
%LRGHJUDGDEOH�PDJQHVLXP�DOOR\VIRU�PHGLFDO�DSSOLFDWLRQ
,�,�3DSLURY��0�$�7LNKRQRYVN\��.�9�.XWQL\��$�,�3LNDORY�6�9�6LYWVRY��/�$�3LUR]KHQNR��9�6�6KRNXURY

1DWLRQDO�6FLHQFH�&HQWHU��.KDUNLY�,QVWLWXWH�RI�3K\VLFV�DQG�7HFKQRORJ\��
1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH����$NDGHPLFKHVND\D�6W��

������.KDUNLY��8NUDLQH

5HFHLYHG�1RYHPEHU��������
7KH� PLFURVWUXFWXUH�� PHFKDQLFDO� SURSHUWLHV� DQG� GLVVROXWLRQ� UDWH� RI� PDJQHVLXP� DOOR\

:(��� DW� YDULRXV� PLFURVWUXFWXUH� SDUDPHWHUV� LQ� WKH� PHGLXP� VLPXODWLQJ� ELRORJLFDO� IOXLG
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7KH�QXPEHU�RI�UHVHDUFKHV�LQWHQGHG�WR�LP�
SURYH�ELRORJLFDO�SURSHUWLHV�RI�LPSODQW�PDWH�
ULDOV� JUHZ� FRQVLGHUDEO\� ODVW� IHZ� \HDUV�
$PRQJ� YDULRXV� LPSODQW� W\SHV�� WKH� PHWDO
PDWHULDOV� DUH� RI� FRQVLGHUDEOH� LPSRUWDQFH�
0HWDOV� DUH� PRUH� VXLWDEOH� IRU� ORDG�EHDULQJ
DSSOLFDWLRQV�WKDQ�FHUDPLFV�RU�SRO\PHULF�PD�
WHULDOV�GXH�WR�FRPELQDWLRQ�RI�KLJK�PHFKDQL�
FDO�VWUHQJWK�DQG�IUDFWXUH�WRXJKQHVV�>�@��7KH
ZLGHO\� XVHG� PHWDOOLF� ELRPDWHULDOV� LQFOXGH
VWDLQOHVV�VWHHOV��WLWDQLXP�DQG�LWV�DOOR\V��WDQ�
WDOXP�� FREDOW�FKURPH� DQG� QLFNHO�FKURPH� DO�
OR\V�� )XUWKHUPRUH�� QHZ� ELRPDWHULDOV� EDVHG
RQ� ]LUFRQLXP� DUH� GHYHORSLQJ��'UDZEDFNV� RI
VXFK�PHWDOOLF�ELRPDWHULDOV�LQFOXGH�WKH�SRVVL�
ELOLW\� RI� WR[LF� PHWDO� LRQV� DQG�RU� FRUURVLRQ
SURGXFWV� IRUPDWLRQ� WKDW� UHVXOWV� LQ� LQIODP�
PDWRU\� UHVSRQVHV� ZKLFK� UHGXFH� ELRFRPSDWL�
ELOLW\� DQG� FDXVH� WLVVXH� GDPDJH� >�@�� 0RUH�
RYHU�� WKH� HODVWLFLW\�PRGXOXV� RI�PRGHUQ�PH�
WDOOLF�ELRPDWHULDOV�LV�PXFK�KLJKHU�WKDQ�WKDW
RI�QDWXUDO�ERQH�WLVVXH��WKDW�PD\�UHVXOW�LQ�D
UHGXFHG�VWLPXODWLRQ�RI�QHZ�ERQH�JURZWK�DQG
UHPRGHOLQJ� ZKLFK� GHFUHDVHV� LPSODQW� VWDELO�

LW\� >�@�� 0RGHUQ� PHWDOOLF� ELRPDWHULDOV� DUH
QHXWUDO� LQ� YLYR�� UHPDLQLQJ� DV� SHUPDQHQW
IL[WXUHV�� ZKLFK� LQ� WKH� FDVH� RI� SODWHV�
VFUHZV��DQG�SLQV�XVHG�WR�VHFXUH�VHULRXV�IUDF�
WXUHV��PXVW�EH�UHPRYHG�E\�D�VHFRQG�VXUJLFDO
SURFHGXUH�DIWHU� WKH� WLVVXH�KDV�KHDOHG�VXIIL�
FLHQWO\�>�@�

