR�HW�DO�������E����<HW��VWXGLHV�RI�VLQJOH�WUDQVIRUPHG�
URRWV�RI�$��DQQXD �:\VORX]LO�HW�DO���������VKRZHG�WKDW�D�PLVWLQJ�F\FOH�RI���PLQ�RQ������
PLQ�RII�SURPRWHG�KHDOWKLHU�ORRNLQJ�URRWV�DQG�KLJKHU�IUHVK�ILQDO�ELRPDVV�\LHOGV�YHUVXV�WKH�
RWKHU�F\FOHV�WHVWHG����PLQ�RQ������PLQ�RII�DQG���PLQ�RQ������PLQ�RII����,Q�RXU�VWXGLHV��WKH�
PLVWLQJ�F\FOH�ZDV�PRGLILHG�VR�WKDW�WKH�WRWDO DPRXQW�RI�VXFURVH�IHG�ZDV�PDLQWDLQHG�ZKLOH�
WKH�VXFURVH�FRQFHQWUDWLRQ�ZDV�YDULHG���)LJXUH�����FRPSDUHV�WKH�JURZWK�UDWHV�RI�URRWV�
JURZQ�ZLWK�HTXLYDOHQW�KRXUO\�VXFURVH�IHHG�UDWHV�XQGHU�GLIIHUHQW�PLVWLQJ�F\FOHV���$OWKRXJK�
D�PLVWLQJ�F\FOH�RI������ZLWK������VXFURVH�SURYLGHG�WKH�VDPH�DPRXQW�RI�FDUERQ�SHU�KRXU�
DV�D�PLVWLQJ�F\FOH�RI�������ZLWK����VXFURVH��JURZWK�ZDV�VLJQLILFDQWO\�GLIIHUHQW���6LPLODU�
UHVXOWV�ZHUH�REVHUYHG�ZLWK�D�PLVWLQJ�F\FOH�RI������ZLWK����VXFURVH��ZKLFK�ZDV�
HTXLYDOHQW�WR�D�������PLVWLQJ�F\FOH�ZLWK����VXFURVH���*URZWK�ZDV�VLJQLILFDQWO\�GLIIHUHQW�
�)LJ���������*URZWK�ZDV�HVVHQWLDOO\�WKH�VDPH�IRU����VXFURVH�DW�WZR�GLIIHUHQW�PLVWLQJ�
F\FOHV���7DNHQ�WRJHWKHU��WKHVH�UHVXOWV�LQGLFDWH�WKDW�GHFUHDVLQJ�WKH�PLVW�³RII´�WLPH�FDQ�LQ�
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VRPH�LQVWDQFHV�LQFUHDVH�URRW�JURZWK��EXW�WKH�LQFUHDVH�REVHUYHG�LV�OHVV�WKDQ�WKDW�REWDLQHG�
E\�VLPSO\�LQFUHDVLQJ�WKH�VXFURVH�FRQFHQWUDWLRQ���,I�WKH�PLVWLQJ�F\FOH�KDV�QR�HIIHFW��WKHQ�
JURZWK�VKRXOG�KDYH�EHHQ�WKH�VDPH�IRU�HTXLYDOHQW�VXFURVH�IHHG�UDWHV���$�PLVW�WROHUDQFH�
OLPLW�IRU�$��DQQXD URRWV�LQ�WKLV�V\VWHP�LV�QRW�VXUSULVLQJ�JLYHQ�WKH�REVHUYDWLRQV�RI�RWKHU�
UHVHDUFKHUV�LQ�WHUPV�RI�URRW�UHVSRQVHV�WR�DOWHUHG�PLVWLQJ�F\FOHV�
(IIHFWV�RI�VXJDU�FRQFHQWUDWLRQ�DQG�FRPSRVLWLRQ�LQ�VKDNH�IODVNV

6LQFH�HDUOLHU�ZRUN�VXJJHVWHG�WKDW�URRWV�LQ�WKH�PLVW�UHDFWRU�QHHGHG�D�KLJKHU�
FRQFHQWUDWLRQ�RI�VXJDU�WR�DFKLHYH�KLJK�JURZWK�UDWHV��)LJ��������URRWV�ZHUH�JURZQ�DW�KLJK�
LQLWLDO�VXFURVH�FRQFHQWUDWLRQV�WR�GHWHUPLQH�WKH�FRQFHQWUDWLRQ�WKDW�SURGXFHG�WKH�KLJKHVW�
ELRPDVV���5RRWV�JURZQ�LQ�VKDNH�IODVNV�ZLWK�VXFURVH�FRQFHQWUDWLRQV�UDQJLQJ�IURP������WR�
�����Z�Y��VKRZHG�LQFUHDVHG�ELRPDVV�XS�WR�����DIWHU�ZKLFK�D�GHFUHDVH�ZDV�REVHUYHG�
�)LJ���������7KLV�GHFUHDVH�DSSHDUV�WR�EH�DQ�RVPRWLF�HIIHFW��VLQFH�URRWV�JURZQ�LQ����
VXFURVH�JUHZ�EHWWHU�WKDQ�URRWV�JURZQ�LQ�HLWKHU�����VXFURVH�RU�DQ RVPRWLFDOO\�HTXDO�
VROXWLRQ�RI����VXFURVH�SOXV�PDQQLWRO��)LJ���������5RRWV�JURZQ�RQ�PDQQLWRO�DORQH�VKRZHG�
QR�JURZWK���&RQVLGHULQJ�WKDW�PLVW�UHDFWRU�H[SHULPHQWV�DOO�XVHG�VXFURVH�DW�FRQFHQWUDWLRQV�
RI����RU�OHVV��WKH�JURZWK�GHFUHDVH�RI�URRWV�LQ�WKH�PLVW�UHDFWRU�LV�QRW�RVPRWLFDOO\�LQGXFHG�

:KHQ�WKH�PHGLD�RI�URRWV�JURZQ�LQ�VKDNH�IODVNV�FRQWDLQLQJ���������VXFURVH�ZHUH�
DQDO\]HG�IRU�UHVLGXDO�VXJDU��DQ�LQWHUHVWLQJ�WUHQG�ZDV�QRWLFHG��)LJ���������5HJDUGOHVV�RI�WKH�
LQLWLDO�VXFURVH�FRQFHQWUDWLRQ��DV�ORQJ�DV�WKHUH�ZDV�VWLOO�VRPH�VXFURVH�SUHVHQW��WKH�UDWLR�RI�
UHVLGXDO�JOXFRVH�WR�IUXFWRVH�ZDV�UHODWLYHO\�FRQVWDQW�DW��������7KH�VDPH�JOXFRVH�IUXFWRVH�
UDWLR�ZDV�FRQVLVWHQWO\�REVHUYHG�ZKHQ�UHVLGXDO�VXJDU�GDWD�IURP�RWKHU�H[SHULPHQWV�ZLWK�$��
DQQXD URRWV�ZHUH�H[DPLQHG��LQFOXGLQJ�PHGLD�IURP�URRWV�JURZQ�LQ�VKDNH�IODVNV��EXEEOH�
FROXPQ�UHDFWRUV��PLVW�UHDFWRUV��.LP���������DQG�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�GHVFULEHG�
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KHUHLQ���7KH�SK\VLRORJLFDO�VLJQLILFDQFH�RI�WKLV�JOXFRVH�IUXFWRVH�UDWLR�LV�XQNQRZQ���:KLOH�
WKH�URRWV�KDYH�DQ�DSSDUHQW�SURFOLYLW\�IRU�WKLV�UDWLR��WKH\�GR�QRW�JURZ�ZHOO�LI�LW�LV�
DUWLILFLDOO\�SURYLGHG�DW�LQRFXODWLRQ��)LJ����������$OWKRXJK�WKH�WRWDO�DPRXQW�RI�FDUERQ�LQ�
HDFK�FDVH�ZDV�HTXLYDOHQW�WR�WKDW�LQ����VXFURVH��URRWV�JURZQ�RQ�JOXFRVH�RU�
JOXFRVH�IUXFWRVH�DW�D������UDWLR�JUHZ�OHVV�WKDQ�KDOI�DV�PXFK�DV�URRWV�JURZQ�RQ�VXFURVH�RU�
IUXFWRVH��ZKLFK�ZHUH�VWDWLVWLFDOO\�LQGLVWLQJXLVKDEOH�IURP�HDFK�RWKHU�

$��DQQXD SUHIHUHQWLDOO\�FRQVXPHV�JOXFRVH�EHIRUH�IUXFWRVH��.LP�HW�DO�����������
$GGLWLRQDOO\��SURGXFWLRQ�RI�WKH�VHFRQGDU\�PHWDEROLWH��DUWHPLVLQLQ��ZDV�KLJKHU�IRU�URRWV�
JURZQ�RQ�IUXFWRVH�RU�JOXFRVH������ DQG�����IROG�KLJKHU��UHVSHFWLYHO\��WKDQ�URRWV�JURZQ�RQ�
VXFURVH��:HDWKHUV�HW�DO�����������,W�LV�FOHDU�WKDW�VXJDU�FRPSRVLWLRQ�FDQ�KDYH�D�GUDPDWLF�
HIIHFW�RQ�ERWK�ELRPDVV�SURGXFWLRQ�DQG�VHFRQGDU\�PHWDEROLWH�DFFXPXODWLRQ�LQ�$��DQQXD
URRWV��:HDWKHUV�HW�DO����������DQG�LQ�RWKHU�VSHFLHV�DV�ZHOO��LQFOXGLQJ�&DWKDUDQWKXV�URVHXV
�-XQJ�HW�DO����������9LWLV�YLQLIHUD �9LWUDF�HW�DO����������DQG�$WURSD�EHOODGRQQD �5RWKH�DQG�
'UDJHU����������6HFRQGDU\�PHWDEROLWH�SURGXFWLRQ�ZDV�QRW�WKH�PDLQ�IRFXV�RI�WKLV�UHVHDUFK��
VR�PLVW�UHDFWRU�VWXGLHV�XVLQJ�GLIIHUHQW�VXJDUV�RWKHU�WKDQ�VXFURVH�ZHUH�QRW�SXUVXHG���
+RZHYHU��VLQFH�LW�KDV�EHHQ�VKRZQ�WKDW�$��DQQXD URRWV�SURGXFH�WKUHH�WLPHV�PRUH�
DUWHPLVLQLQ�LQ�WKH�PLVW�UHDFWRU�WKDQ�LQ�OLTXLG�V\VWHPV��.LP�HW�DO����������D�ORJLFDO�QH[W�
VWHS�ZRXOG�EH�WR�DWWHPSW�WR�HQKDQFH�DUWHPLVLQLQ�SURGXFWLRQ�IXUWKHU�E\�LQFRUSRUDWLQJ�
JOXFRVH�DV�D�FDUERQ�VRXUFH�DIWHU�ILUVW�JURZLQJ�WKH�URRWV�RQ�VXFURVH�
*URZWK�GHFUHDVHV�DOWKRXJK�PDMRU�QXWULHQWV�DUH�QRW�OLPLWLQJ��

:KHQ�JURZWK�RI�D�FXOWXUH�GHFOLQHV��WKHUH�DUH�PDLQO\�WZR�SRVVLEOH�EXW�QRQ�H[FOXVLYH�
UHDVRQV���GHSOHWLRQ�RI�NH\�QXWULHQWV��DQG�RU�WKH�SUHVHQFH�RI�JURZWK�LQKLELWRUV���$OWKRXJK�
WKH�JURZWK�NLQHWLFV�RI�URRWV�JURZQ�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�ZLWK����RU����VXFURVH�
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�)LJ�������VKRZ�WKDW�WKH�KLJKHVW�JURZWK�UDWH�RFFXUV�E\�GD\���IRU�ERWK�VXJDU�OHYHOV��FDUERQ�
ZDV�QRW�GHSOHWHG�IURP�WKH�PHGLXP�LQ�WKLV�EULHI�WLPH�SHULRG���5HVLGXDO�VXJDU�GDWD�DUH�
VKRZQ�LQ�)LJ��������$QDO\VLV�RI�VKDNH�IODVN�PHGLD�LQGLFDWHG�WKDW��������RI�WKH�SKRVSKDWH��
�������RI�WKH�QLWUDWH��DQG������RI�WKH�WRWDO�VXJDU�ZHUH�GHSOHWHG�DIWHU���GD\V��GDWD�QRW�
VKRZQ����6LQFH�D�VLPLODU�WUHQG�LQ�SKRVSKDWH�FRQVXPSWLRQ�ZDV�VHHQ�LQ�PLVW�UHDFWRU�FXOWXUH�
PHGLD��PRUH�WKDQ�KDOI�RI�WKH�LQLWLDO�SKRVSKDWH�UHPDLQHG �GDWD�QRW�VKRZQ����LW�ZDV�
OLNHZLVH�DVVXPHG�WKDW�QLWUDWH�ZDV�QRW�OLPLWLQJ���:KLOH�.LP��������GLG�QRW�DVVD\�
SKRVSKDWH�OHYHOV�LQ�PLVW�UHDFWRU�PHGLD��WKHUH�ZDV�QR�DSSUHFLDEOH�GHFUHDVH�LQ�QLWUDWH�
REVHUYHG�XQWLO�DW�OHDVW����GD\V�RI�PLVW�PRGH�FXOWXUH�KDG�HODSVHG�� 7KH�UHDVRQV�IRU�WKH�
VORZHU�JURZWK�DW�WKLV�HDUO\�VWDJH������GD\V��LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�DUH�QRW�NQRZQ���
,W�UHPDLQV�WR�EH�VHHQ�LI�WKH�JURZWK�GHFHOHUDWLRQ�FDQ�EH�GHOD\HG�E\�VXSSO\LQJ�D�KLJKHU�
FRQFHQWUDWLRQ�RI�VXFURVH���
*URZWK�LQKLELWRUV�DUH�QRW DSSDUHQW

+DLU\�URRWV�SURGXFH�HWK\OHQH��LQ�VRPH�LQVWDQFHV�LQ�JUHDWHU�TXDQWLWLHV�WKDQ�LQ�
XQWUDQVIRUPHG�URRWV��%LRQGL�HW�DO�����������)XUWKHU��JURZWK�RI�$��DQQXD URRWV�LV�
VLJQLILFDQWO\�GHFUHDVHG�E\�HWK\OHQH��:HDWKHUV�HW�DO�����������(WK\OHQH�SUHVHQFH�LQ�WKH�PLVW�
UHDFWRU�V\VWHP�ZDV�DVVD\HG�XVLQJ�WKH�WULSOH�UHVSRQVH�RI�SHD�VHHGOLQJV��1HOMXERZ����������
:KHQ�WKH�YHQW�JDV�ZDV�IHG�LQWR�D�FRQWDLQHU�RI�SHD�VHHGOLQJV��WKH�WULSOH�UHVSRQVH�LQGLFDWLYH�
RI�HWK\OHQH�ZDV�QRW�HYLGHQW���7KLV�ZDV�QRW�DQ�XQH[SHFWHG�UHVXOW�VLQFH�JDVHV�DUH�SXUJHG�
HYHU\����PLQXWHV�GXULQJ�WKH�PLVWLQJ�F\FOH���$W�DQ�DLU�IORZ�UDWH�RI���/�PLQ����WKH�JDV�
ZLWKLQ�WKH�JURZWK�FKDPEHU�LV�H[FKDQJHG�DW�DSSUR[LPDWHO\����990���$OWKRXJK�SXUJLQJ�D�
FXOWXUH�WRR�IUHTXHQWO\�PD\�DOVR�LQKLELW�JURZWK�E\�³VWULSSLQJ´�EHQHILFLDO�JDVHV�VXFK�DV�
&2� ZKLFK�KDV�EHHQ�VKRZQ�WR�HQKDQFH�WKH�JURZWK�RI�RWKHU�VSHFLHV�RI�KDLU\�URRWV��'L,RULR�
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HW�DO�������D���&2� KDV�QRW�EHHQ�VKRZQ�WR�DIIHFW�WKH�JURZWK�UDWH�RI�$��DQQXD VLJQLILFDQWO\��:\VORX]LO�HW�DO���������.LP�HW�DO�������D��
7R�GHWHUPLQH�LI�WKHUH�ZHUH�DQ\�HIIHFWV�RQ�JURZWK�IURP�RWKHU�DV�\HW�XQNQRZQ�

