
3UHSDUDWLRQ�RI�WXQJVWHQ�FUXFLEOHV�VWDUWLQJIURP�WXQJVWHQ�IOXRULGH
<X�9�*RUHQNR��$�)�.RU]K��/�$�/\WY\QRY
�1�$�6HP\RQRY��1�$�+RYDQVN\��%�0�6KLURNRY

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

������.KDUNLY��8NUDLQH
,QVWLWXWH�IRU�6LQJOH�&U\VWDOV��67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV���1DWLRQDO
$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH�����/HQLQ�$YH���������.KDUNLY��8NUDLQH

5HFHLYHG�-XQH��������
7KH�VWXG\�UHVXOWV�DUH�SUHVHQWHG�RQ�WHFKQRORJ\�GHYHORSPHQW�IRU�IRUPLQJ�RI�F\OLQGULFDO
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QRQSRURXV�ZLWK� VPRRWK� RXWHU� VXUIDFH��KLJK� VXUIDFH�SXULW\� DQG�KLJK� VWUHQJWK� FRQVLVWV� LQ
WKH�GHSRVLWLRQ�SURFHVV�UHDOL]DWLRQ�LQ�GLIIXVLRQ�DUHD�DW�����&�DQG�WKH�SDUWLDO�SUHVVXUHV�UDWLR
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7XQJVWHQ� FUXFLEOHV� IRU� FU\VWDO� JURZLQJ
KDYH�D� VHULHV�RI�DGYDQWDJHV�DV�FRPSDUHG�WR
VLPLODU�HTXLSPHQW�PDGH�RI�RWKHU�PDWHULDOV�
H�J��� PRO\EGHQXP�� )RU� H[DPSOH�� WKH� SULRU�
LW\� RI� WXQJVWHQ� DUH� GXH� WR� LWV� KHDW� UHVLV�
WDQFH� LQHUWQHVV� DJDLQVW� FKHPLFDO� UHDFWLRQV
ZLWK� WKH� RWKHU� VXEVWDQFHV�� 7KH� SUHSDUDWLRQ
RI� VXFK� FUXFLEOHV� XVLQJ� XVXDO� PHWDOOXUJ\
PHWKRGV� LV� GLIILFXOW� EHFDXVH� WKH� WXQJVWHQ
LQIXVLELOLW\�� SUREOHPV� ZLWK� DWWDLQPHQW� RI
KLJK� SXULW\� OHYHO� DQG� LQFRQYHQLHQFH� RI� WKH
WHFKQRORJLFDO� HTXLSPHQW�� 7KH� JDV�SKDVH
PHWKRG� XVLQJ�� IRU� LQVWDQFH�� WXQJVWHQ� IOXR�
ULGH�� LV� RI�PXFK� EHWWHU� SURPLVH�� 7KH� WXQJ�
VWHQ� IOXRULGH� GHSRVLWLRQ� KDV� EHHQ� VWXGLHG
ORQJ� DJR� �VHH�� H�J��� >����@��� 7KH� KRPRJHQH�
RXV�DQG�KHWHURJHQHRXV�VWDJHV�RI�WKH�SURFHVV
KDYH�EHHQ�H[SORUHG�FRPSOHWHO\�HQRXJK��7KH
RULJLQDOLW\� RI� WKLV� ZRUN� FRQVLVWV� LQ� ZKDW

IROORZV��7KH�FRQVWUXFWLRQ�DSSURDFKHV�WR�WKH
H[SHULPHQWV� WKHPVHOYHV� DUH� UDWKHU� RULJLQDO
DQG� VLPSOH�� 7KRVH� LQFOXGH� WKH� DUUDQJHPHQW
DQG�GHVLJQ�RI�WKH�FRPSRQHQWV�LQYROYHG��WKH
VXEVWUDWH�JHRPHWU\�DQG�DUUDQJHPHQW��GLUHF�
WLRQ�DQG�IORZ�UDWH�RI�WKH�JDV�PL[WXUH��HWF���
DV� ZHOO� DV� WKH� SURFHVV� FRQGLWLRQV� �WKH� FRQ�
FHQWUDWLRQ� UDWLR� RI� WKH� JDV� PL[WXUH�� SUHV�
VXUH� LQ�WKH�ZRUNLQJ�FKDPEHU��WKH�VXEVWUDWH
WHPSHUDWXUH��HWF����7KH�UHDOL]DWLRQ�PRGHV�RI
WKH� HIILFLHQW� GHSRVLWLRQ� SURFHVV� DUH� VLPSOH
DQG� RULJLQDO�� WRR�� 6R�� IRU� LQVWDQFH�� WR� SUR�
YLGH� WKH� XQLIRUP� WKLFNQHVV� RI� WKH� FUXFLEOH
ZDOOV� DQG� WR� VXSSUHVV� WKH� SRLQW� HIIHFWV
XQGHU� WKH� GHSRVLWLRQ�� F\OLQGULFDO� VXEVWUDWH
ZDV� PDGH� ZLWK� URXQGHG� HGJH� EHWZHHQ� LWV
VLGH�DQG�EXWW�VXUIDFHV��0DQ\�RWKHUV�WHFKQR�
ORJLFDO� VROXWLRQV� GHVFULEHG� EHORZ�ZHUH� UHDO�
L]HG��7KH� GHSRVLWLRQ�PRGHV�ZHUH� HODERUDWHG