,Q� WKH� FRXUVH� RI� VHDUFK� IRU� GHJUDGDEOH
ERQH�LPSODQWV�ZLWK�KLJK�SULPDU\�VWDELOLW\��D
QRYHO�W\SH�RI�LPSODQW�PDWHULDOV�RQ�WKH�EDVLV
RI� FRUURGLQJ� PHWDOV� KDV� EHHQ� IRXQG�� 7KH
GHJUDGDEOH� PHWDO� LPSODQWV� PDGH� RI�PDJQH�
VLXP�DOOR\V�ZHUH�LQWURGXFHG�LQWR�RUWKRSHGLF
DQG�WUDXPD�VXUJHU\�LQ�WKH�ILUVW�KDOI�RI�WKH
ODVW� FHQWXU\� >�@�� 6FUHZV� DQG� SODWHV� PDGH
IURP� PDJQHVLXP� DOOR\V� SURYLGH� VWDEOH� LP�
SODQW� PDWHULDOV� WKDW� GHJUDGH� LQ� YLYR� DQG
WKHUH� LV�QR�QHHG� IRU� D� VHFRQG�RSHUDWLRQ� IRU
LPSODQW� UHPRYDO� >�@�� *RRG� ELRFRPSDWLELOLW\
ZDV� REVHUYHG� LQ� FOLQLFDO� VWXGLHV�� DOWKRXJK
ODUJH� DPRXQWV� RI� K\GURJHQ� ZHUH� DFFXPX�
ODWHG�DV�VXEFXWDQHRXV�JDV�EXEEOHV�ZKHQ�WKH
PDJQHVLXP� LPSODQWV� GHJUDGHG� WRR� TXLFNO\
>�@��7KXV��IRU�DQ�HIILFLHQW�XVH�RI�PDJQHVLXP
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DOOR\V� DV� ELRPDWHULDO�� LW� LV� QHFHVVDU\� WR
ORZHU�� ILUVW�RI�DOO�� WKHLU�GLVVROXWLRQ� UDWH� LQ
ELRORJLFDO� HQYLURQPHQW� >�@�� %HVLGHV�� PH�
FKDQLFDO� SURSHUWLHV� RI� HDUO\� PDJQHVLXP� DO�
OR\V�DOVR�ZHUH�QRW�KLJK�HQRXJK��5HFHQWO\��D
QXPEHU�RI�QRYHO�PDJQHVLXP�DOOR\V�ZLWK�LP�
SURYHG� FRUURVLRQ� DQG�PHFKDQLFDO� SURSHUWLHV
KDV� EHHQ� GHYHORSHG�� 7KH� LPSURYHG� SURSHU�
WLHV�RI�PDJQHVLXP�PDWHULDOV�KDYH�EHHQ�SUR�
YLGHG� GXH� WR� D� UDWLRQDO� FKRLFH� RI� DOOR\LQJ
DGGLWLYHV�� PDLQO\� \WWULXP� DQG� UDUH� HDUWK
HOHPHQWV�� VXFK� DV� QHRG\PLXP� DQG� G\VSUR�
VLXP�� DQG� DOVR� WR� LQWURGXFWLRQ� RI� VPDOO
DPRXQWV� RI� DOXPLQXP� DQG� ]LQF� >�@�� 7KRVH
PDWHULDOV� LQFOXGH�� ILUVW� RI� DOO�� :(��� DQG
:(��� W\SH� DOOR\V� >����@�� 7KHVH�PDJQHVLXP
DOOR\V� H[KLELW� WKH� WHQVLOH� \LHOG� VWUHQJWK
����� 03D�� DQG� PRGXOXV� RI� HODVWLFLW\
����*3D��H[FHHGLQJ�E\�D�IDFWRU�RI���DQG���
UHVSHFWLYHO\�� WKRVH� RI� GHJUDGDEOH� SRO\PHULF
LPSODQW�PDWHULDOV� FXUUHQWO\� LQ�XVH��VXFK�DV
X�+$�3//$� ������ �WHQVLOH� \LHOG� VWUHQJWK�
����03D��<RXQJ�V�PRGXOXV�������*3D��>����@�
� � � ,W� LV� WR� QRWH� WKDW� GDWD� RQ� WKH� FRUURVLRQ
UDWH� RI� WKHVH� PDWHULDOV� LQ� YDULRXV� HQYLURQ�
PHQWV� DQG� LQIOXHQFH� RI� GLIIHUHQW� DOOR\LQJ
HOHPHQWV� WKHUHRQ� REWDLQHG� E\� YDULRXV
DXWKRUV�DUH�UDWKHU�LQFRQVLVWHQW�>�������@��%H�
VLGHV��WKHUH�DUH�QR�GDWD�RQ�LQIOXHQFH�RI�WKH
VWUXFWXUDO� IDFWRU� �LQ� SDUWLFXODU�� WKH� JUDLQ
VL]H�� RQ�GLVVROXWLRQ� UDWH��$�IXUWKHU�RSWLPL�
]DWLRQ�RI�PHFKDQLFDO�SURSHUWLHV�RI�DOOR\V� LV
DOVR� GHVLUDEOH�� 7KH� SXUSRVH� RI� WKLV� LV� WR
UHVHDUFK� WKH� LPSURYHPHQW� SRWHQWLDOLW\� RI
PHFKDQLFDO� SURSHUWLHV� RI� :(��� DOOR\� E\
XOWUD�ILQH�JUDLQHG� VWUXFWXUH� IRUPDWLRQ� DQG
WR�VWXG\�WKH�GLVVROXWLRQ�UDWH�RI�WKH�DOOR\�DW
YDULRXV�VWUXFWXUDO�VWDWHV�LQ�WKH�HQYLURQPHQW
VLPXODWLQJ�D�ELRORJLFDO�IOXLG�

7KH� :(��� DOOR\� �(/(.7521� :(��
&$67,1*6��0DJQHVLXP�(OHNWURQ��0DQFKHV�
WHU�� (QJODQG�� EHORQJLQJ� WR� WKH�PRVW� FRUUR�
VLRQ�UHVLVWDQW� PDJQHVLXP�EDVHG� DOOR\V� ZDV
VWXGLHG�� 7KH� FRPSRVLWLRQ� RI� :(��� GHWHU�
PLQHG� E\� ODVHU� PDVV� VSHFWURPHWU\� LV� SUH�
VHQWHG� LQ� 7DEOH�� 7KHUH� ZHUH� WZR� NLQGV� RI
VDPSOHV�� SODWHV� �����u����u��PP��� DQG
ZLUHV�����PP�OHQJWK�DQG�����PP�LQ�GLDPH�
WHU���7KH�SODWH�VKDSHG�VDPSOHV�ZHUH�FXW�RXW
E\�VSDUN�FXWWLQJ�IURP�D�VHPL�ILQLVKHG�SURG�
XFW�DQG�JURXQG�DQG�SROLVKHG�SULRU�WR�WHVWV�
7R�IRUP�WKH�XOWUD�ILQH�JUDLQHG�VWUXFWXUH�E\
DQ�LQWHQVLYH�SODVWLF�GHIRUPDWLRQ��WKH�HTXDO�
FKDQQHO�DQJXODU�SUHVVLQJ�ZDV�FKRVHQ�>�@��$
EODQN�RI����PP�GLDPHWHU�ZHUH�VXEMHFWHG�WR
��� VWUDLQLQJ� F\FOHV� LQ� DQ� HTXDO�FKDQQHO� DQ�
JXODU�SUHVV�PROG��7KH�GHIRUPDWLRQ�WHPSHUD�
WXUH�ZDV�YDULHG�LQ�WKH�UDQJH����Ü����&��7R
SURYLGH� KRPRJHQHRXV� GHIRUPDWLRQ�� WKH� H[�

WUXVLRQ�ZDV�UHDOL]HG�XQGHU�FKDQJLQJ�WKH�H[�
WUXVLRQ�GLUHFWLRQ�HDFK�WLPH�DQG�URWDWLQJ�WKH
EODQN� E\� ��� GHJUHHV�� 7KHQ� WKH� EODQN� ZDV
H[WUXGHG� LQWR� D� �� PP� GLDPHWHU� URG� DQG
GUDZQ� GRZQ� WR� ���� PP�� )LQDOO\�� WKH� ZLUH
ZDV�KHDW�WUHDWHG�DW�����&�IRU���K��7KH�DOOR\
PLFURVWUXFWXUH�ZDV�H[DPLQHG�XVLQJ�DQ�RSWL�
FDO� PLFURVFRSH� �0,0���� DQG� VFDQQLQJ� HOHF�
WURQ� PLFURVFRSH� �5(00$������ RQ� VDPSOHV
SUHSDUHG� E\� VWDQGDUG�PHWDOORJUDSKLF�PHWK�
RGV�� 7KH� XOWLPDWH� WHQVLOH� VWUHQJWK� V876�\LHOG� VWUHQJWK� V<6� DQG� HORQJDWLRQ� G� ZHUHPHDVXUHG� XVLQJ� DQ� ����8���� WHVWLQJ� PD�
FKLQH�

7KH�FRUURVLRQ�WHVWV�RI�VDPSOHV�ZHUH�UHDO�
L]HG� LQ� D� ���� VROXWLRQ� RI�1D&O� LQ� WKH� G\�
QDPLF�PRGH�� $� WHVWLQJ� VHWXS� WR� ZRUN�ZLWK
GLIIHUHQW�QXPEHUV�RI�VDPSOHV� �IURP���WR���
VLPXOWDQHRXVO\� KDV� EHHQ� GHYHORSHG�� 7KH
WHVWLQJ� VHWXS� FRPSULVHG� D� YHVVHO� RI� �� GP�
FDSDFLW\��D�SXPS��FRQQHFWLQJ�WXEHV�RI���PP
GLDPHWHU� DQG� FKDPEHUV� IRU� ���� PP� ORQJ
VDPSOHV�� 7KH� IOXLG� IORZ� UDWH� ZDV
��GP��PLQ��7KH�VDPSOHV�IRU�FRUURVLRQ�WHVWV
ZHUH� SUHSDUHG� DV� IROORZV�� $IWHU� D� SUHOLPL�
QDU\� EXIILQJ�� WKH� VDPSOHV� ZHUH� FKHPLFDOO\
SROLVKHG� XVLQJ� HWFKLQJ� DJHQW� +12��+�2������ GXULQJ� �Ü�� V�� 7KH� FKHPLFDOO\� HWFKHG
VDPSOHV�ZHUH�ZDVKHG�LQ�GLVWLOOHG�ZDWHU��7KH
SUHSDUHG� DQG� ZHLJKHG� VDPSOHV� ZHUH� FKDP�
EHUHG��7KH�IORZ�VSHHG�RI�����1D&O�VROXWLRQ
DERYH� WKH� VDPSOH� VXUIDFH� ZDV� VXIILFLHQW� WR
HQWUDLQ�WKH�K\GURJHQ�EXEEOHV�DULVLQJ�DW�WKH
VXUIDFH��7KH�SXPS�ZDV�VZLWFKHG�RII�DIWHU�D
VSHFLILHG� WLPH�� WKH� VDPSOHV� ZDVKHG� LQ� GLV�
WLOOHG�ZDWHU�DQG�GULHG��7KH�VXUIDFH�FKDQJHV
ZHUH�H[DPLQHG� LQ� WKH�RSWLFDO�PLFURVFRSH�DW
GLIIHUHQW�PDJQLILFDWLRQV�� 7KH� VDPSOHV�ZHUH
ZHLJKHG� XVLQJ� DQ� DQDO\WLFDO� EDODQFH� ZLWK
DFFXUDF\� r����Ü�� J�� 7KHQ� WKH� VDPSOH� PDVV
ORVV�DQG�FRUURVLRQ�UDWH�ZHUH�FDOFXODWHG�

7KH� PLFURVWUXFWXUH� RI� LQGXVWULDO� DOOR\
DQG� DOOR\� DIWHU� LQWHQVLYH� SODVWLF� GHIRUPD�
WLRQ� DQG� KHDW� WUHDWPHQW� DUH� VKRZQ� LQ� )LJ�
��� ��� 7KH� UHVHDUFK� KDV� VKRZQ� WKDW� WKH� LQ�
GXVWULDO� DOOR\� :(��� �)LJ����� KDYH� D� JUDLQ
VL]H�DERXW����PP� �WKHUH� DUH� DUHDV�ZLWK� WKH
PLQLPDO�JUDLQ�VL]H�DERXW���PP�DQG�VHSDUDWH
JUDLQV� RI� ��� PP� VL]H��� $� WZR�SKDVH� VWUXF�
WXUH�LV�REVHUYHG�ZLWK�HTXLD[LDO�DQG�KRPRJH�
QHRXV�JUDLQV��7KH�VHFRQG�SKDVH�DPRXQWV�DS�

7DEOH�� (OHPHQWDO� FRPSRVLWLRQ� RI� :(��
DOOR\��ZW���

$OOR\ 0J < 1G =U /D
:(�� %DO� ���� ���� ���� ����
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SUR[LPDWHO\� �� ��� LWV� LQFOXVLRQV� DUH� YHU\
VPDOO�� ORFDWHG�ERWK� DW� WKH�JUDLQ�ERXQGDULHV
DQG�ZLWKLQ� WKH� JUDLQ� YROXPH�� WKH� LQFOXVLRQ
VL]H�EHLQJ�DERXW��Ü��PP��$V� D� UHVXOW� RI� WKH
PHFKDQLFDO�DQG�KHDW�WUHDWPHQW��WKHUH�LV�JUDLQ
UHILQHPHQW�GRZQ�WR����Ü��PP��)LJ������ZKLOH
WKH�VHFRQG�SKDVH�LQFOXVLRQV�EHFRPH�XQREVHUY�
DEOH�DW�WKH�FXUUHQW�PDJQLILFDWLRQ��7KH�UHVXOWV
RI�WHQVLOH�WHVWV�DUH�VKRZQ�LQ�)LJ��������ZKHUH
WKH� XOWLPDWH� WHQVLOH� VWUHQJWK� V876�� \LHOGVWUHQJWK�V<6�DQG�HORQJDWLRQ�G�YDOXHV�DUH�FRP�SDUHG� IRU� WKH� LQGXVWULDO� :(��� DOOR\� DQG
XOWUD�ILQH�JUDLQHG�VDPSOHV�� ,W� LV�REYLRXV�WKDW
PHFKDQLFDO� SURSHUWLHV� RI� WKH� DOOR\� GHSHQG
KHDYLO\�RQ�WKH�VWUXFWXUDO�IDFWRU��7KH�VDPSOHV
RI� XOWUD�ILQH�JUDLQHG� DOOR\� H[FHHG� WKH� LQGXV�
WULDO�RQH�E\������LQ�\LHOG�VWUHQJWK��E\�����
LQ� XOWLPDWH� WHQVLOH� VWUHQJWK� DQG� ��� �� LQ
HORQJDWLRQ�

$W� WKH� ILUVW� VWDJH� RI� WKH� FRUURVLRQ� WHVW�
WKH� GLVVROXWLRQ� RI� LQGXVWULDO� :(��� DOOR\
ZDV�VWXGLHG��7KH�VDPSOH�H[SRVXUH�WLPH�ZDV
��� GD\V�� 'XULQJ� WKDW� WLPH�� WKH� VDPSOHV
ZHUH�UHPRYHG�LQ�WKH�'D\��������������������
DQG����WR�GHWHUPLQH�WKH�PDVV�ORVV�DV�D�IXQF�
WLRQ� RI� H[SRVXUH� GXUDWLRQ� DQG� WR� FDOFXODWH
WKH�FRUURVLRQ�UDWH�9&255��PJ�FP��SHU�GD\��
'XULQJ�WKH�ILUVW�IHZ�KRXUV�RI�WKH�IOXLG�FLU�
FXODWLRQ��D�UHGGLVK�WLQW�RFFXUUHQFH�ZDV�YLVX�
DOO\�PDUNHG�RQ�WKH�VDPSOH�VXUIDFH��7KH�ILOP
EHFDPH� JUH\� JUDGXDOO\�� 7KH� PD[LPDO� PDVV
ORVV�ZDV�REVHUYHG�DW�WKH�ILUVW�GD\��7KHQ�WKH
SURWHFWLYH�ILOP�WKLFNQHVV�LQFUHDVHG��LWV�FRORU
EHFDPH� EULJKWHU�� DQG� WKH� PDVV� ORVV� ZDV
VORZHG� GRZQ�� $W� WKLV� VWDJH�� VSRWWHG� LQFOX�
VLRQV� DQG� XQLGLUHFWLRQDO� FKDLQV� �DUHDV� ZLWK
WKH� LQFUHDVHG� FRQWHQW� RI� UDUH� HDUWK� HOH�
PHQWV�� ZHUH� REVHUYHG� XQGHU� D� PLFURVFRSH