JURZWK�LQKLELWRUV�LQ�WKH�PHGLXP��D�VKDNH�IODVN�H[SHULPHQW�ZDV�GHVLJQHG���7KUHH�VHWV�RI�
FXOWXUHV�ZHUH�JURZQ�IRU�D�WRWDO�RI���������RU����GD\V���2Q�GD\�����WKH�ILUVW�VHW�KDG�LWV�
PHGLXP�UHSODFHG��DQG�WKH�VHFRQG�GLG�QRW���$V�VKRZQ�LQ�)LJXUH�������WKHUH�LV�QR�
VLJQLILFDQW�GLIIHUHQFH�EHWZHHQ�WKH�WZR�FRQGLWLRQV�XQWLO�DW�OHDVW���GD\V�SRVW�PHGLXP�
UHSODFHPHQW���:KHQ�WKH�FRQYHUVH�RI�WKDW�H[SHULPHQW�ZDV�GRQH�XVLQJ���GD\�ROG�VKDNH�IODVN�
PHGLD�WR�JURZ�VLQJOH�KDLU\�URRWV�LQ�D�PLVW�UHDFWRU��WKHUH�ZDV�D�VLJQLILFDQW�LQFUHDVH�LQ�
JURZWK��:\VORX]LO�HW�DO�����������7KLV�EXUVW�RI�JURZWK�ZDV�SUREDEO\�IURP�WKH�SUHVHQFH�RI�
DX[LQV�LQ�WKH�PHGLXP��:HDWKHUV�HW�DO�����������7KH�WKLUG�VHW�RI�IODVNV�KDG�LWV�URRWV�
UHPRYHG�RQ�GD\����DQG�ZDV�UH�LQRFXODWHG�ZLWK�QHZ�URRWV�DW�WKH�VDPH�RULJLQDO�LQRFXOXP�
OHYHO�DQG�JURZQ�IRU�DQ�DGGLWLRQDO����GD\V���7KH�UHVXOWLQJ�UDWH�RI�ELRPDVV�LQFUHDVH��'':�
GD\����ZDV�DERXW�����RI�WKH�FRQWURO�FXOWXUHV��7DEOH������URZV�$�DQG�%����&RPSDULVRQ�RI�
FRQWURO�FXOWXUHV�DQG�FXOWXUHV�ZKLFK�UHFHLYHG�IUHVK�PHGLXP�RQ�GD\����VKRZV�WKDW�IRU�WKH�
������GD\�WLPH�SHULRG��WKH�FRQWURO�FXOWXUHV�JUHZ�DERXW�����DV�ZHOO�DV�WKH�FXOWXUHV�ZKLFK�
UHFHLYHG�IUHVK�PHGLXP��7DEOH������URZV�*�DQG�-���� 7KH�JURZWK�SDWWHUQ�VXJJHVWV�WKH�
SUHVHQFH�RI JURZWK�HQKDQFLQJ�³FRQGLWLRQLQJ´�IDFWRUV�WKDW�DUH�QRW�LQLWLDOO\�SUHVHQW�LQ�WKH�
PHGLXP���:KHQ�WKH�PHGLXP��EXW�QRW�WKH�URRWV��ZDV�H[FKDQJHG��WKH�UDWH�RI�ELRPDVV�
LQFUHDVH�IRU�GD\V�������IRU�WKH�FRQWURO�FXOWXUHV�ZLWKRXW�PHGLXP�UHSODFHPHQW�ZDV�RQO\�D�
IUDFWLRQ�RI�WKDW�RI�WKH�FXOWXUHV�WKDW�UHFHLYHG�IUHVK�PHGLXP��7DEOH������URZV�)�DQG�,����,I�
WKH�UDWHV�RI�ELRPDVV�LQFUHDVH�IRU���GD\�LQWHUYDOV�DUH�H[DPLQHG��WKH�KLJKHVW�UDWH�RFFXUV�
EHWZHHQ�GD\V��������7DEOH������URZ�(���DQG�WKLV�FDQ�RQO\�EH�PDLQWDLQHG�LI�WKH�PHGLXP�LV
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UHSODFHG���$W�VRPH�SRLQW�EHWZHHQ���DQG����GD\V��WKH�JURZWK�HQKDQFLQJ�HIIHFWV�RI�
FRQGLWLRQHG�PHGLXP�EHFRPH�OHVV�SUHYDOHQW��DQG�LQKLELWRU\�IDFWRUV�DQG�QXWULHQW�GHSOHWLRQ�
SUHGRPLQDWH���2QH�PD\�LQIHU�IURP�WKHVH�VKDNH�IODVN�H[SHULPHQWV�WKDW�LI�JURZWK�LQKLELWRUV�
ZHUH�SUHVHQW�LQ�WKH�PLVW�UHDFWRU�PHGLD��WKH\�GLG�QRW�DFFXPXODWH�LQ�VXIILFLHQW�OHYHOV�LQ�WKH�
VKRUWHU�WLPH�SHULRG�XVHG�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�VWXGLHV������GD\V����7KLV�DVVXPHV�
WKDW�URRWV�JURZLQJ�LQ�WKH�PLVW�UHDFWRU�DUH�SURGXFLQJ�DQG�H[XGLQJ�WKH�VDPH�JURZWK�
LQKLELWRUV��LQ�WKH�VDPH�TXDQWLWLHV��DV�LQ�VKDNH�IODVNV���7KLV�DVVXPSWLRQ�FRXOG�EH�
VXEVWDQWLDWHG�E\�XVLQJ�FRQGLWLRQHG�PHGLXP�IURP�WKH�PLVW�UHDFWRU�WR�JURZ�URRWV�LQ�VKDNH�
IODVNV�DQG�PRQLWRULQJ�HIIHFWV�RQ�ELRPDVV�DFFXPXODWLRQ�YHUVXV�IUHVK�PHGLXP�
$SSDUHQW�ELRPDVV�\LHOG�RI�URRWV�JURZQ�LQ�VKDNH�IODVNV�YHUVXV�PLVW�UHDFWRU

&RPSDULVRQ�RI�WKH�ELRPDVV�LQFUHDVH�RI�SODQW�WLVVXH�JURZQ�LQ�UDGLFDOO\�GLIIHUHQW�
HQYLURQPHQWV�\LHOGV�OLWWOH�LQIRUPDWLRQ�UHJDUGLQJ�WKH�LPSOLFDWLRQV�RQ�WKH�LQQHU�ZRUNLQJV�RI�
WKH�FRPSRQHQW�FHOOV���(IILFLHQF\�RI�JURZWK��H[SUHVVHG�DV�WKH�ELRPDVV�\LHOG�RQ�D�VXEVWUDWH��
LV�D�PRUH�LQIRUPDWLYH�LQGLFDWRU�RI�D�WLVVXH¶V�PHWDEROLF�UHVSRQVH�WR�LWV�VXUURXQGLQJV���+HUH�
ZH�KDYH�FKRVHQ�VXFURVH�DV�WKH�VXEVWUDWH��WKRXJK�WKH�\LHOG�PD\�EH�H[SUHVVHG�LQ�WHUPV�RI�
DQ\�FKRVHQ�QXWULHQW���7\SLFDOO\��WKH�FDUERQ�VRXUFH�LV�XVHG��DQG�WKLV�LV�ORJLFDO�FRQVLGHULQJ�
WKDW�$��DQQXD URRWV�DUH�!�����Z�Z��FDUERQ�DV�GHWHUPLQHG�E\�HOHPHQWDO�DQDO\VLV��.LP�HW�
DO�����������7KH�DSSDUHQW�ELRPDVV�\LHOG��<;�6 ��RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD LQ�VKDNH�IODVNV�LV�DSSUR[LPDWHO\������J�':���J�JOXFRVH�HTXLYDOHQW�LQ����VXFURVH�DQG������LQ����
VXFURVH��)LJ����������6LPLODUO\��)LJXUH������VKRZV�WKDW�<;�6 LV�DERXW������DQG�GHFUHDVHV�IRU�VXFURVH�FRQFHQWUDWLRQV�RI����RU�KLJKHU���5RRWV�JURZQ�RQ�IUXFWRVH�KDG�D�VWDWLVWLFDOO\�
LQGLVWLQJXLVKDEOH�DSSDUHQW�ELRPDVV�\LHOG�YHUVXV�URRWV�JURZQ�RQ�VXFURVH��ZKLOH�WKH�YDOXH�
IRU�URRWV�JURZQ�RQ�JOXFRVH�ZDV�DERXW�����ORZHU��<;�6  ���������7KH�YDOXHV�VKRZQ�LQ�
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)LJV�������DQG������DUH�FRPSDUDEOH�WR�WKRVH�UHSRUWHG�E\�.LP�HW�DO���������IRU�$��DQQXD
URRWV�JURZQ�LQ�VKDNH�IODVNV��<;�6  �������DQG�EXEEOH�FROXPQ�UHDFWRUV��<;�6  ��������DQG�DOVR�IRU�$WURSD�EHOODGRQQD KDLU\�URRWV�JURZQ�LQ�D�EXEEOH�FROXPQ�UHDFWRU��<;�6  �������.ZRN�DQG�'RUDQ���������DQG�&DWKDUDQWKXV�URVHXV KDLU\�URRWV JURZQ�LQ�VKDNH�IODVNV��<;�6 �������%KDGUD�DQG�6KDQNV����������7KH�DSSDUHQW�ELRPDVV�\LHOGV�IRU�$��DQQXD URRWV�
JURZQ�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU��KRZHYHU��ZHUH�VLJQLILFDQWO\�ORZHU��)LJ���������������
LQ����VXFURVH�DQG������LQ����VXFURVH���$V�GLVFXVVHG�EHORZ��LW�LV�YHU\�OLNHO\�WKDW�WKHVH�
YDOXHV�DUH�DUWLILFLDOO\�ORZ�EHFDXVH�WKH�PDVV�EDODQFH�RI�FDUERQ�LV�LQFRPSOHWH���7KH�QDWXUH�
RI�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�V\VWHP�PDGH�LW�GLIILFXOW�WR�WUDFN�DOO�RI�WKH�PHGLXP��DQG�
VOLJKW�HUURUV�LQ�WKH�FDUERQ�EDODQFH�JUHDWO\�DIIHFW�WKH�DSSDUHQW�ELRPDVV�\LHOG�FDOFXODWLRQ�
GXH�WR�WKH�PLQLPDO�DPRXQW�RI�ELRPDVV�XVHG�LQ�WKHVH�VWXGLHV�
'HWHUPLQDWLRQ�RI�ELRPDVV�\LHOG�UHTXLUHV�D�FDUERQ�PDVV�EDODQFH

$V�D�URXJK�HVWLPDWH�RI�DSSDUHQW�ELRPDVV�\LHOG�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU��RQH�
PD\�DVVXPH�WKDW�DQ\�GHFUHDVH�LQ�PHGLD�YROXPH�LV�RQO\�GXH�WR�HYDSRUDWLRQ�DQG�UHWHQWLRQ�
E\�URRWV���+RZHYHU��WKLV�DVVXPSWLRQ�YHU\�OLNHO\�RYHUHVWLPDWHV�WKH�DPRXQW�RI�VXJDU�
FRQVXPHG�E\�WKH�URRWV�E\�QRW�WDNLQJ�LQWR�DFFRXQW�WKH�YROXPH�RI�PHGLD�WKDW�H[LWV�WKH�
FRDOHVFHU�DQG�WKXV�YHQWV�XQFRQVXPHG���7KH�GDWD�LQ�)LJ������RQO\�VKRZ�WKH�WRWDO�DPRXQW�RI�
VXJDU�UHPDLQLQJ�LQ�WKH�PHGLXP�UHVHUYRLU�DW�KDUYHVW��DQG�DUH�QRW�D�WUXH�LQGLFDWLRQ�RI�
FRQVXPSWLRQ���&RQVHTXHQWO\��WKH�ELRPDVV�\LHOG�LV�XQGHUHVWLPDWHG���:KLOH�VXFK�DQ�
DQDO\VLV�RQ�VKDNH�IODVN�GDWD�SURGXFHG�UHVXOWV�FRQVLVWHQW�ZLWK�.LP�HW�DO����������PLVW�
UHDFWRU�GDWD�JDYH�OHVV�UHDVRQDEOH�UHVXOWV�DQG�ZHUH�OHVV�WKDQ�KDOI�RI�WKH�YDOXH�GHWHUPLQHG�
E\�.LP�HW�DO�����������7R�WU\�WR�UHVROYH�WKLV�GLVFUHSDQF\��WKH�UHVHUYRLU�PHGLD�OHYHOV�RI�DOO�
UHDFWRU�UXQV�ZHUH�PRQLWRUHG�DSSUR[LPDWHO\�RQ�D�GDLO\�EDVLV��WKHUHE\�DOORZLQJ�IRU�D�
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FDOFXODWLRQ�RI�WKH�UDWH�RI�YROXPH�GHFUHDVH���7KH�UHODWLYH�SURSRUWLRQV�RI�HYDSRUDWLRQ�DQG�
YHQW�ORVV��KRZHYHU��DUH�VWLOO�XQNQRZQ�DQG�ZLOO�YDU\�ZLWK�WKH�DPELHQW�WHPSHUDWXUH�DQG�
KXPLGLW\�RI�WKH�FXOWXUH�URRP�

,Q�RUGHU�WR�GHWHUPLQH�WKH�DPRXQW�RI�HYDSRUDWLRQ��D�EHG�RI���PP�JODVV�EDOOV�ZDV�
XVHG�LQ�SODFH�RI�URRWV�VLQFH�WKHVH�KDG�SUHYLRXVO\�EHHQ�VKRZQ�WR�EHKDYH�VLPLODUO\�WR�D�
SDFNHG�URRW�EHG�LQ�WHUPV�RI�PLVW�GHSRVLWLRQ��:KLSSOH� ��������%\�XVLQJ�LQHUW�SDFNLQJ�
PDWWHU��RQH�FDQ�DVVHUW�WKDW�DQ\�DOWHUDWLRQ�LQ�WKH�PHGLXP�FRPSRVLWLRQ�KDV�RFFXUUHG�YLD�
QRQ�FRQVXPSWLYH�PHFKDQLVPV��DOORZLQJ�PHDVXUHPHQW�RI�DQ\�EDFNJURXQG�HIIHFWV�LQKHUHQW�
LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�V\VWHP�LWVHOI���0RQLWRULQJ�WKH�FRQGXFWLYLW\�RI�WKH�PHGLXP�
HYHU\����KRXUV�IRU�VHYHUDO�GD\V�VXJJHVWHG�WKDW��ZKLOH�FKDQJHV�LQ�FRQGXFWLYLW\�ZHUH�VPDOO�
YDULDEOH�DQG�SHUKDSV�DSSURDFKHG�WKH�DFFXUDF\�OLPLW�RI�WKH�FRQGXFWLYLW\�PHWHU�XVHG��RQ�
DYHUDJH�DSSUR[LPDWHO\�����P/�GD\�� HYDSRUDWHG�IURP�UHDFWRU�$�PHGLD��DQG������P/�GD\��
HYDSRUDWHG�IURP�UHDFWRU�%�PHGLD���7KH�GLIIHUHQFH�LQ�HYDSRUDWLRQ�UDWHV�FDQ�EH�DWWULEXWHG�WR�
WKH�WZR�1DILRQ�KXPLGLILFDWLRQ�XQLWV��$�KDG�PRUH�VXUIDFH�DUHD�WKDQ�%���$IWHU�UHPRYLQJ�WKH�
LQOLQH�DLU�KXPLGLILFDWLRQ�XQLWV��WKHUH�ZDV�DW�OHDVW�D�ILYH�IROG�LQFUHDVH�LQ�WKH�PHGLXP�
FRQGXFWLYLW\�DQG�YROXPH�ORVV�SHU�GD\�YHUVXV�ZKHQ�KXPLGLILHG�DLU�ZDV�XVHG��GDWD�QRW�
VKRZQ����7KLV�LQGLFDWHG�WKDW�WKH�DLU�ZDV�KXPLGLILHG�DQG�HYDSRUDWLYH�HIIHFWV�ZHUH�OHVVHQHG�
GXULQJ�PLVW�UHDFWRU�RSHUDWLRQ� EXW�VKRXOG�QRW�EH�LJQRUHG���7KH�YROXPH�ORVV�REVHUYHG�ZDV�
WKXV�GXH�WR�ERWK�HYDSRUDWLRQ�RI�ZDWHU�DQG�QXWULHQW�PLVW�GURSOHWV�H[LWLQJ�WKH�FRDOHVFHU�

2QH�PXVW�DOVR�FRQVLGHU�WKH�UHODWLYH�SURSRUWLRQ�RI�VXJDU�EHLQJ�FRQVXPHG�E\�WKH�
URRWV���/HW�XV�DVVXPH�WKH�DSSDUHQW�ELRPDVV�\LHOG�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�V\VWHP�LV�
HTXDO�WR�RU�JUHDWHU�WKDQ�WKDW�REVHUYHG�E\�.LP��������IRU�$��DQQXD URRWV�JURZQ�LQ�VKDNH�
IODVNV�DQG�EXEEOH�FROXPQ�UHDFWRUV��DSSUR[LPDWHO\���������:KLOH�WKLV�YDOXH�LV�PXFK�KLJKHU�
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WKDQ�GHWHUPLQHG�HDUOLHU��)LJ��������LJQRULQJ�YHQW�ORVV�DQG�HYDSRUDWLRQ���ZH�FDQ�MXVWLI\�WKH�
KLJKHU�YDOXH�DV�IROORZV���$�KLJK�UHVSLUDWRU\�TXRWLHQW�LV�DVVRFLDWHG�ZLWK�DQDHURELF�
UHVSLUDWLRQ��ZKLFK�LV�OHVV�HIILFLHQW�LQ�WKH�PHWDEROLVP�RI�FDUERQ�WKDQ�DHURELF�UHVSLUDWLRQ���
%RUGRQDUR DQG�&XUWLV��������REVHUYHG�D�FRQVLVWHQWO\�KLJKHU�UHVSLUDWRU\�TXRWLHQW�IRU�
+\RVF\DPXV�PXWLFXV URRWV�JURZQ�LQ�D�EXEEOH�FROXPQ�UHDFWRU�WKDQ�LQ�D�PRUH�DHURELF�
WULFNOH�EHG�UHDFWRU���6LQFH�WKH�PLVW�UHDFWRU�LV�D�KLJKO\�DHURELF�HQYLURQPHQW��URRWV�JURZQ�LQ�
WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�VKRXOG�PHWDEROL]H�QXWULHQWV�YHU\�HIILFLHQWO\��DW�OHDVW�DV�ZHOO�
DV�LQ�VKDNH�IODVNV�

)RU�DQ�DSSDUHQW�ELRPDVV�\LHOG�RI�������LI�����J�':�RI�URRWV�KDYH�EHHQ�SURGXFHG�
�W\SLFDO�IRU�URRWV�JURZQ���G�RQ����VXFURVH��������J�JOXFRVH�HTXLYDOHQWV KDYH�EHHQ�
FRQVXPHG���7KLV�DPRXQW�LV�������P/��RU������RI�������/����VXFURVH��RU�������P/��RU�
�����RI�������/����VXFURVH���,W�LV�FOHDU�WKDW�VPDOO�HUURUV�LQYROYHG�LQ�HVWLPDWLQJ�YROXPHV�
DQG�NHHSLQJ�DQ�DFFXUDWH�DFFRXQW�RI�DOO�WKH�PHGLD�LQ�WKH�V\VWHP�FDQ�KDYH�D�VLJQLILFDQW�
HIIHFW�RQ�VXEVHTXHQW�FDOFXODWLRQV�RI�DSSDUHQW�ELRPDVV�\LHOG���7KH�IROORZLQJ�VDPSOH�VXJDU�
EDODQFH�LOOXVWUDWHV�WKLV���,I�

6;HTYHTYHTY <':ORVWJOXFIJOXFLJOXF ������� '�� >���@
ZKHUH�JOXFHTY  �J�JOXFRVH�HTXLYDOHQWV��L��I��ORVW  �LQLWLDO��ILQDO��DQG�ORVW�WR�YHQW��'':  �
ILQDO�± LQLWLDO�':��J���<;�6  �'': ��'JOXFHTY �WKH�DSSDUHQW�ELRPDVV�\LHOG���DQG

���� ���@�>�@�> HYDS9I9 I9IJOXFIJOXF PHDVHTYHDY � u � >����@
ZKHUH�>JOXFHTY��I��@PHDV  �ILQDO�FRQFHQWUDWLRQ�DV�PHDVXUHG�E\�+3/&�DQDO\VLV��DQG�9�HYDS��LV�WKH�HYDSRUDWLRQ�YROXPH�LQ�/��DQG



��

 �@�> ORVWJOXFHTY DYHUDJH�RI� �@�>�@�> IJOXFLJOXF HTYHDY � � >����@
���@�>�� Q9QJOXFQJOXF HTYHTY u >����@

ZKHUH�Q  �L��I��RU�ORVW��>JOXFHTY�Q�@� �FRQFHQWUDWLRQ�LQ�J�/����DQG�9�Q�� �YROXPH�LQ�/��DQG
�������� HYDS9L9I9ORVW9 �� � >����@

WKHQ�RQH�FDQ�DOWHU�YDULRXV�FRPSRQHQWV��L�H��YROXPH��VXJDU�FRQFHQWUDWLRQ��DQG�QRWH�WKH�
FKDQJH�LQ�<;�6�� ,Q�WKLV�H[DPSOH��GDWD�IURP�UHDFWRU�UXQ����$�DUH�XVHG�JOXFHTY�L�� �������J
JOXFHTY�I�� �>�������J�/�� u ������/�����������/���������/�@�u ������/� � ������J
JOXFHTY�ORVW�� �������J�/�� u ������/� �������J
'':  ���������J
8VLQJ�WKHVH�GDWD�LQ�(TQ������JLYHV�DQ�DSSDUHQW�ELRPDVV�\LHOG�<;�6 RI�������ZKLFK�LV�QRW�XQUHDVRQDEOH���,I�ZH�DVVXPH�WKH�HOHPHQWDO�FRPSRVLWLRQ�RI�$��DQQXD URRWV�LV�
&+����2����1���� DV�HVWLPDWHG�E\�.LP��������DQG�WKDW�WKH�VXJDU�FRQVXPHG�ZDV�FRQYHUWHG�HQWLUHO\�WR�ELRPDVV��WKH�PD[LPXP�SRVVLEOH�ELRPDVV�\LHOG�LV��������,W�VKRXOG�EH�QRWHG�WKDW�
WKH�FDOFXODWHG�<;�6 YDOXHV�IRU�PLVW�UHDFWRU�UXQV�XVLQJ�WKH�VXJDU�EDODQFH�LQ�(TQ������VKRZHG�D�UDQJH�IURP������WR�������ZLWK�DQ�RYHUDOO�DYHUDJH�RI������IRU�WKH����UXQV�DQDO\]HG���7KH�
VDPSOH�FDOFXODWLRQ�DERYH�KDSSHQHG�WR�SURGXFH�WKH�GHVLUHG�UHVXOW��EXW�LW�LV�FOHDU�WKDW�D�
VDWLVIDFWRU\�FDUERQ�EDODQFH�VWLOO�KDV�QRW�EHHQ�DFKLHYHG�IRU�WKH�YDVW�PDMRULW\�RI�WKH�PLVW�
UHDFWRU�GDWD�

7DEOH�����VKRZV�WKH�HIIHFW�RI�YROXPHWULF�HUURUV�RQ�<;�6 IRU�UHDFWRU����$��VSHFLILFDOO\�HUURUV�LQ�PHDVXUHPHQW�RI�LQLWLDO�YROXPH��HYDSRUDWLRQ�YROXPH��IDLOXUH�WR�
UHPRYH�DOO�RI�WKH�OLTXLG�IURP�WKH�UHDFWRU�V\VWHP��DQG�DVVXPLQJ�KLJKHU�DQG�ORZHU�JOXFHTY



��

FRQFHQWUDWLRQV�LQ�WKH�YHQW�ORVV�YROXPH���7KH�ODUJHVW�HIIHFW�ZDV�FDXVHG�E\�GLVFUHSDQFLHV�LQ�
LQLWLDO�PHGLXP�YROXPH��DQG�FRQVHTXHQWO\��WKH�LQLWLDO�DPRXQW�RI�VXJDU����(YDSRUDWLRQ�
YROXPH�DOVR�KDG�DQ�HIIHFW��WKRXJK�WR�D�OHVVHU�H[WHQW���+HUH�ZH�LQFOXGHG�DQ�HUURU�UDQJH�RI�
r����VLQFH�WKLV�YROXPH�FRPSRQHQW�LV�H[SHFWHG�WR�YDU\�ZLWK�HDFK�UHDFWRU�UXQ��DQG�ZH�
ZHUH�XQDEOH�WR�SHUIRUP�D�UHOLDEOH�DVVHVVPHQW�RI�WKH�HYDSRUDWLRQ�UDWH���$Q�XQGHUHVWLPDWLRQ�
RI�WKH�ILQDO�YROXPH��E\�QRW�DFFRXQWLQJ�IRU�OLTXLG�OHIW�EHKLQG�LQ�WKH�UHDFWRU�V\VWHP�RU�
UHWDLQHG�E\�WKH�URRWV��IRU�H[DPSOH��PDGH�OLWWOH�GLIIHUHQFH��DV�GLG�WKH�SUHVXPHG�VXJDU�
FRQFHQWUDWLRQ�LQ�WKH�YHQW�ORVV�YROXPH���7KH�DPRXQW�RI�OLTXLG�KROG�XS�LQ�WKH�URRWV�DW�
KDUYHVW�ZDV�DVVXPHG�WR�EH�PLQLPDO�DQG�ZDV�LJQRUHG�LQ�WKH�SUHYLRXV�PHGLD�YROXPH�
EDODQFH���$Q�H[DPLQDWLRQ�RI XQEORWWHG�KDUYHVWHG�):�DQG�':�GDWD�VKRZHG�WKDW����J�RI�
OLTXLG�PHGLD�LV�UHWDLQHG�SHU�J�':�URRWV���7KH�HTXLYDOHQW�YROXPH�RI�PHGLD�FDQ�EH�
FDOFXODWHG�IURP�WKH�GHQVLW\���7KH�':�UDQJHG�IURP�����WR�����J��WKHUHIRUH��DIWHU�
VXEWUDFWLQJ�WKH�GU\�PDVV�����������J�RI�OLTXLG�PHGLD�ZHUH�QRW�WDNHQ�LQWR�DFFRXQW���7KLV�LV�
DERXW����������P/��DVVXPLQJ�D�VXFURVH�FRQFHQWUDWLRQ�RI�������(DFK�SRVVLEOH�VRXUFH�RI�
HUURU�FRQWULEXWHV�WR�WKH�DFFXUDF\�RI�WKH�RYHUDOO�FDUERQ�EDODQFH��DQG�QRQH�VKRXOG�
QHFHVVDULO\�EH�GLVPLVVHG�LI�WKHUH�DUH�PHDQV�WR�DFKLHYH�PRUH�UHOLDEOH�PHDVXUHPHQWV���
$JDLQ��EHFDXVH�WKH�GU\�ZHLJKW�GLIIHUHQWLDO�LV�QRW�ODUJH�LQ�WKLV�SDUWLFXODU�V\VWHP��DGGLWLYH�
GLVFUHSDQFLHV�LQ�WUDFNLQJ�WKH�FDUERQ�IORZ�ZLOO�DIIHFW�WKH�FDOFXODWLRQ�RI�DSSDUHQW�ELRPDVV�
\LHOG�

:H�KDYH�VR�IDU�RQO\�YLHZHG�WKH�FDUERQ�EDODQFH�LQ�WHUPV�RI�VXJDU�DQG�ELRPDVV���7KH�
ORVV�RI�FDUERQ�WR�UHVSLUDWLRQ��DV�&2���LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU�PD\�QRW�EH�QHJOLJLEOH���$VVXPLQJ�D�JURZWK�UDWH�RI������GD\����DFKLHYHG�E\�$��DQQXD URRWV�JURZQ�LQ�
WKH�PLVW�UHDFWRU�ZLWK����VXFURVH�IRU���GD\V���DQ�DSSUR[LPDWH�\LHOG�RI������J�':�SHU�
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PPRO�&2� UHVSLUHG��YDOXH�EHWZHHQ�WKRVH�GHWHUPLQHG�E\�.LP��������IRU�$��DQQXD LQ�D�EXEEOH�FROXPQ�UHDFWRU�DQG�5DPDNULVKQDQ�HW�DO���������IRU�+��PXWLFXV LQ�D�WULFNOH�EHG�
UHDFWRU���DQG�D�'':�RI�URRWV�RI ����J��WKHQ������J�RI�&2� ZRXOG�EH�UHVSLUHG���6LQFH�WKH�
LQLWLDO�DPRXQW�RI�JOXFHTY LV�������J��WKHQ�WKH�DPRXQW�RI�FDUERQ�UHVSLUHG�DV�&2� LV�RQO\�������RI�WKH�WRWDO�LQLWLDO�FDUERQ�SURYLGHG���+RZHYHU��LI�WKH�DSSDUHQW�ELRPDVV�\LHOG�RQ�
VXFURVH�LV�������WKHQ������J�RI�JOXFHTY DUH�FRQVXPHG��DQG�WKH�DPRXQW�RI�FDUERQ�UHVSLUHG�LV�����RI�WKH�WRWDO�FDUERQ�FRQVXPHG��ZKLFK�LV�D�FRPSDUDWLYHO\�VLJQLILFDQW�SURSRUWLRQ�RI�WKH�
GLIIHUHQWLDO�ZH�DUH�WU\LQJ�WR�PHDVXUH�
&RQFOXVLRQV

7KH�GDWD�SUHVHQWHG�KHUHLQ�VXSSRUW�WKH�K\SRWKHVLV�WKDW�URRW�LQRFXOXP�GHQVLW\�SOD\V�D�
VLJQLILFDQW�UROH�LQ�WKH�FDSWXUH�RI�QXWULHQWV�LQ�D�PLVW�UHDFWRU�DV�VXJJHVWHG�E\�WKH�DHURVRO�
GHSRVLWLRQ�PRGHO���,QFUHDVLQJ�QXWULHQW�FRQFHQWUDWLRQ��SDUWLFXODUO\�VXFURVH��DOVR�LQFUHDVHV�
WKH�JURZWK�UDWH��DOWKRXJK�WKH�RSWLPXP LV�QRW�\HW�NQRZQ���0LVWLQJ�ZLWK�D�KLJK�VXFURVH�
FRQFHQWUDWLRQ�DSSHDUV�WR�EH�HVVHQWLDO�LQ�RUGHU�WR�PDLQWDLQ�D�KLJK�JURZWK�UDWH�LQ�WKH�PLVW�
UHDFWRU���$OWKRXJK�DOWHULQJ�WKH�IUHTXHQF\�RI�PLVWLQJ�VKRXOG�DOVR�\LHOG�D�KLJKHU�JURZWK�
UDWH��WKLV�DSSURDFK�LV�OHVV�HIILFLHQW�WKDQ�LQFUHDVLQJ�WKH�VXFURVH�FRQFHQWUDWLRQ���7KRXJK�D�
GHFUHDVH�LQ�JURZWK�UDWH�ZDV�REVHUYHG�HDUOLHU�LQ�WKH�PLVW�UHDFWRU�WKDQ�LQ�VKDNH�IODVNV��WKH�
FDXVH�LV�VWLOO�XQFOHDU���0DMRU�QXWULHQWV�DUH�QRW�GHSOHWHG��DQG�WKH�SUHVHQFH�RI�JURZWK�
LQKLELWRUV�LQ�WKH�PHGLXP�QHHGV�WR�EH�YHULILHG�H[SHULPHQWDOO\�E\�FRPSDULQJ�WKH�HIIHFWV�RI�
FRQGLWLRQHG�PHGLXP�IURP�PLVW�UHDFWRU�JURZQ�URRWV�WR�WKDW�IURP�VKDNH�IODVN�JURZQ�URRWV���
'XH�WR�WKH�GUDVWLF�GLIIHUHQFHV�LQ�WKH�PRGH�RI�QRQ�JDVHRXV�QXWULHQW�GHOLYHU\�LQ�VKDNH�
IODVNV�YHUVXV WKH�PLVW�UHDFWRU��WKH�RSWLPXP�FRQFHQWUDWLRQ�RI�QXWULHQWV�QHFHVVDU\�IRU�UDSLG�



��

JURZWK�PD\�EH�YHU\�GLIIHUHQW���:KLOH�$��DQQXD URRWV�JURZQ�LQ�VKDNH�IODVNV�GR�QRW�JURZ�
ZHOO�DW�VXFURVH�FRQFHQWUDWLRQV�JUHDWHU�WKDQ�����Z�Y���LW�LV�XQNQRZQ�ZKHWKHU�D�VLPLODU�
HIIHFW ZLOO�RFFXU�LQ�WKH�PLVW�UHDFWRU���5RRWV�PD\�DFWXDOO\�UHTXLUH�D�KLJKHU�QXWULHQW�
FRQFHQWUDWLRQ�LQ�WKLV�HQYLURQPHQW��DV�QXWULHQWV�DUH�FDSWXUHG�IURP�VPDOO�GURSOHWV�UDWKHU�
WKDQ�IURP�D�FRQWLQXRXV�OLTXLG�PLOLHX���7KH�HIILFLHQF\�RI�JURZWK��RU�DSSDUHQW�ELRPDVV�
\LHOG��FRXOG�QRW�EH�GHWHUPLQHG�LQ�WKLV�V\VWHP�GXH�WR�WKH�VPDOO�ELRPDVV�GLIIHUHQWLDO�DQG�WKH�
LQDELOLW\�WR�WUDFH�WKH�FDUERQ�IORZ�DFFXUDWHO\���*DV�SKDVH�UHDFWRUV�VKRZ�PDQ\�DGYDQWDJHV�
RYHU�OLTXLG�SKDVH�UHDFWRUV��HVSHFLDOO\�LQ�WHUPV�RI�WKH�DELOLW\�WR�DOORZ�HIIHFWLYH�JDV�
H[FKDQJH�LQ�GHQVHO\�JURZLQJ�ELRPDVV��DV�LQGLFDWHG�KHUH�E\�WKH�VXFFHVVIXO�JURZWK�RI�URRWV�
WR�D�KLJK�GHQVLW\�ZLWKRXW�DGGLWLRQDO�R[\JHQ�VXSSOHPHQWDWLRQ���+RZHYHU��LW�LV�FOHDU�WKDW�
WKH�ELRORJLFDO�UHVSRQVHV�RI�WUDQVIRUPHG�URRWV�WR�WKLV�HQYLURQPHQW�DUH�FRPSOH[��DQG�WKH�
SRWHQWLDO�EHQHILWV�RI�WKLV�V\VWHP�FDQQRW�EH�UHDOL]HG�ZLWKRXW�IXUWKHU�VWXG\�
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)LJXUH����� 3KRWR�RI�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU��DQG�DQ�H[DPSOH�RI�KDUYHVWHG�URRW�PDVV�DIWHU����G�JURZWK��LQVHW����$UURZ�LQGLFDWHV�JURZWK�FKDPEHU�
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)LJXUH����� (IIHFW�RI�LQLWLDO�SDFNLQJ�IUDFWLRQ�RQ�WKH�VSHFLILF�JURZWK�UDWH�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD JURZQ�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU���5RRWV�ZHUH�LQRFXODWHG�DW�WKH�LQGLFDWHG�SDFNLQJ�IUDFWLRQ�DQG�JURZQ�IRU���GD\V��DIWHU�ZKLFK�WKH�JURZWK�UDWH�ZDV�PHDVXUHG�IURP�WKH�LQFUHDVH�LQ�GU\�ZHLJKW���0LVWLQJ�F\FOH�ZDV����PLQ�RQ������PLQ�RII��DQG�DLU�IORZ�GXULQJ�WKH�³RQ´�F\FOH�ZDV���/�PLQ����{{  �PLVW�UHDFWRU�GDWD�IURP�.LP����������(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ�
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� ��� ��� ��� ���SDFNLQJ�IUDFWLRQ� DD
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7DEOH����� $OWHUDWLRQ RI�JURZWK�UDWH��P��ZLWK�FKDQJHV�LQ�PLVW�UHDFWRU�RSHUDWLRQ�DQG�FRPSDUDWLYH�VKDNH�IODVN�GDWD
V\VWHP SDFNLQJ�IUDFWLRQD JURZWK�UDWH�P�GD\���EXEEOH�FROXPQ
 ����������� ���������

PLVW�UHDFWRU
 ����������� ���������PLVW�UHDFWRU���VXF���G ����������� ����r�����VKDNH�IODVNV���VXF���G ����� ����r�����VKDNH�IODVNV���VXF���G ����� ����PLVW�UHDFWRU���VXF���G ����� ����r�����VKDNH�IODVNV���VXF���G ����� ����r�����

 GDWD�IURP�.LP�������
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)LJXUH����� *URZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD RQ����RU����VXFURVH�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU���7RS�JUDSK��GU\�ZHLJKW���%RWWRP�JUDSK��JURZWK�UDWH���,QLWLDO�SDFNLQJ�IUDFWLRQ�D  �������DQG�RWKHU�RSHUDWLQJ�FRQGLWLRQV�ZHUH�DV�GHVFULEHG�LQ�)LJXUH�������(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ�
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)LJXUH����� 5HVLGXDO�VXJDU�FRQWHQW�RI�PHGLXP�DIWHU����������DQG���GD\V�RI�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD RQ����RU����VXFURVH�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU���,QLWLDO�SDFNLQJ�IUDFWLRQ�D  �������DQG�RWKHU�RSHUDWLQJ�FRQGLWLRQV�ZHUH�DV�GHVFULEHG�LQ�)LJXUH�������(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ�
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)LJXUH����� *URZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD RQ����RU����VXFURVH�LQ�VKDNH�IODVNV��H[SUHVVHG�DV�':�RU�JURZWK�UDWH�P���,QRFXOXP�ZDV���J�):�/�� ������J�':�/����LQ����P/�PHGLXP���*URZWK�UDWH��GDVKHG�OLQHV��':��VROLG�OLQHV���(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ�
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7DEOH����� &RPSDULVRQ�RI�PLVWLQJ�F\FOHV�IRU�WUDQVIRUPHG�URRWV�JURZQ�LQ�YDULRXV�PLVW�UHDFWRUV
VSHFLHV PLVWLQJ�F\FOHV��PLQ�RQ�RII� RSWLPXP UHIHUHQFH

%HWD�YXOJDULV �������� ��� 'L,RULR HW�DO�������E�
&DUWKDPXV�WLQFWRULXV ��������������� ��� 'L,RULR�HW�DO�������E�
$UWHPLVLD�DQQXD ���� Q�G &KDWWHUMHH�HW�DO��������
$��DQQXD ���������������������������� ���� /LX�HW�DO��������
$��DQQXD ���������������� ���� :\VORX]LO�HW�DO��������
$��DQQXD ���������������������������� Q�G .LP�������
$��DQQXD ����������� ����� 7KLV�ZRUN

Q�G� �QRW�GHWHUPLQHG
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)LJXUH����� (IIHFW�RI�PLVWLQJ�F\FOH�RQ�WKH�VSHFLILF�JURZWK�UDWH�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU���$������VXFURVH�IHHG�DW�D�PLVWLQJ�F\FOH�RI������LV�HTXLYDOHQW�WR�D����VXFURVH�IHHG�DW�D�PLVWLQJ�F\FOH�RI��������DQG�D����VXFURVH�IHHG�DW�D�PLVWLQJ�F\FOH�RI������LV�HTXLYDOHQW�WR�D����VXFURVH�IHHG�DW�D�PLVWLQJ�F\FOH�RI���������,QLWLDO�SDFNLQJ�IUDFWLRQ�D  �������DQG�RWKHU RSHUDWLQJ�FRQGLWLRQV�ZHUH�DV�GHVFULEHG�LQ�)LJXUH�������(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ���/HWWHUV�LQGLFDWH�VWDWLVWLFDO�VLJQLILFDQFH�DW�3� ������
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)LJXUH����� (IIHFW�RI�LQLWLDO�VXFURVH�FRQFHQWUDWLRQ�RQ�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD LQ VKDNH�IODVNV���,QLWLDO�LQRFXOXP�ZDV���J�):�/�� ������J�':�/����LQ����P/�%��PHGLXP�ZLWK�WKH�LQGLFDWHG�FRQFHQWUDWLRQ�RI�VXFURVH���(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ���/HWWHUV�LQGLFDWH�VWDWLVWLFDO�VLJQLILFDQFH�DW�3� ������
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)LJXUH�������(IIHFW�RI�LQLWLDO�VXFURVH�FRQFHQWUDWLRQ�DQG�PDQQLWRO�RQ�JURZWK��DV�FKDQJH�LQ�GU\�ZHLJKW��RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD LQ�VKDNH�IODVNV���,QLWLDO�LQRFXOXP�ZDV���J�):�/�� ������J�':�/����LQ����P/�%��PHGLXP�ZLWK�WKH�LQGLFDWHG�FRQFHQWUDWLRQ�RI�VXFURVH�r PDQQLWRO���7KH VROXWLRQ�RI����VXFURVH���PDQQLWRO�ZDV�RVPRWLFDOO\�HTXLYDOHQW�WR�����VXFURVH��DQG�WKH�PDQQLWRO�FRQWURO�ZDV�RVPRWLFDOO\�HTXLYDOHQW�WR����VXFURVH���(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ���/HWWHUV�LQGLFDWH�VWDWLVWLFDO�VLJQLILFDQFH�DW�3� ������
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''':
�DIWHU

���G D D
E

F



��

)LJXUH����� 5HVLGXDO�VXJDU�FRQWHQW�DIWHU����GD\V�RI�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD RQ�YDULRXV�VXFURVH�FRQFHQWUDWLRQV�LQ�VKDNH�IODVNV���,QRFXOXP�ZDV���J�):�/�� ������J�':�/����LQ����P/�%��PHGLXP���(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ�
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)LJXUH������ (IIHFW�RI�LQGLYLGXDO�VXJDUV�DQG�PRQRVDFFKDULGH�UDWLR�RQ�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD LQ�VKDNH�IODVNV���,QLWLDO�LQRFXOXP�ZDV����J�):�/�� ������J�':�/����LQ����P/�%��PHGLXP�IRU�VXFURVH��IUXFWRVH��DQG�JOXFRVH��GDWD�IURP�:HDWKHUV�HW�DO����������DQG���J�):�/�� �������J�':�/����IRU�JOXFRVH�IUXFWRVH� ��������&DUERQ�DPRXQWV�LQ�HDFK�FDVH�DUH�HTXLYDOHQW�WR�WKDW�LQ����VXFURVH���(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ�
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)LJXUH��������(IIHFW�RI�PHGLD�UHSODFHPHQW�RQ�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD LQ�VKDNH�IODVNV���2Q�GD\�����DUURZ��WKH�PHGLD�LQ�RQH�VHW�RI�IODVNV�ZDV�GUDLQHG�DQG�UHSODFHG�ZLWK����P/�RI�IUHVK�PHGLD���5RRWV�ZHUH�LQRFXODWHG�ZLWK�HTXLYDOHQW�DPRXQWV�IRU�HDFK�H[SHULPHQWDO�FRQGLWLRQ���(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ�
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7DEOH����� (IIHFW�RI�VSHQW�PHGLXP�DQG�PHGLXP�UHSODFHPHQW�RQ�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD LQ�VKDNH�IODVNV�
FRQGLWLRQ ELRPDVV�J�):� GD\V��'� '':��PJ�GD\���

$ QHZ�URRWV�LQ�IUHVK�PHGLXP�DW�GD\�� ���� ��������G� ����
% QHZ�URRWV�LQWR�VSHQW�PHGLXP�DW�GD\��� ���� ���������G� ����
& IUHVK�PHGLXP�DW�GD\�� ���� ������G� ����
' �������G� �����
( ��������G� �����
) ��������G� ����
* ���������G� �����
+ IUHVK�PHGLXP�DW�GD\��� ���� ��������G� �����
, ��������G� �����
- ���������G� �����
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)LJXUH������� $SSDUHQW�ELRPDVV�\LHOG��<;�6  �' J�':���' J�JOXFRVH�HTXLYDOHQW��DW�GLIIHUHQW�WLPH�SRLQWV�IRU�WUDQVIRUPHG�URRWV�RI�$��DQQXD JURZQ�RQ����RU����VXFURVH�LQ�VKDNH�IODVNV�IRU�D�WRWDO�RI����GD\V���,QLWLDO�LQRFXOXP�ZDV���J�):�/�� ������J�':�/����LQ���P/�%��PHGLXP���(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ�

��������������������������������������������

� � � � �� ��GD\V

< [�V�
�� ��



��

)LJXUH������ $SSDUHQW�ELRPDVV�\LHOG��<;�6  �' J�':���' J�JOXFRVH�HTXLYDOHQW��DIWHU����GD\V�IRU�WUDQVIRUPHG�URRWV�RI�$��DQQXD JURZQ�RQ�YDULRXV�LQLWLDO�VXFURVH�FRQFHQWUDWLRQV�LQ�VKDNH�IODVNV���,QLWLDO�LQRFXOXP�ZDV���J�):�/�� ������J�':�/����LQ����P/�%��PHGLXP���(UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ�
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)LJXUH������ $SSDUHQW�ELRPDVV�\LHOG��<;�6  �' J�':���' J�JOXFRVH�HTXLYDOHQW��DIWHU�������DQG���GD\V�RI�JURZWK�RI�WUDQVIRUPHG�URRWV�RI�$��DQQXD RQ����RU����VXFURVH�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU��QRW�WDNLQJ�LQWR�DFFRXQW�HYDSRUDWLRQ�RU�PHGLD�ORVV�IURP�WKH�YHQW���,QLWLDO�SDFNLQJ�IUDFWLRQ�D  �������PLVWLQJ�F\FOH�ZDV����PLQ�RQ������PLQ�RII��DQG�DLU�IORZ�GXULQJ�WKH�³RQ´�F\FOH�ZDV���/�PLQ���� (UURU�EDUV�UHSUHVHQW�RQH�VWDQGDUG�GHYLDWLRQ�
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7DEOH����� (IIHFW�RI�YROXPHWULF�HUURUV�DQG�HVWLPDWLRQ�RI�VXJDU�FRQFHQWUDWLRQ�RQ�FDOFXODWLRQ�RI�DSSDUHQW�ELRPDVV�\LHOG�RI�URRWV�JURZQ�LQ�UHDFWRU�UXQ����$�
FRQGLWLRQ DSSDUHQW�ELRPDVV�\LHOG��<;�6�J�':���J�JOXFHTY�����FKDQJH�RULJLQDO�FDOFXODWLRQ ����

����HUURU�LQ�9�L� �����������
����HUURU�LQ�9�L� �����������

�����HUURU�LQ�9�HYDS� �����������
�����HUURU�LQ�9�HYDS� �������������������RU����P/�OHIW�LQ�UHDFWRU�V\VWHP ����������>JOXFHTY�ORVW�@� �>JOXFHTY�L�@ ����������>JOXFHTY�ORVW�@� �>JOXFHTY�I�@ ����������
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�
2YHUDOO�FRQFOXVLRQV�DQG�IXWXUH�ZRUN

7KH�VHQVLWLYLW\�RI�SODQW�WLVVXHV�WR�VPDOO�FKDQJHV�LQ�WKH�JDV�SKDVH�FRPSRVLWLRQ�RI�
WKHLU�FXOWXUH�HQYLURQPHQW�LPSOLHV�D�QHHG�IRU�WKH�DELOLW\�WR�FRQWURO�RU�DOWHU�LW�ZLWK�UHODWLYH�
HDVH���$GGLWLRQDOO\��VLQFH�YROXPHWULF�SURGXFWLYLW\�LV�FRQWLQJHQW�XSRQ�WKH�GHQVLW\�WR�ZKLFK�
RQH�FDQ�JURZ�YDOXDEOH�ELRPDVV��WKH�FDSDFLW\�WR�GHOLYHU�JDVHV�WR�KLJKO\�SDFNHG�WLVVXHV�
EHFRPHV�DQ�LPSRUWDQW�LVVXH���*DV�WUDQVSRUW�LV�QRW�D�WULYLDO�PDWWHU�LQ�D�OLTXLG�SKDVH�FXOWXUH�
V\VWHP�GXH�WR�ORZ�JDV�VROXELOLW\�DQG�VKHDU�VHQVLWLYLW\�RI�SODQW�WLVVXHV�WR�WKH�VWLUULQJ��
EXEEOLQJ��RU�VSDUJLQJ�QHFHVVDU\�WR�HQKDQFH�PDVV�WUDQVIHU���&RQVHTXHQWO\��LW�LV�
DGYDQWDJHRXV�WR�XVH�JDV�SKDVH�ELRUHDFWRUV�ZKHQ�GHQVH�WLVVXH�DQG�RU�JDV�PDQLSXODWLRQ�DUH�
GHVLUHG�RU�UHTXLUHG���3UHYLRXV�ZRUN�KDV�VKRZQ�WKDW�SODQW�WLVVXH��VSHFLILFDOO\��WUDQVIRUPHG�
URRWV��JURZQ�LQ�D�PLVW�UHDFWRU�UHVSRQG�WR�WKLV�HQYLURQPHQW�LQ�FRPSOH[�ZD\V���7KH�ZRUN�
SUHVHQWHG�KHUH�KDV�DWWHPSWHG�WR�DQVZHU�VRPH�HVVHQWLDO�TXHVWLRQV�DERXW�WKH�EHKDYLRU�RI�
URRWV�LQ�D�JDV�SKDVH�PLVW�UHDFWRU�LQ�RUGHU�WR�GHYHORS�EHWWHU�ZD\V�RI�GHVLJQLQJ�DQG�
H[SORLWLQJ�WKH�V\VWHP�WR�PD[LPL]H�LWV�EHQHILWV�IRU�WKLV�DSSOLFDWLRQ�

(DUOLHU�ZRUN�XVHG�D�K\EULG�UHDFWRU�ZKHUHLQ�WKH�URRWV�ZHUH�JURZQ LQ�OLTXLG�SKDVH�
XQWLO�WKH\�EHFDPH�LPPRELOL]HG��DQG�WKHQ�WKH�JURZWK�FKDPEHU�ZDV�GUDLQHG�RI�PHGLXP�DQG�
UXQ�DV�D�JDV�SKDVH��PLVW��UHDFWRU��.LP����������,Q�RUGHU�WR�GHFUHDVH�WKH�OHQJWK�RI�WLPH�WKH�
URRWV�ZHUH�H[SRVHG�WR�WKH�OLTXLG�SKDVH�HQYLURQPHQW�VR�WKDW�D�PRUH�DFFXUDWH�DSSUDLVDO�RI�
WLVVXH�UHVSRQVH�WR�WKH�JDV�SKDVH�HQYLURQPHQW�FRXOG�EH�PDGH��D�PHWKRG�RI�UDSLG�
DWWDFKPHQW�ZDV�VRXJKW���5RRWV�RI�WKUHH�GLIIHUHQW�VSHFLHV��$UWHPLVLD�DQQXD��%HWD�YXOJDULV��
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DQG�$UDELGRSVLV�WKDOLDQD��DGKHUHG�WR�D�SRO\�/�O\VLQH�FRDWHG�SRO\SURS\OHQH�VXEVWUDWH�ZLWKLQ�
PLQXWHV��DOWKRXJK�WKH�PHFKDQLVP�RI�DWWDFKPHQW�ZDV�QRW�FRPSOHWHO\�XQGHUVWRRG��7RZOHU�DQG�
:HDWKHUV����������7KLV�ZRUN�ZDV�QRW�SXUVXHG�H[WHQVLYHO\�VLQFH�VKRUWO\�WKHUHDIWHU�DQ�
LQWHUHVWLQJ�K\SRWKHVLV�UHJDUGLQJ�WKH�HIIHFW�RI�URRW�LQRFXOXP�GHQVLW\�RQ�JURZWK�VHHPHG�
ZRUWK\�RI�LPPHGLDWH�LQYHVWLJDWLRQ�

7KH�PLVW�UHDFWRU�ZDV�DOWHUHG�E\�JUHDWO\�UHGXFLQJ�WKH�VL]H�RI�WKH�JURZWK�FKDPEHU�VR�
WKDW�LW�FRXOG�EH�PDQXDOO\�SDFNHG�ZLWK�URRWV��WKHUHE\�HOLPLQDWLQJ�WKH�OLTXLG�SKDVH�PRGH�
FRPSOHWHO\���,W�ZDV�GHPRQVWUDWHG�WKDW�E\�XVLQJ�KLJKHU�LQLWLDO�LQRFXOXP�GHQVLWLHV�WKDQ�WKRVH�
VWXGLHG�E\�.LP���������JURZWK�FRXOG�EH�LQFUHDVHG���7KLV�VXSSRUWHG�WKH�K\SRWKHVLV�WKDW�WKH�
FDSWXUH�RI�QXWULHQWV�IURP�WKH�PLVW�ZDV�KLJKO\�GHSHQGHQW�RQ�WKH�GHQVLW\�RI�WKH�ELRPDVV��DV�
VXJJHVWHG�E\�WKH�DHURVRO�GHSRVLWLRQ�PRGHO��:\VORX]LO�HW�DO�����������6LPLODUO\��LQFUHDVLQJ�
QXWULHQW�FRQFHQWUDWLRQ��SDUWLFXODUO\�VXFURVH��DOVR�LQFUHDVHG�WKH�JURZWK�UDWH��DOWKRXJK�WKH�
RSWLPXP�KDV�QRW�\HW�EHHQ�GHWHUPLQHG���$GGLWLRQDO�VWXGLHV�DUH�UHFRPPHQGHG���0LVWLQJ�
ZLWK�D�KLJK�VXFURVH�FRQFHQWUDWLRQ�PD\�EH�HVVHQWLDO�WR�PDLQWDLQLQJ�D�KLJK�JURZWK�UDWH�LQ�
WKH�PLVW�UHDFWRU���7KRXJK�D�JURZWK�UDWH�GHFUHDVH�ZDV�REVHUYHG�DIWHU�RQO\�����GD\V�LQ�WKH�
PLVW�UHDFWRU��WKH�FDXVH�LV�QRW�FHUWDLQ���0HGLD�DQDO\VLV�VKRZHG�WKDW�PDMRU�QXWULHQWV�ZHUH�
QRW�H[KDXVWHG�LQ�WKLV�WLPH�SHULRG���*DVHRXV�JURZWK�LQKLELWRUV��VSHFLILFDOO\�HWK\OHQH��ZHUH�
DOVR�QRW�GHWHFWHG���:KLOH�LW�LV�XQOLNHO\�WKDW�JURZWK�LQKLELWRUV�LQ�WKH�PHGLXP�KDG�
DFFXPXODWHG�VXIILFLHQWO\�WR�DIIHFW�JURZWK��WKLV�QHHGV�WR�EH�YHULILHG H[SHULPHQWDOO\�E\�
FRPSDULQJ�WKH�HIIHFWV�RI�FRQGLWLRQHG�PHGLXP�IURP�PLVW�UHDFWRU�JURZQ�URRWV�WR�WKDW�IURP�
VKDNH�IODVN�JURZQ�URRWV���$OWKRXJK�DOWHULQJ�WKH�IUHTXHQF\�RI�PLVWLQJ�VKRXOG�KDYH�DOVR�
\LHOGHG�KLJKHU�JURZWK�UDWHV�DFFRUGLQJ�WR�WKH�PLVW�GHSRVLWLRQ�PRGHO��WKLV�DSSURDFK�ZDV�QRW�
DV�VXFFHVVIXO�DV�LQFUHDVLQJ�WKH�VXFURVH�FRQFHQWUDWLRQ���7KH�RSWLPXP�FRQFHQWUDWLRQ�RI�



��

QXWULHQWV�WKDW�DUH�UHTXLUHG�IRU�UDSLG�JURZWK�LQ�WKH�PLVW�UHDFWRU�PD\�YDU\�IURP�WKDW�
REVHUYHG�LQ�VKDNH�IODVN�FXOWXUH�EHFDXVH�RI�WKH�GLIIHUHQFHV�LQ WKH�PRGH�RI�QXWULHQW�
GHOLYHU\���$��DQQXD URRWV�LQ�VKDNH�IODVNV�GR�QRW�JURZ�ZHOO�DW�VXFURVH�FRQFHQWUDWLRQV�
JUHDWHU�WKDQ�����Z�Y���EXW�VLQFH�WKH�QXWULHQWV�DUH�FDSWXUHG�IURP�VPDOO�GURSOHWV�UDWKHU�WKDQ�
IURP�D�FRQWLQXRXV�OLTXLG�SKDVH�LQ�WKH�PLVW�UHDFWRU��URRWV PD\�UHTXLUH�D�KLJKHU�QXWULHQW�
FRQFHQWUDWLRQ�LQ�WKLV�HQYLURQPHQW�

7KH�VPDOO�ELRPDVV�GLIIHUHQWLDO�DQG�WKH�LQDELOLW\�WR�WUDFN�WKH�FDUERQ�IORZ�FRPSOHWHO\�
PDGH�LW�LPSRVVLEOH�WR�FDOFXODWH�WKH�DSSDUHQW�ELRPDVV�\LHOG�LQ�WKH�GLIIHUHQWLDO�PLVW�UHDFWRU���
,I�WKH�YROXPH�RI�PHGLD�ZDV�GHFUHDVHG�VXFK�WKDW�PRUH�H[DFW�PHDVXUHPHQWV�RI�FKDQJHV�LQ�
FRQFHQWUDWLRQ�DQG�YROXPH�FRXOG�EH�PDGH��SHUKDSV�WKH�ELRPDVV�\LHOG�FRXOG�EH�GHWHUPLQHG���
+RZHYHU��DOWHULQJ�WKH�ELRPDVV�PHGLXP�UDWLR��ZKLFK�ZDV�NHSW�FRQVWDQW�LQ�WKHVH�VWXGLHV��
PD\�LQWURGXFH�DGGLWLRQDO�HIIHFWV�

7KH�RYHUDOO�UHVXOWV�RI�WKHVH�VWXGLHV�VKRZHG�JUHDW�SURPLVH��LQ�WKDW�ZH�ZHUH�DEOH�WR�
LPSURYH�WKH�JURZWK�UDWH�LQ�WKH�PLVW�UHDFWRU�VXFK�WKDW�LW�SDUDOOHOHG�WKDW�REVHUYHG�LQ�VKDNH�
IODVNV��ZKLFK�QRW�RQO\�VXSSRUWHG�RXU�SURSRVHG�K\SRWKHVHV EXW�DOVR�LQGLFDWHG�WKDW�D�PLVW�
EDVHG�QXWULHQW�GHOLYHU\�V\VWHP�LV�ZRUWK\�RI�IXUWKHU�UHVHDUFK�
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�
5HIHUHQFHV
$UFKDPEDXOW��-���9ROHVN\��%��DQG�.XU]��:�*�:���������6XUIDFH�LPPRELOL]DWLRQ�RI�SODQW�FHOOV���%LRWHFKQRO��%LRHQJ��������������
%DLV��+�3���6XUHVK��%���5DJKDYDUDR��.�6�0�6��DQG�5DYLVKDQNDU��*�$���������3HUIRUPDQFH�RI�KDLU\�URRW�FXOWXUHV�RI�&LFKRULXP�LQW\EXV /��LQ�ELRUHDFWRUV�RI�GLIIHUHQW�FRQILJXUDWLRQV���,Q�9LWUR�&HOO��'HY��%LRO��3ODQW�������������
%DODQGULQ��0�)���.ORFNH��-�$���:XUWHOH��(�6��DQG�%ROOLQJHU��:�+���������1DWXUDO�SODQW�FKHPLFDOV���VRXUFHV�RI�LQGXVWULDO�DQG�PHGLFLQDO�PDWHULDOV���6FLHQFH����������������
%DQHUMHH��6���5DKPDQ��/���8QL\DO��*�&��DQG�$KXMD��3�6���������(QKDQFHG�SURGXFWLRQ�RI�YDOHSRWULDWHV�E\�$JUREDFWHULXP�UKL]RJHQHV LQGXFHG�KDLU\�URRW�FXOWXUHV�RI�9DOHULDQD�ZDOOLFKLL '&���3ODQW�6FL���������������
%KDGUD��5��DQG�6KDQNV��-�9���������7UDQVLHQW�VWXGLHV�RI�QXWULHQW�XSWDNH��JURZWK��DQG�LQGROH�DONDORLG�DFFXPXODWLRQ�LQ�KHWHURWURSKLF�FXOWXUHV�RI�KDLU\�URRWV�RI�&DWKDUDQWKXV�URVHXV�� %LRWHFKQRO��%LRHQJ��������������
%LRQGL��6���/HQ]L��&���%DUDOGL��5��DQG�%DJQL��1���������+RUPRQDO�HIIHFWV�RQ�JURZWK�DQG�PRUSKRORJ\�RI�QRUPDO�DQG�KDLU\�URRWV�RI�+\RVF\DPXV�PXWLFXV�� -��3ODQW�*URZWK�5HJXODWLRQ�������������
%RUGRQDUR��-�/��DQG�&XUWLV��:�5�������� ,QKLELWRU\�UROH�RI�URRW�KDLUV�RQ�WUDQVSRUW�ZLWKLQ�URRW�FXOWXUH�ELRUHDFWRUV���%LRWHFKQRO��%LRHQJ��������������
%RZHQ��*�'��DQG�5RYHUD��$�'���������7KH�UKL]RVSKHUH��WKH�KLGGHQ�KDOI�RI�WKH�KLGGHQ�KDOI���,Q���3ODQW�5RRWV���WKH�+LGGHQ�+DOI��HGV��<��:DLVHO��$� (VKHO��8��.DINDIL���0DUFHO�'HNNHU���1HZ�<RUN����������
%XHU��&�6���&RUUHOO��0�-���6PLWK��7�&���7RZOHU��0�-���:HDWKHUV��3�-���1DGOHU��0���6HDPDQ��-��DQG�:DOFHU]��'���������'HYHORSPHQW�RI�D�QRQWR[LF�DFRXVWLF�ZLQGRZ�QXWULHQW�PLVW�ELRUHDFWRU�DQG�UHOHYDQW�JURZWK�GDWD���,Q�9LWUR�&HOO��'HY��%LRO��3ODQW�������������
&DUYDOKR��(�%��DQG�&XUWLV��:�5���������&KDUDFWHUL]DWLRQ�RI�IOXLG�IORZ�UHVLVWDQFH�LQ�URRW�FXOWXUHV�ZLWK�D�FRQYHFWLYH�IORZ�WXEXODU�ELRUHDFWRU���%LRWHFKQRO��%LRHQJ��������������
&KDWWHUMHH��&���&RUUHOO��0�-���:HDWKHUV��3�-���:\OVORX]LO��%�(��DQG�:DOFHU]��'�%���������6LPSOLILHG�DFRXVWLF�ZLQGRZ�PLVW�ELRUHDFWRU���%LRWHFKQRO��7HFKQ��������������
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&RUUHOO��0�-��DQG�:HDWKHUV��3�-�������D��2QH�VWHS�DFFOLPDWL]DWLRQ�RI�SODQWOHWV�XVLQJ�D�PLVW�UHDFWRU���%LRWHFKQRO��%LRHQJ��������������
&RUUHOO��0�-��DQG�:HDWKHUV��3�-�������E��(IIHFWV�RI�OLJKW��&2� DQG�KXPLGLW\�RQ�FDUQDWLRQ�JURZWK��K\SHUK\GUDWLRQ�DQG�FXWLFXODU�ZD[�GHYHORSPHQW�LQ�D�PLVW�UHDFWRU���,Q�9LWUR�&HOO��'HY��%LRO��3ODQW�������������
&RUUHOO��0�-���:X��<��DQG�:HDWKHUV��3�-���������&RQWUROOLQJ�K\SHUK\GUDWLRQ�RI�FDUQDWLRQV��'LDQWKXV�FDU\RSK\OOXV /���JURZQ�LQ�D�PLVW�UHDFWRU���%LRWHFKQRO��%LRHQJ��������������
&UDZIRUG��0���������$LU�3ROOXWLRQ�&RQWURO�7KHRU\���0F*UDZ�+LOO��1HZ�<RUN����������
&XUWLV��:�5���������&XOWLYDWLRQ�RI�URRWV�LQ�ELRUHDFWRUV���&XUU��2S��%LRWHFKQRO�������������
&XUWLV��:�5���������+DLU\�URRWV��ELRUHDFWRU�JURZWK���,Q���(QF\FORSHGLD�RI�&HOO�%LRWHFKQRORJ\��HG��5�(��6SLHU���-RKQ�:LOH\�DQG�6RQV��1HZ�<RUN�1<����������
'L,RULR��$�$���&KHHWKDP��5�'��DQG�:HDWKHUV��3�-�������D��&DUERQ�GLR[LGH�LPSURYHV�WKH�JURZWK�RI�KDLU\�URRWV�FXOWXUHG�RQ�VROLG�PHGLXP�DQG�LQ�QXWULHQW�PLVWV���$SSO��0LFURELRO��%LRWHFKQRO��������������
'L,RULR��$�$���&KHHWKDP��5�'��DQG�:HDWKHUV��3�-�������E��*URZWK�RI�WUDQVIRUPHG�URRWV�LQ�D�QXWULHQW�PLVW�ELRUHDFWRU���UHDFWRU�SHUIRUPDQFH�DQG�HYDOXDWLRQ���$SSO��0LFURELRO��%LRWHFKQRO��������������
'L,RULR��$�$���:HDWKHUV��3�-��DQG�&KHHWKDP��5�'�������F��1RQ�OHWKDO�VHFRQGDU\�SURGXFW�UHOHDVH�IURP�WUDQVIRUPHG�URRW�FXOWXUHV�RI�%HWD�YXOJDULV�� $SSO��0LFURELRO��%LRWHFKQRO��������������
'XYHUJHU��(��DQG�'HOPRWWH��)�0���������3XULILFDWLRQ�RI�OHFWLQV�IURP�5RELQLD�SVHXGRDFDFLD/��URRW�WLSV���3ODQW�6FLHQFH�������������
)DFFKLQL��3�-���������$GKHVLRQ�RI�YDULRXV�VSHFLHV�RI�VXVSHQVLRQ�FXOWXUHG�SODQW�FHOOV�WR�LQHUW�VXEVWUDWHV���LQLWLDO�LQWHUDFWLRQV���)(06�0LFURELRO��/HWW���������������
)DFFKLQL��3�-��DQG�'L&RVPR��)���������,PPRELOL]DWLRQ�RI�FXOWXUHG�&DWKDUDQWKXV�URVHXV FHOOV�XVLQJ�D�ILEUHJODVV�VXEVWUDWXP���$SSO��0LFURELRO��%LRWHFKQRO�������������
)DFFKLQL��3�-���1HXPDQQ��$�:��DQG�'L&RVPR��)���������7KHUPRG\QDPLF�DVSHFWV�RI�SODQW�FHOO�DGKHVLRQ�WR�SRO\PHU�VXUIDFHV���$SSO��0LFURELRO��%LRWHFKQRO���������������
)DFFKLQL��3�-���1HXPDQQ��$�:��DQG�'L&RVPR��)���������$GKHVLRQ�RI�VXVSHQVLRQ�FXOWXUHG�&DWKDUDQWKXV URVHXV FHOOV�WR�VXUIDFHV���HIIHFW�RI�S+��LRQLF�VWUHQJWK��DQG�FDWLRQ�YDOHQF\���%LRPDWHULDOV��������������
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)LWWHU��$���������&KDUDFWHULVWLFV�DQG�IXQFWLRQV�RI�URRW�V\VWHPV���,Q���3ODQW�5RRWV���WKH�+LGGHQ�+DOI��HGV��<��:DLVHO��$��(VKHO��8��.DINDIL���0DUFHO�'HNNHU��1HZ�<RUN�������
)ORUHV��+�(��DQG�&XUWLV��:�5���������$SSURDFKHV�WR�XQGHUVWDQGLQJ�DQG�PDQLSXODWLQJ�WKH�ELRV\QWKHWLF�SRWHQWLDO�RI�SODQW�URRWV���$QQ��1<�$FDG��6FL���������������
)ORUHV��+�(���<DR�5HP��'���&XHOOR��-�/���0DOGRQDGR�0HQGR]D��,�(��DQG�/R\ROD�9DUJDV��9�0���������*UHHQ�URRWV���SKRWRV\QWKHVLV�DQG�SKRWRDXWRWURSK\�LQ�DQ�XQGHUJURXQG�SODQW�RUJDQ���3ODQW�3K\VLRO���������������
)ULEHUJ��-�$���:HDWKHUV��3�-��DQG�*LEVRQ��'�*���������&XOWXUH�RI�DPHERF\WHV�LQ�D�QXWULHQW�PLVW�ELRUHDFWRU���,Q�9LWUR�&HOO��'HY��%LRO����$����������
)ULHGODQGHU��6�.���������,Q���6PRNH��'XVW�DQG�+D]H���)XQGDPHQWDOV�RI�$HURVRO�%HKDYLRU���:LOH\��1HZ�<RUN�
*DPERUJ��2�/���0LOOHU��5�$��DQG�2MLPD��.���������1XWULHQW�UHTXLUHPHQWV�RI�VXVSHQVLRQ�FXOWXUHV�RI�VR\EHDQ�URRW�FHOOV���([S� &HOO��5HV�������������
+DOODUG��'���*HHUOLQJV��$���YDQ�GHU�+HLMGHQ�5���/RSHV�&DUGRVR��0�,���+RJH��-�+�&��DQG�9HUSRRUWH�5���������0HWDEROLF�HQJLQHHULQJ�RI�WHUSHQRLG�LQGROH�DQG�TXLQROLQH�DONDORLG�ELRV\QWKHVLV�LQ�KDLU\�URRW�FXOWXUHV���,Q���+DLU\�5RRWV���&XOWXUH�DQG�$SSOLFDWLRQV��HG��3�0��'RUDQ���+DUZRRG�$FDGHPLF�3XEOLVKHUV��$PVWHUGDP��7KH�1HWKHUODQGV��������
-XQJ��.�+���.ZDN��6�6���.LP��6�:���/HH��+���&KRL��&�<��DQG�/LX��-�5���������,PSURYHPHQW�RI�WKH�FDWKDUDQWKLQH�SURGXFWLYLW\�LQ�KDLU\�URRW�FXOWXUHV�RI�&DWKDUDQWKXV�URVHXV E\�XVLQJ�PRQRVDFFKDULGHV�DV�D�FDUERQ�VRXUFH���%LRWHFKQRO��/HWW��������������
.LMQH��-�:���%DXFKURZLW]��0�$��DQG�'LD]��&�/���������5RRW�OHFWLQV�DQG�UKL]RELD���3ODQW�3K\VLRO���������������
.LP��<�-���������$VVHVVPHQW�RI�ELRUHDFWRUV�IRU�WUDQVIRUPHG�URRW�FXOWXUHV���3K'�WKHVLV��:RUFHVWHU�3RO\WHFKQLF�,QVWLWXWH��:RUFHVWHU��0$�
.LP��<���:\VORX]LO��%�(��DQG�:HDWKHUV��3�-���������$�FRPSDUDWLYH�VWXG\�RI�PLVW�DQG�EXEEOH�FROXPQ�UHDFWRUV�LQ�WKH�LQ�YLWUR SURGXFWLRQ�RI�DUWHPLVLQLQ���3ODQW�&HOO�5HS��������������
.LP��<�-���:HDWKHUV��3�-��DQG�:\VORX]LO��%�(�������D��*URZWK�RI�$UWHPLVLD�DQQXD KDLU\�URRWV�LQ�OLTXLG� DQG�JDV�SKDVH�UHDFWRUV���%LRWHFKQRO��%LRHQJ��������������
.LP��<���:\VORX]LO��%�(��DQG�:HDWKHUV��3�-�������E��6HFRQGDU\�PHWDEROLVP�RI�KDLU\�URRW�FXOWXUHV�LQ�ELRUHDFWRUV���,Q�9LWUR�&HOO��'HY��%LRO��3ODQW���������
.LP��<�-���:HDWKHUV��3�-��DQG�:\VORX]LO��%�(���������*URZWK�G\QDPLFV�RI�$UWHPLVLD�DQQXD KDLU\�URRWV�LQ�WKUHH�FXOWXUH�V\VWHPV���%LRWHFKQRO��%LRHQJ��������������
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.LWWLSRQJSDWDQD��1���+RFN��5�6��DQG�3RUWHU��-�5���������3URGXFWLRQ�RI�VRODVRGLQH�E\�KDLU\�URRW��FDOOXV��DQG�FHOO�VXVSHQVLRQ�FXOWXUHV�RI�6RODQXP�DYLFXODUH���)RUVW��3ODQW�&HOO�7LVV��2UJDQ�&XOW��������������

.ROVWHU��$��DQG�%LHGHUEHFN��5���������&RQGLWLRQV�IRU�WKH�DWWDFKPHQW�RI�&DO\VWHJLD FHOOV�WR�VROLG�VXEVWUDWHV���$QQ��%RW��������������

.ZRN��.�+��DQG�'RUDQ��3�0���������.LQHWLF�DQG�VWRLFKLRPHWULF�DQDO\VLV�RI�KDLU\�URRWV�LQ�D�VHJPHQWHG�EXEEOH�FROXPQ�UHDFWRU���%LRWHFKQRO��3URJ��������������
/LX��&�=���:DQJ��<�&���=KDR��%���*XR��&���2X\DQJ��)���<H��+�&��DQG�/L��*�)���������'HYHORSPHQW�RI�D�QXWULHQW�PLVW�ELRUHDFWRU�IRU�JURZWK�RI�KDLU\�URRWV���,Q�9LWUR�&HOO��'HY��%LRO��3ODQW�������������
0DQGROL��'�)��DQG�%ULJJV��:�5���������2SWLFDO�SURSHUWLHV�RI�HWLRODWHG�SODQW�WLVVXHV���3URF��1DWO� $FDG��6FL����������������
0DQGROL��'�)��DQG�%ULJJV��:�5���������3K\VLRORJ\�DQG�RSWLFV�RI�SODQW�WLVVXHV���:KDW
V�1HZ�LQ�3ODQW�3K\VLRORJ\�����������
0DWVXED\DVKL��<��DQG�6DNDJDPL��<���������3K\WRVXOIRNLQH��VXOIDWHG�SHSWLGHV�WKDW�LQGXFH�WKH�SUROLIHUDWLRQ�RI�VLQJOH�PHVRSK\OO�FHOOV�RI�$VSDUDJXV�RIILFLQDOLV /���3URF��1DWO��$FDG��6FL����������������
0F.HOYH\��6�$���*HKULJ��-�$���+RODU��.�$��DQG�&XUWLV��:�5���������*URZWK�RI�SODQW�URRW�FXOWXUHV�LQ�OLTXLG� DQG�JDV�GLVSHUVHG�UHDFWRU�HQYLURQPHQWV���%LRWHFKQRO��3URJ�������������
0R]HV��1���0DUFKDO��)���+HUPHVVH��0�3��DQG�9DQ�+DHFKW��-�/���������,PPRELOL]DWLRQ�RI�PLFURRUJDQLVPV�E\�DGKHVLRQ���LQWHUSOD\�RI�HOHFWURVWDWLF�DQG�QRQ�HOHFWURVWDWLF�LQWHUDFWLRQV���%LRWHFKQRO��%LRHQJ��������������
1HOMXERZ��'�1���������8EHU�GLH�KRUL]RQWDOH�QXWDWLRQ�GHU�VWHQJHO�YRQ�3LVXP�VDWLYXP�XQG�HLQLJHU�DQGHUHQ��3IODQ]HQ�%HLWUDJH�XQG�%RWDQLN�=HQWUDOEODWW�������������
1LHOG��'�$��DQG�%HMDQ��$���������&RQYHFWLRQ�LQ�SRURXV�PHGLD���6SULQJHU�9HUODJ��1HZ�<RUN�
1XXWLOD��$�0���/LQGTYLVW��$�6��DQG .DXSSLQHQ��9���������*URZWK�RI�KDLU\�URRW�FXOWXUHV�RI�VWUDZEHUU\��)UDJDULD [��DQDQDVVD�'XFK���LQ�WKUHH�GLIIHUHQW�W\SHV�RI�ELRUHDFWRUV���%LRWHFKQRO��7HFKQ��������������
3DOD]RQ��-���0DOORO��$���(LEO��5���/HWWHQEDXHU��&���&XVLGR��5�0��DQG�3LQRO��0�7���������*URZWK�DQG�JLQVHQRVLGH�SURGXFWLRQ�LQ�KDLU\�URRW�FXOWXUHV�RI�3DQD[�JLQVHQJ XVLQJ�D�QRYHO�ELRUHDFWRU���3ODQWD�0HGLFD�������������



��

3HUHLUD��$�0�6���%HUWRQL��%�:���&DPDUD��)�/�$���'XDUWH��,�%���4XHLUR]��0�(�&���/HLWH��9�*�0���0RUDHV��5�0���&DUYDOKR��'��DQG�)UDQFD��6�&���������&R�FXOWLYDWLRQ�RI�SODQW�FHOOV�DV�D�WHFKQLTXH�IRU�WKH�HOLFLWDWLRQ�RI�VHFRQGDU\�PHWDEROLWH�SURGXFWLRQ���3ODQW�&HOO�7LVV��2UJ��&XOW��������������
3HUU\��5�+��DQG�*UHHQ��'�:���������3HUU\
V�&KHPLFDO�(QJLQHHU
V�+DQGERRN���WK HG���0F*UDZ�+LOO��1HZ�<RUN���������������������������
5DPDNULVKQDQ��'��DQG�&XUWLV��:�5���������7ULFNOH�EHG�URRW�FXOWXUH�ELRUHDFWRU�GHVLJQ�DQG�VFDOH�XS���JURZWK��IOXLG�G\QDPLFV��DQG�R[\JHQ�PDVV�WUDQVIHU���%LRWHFKQRO��%LRHQJ��������������
5DPDNULVKQDQ��'���/X\N�'��DQG�&XUWLV�:�5���������0RQLWRULQJ�ELRPDVV�LQ�URRW�FXOWXUH�V\VWHPV���%LRWHFKQRO��%LRHQJ��������������
5DPDNULVKQDQ��'���6DOLP��-��DQG�&XUWLV��:�5���������,QRFXODWLRQ�DQG�WLVVXH�GLVWULEXWLRQ�LQ�SLORW�VFDOH�SODQW�URRW�FXOWXUH�ELRUHDFWRUV���%LRWHFKQRO��7HFK�������������
5HHG��5�&���%UDG\��6�5��DQG�0XGD\��*�.���������,QKLELWLRQ�RI�DX[LQ�PRYHPHQW�IURP�WKH�VKRRW�LQWR�WKH�URRW�LQKLELWV�ODWHUDO�URRW�GHYHORSPHQW�LQ�$UDELGRSVLV���3ODQW�3K\VLRO�����������������
5LGJH��5�:��DQG�5ROIH��%�*���������/HFWLQ�ELQGLQJ�WR�WKH�URRW DQG�URRW�KDLU�WLSV�RI�WKH�WURSLFDO�OHJXPH�0DFURSWLOLXP�DWURSXUSXUHXP 8UE���$SSO��(QYLURQ��0LFURELRO��������������
5RELQV��5�-���+DOO��'�2���6KL��'�-���7XUQHU��5�-��DQG�5KRGHV��0�-�&���������0XFLODJH�DFWV�WR�DGKHUH�F\DQREDFWHULD�DQG�FXOWXUHG�SODQW�FHOOV�WR�ELRORJLFDO�DQG�LQHUW�VXUIDFHV���)(06�0LFURELRO��/HWW��������������
5RWKH��*��DQG�'UDJHU��%���������7URSDQH�DONDORLGV�± PHWDEROLF�UHVSRQVH�WR�FDUERK\GUDWH�VLJQDO�LQ�URRW�FXOWXUHV�RI�$WURSD�EHOODGRQQD�� 3ODQW�6FL���������������
6DQGHUV��/�&���:DQJ��&���:DOOLQJ��/�/��DQG�/RUG��(�0���������$�KRPRORJ�RI�WKH�VXEVWUDWH�DGKHVLRQ�PROHFXOH�YLWURQHFWLQ�RFFXUV�LQ�IRXU�VSHFLHV�RI�IORZHULQJ�SODQWV���3ODQW�&HOO�������������
6FKURGHU��5���*HUWQHU��)���6WHLQEUHQQHU��%���.QRRS��%��DQG�%HLGHUEHFN��5���������9LDELOLW\�IDFWRUV�LQ�SODQW�VXVSHQVLRQ�FXOWXUHV�± VRPH�SURSHUWLHV���-��3ODQW�3K\VLRO���������������
6KDQNV��-��DQG�0RUJDQ��-���������3ODQW�
KDLU\�URRW
�FXOWXUH���&XUU��2SLQLRQ�LQ�%LRWHFKQRO��������������
6KDURQ��1��DQG�/LV��+���������/HFWLQV�� &KDSPDQ�DQG�+DOO��1HZ�<RUN��1<�
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6KDUS��-�0��DQG�'RUDQ�3�0���������&KDUDFWHULVWLFV�RI�JURZWK�DQG�WURSDQH�DONDORLG�V\QWKHVLV�LQ�$WURSD�EHOODGRQQD URRWV�WUDQVIRUPHG�E\�$JUREDFWHULXP�UKL]RJHQHV�� -��%LRWHFKQRO��������������
6LHJHO��6�0��DQG�'DO\��2���������5HJXODWLRQ�RI�EHWDF\DQLQ�HIIOX[�IURP�EHHW�URRW�E\�SRO\�/�O\VLQH��&D�LRQ�DQG�RWKHU�VXEVWDQFHV���3ODQW�3K\VLRO����������������
6RXUHW��)�)���.LP��<�-���:\VORX]LO��%�(���:REEH��.�.��DQG�:HDWKHUV��3�-���������6FDOH�XS�RI�$UWHPLVLD�DQQXD /��KDLU\�URRWV�FXOWXUHV�SURGXFHV�FRPSOH[�SDWWHUQV�RI�WHUSHQRLG�JHQH�H[SUHVVLRQ���%LRWHFKQRO��%LRHQJ��������������
6XQJ��/�6��DQG�+XDQJ��6�<���������+HDGVSDFH�HWK\OHQH�DFFXPXODWLRQ�LQ�6WL]RORELXP�KDVVMRR KDLU\�URRW�FXOWXUH�SURGXFLQJ�/�����GLK\GUR[\SKHQ\ODODQLQH���%LRWHFKQRO��/HWW��������������
7DQDGD� 7���������$�UDSLG�SKRWRUHYHUVLEOH�UHVSRQVH�RI�EDUOH\�URRW�WLSV�LQ�WKH�SUHVHQFH�RI���LQGROHDFHWLF�DFLG���3URF��1DWO��$FDG��6FL���������������
7D\D��0���6DWR��+���0DVDKLUR��.��DQG�7RQH��6���������&KDUDFWHULVWLFV�RI�SDN�EXQJ�JUHHQ�KDLU\�URRWV�FXOWLYDWHG�XQGHU�OLJKW�LUUDGLDWLRQ���-��)HUPHQW��%LRHQJ������������
7LVVHUDW��%���-RQHV��'��DQG�*DOOHWWD��3�'���������&RQVWUXFWLRQ�DQG�XVH�RI�DQ�LQH[SHQVLYH�LQ�YLWUR�XOWUDVRQLF�PLVWLQJ�V\VWHP���+RUW��7HFKQRO�����������
7RZOHU��0�-��DQG�:HDWKHUV��3�-���������$GKHVLRQ�RI�SODQW�URRWV�WR�SRO\�/�O\VLQH�FRDWHG�SRO\SURS\OHQH�VXEVWUDWHV���-RXUQDO�RI�%LRWHFKQRO���������������
9DQ�+DHFKW��-�/���'H%UHPDHNHU��0��DQG�5RX[KHW��3�*���������,PPRELOL]DWLRQ�RI�\HDVW�E\�DGKHVLRQ�WR�D�VXSSRUW�ZLWKRXW�XVH�RI�D�FKHPLFDO�DJHQW���(Q]\PH�0LFURELDO�7HFKQRO������������
9LWUDF��;���/DUURQGH��)���.ULVD��6���'HFHQGLW��$���'HIILHX[��*��DQG�0HULOORQ�-�0���������6XJDU�VHQVLQJ�DQG�&D���FDOPRGXOLQ�UHTXLUHPHQW�LQ�9LWLV�YLQLIHUD FHOOV�SURGXFLQJ�DQWKRF\DQLQV���3K\WRFKHPLVWU\��������������
:DODFK��0�5��DQG�3LUW��6�-���������7KH�JURZWK�DQG�DGKHVLRQ�WR�JODVV�RI�DOJDO��&KORUHOOD��FHOOV���WKH�HIIHFWV�RI�LURQ�DQG�RWKHU�PLQHUDO�QXWULHQWV���$SSO��0LFURELRO��%LRWHFKQRO��������������
:DJQHU��9�7���%ULDQ��/���DQG�4XDWUDQR��5�6���������5ROH�RI�D�YLWURQHFWLQ�OLNH�PROHFXOH�LQ�HPEU\R�DGKHVLRQ�RI�WKH�EURZQ�DOJD�)XFXV�� 3URF��1DWO��$FDG��6FL���������������
:DJQHU��9�7��DQG�0DWWK\VVH��$�*���������,QYROYHPHQW�RI�D�YLWURQHFWLQ�OLNH�SURWHLQ�LQ�DWWDFKPHQW�RI�$JUREDFWHULXP�WXPHIDFLHQV WR�FDUURW�VXVSHQVLRQ�FXOWXUH�FHOOV���-��%DFWHULRO����������������
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:DQJ��&���:DOOLQJ��/�/���*X��<�4���:DUH��&�)��DQG�/RUG��(�0���������7ZR�FODVVHV�RI�SURWHLQV�DQG�P51$V�LQ�/LOLXP�ORQJLIORUXP /��LGHQWLILHG�E\�KXPDQ�YLWURQHFWLQ�SUREHV���3ODQW�3K\VLRO���������������
:DQJ��-��/���:DOOLQJ��/�/���-DXK� *�<���*X��<��4��DQG�/RUG��(�0���������/LO\�FRIDFWRU�LQGHSHQGHQW�SKRVSKRJO\FHUDWH�PXWDVH���SXULILFDWLRQ��SDUWLDO�VHTXHQFLQJ��DQG�LPPXQRORFDOL]DWLRQ���3ODQWD���������������
:HDWKHUV��3�-���%XQN��*��DQG�0F&R\��0���������7KH�HIIHFW�RI�SK\WRKRUPRQHV�RQ�JURZWKDQG�DUWHPLVLQLQ�SURGXFWLRQ�LQ�$UWHPLVLD�DQQXD KDLU\�URRWV���,Q�9LWUR�&HOO��'HY��%LRO��3ODQW��LQ�SUHVV�
:HDWKHUV��3�-���&KHHWKDP��5�'���)ROODQVEHH��(��DQG�7HRK��.���������$UWHPLVLQLQ�SURGXFWLRQ�E\�WUDQVIRUPHG�URRWV�RI�$UWHPLVLD�DQQXD�� %LRWHFKQRO��/HWW����������������
:HDWKHUV��3�-���'H-HVXV�*RQ]DOH]��/���.LP��<�-���6RXUHW��)�)��DQG�7RZOHU��0�-���������$OWHUDWLRQ�RI�ELRPDVV�DQG�DUWHPLVLQLQ�SURGXFWLRQ�LQ�$��DQQXD KDLU\�URRWV�E\�PHGLD�VWHULOL]DWLRQ�PHWKRG�DQG�VXJDUV���3ODQW�&HOO�5HS��������������
:HDWKHUV��3�-���'L,RULR��$�$��DQG�&KHHWKDP��5�'���������$�ELRUHDFWRU�IRU�GLIIHUHQWLDWHG�SODQW�WLVVXHV���,Q���3URFHHGLQJV�RI�WKH�%LRWHFK�86$�&RQIHUHQFH��6DQ�)UDQFLVFR��&$����������
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5HDFWRU�� ��$'DWH 0D\��������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FORXG\�GD\����OHDNV��PHGLD�JRQH�
,QLWLDO� )LQDO�):��J� ��� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G



���

5HDFWRU�� ��$'DWH 0D\���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHGURRP�DLU��1D2+�WUDS�DW�YHQW0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH �����GD\V&RPPHQWV���OHDNV��SUHVVXUH�SUREOHPV��UHVHUYRLU�WRS�EOHZ�RII�GD\��
,QLWLDO� )LQDO�):��J� ��� ): ����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
VXJDU�FRQFHQWUDWLRQ��J�/� IUXFWRVH JOXFRVH VXFURVH JOXFRVH�HTXLYDOHQWVLQLWLDO � � �� �������ILQDO ������ ������ ������� �������
SKRVSKDWH��J�/�LQLWLDO ������ILQDO ������























































































5HDFWRU�� ��$'DWH 0D\���������,QRFXOXP�DQG�DJH �����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH �����GD\V&RPPHQWV���FOHDQ��HDUO\�OHDNV
,QLWLDO� )LQDO�):��J� ���� ): �����':��J� ����� ': ������YROXPH��/� ����� FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
VXJDU�FRQFHQWUDWLRQ��J�/� IUXFWRVH JOXFRVH VXFURVH JOXFRVH�HTXLYDOHQWVLQLWLDO � � �� �������ILQDO ������� ������ ������� �������
SKRVSKDWH��J�/�LQLWLDO ������ILQDO ������



���

5HDFWRU�� ��%'DWH 0D\���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FORXG\�GD\����PDOIXQFWLRQLQJ�IORZPHWHU��DLUIORZ�WRR�KLJK�
,QLWLDO� )LQDO�):��J� ��� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� Q�G FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G
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5HDFWRU�� ��$'DWH -XO\���������,QRFXOXP�DQG�DJH �����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH �����GD\V&RPPHQWV���OHDNV�EHORZ�JURZWK�FKDPEHU��EXW�FOHDQ
,QLWLDO� )LQDO�):��J� ���� ): ����� QRQ�EORWWHG�EHG�ZHLJKW��J�':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
7LPH��GD\V� 9ROXPH�FKDQJH��P/������� ���������� ���������� ���������� ���������� ���������� ����
VXJDU�FRQFHQWUDWLRQ��J�/� IUXFWRVH JOXFRVH VXFURVH JOXFRVH�HTXLYDOHQWVLQLWLDO � � �� �������ILQDO ������ ������ ������� �������
SKRVSKDWH��J�/�LQLWLDO ������ILQDO ������
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5HDFWRU�� ��$'DWH $XJXVW��������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH �����GD\V&RPPHQWV���FOHDQ��VPDOO�OHDNV
,QLWLDO� )LQDO�):��J� ��� ): ����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
7LPH��GD\V� 9ROXPH�FKDQJH��P/������� ��������� ���������� ���������� ���������� ���������� ����
VXJDU�FRQFHQWUDWLRQ��J�/� IUXFWRVH JOXFRVH VXFURVH JOXFRVH�HTXLYDOHQWVLQLWLDO � � �� �������ILQDO ������ ������ ������� �������
SKRVSKDWH��J�/�LQLWLDO ������ILQDO ������
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5HDFWRU�� ��%'DWH $XJXVW��������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FORXG\�GD\��
,QLWLDO� )LQDO�):��J� ��� ): ����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
7LPH��GD\V� 9ROXPH�FKDQJH��P/������� ��������� ���������� ���������� ���������� ���������� ����
VXJDU�FRQFHQWUDWLRQ��J�/� IUXFWRVH JOXFRVH VXFURVH JOXFRVH�HTXLYDOHQWVLQLWLDO � � �� �������ILQDO ������ ������ ������� �������
SKRVSKDWH��J�/�LQLWLDO ������ILQDO ������























































































5HDFWRU�� ��$'DWH $XJXVW���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FORXG\�GD\��
,QLWLDO� )LQDO�):��J� ��� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� Q�G FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G
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5HDFWRU�� ��%'DWH $XJXVW���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FORXG\�GD\��
,QLWLDO� )LQDO�):��J� ��� ): �����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� Q�G FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
7LPH��GD\V� 9ROXPH�FKDQJH��P/������� ���������� ���������� ���������� ���������� ���������� ����
VXJDU�FRQFHQWUDWLRQ��J�/� IUXFWRVH JOXFRVH VXFURVH JOXFRVH�HTXLYDOHQWVLQLWLDO � � �� �������ILQDO ������ ������ ������� �������
SKRVSKDWH��J�/�LQLWLDO ������ILQDO ������
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5HDFWRU�� ��$'DWH $XJXVW���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FORXG\�GD\��
,QLWLDO� )LQDO�):��J� ��� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G























































































5HDFWRU�� ��%'DWH $XJXVW���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FORXG\�GD\��
,QLWLDO� )LQDO�):��J� ��� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G























































































5HDFWRU�� ��$'DWH $XJXVW���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���PHGLD�JRQH�GD\��
,QLWLDO� )LQDO�):��J� ��� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G
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5HDFWRU�� ��%'DWH $XJXVW���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FOHDQ
,QLWLDO� )LQDO�):��J� ��� ): ����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
7LPH��GD\V� 9ROXPH�FKDQJH��P/������� ��������� ���������� ���������� ���������� ����
VXJDU�FRQFHQWUDWLRQ��J�/� IUXFWRVH JOXFRVH VXFURVH JOXFRVH�HTXLYDOHQWVLQLWLDO � � �� �������ILQDO ������ ������ ������� �������
SKRVSKDWH��J�/�LQLWLDO ������ILQDO ������
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5HDFWRU�� ��$'DWH 6HSWHPEHU���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���OHDNV��KXPLGLILHU�SUREOHPV��FKDQJHG�GD\���DQG�GD\���
,QLWLDO� )LQDO�):��J� ��� ): �����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
7LPH��GD\V� 9ROXPH�FKDQJH��P/������� ���������� ���������� ����
VXJDU�FRQFHQWUDWLRQ��J�/� IUXFWRVH JOXFRVH VXFURVH JOXFRVH�HTXLYDOHQWVLQLWLDO � � �� �������ILQDO ������ ����� ������� �������
SKRVSKDWH��J�/�LQLWLDO ������ILQDO ������
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5HDFWRU�� ��%'DWH 6HSWHPEHU���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���OHDNV��FORXG\�GD\��
,QLWLDO� )LQDO�):��J� ��� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G























































































5HDFWRU�� ��$'DWH 6HSWHPEHU���������,QRFXOXP�DQG�DJH �����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FORXG\�GD\��
,QLWLDO� )LQDO�):��J� ���� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G
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5HDFWRU�� ��$'DWH 2FWREHU���������,QRFXOXP�DQG�DJH �����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FORXG\�GD\��
,QLWLDO� )LQDO�):��J� ���� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G























































































5HDFWRU�� ��%'DWH 2FWREHU���������,QRFXOXP�DQG�DJH QRQH&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH GD\V&RPPHQWV���DLU�IORZ�SUREOHPV��JHQHUDWRU�OHDNV�LQWR�KXPLGLILHU��KXPLGLILHU�OHIW�RII��OHDNV�EHORZ�JURZWK�FKDPEHU��EOXH�G\H�LQ�PHGLD
,QLWLDO� )LQDO�):��J� � ): Q�G':��J� � ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ � SDFNLQJ�IUDFWLRQ Q�G
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5HDFWRU�� ��%'DWH 2FWREHU���������,QRFXOXP�DQG�DJH �����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���VPDOO�IXQJXV�LQ�PHGLD�UHVHUYRLU�DW�KDUYHVW��RWKHUZLVH�FOHDU��UHG�G\H�LQ�PHGLD
,QLWLDO� )LQDO�):��J� ���� ): �����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
7LPH��GD\V� 9ROXPH�FKDQJH��P/������� ��������� ��������� ��������� ����
VXJDU�FRQFHQWUDWLRQ��J�/� IUXFWRVH JOXFRVH VXFURVH JOXFRVH�HTXLYDOHQWVLQLWLDO � � �� �������ILQDO ������ ������ ������� �������
SKRVSKDWH��J�/�LQLWLDO ������ILQDO ������
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5HDFWRU�� ��$'DWH 1RYHPEHU��������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/ FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���KXPLGLILHU�SUREOHPV��IORRGV��QRW�PLVWLQJ���UHG�G\H�LQ�PHGLD
,QLWLDO� )LQDO�):��J� ��� ): �����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� Q�G FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
7LPH��GD\V� 9ROXPH�FKDQJH��P/������� ���������� ���������� ���������� ���������� ���������� ����
VXJDU�FRQFHQWUDWLRQ��J�/� IUXFWRVH JOXFRVH VXFURVH JOXFRVH�HTXLYDOHQWVLQLWLDO � � �� �������ILQDO ������ ������ ������� �������
SKRVSKDWH��J�/�LQLWLDO ������ILQDO ������
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5HDFWRU�� ��%'DWH 1RYHPEHU��������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH GD\V&RPPHQWV���SXPS�FRQWUROOHU�GLHG�WKUHH�WLPHV��QRW�PLVWLQJ��UHG�G\H�LQ�PHGLD
,QLWLDO� )LQDO�):��J� ��� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� Q�G FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G























































































5HDFWRU�� ��$'DWH 1RYHPEHU���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FOHDQ��UHG�G\H�LQ�PHGLD
,QLWLDO� )LQDO�):��J� ��� ): ����� QRQ�EORWWHG�EHG�ZHLJKW �����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� Q�G FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
7LPH��GD\V� 9ROXPH�FKDQJH��P/������� ��������� ��������� ��������� ���������� ���������� ����
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5HDFWRU�� ��%'DWH 1RYHPEHU���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���FORXG\�GD\����UHG�G\H�LQ�PHGLD
,QLWLDO� )LQDO�):��J� ��� ): Q�G':��J� ����� ': Q�GYROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� Q�G FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ Q�G























































































5HDFWRU�� ��$'DWH 'HFHPEHU��������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���KXPLGLILHU�IORRGHG��VKRUWHG�RXW�IURP�RYHUIORZ��UHSODFHG��IORRGHG�± VSOLW�WXELQJ IURP�PLVW�JHQHUDWRU�EXEEOH�DVSLUDWRU��UHG�G\H�LQ�PHGLD
,QLWLDO� )LQDO�):��J� ��� ): ����� QRQ�EORWWHG�EHG�ZHLJKW �����':��J� ����� ': ������YROXPH��/� ����� YROXPH Q�GFRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
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5HDFWRU�� ��%'DWH 'HFHPEHU��������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ����/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���PLVW�SUREOHPV�GD\����DLU�SXPS�G\LQJ�± UHSODFHG�GD\����UHG�G\H�LQ�PHGLD
,QLWLDO� )LQDO�):��J� ��� ): ���� QRQ�EORWWHG�EHG�ZHLJKW� �����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� ���� FRQGXFWLYLW\ ����SDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ �����
7LPH��GD\V� 9ROXPH�FKDQJH��P/������� ��������� ��������� �������� ��������� ���
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5HDFWRU�� ��$'DWH )HEUXDU\���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV� QR�SUREOHPV��PD\�KDYH�EHHQ�DLU�IORZ�LVVXHV�RQ�GD\����VWXFN�IORZPHWHU��FKDQJHG�DLU�SXPS�
,QLWLDO� )LQDO�):��J� ��� ): ���� QRQ�EORWWHG�EHG�ZHLJKW �����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� Q�G FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ� Q�G



���

5HDFWRU�� ��$'DWH )HEUXDU\���������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���NLQNHG�WXELQJ�WR�PLVW�JHQHUDWRU�GD\����HQGHG
,QLWLDO� )LQDO�):��J� ��� ): ���� QRQ�EORWWHG�EHG�ZHLJKW �����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� Q�G FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ� Q�G























































































5HDFWRU�� ��$'DWH 0DUFK��������,QRFXOXP�DQG�DJH ����J�):�7������G&XOWXUH�FKDPEHU ���P/�FHQWULIXJH�WXEH0HGLXP ILOWHUHG�%������VXFURVH$LU�IORZ ��/�PLQ��KXPLGLILHG�URRP�DLU0LVWLQJ�F\FOH ���PLQ�RQ������PLQ�RII&XOWXUH�WLPH ��GD\V&RPPHQWV���WLPHU�QRW�ZRUNLQJ�VRPHWLPH�EHWZHHQ�GD\������QR�YROXPH�FKDQJH�
,QLWLDO� )LQDO�):��J� ��� ): ����� QRQ�EORWWHG�EHG�ZHLJKW �����':��J� ����� ': ������YROXPH��/� ����� YROXPH �����FRQGXFWLYLW\��P6�FP� Q�G FRQGXFWLYLW\ Q�GSDFNLQJ�IUDFWLRQ ����� SDFNLQJ�IUDFWLRQ� Q�G



���

6KDNH�IODVN�H[S�� UHG G\H���'DWH 'HFHPEHU���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP DXWRFODYHG�%������VXFURVH&XOWXUH�WLPH ���GD\V
):�J� ':�J� YRO��/�,QLWLDO ���� ����� ����)LQDO$ ����� ������% ����� ������& ����� ������' ����� ������5$ ����� ������5% ����� ������5& ����� ������5' ����� ������NH\���5� �UHG�G\H�DGGHG�WR�PHGLD
























































































6KDNH�IODVN�H[S�� UHG�G\H���'DWH -DQXDU\���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%������VXFURVH&XOWXUH�WLPH ��GD\V&RPPHQWV���YHU\�FROG�LQ�FXOWXUH�URRP���GD\V�EHIRUH�KDUYHVW

):�J� ':�J� YRO��/�,QLWLDO ���� ����� ����)LQDO&� ����� ������&� ����� ������&� ����� ������&� ����� ������5� ����� ������5� ����� ������5� ����� ������5� ����� ������5� ����� ������NH\���&� �FRQWURO��5� �UHG�G\H�DGGHG�WR�PHGLD