DJDLQVW� D� OLJKW� PDWWH� EDFNJURXQG�� 7KH� LQ�
FOXVLRQV� KDG� LQ� DQ� LQLWLDO� VWDJH� D� VKLQ\
EODFN�VLOYHU\� VXUIDFH��0HFKDQLFDO� GDPDJLQJ
RI�WKH�LQFOXVLRQ�KDV�DFWLYDWHG�RFFXUUHQFH�RI
D�ZKLWH�VSRW��$IWHU���K�RI�H[SRVXUH�LQ�1D&O
VROXWLRQ�� WKH� VXUIDFH� EHFDPH� KRPRJHQHRXV
�HIIHFW�RI�DOLJQPHQW�RI�WKH�EURNHQ�OD\HU���$
ZKLWH� R[LGH� ILOP� RQ� WKH� DUHDV� HQULFKHG� LQ
UDUH�HDUWK�HOHPHQWV�ZDV�IRUPHG�ODWHU��DIWHU
�Ü��GD\V��

7KH� VHFRQG� VWDJH� RI� H[SHULPHQW� ZDV� WKH
GLVVROXWLRQ� VWXG\� RI� XOWUD�ILQH�JUDLQHG
:(���DOOR\��7KH� H[SRVXUH� WLPH�ZDV���GD\�
'XULQJ� WKHVH� �� GD\V�� WKH� VDPSOHV� ZHUH� UH�
PRYHG� DIWHU� HDFK� ��� K� WR� GHWHUPLQH� WKH
PDVV�ORVV�DV�D�IXQFWLRQ�RI�WKH�H[SRVXUH�GX�
UDWLRQ� WLPH� DQG� WR� FDOFXODWH� WKH� FRUURVLRQ
UDWH�9&255� �PJ�FP��SHU� GD\���$IWHU� WKH� FRU�
URVLRQ�WHVWV��WKH�GLDJUDPV�RI�FRUURVLRQ�UDWH�LQ

)LJ�����7KH�PLFURVWUXFWXUH�RI�LQGXVWULDO�DOOR\
:(����LPPHUVLRQ��

)LJ����� 7KH� PLFURVWUXFWXUH� RI� XOWUD�ILQH�
JUDLQHG�DOOR\�:(���

)LJ����� 'LDJUDP� RI� XOWLPDWH� WHQVLOH� VWUHQJWK
V876� DQG� \LHOG� VWUHQJWK� V<6� FRPSDULVRQ� IRUWKH� VSHFLPHQV� RI� LQGXVWULDO� DQG� XOWUD�ILQH�
JUDLQHG�DOOR\�:(���
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����1D&O�VROXWLRQ�ZHUH�SORWWHG�IRU�LQGXVWULDO
DQG� XOWUD�ILQH�JUDLQHG� DOOR\� �)LJ������ ,W� ZDV
UHYHDOHG�WKDW�WKH�PDVV�ORVV�RI�WKH�LQGXVWULDO
DOOR\� DPRXQWHG� ������� IRU� ��� GD\V�� ZKLOH
IRU�WKH�XOWUD�ILQH�JUDLQHG�DOOR\�LW�ZDV�����
IRU� �� GD\V�� 7KXV�� WKH� FRUURVLRQ� WHVWV� KDYH
VKRZQ� WKDW� WKH� XOWUD�ILQH�JUDLQHG� DOOR\� LV
PRUH� VXVFHSWLEOH� WR� FRUURVLRQ� WKDQ� WKH� LQ�
GXVWULDO�:(���DOOR\��7KLV�IDFW�PD\�EH�GXH�WR
D� ODUJHU� DUHD� RI� WKH� JUDLQ� DQG� LQWHUSKDVH
ERXQGDULHV�LQ�WKH�XOWUD�ILQH�JUDLQHG�PDWHULDO�

7KH� FRUURVLRQ� RI�PDJQHVLXP�GHSHQGV� HV�
VHQWLDOO\� RQ� WKH� HQYLURQPHQW� FRPSRVLWLRQ�
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