&21&/86,21���UHG�G\H�LV�QRQ�WR[LF�WR�URRWV�DV�ORQJ�DV�LW�LV�QRW�DXWRFODYHG



���

6KDNH�IODVN�H[S�� 21('DWH )HEUXDU\���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%������VXFURVH&XOWXUH�WLPH �����GD\V
):�J� ':�J� YRO��/�,QLWLDO ���� ����� ����)LQDO�$ ���� �������% ���� �������& ���� �������' ���� �������( ���� �������$ ���� �������% ���� �������& ���� �������' ���� �������( ���� ������
























































































6KDNH�IODVN�H[S�� 7:2'DWH 0DUFK���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%������VXFURVH&XOWXUH�WLPH �����GD\V

):�J� ':�J� YRO��/�,QLWLDO ���� ����� ����)LQDO�$ ���� �������% ���� �������& ���� �������' ���� �������( ���� �������$ ���� �������% ���� �������& ���� �������' ���� �������( ���� ������



���

6KDNH�IODVN�H[S�� 7+5(('DWH $SULO���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%������VXFURVH&XOWXUH�WLPH ��������GD\V
):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO ���� ����� ���� � � �� �������)LQDO�$ ���� ������ ������ ������ ������� ��������% ���� ������ ������ ������ ������� ��������' ���� ������ ������ ������ ������� ��������$ ���� ������ ������ ������ ������� ��������% ���� ������ ������ ������ ������� ��������& ���� ������ ������ ������ ������� ��������$ ���� ������ ������ ������ ������� ��������% ���� ������ ������ ������ ������� ��������& ���� ������ ������ ������ ������� �������

SKRVSKDWH��J�/�LQLWLDO ������ILQDO�$ �������% �������& �������' �������$ �������% �������& �������$ �������% �������& ������



���

6KDNH�IODVN�H[S�� )285'DWH $SULO���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%���������VXFURVH&XOWXUH�WLPH ��������GD\V
):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO ���� ����� ���� � � �� �������)LQDO���$ ���� ������ ������ ������ ������� ��������% ���� ������ ������ ������ ������� ��������& ���� ������ ������ ������ ������� ��������' ���� ������ ������ ������ ������� ��������$ ���� ������ ������ ������ ������� ��������% ���� ������ ������ ������ ������� ��������& ���� ������ ������ ������ ������� ��������$ ���� ������ ������ ������ ������� ��������% ���� ������ ������ ������ ������� ��������& ���� ������ ������ ������ ������� ����������$ ���� ������ ������ ������ ������� ��������% ���� ������ ������ ������ ������� ��������& ���� ������ ������ ������ ������� ��������' ���� ������ ������ ������ ������� ��������$ ���� ������ ������ ������ ������� ��������% ���� ������ ������ ������ ������� ��������& ���� ������ ������ ������ ������� ��������$ ���� ������ ������ ������ ������� ��������% ���� ������ ������ ������ ������� ��������& ���� ������ ������ ������ ������� �������



���

6KDNH�IODVN�H[S�� )285'DWH $SULO���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%���������VXFURVH&XOWXUH�WLPH ��������GD\V
SKRVSKDWH��J�/� QLWUDWH��J�/�LQLWLDO ������ ������ILQDO���$ ������ �������% ������ �������& ������ �������' ������ �������$ ������ �������% ������ �������& ������ �������$ ������ �������% ������ �������& ������ ���������$ ������ �������% ������ �������& ������ �������' ������ �������$ ������ �������% ������ �������& ������ �������$ ������ �������% ������ �������& ������ ������



���

6KDNH�IODVN�H[S�� ),9('DWH -XO\���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%������VXFURVH&XOWXUH�WLPH ���������������GD\V
):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO ���� ����� ���� � � �� �������)LQDO�$ ���� ������ ����� ������ ������ ������� ��������% ���� ������ ����� ������ ������ ������� ��������& ���� ������ ����� ������ ������ ������� ��������' ���� ������ ����� ������ ������ ������� ��������$ ���� ������ ����� ������ ������ ������� ��������% ���� ������ ����� ������ ������ ������� ��������& ���� ������ ����� ������ ������ ������� ��������' ���� ������ ����� ������ ������ ������� ��������$ ���� ������ ����� ������ ������ ������� ��������% ���� ������ ����� ������ ������ ������� ��������& ���� ������ ����� ������ ������ ������� ��������' ���� ������ ����� ������ ������ ������� ��������$ ���� ������ ������� ������� ������� ��������% ���� ������ ������� ������� ������� ��������& ���� ������ ������� ������� ������� ���������$ ���� ������ ����� ������� ������� ������� ���������% ���� ������ ����� ������� ������� ������� ���������' ���� ������ ����� ������� ������� ������� �������

SKRVSKDWH��J�/� QLWUDWH��J�/�LQLWLDO ������ ������ILQDO�$ ������ �������% ������ �������& ������ �������' ������ �������$ ������ �������% ������ �������& ������ �������' ������ �������$ ������ �������% ������ �������& ������ �������' ������ �������$ ������ �������% ������ �������& ������ ��������$ ������ ��������% ������ ��������& ������ ��������' ������ ������



���

6KDNH�IODVN�H[S�� 6,;'DWH $XJXVW��������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%�������������VXFURVH&XOWXUH�WLPH ���GD\V
):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO� ���� ����� ���� � � �� �������� ���� ����� ���� � � �� ��������� ���� ����� ���� � ��� ��������)LQDO�$ ���� ������ ����� ������� ������� ������� ��������% ���� ������ ����� ������� ������� ������� ��������& ���� ������ ����� ������� ������� ������� ��������' ���� ������ ����� ������� ������� ������� ��������$ ���� ������ ����� ������� ������� ������� ��������% ���� ������ ����� ������� ������� ������� ��������& ���� ������ ����� ������� ������� ������� ��������' ���� ������ ����� ������� ������� ������� ���������$ ���� ������ ����� ������� ������� ������� ����������% ���� ������ ����� ������� ������� ������� ����������& ���� ������ ����� ������� ������� ������� ����������' ���� ������ ����� ������� ������� ������� ��������

SKRVSKDWH��J�/� QLWUDWH��J�/�LQLWLDO ������ ������ILQDO�$ ������ �������% ������ �������& ������ �������' ������ �������$ ������ �������% ������ �������& ������ �������' ������ ��������$ ������ ��������% ������ ��������& ������ ��������' ������ ������



���

6KDNH�IODVN�H[S�� 6(9(1'DWH $XJXVW��������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%������VXFURVH&XOWXUH�WLPH ��������GD\V
):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO ���� ����� ���� � � �� �������)LQDO�$ ���� ������ ����� ������ ������ ������� ��������% ���� ������ ����� ������ ������ ������� ��������& ���� ������ ����� ������ ������ ������� ��������$ ���� ������ ����� ������ ������ ������� ��������% ���� ������ ����� ������ ������ ������� ��������& ���� ������ ����� ������ ������ ������� ��������$ ���� ������ ����� ������ ������ ������� ��������% ���� ������ ����� ������ ������ ������� ��������& ���� ������ ����� ������ ������ ������� ��������' ���� ������ ����� ������ ������ ������� ��������$ ���� ������ ����� ������� ������ ������� ��������% ���� ������ ����� ������� ������ ������� ��������& ���� ������ ����� ������� ������� ������� ���������$ ���� ������ ����� ������� ������� � ���������% ���� ������ ����� ������� ������� � ���������& ���� ������ ����� ������� ������� � ���������' ���� ������ ����� ������� ������� � �������

SKRVSKDWH��J�/� QLWUDWH��J�/�LQLWLDO ������ ������ILQDO�$ ������ �������% ������ �������& ������ �������$ ������ �������% ������ �������& ������ �������$ ������ �������% ������ �������& ������ �������' ������ �������$ ������ �������% ������ �������& ������ ��������$ ������ ��������% ������ ��������& ������ ��������' ������ ������



���

6KDNH�IODVN�H[S�� (,*+7'DWH $XJXVW���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%��������������VXFURVH&XOWXUH�WLPH ���GD\V
):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO��� ���� ����� ���� � � �� �������� ���� ����� ���� � � �� �������� ���� ����� ���� � � �� �������)LQDO���$ ���� ������ ����� ������� ������� � ����������% ���� ������ ����� ������ ������ � ����������& ���� ������ ����� ������ ������ � ����������' ���� ������ ����� ������ ������ � ����������( ���� ������ ����� ������ ������ � ��������) ���� ������ ����� ������� ������� � ��������* ���� ������ ����� ������� ������� � ��������+ ���� ������ ����� ������� ������� ������ ��������, ���� ������ ����� ������� ������� ������ ��������- ���� ������ ����� ������� ������� ������ �������

SKRVSKDWH��J�/� QLWUDWH��J�/�LQLWLDO ������ ������ILQDO���$ ������ ���������% ������ ���������& ������ ���������' ������ ���������( ������ �������) ������ �������* ������ �������+ ������ �������, ������ �������- ������ ������



���

6KDNH�IODVN�H[S�� 1,1('DWH 'HFHPEHU�����,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%������VXFURVH��JOXFRVH��RU�IUXFWRVH&XOWXUH�WLPH ���GD\V
):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH�J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO) ���� ������ ���� ������ � � �������* ���� ������ ���� � ������� � �������6 ���� ������ ���� � � �� �������)LQDO)� ���� ������ ����� ������� � � �������)� ���� ������ ����� ������� � � �������)� ���� ������ ����� ������� � � �������)� ���� ������ ����� ������� � � �������)� ���� ������ ����� ������� � � �������*� ���� ������ ����� � ������� � �������*� ���� ������ ����� � ������� � �������*� ���� ������ ����� � ������� � �������*� ���� ������ ����� � ������� � �������*� ���� ������ ����� � ������� � �������6� ���� ������ ����� ������� ������� � �������6� ���� ������ ����� ������� ������� � �������6� ���� ������ ����� ������� ������� � �������6� ���� ������ ����� ������� ������� � �������6� ���� ������ ����� ������� ������� � �������

SKRVSKDWH��J�/� QLWUDWH��J�/�LQLWLDO ������ ������ILQDO)� ������ ������)� ������ ������)� ������ ������)� ������ ������)� ������ ������*� ������ ������*� ������ ������*� ������ ������*� ������ ������*� ������ ������6� ������ ������6� ������ ������6� ������ ������6� ������ ������6� ������ ������



���

6KDNH�IODVN�H[S�� 7(1'DWH $SULO���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%������VXFURVH&XOWXUH�WLPH �����������GD\V
):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO ���� ����� ���� � � �� �������)LQDO�$ ���� �������% ���� �������& ���� �������' ���� �������$ ���� �������% ���� �������& ���� �������' ���� �������U$ ���� ������ ����� ������ ������ � ��������U% ���� ������ ����� ������ ������ � ��������U& ���� ������ ����� ������ ������ � ��������U' ���� ������ ����� ������ ������ � ��������U$ ���� ������ ����� ������ ������ � ��������U% ���� ������ ����� ������ ������ � ��������U& ���� ������ ����� ������ ������ � ��������U' ���� ������ ����� ������ ������ � ��������$ ����� ������ ������ � ��������% ����� ������ ������ � ��������& ����� ������ ������ � ��������' ����� ������ ������ � ��������%��� ���� ������ ������ ������ ������ � ��������&��� ���� ������ ����� ������ ������ � ��������'��� ���� ������ ������ ������ ������ � ��������$ ���� ������ ����� ������ ������ � ��������% ���� ������ ����� ������ ������ � ��������& ���� ������ ����� ������ ������ � ��������' ���� ������ ������ ������ ������ � �������NH\����� �UHPRYH�URRWV�#��G��UHLQRFXODWH�ZLWK�QHZ�URRWV�DQG�JURZ�IRU����PRUH�GD\V���U����� �UHPRYH�URRWV�#��G��ILOWHU�PHGLD��UHLQRFXODWH�ZLWK�QHZ�URRWV�DQG�JURZ�IRU����PRUH�GD\V���U����� �GUDLQ�PHGLD�#��G��DGG�IUHVK�PHGLD�DQG�JURZ�IRU���PRUH�GD\V���[�������� ����G�FRQWURO
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6KDNH�IODVN�H[S�� (/(9(1'DWH -XQH���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%����������VXFURVH�RU�PDQQLWRO&XOWXUH�WLPH ���GD\V
):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO$ ���� ����� ���� � � ��� ��������% ���� ����� ���� � � �� �������& ���� ����� ���� � � �� �������' ���� ����� ���� � � � �)LQDO$� ���� ������ ����� ������� ������� ������ ��������$� ���� ������ ����� ������� ������� ������ ��������$� ���� ������ ����� ������� ������� ������ ��������$� ���� ������ ����� ������� ������� ������ ��������$� ���� ������ ����� ������� ������� ������ ��������%� ���� ������ ����� ������� ������� ������ ��������%� ���� ������ ����� ������� ������� ������ ��������%� ���� ������ ����� ������� ������� ������ ��������%� ���� ������ ����� ������� ������� ������ ��������%� ���� ������ ������ ������� ������� ������ ��������'� ���� ������ ����� ������� ������� ������ ��������'� ���� ������ ����� ������� ������� ������ ��������'� ���� ������ ����� ������� ������� ������ ��������'� ���� ������ ����� ������� ������� ������ ��������'� ���� ������ ����� ������� ������� ������ ��������&� ���� ������ �����&� ���� ������ �����&� ���� ������ �����&� ���� ������ �����&� ���� ������ �����NH\���$� �����VXFURVH��%� ����VXFURVH���PDQQLWRO��RVPRWLFDOO\�HTXLYDOHQW�WR�����VXFURVH���'� ����VXFURVH��&� �PDQQLWRO



���

6KDNH�IODVN�H[S�� 7:(/9('DWH 6HSWHPEHU���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%�������������������VXFURVH�RU�JOXFRVH�IUXFWRVH�UDWLR ����&XOWXUH�WLPH ���GD\V
):�J� ':�J� YRO��/�,QLWLDO ���� ����� ����)LQDO�6$ ���� ������ �������6% ���� ������ �������6& ���� ������ ������6$ ���� ������ ������6% ���� ������ �������6& ���� ������ ������6' ���� ������ �������6$ ���� ������ �������6% ���� ������ �������6& ���� ������ �������6' ���� ������ �������6$ ���� ������ ������6% ���� ������ ������6& ���� ������ ������6' ���� ������ ��������6$ ���� ������ ��������6% ���� ������ ��������6& ���� ������ ������$ ���� ������ �������% ���� ������ ������& ���� ������ ������' ���� ������ �������$ ���� ������ �������% ���� ������ �������& ���� ������ ������' ���� ������ �������$ ���� ������ �������% ���� ������ ������& ���� ������ �������' ���� ������ �������$ ���� ������ �������% ���� ������ ������& ���� ������ �������' ���� ������ ��������$ ���� ������ ��������% ���� ������ ��������& ���� ������ �������' ���� ������ ������NH\���6� �VXFURVH��RWKHUV�DUH�*�)�UDWLR� �����



���

6KDNH�IODVN�H[S�� 7+,57((1'DWH 2FWREHU��������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%������VXFURVH&XOWXUH�WLPH ����������GD\V
):�J� ':�J� YRO��/�IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO ���� ����� ���� � � �� �������)LQDO�$ ���� ������ ������% ���� ������ ������& ���� ������ ������' ���� ������ �������$ �������% �������& �������' �������( �����������$ ���� ������ ����������% ���� ������ ����������& ���� ������ ����������' ���� ������ ����������( ���� ������ �������$ ���� ������ �������% ���� ������ �������& ���� ������ �������' ���� ������ �������( ���� ������ �����NH\����� ���G FRQWURO���� ���G�PHGLD�IURP�������FXOWXUHV�������� �IUHVK�PHGLD�#��G�DQG�JURZQ�IRU����PRUH�GD\V����� ����G�FRQWURO



���

6KDNH IODVN�H[S�� $/3+$'DWH 2FWREHU���������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%������VXFURVH&XOWXUH�WLPH ��GD\V
):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO ���� ������ ���� � � �� �������)LQDO ����� ������ �����
























































































6KDNH�IODVN�H[S�� )2857((1'DWH 'HFHPEHU��������,QRFXOXP�DQG�DJH �����J�):�7������G0HGLXP ILOWHUHG�%���������VXFURVH�RU�PDQQLWRO&XOWXUH�WLPH ���GD\V�

):�J� ':�J� YRO��/� IUXFWRVH��J�/�JOXFRVH��J�/� VXFURVH��J�/� JOXFHTY��J�/�,QLWLDO� ���� ����� ���� � � ��� ��������0 ���� ����� ���� � � �� �������� ���� ����� ���� � � �� �������)LQDO�$ ���� �������% ���� �������& ���� �������' ���� �������0$ ���� Q�G�0% ���� Q�G�0& ���� Q�G�$ ���� �������% ���� �������& ���� �������' ���� ������NH\����� ����VXFURVH���0� ����VXFURVH���PDQQLWRO��RVPRWLFDOO\�HTXLYDOHQW�WR����VXFURVH����� ����VXFURVH