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
1HZV�RI�7HFKQRORJ\

��� )XQFWLRQDO�PDWHULDOV�������������



LQ�GHWDLO�DQG�RSWLPL]HG��$V�D�UHVXOW�RI�WKLV
ZRUN�� WKH� WHFKQRORJ\� IRU� SUHSDUDWLRQ� RI
ZRUNSLHFHV� ZLWK� JXDUDQWHHG� KLJK� TXDOLW\
FKDUDFWHULVWLFV� �WKH� VWUXFWXUH� KRPRJHQHLW\�
RSWLPXP�PLFURKDUGQHVV��FRQWLQXLW\��HWF���
2QH� PRUH� PRPHQW� LV� WR� QRWHG� GHILQLQJ

WKH� DGYDQWDJH� RI� WKH� JDV�SKDVH�PHWKRGV� WR
PDQXIDFWXUH� WKH� DERYH�ZRUNSLHFHV��$W� SUH�
VHQW��WKHUH�LV�WKH�WUHQG�WR�JURZ�HYHU�ODUJHU
FU\VWDOV� IRU� HOHFWURQLF� HQJLQHHULQJ��7R� WKDW
HQG��HYHU�ODUJHU�FUXFLEOHV�DUH�QHFHVVDU\��6R�
ZKLOH� LQ� ����� VDSSKLUH� FU\VWDO� ZHUH� JURZQ
LQ�����PP�GLDPHWHU�FUXFLEOHV�DQG� LQ������
LQ� WKRVH� RI� ����PP�� DW� SUHVHQW�� WKH� FUXFL�
EOHV� RI� ���� PP� DQG� PRUH� LQ� GLDPHWHU� DUH
UHTXLUHG� >�@�� 7UDGLWLRQDO� WHFKQRORJLHV� RI
FXWWLQJ� RU� SUHVVLQJ� DUH� H[SHQVLYH� DQG� UH�
TXLUH� FXPEURXV� HTXLSPHQW�� 7KH� FRVW� DQG
FRPSDFWQHVV� RI� WKH� HTXLSPHQW� XVLQJ� JDV�
SKDVH�PHWKRGV�GHSHQG�ZHDNO\�RQ� WKH�FUXFL�
EOHV�VL]H�
)RU� PDQXIDFWXULQJ� RI� FUXFLEOH� ZLWK� WKH

ZDOO� WKLFNQHVV�H[FHHGLQJ�����PP�� LW� LV� UHD�
VRQDEOH�WR�XVH�WXQJVWHQ�KH[DIOXRULGH�UHGXF�
WLRQ� ZLWK� K\GURJHQ� GXH� WR� KLJK� UHGXFWLRQ
UDWH�DQG�UHODWLYHO\�ORZ�SURFHVV�WHPSHUDWXUH�
,Q�WKLV�ZRUN��WKH�VWXG\�UHVXOWV�RQ�XVH�RI

WKH�JDV�SKDVH�PHWKRG�WR�PDQXIDFWXUH�F\OLQ�
GULFDO�FUXFLEOHV�LQ�KRUL]RQWDO�IORZ�W\SH�UHDF�
WRU� XQGHU� UHGXFHG� SUHVVXUH�� 7KH� H[SHUL�
PHQWV� ZHUH� GRQH� LQ� WKH� VHWXS� IRU�PDWHULDO
SUHSDUDWLRQ�IURP�JDV�SKDVH�GHVFULEHG�LQ�>�@�
7KH� UHDFWRU� RI� ���� PP� GLDPHWHU� SURYLGHG
WR�JHW�WKH�FUXFLEOHV�RI�XS�WR�����PP�GLDPH�
WHU� DQG� ����PP� KHLJKW��$� F\OLQGULFDO� VXE�
VWUDWH�PDGH�RI�$*������JUDGH�JUDSKLWH�ZDV
PRXQWHG� RQ� D� �URG�� ZLWKLQ� WKH� UHDFWLRQ
FKDPEHU� LQ� WKH� DFWLYH� ]RQH� RI� DQ� LQGXFWLYH
+)� JHQHUDWRU�� 7KH� VXEVWUDWH� GLPHQVLRQV�
VKDSH�� DQG� WKH� RXWHU� VXUIDFH� ILQLVK� JUDGH
FRQIRUP� WR� UHTXLUHG� FKDUDFWHULVWLFV� RI� WKH
FUXFLEOH�LQQHU�VXUIDFH�
$W� WKH� VKDUS� HGJH� EHWZHHQ� F\OLQGULFDO

ZDOO�DQG�IODW�EXWW�HQG�RI�WKH�VXEVWUDWH��WKH
GHSRVLWLRQ� UDWH� ZDV� KLJKHU� WKDQ� WKDW� DW
RWKHU� DUHDV� GXH� WR� VWURQJ� KHDWLQJ� RI� WKH
HGJH�E\� LQGXFWLRQ�ILHOGV��DV�ZHOO�DV�HOHFWUR�
VWDWLF� �HGJH�� HIIHFWV�� 7KH� GLIIHUHQFH� LQ� WKH
GHSRVLWLRQ�UDWHV�FDXVHV�D�EXOJHG�ZDOO�RI�WKH
SURGXFW� DW� WKDW� HGJH� �)LJ���È��� WKXV�� WKH
VXEVWUDWH� ZDV�PDGH� ZLWK� URXQGHG� HGJH��$W
WKH�URXQGLQJ�UDGLXV�RI������RI�WKH�LQWHUQDO
FUXFLEOH� GLDPHWHU�� D� ZRUNSLHFH� LV� IRUPHG
ZLWK�WKH�VDPH�ZDOO�WKLFNQHVV�LQ�DOO�JHRPHW�
ULF�GLUHFWLRQV��)LJ���E��
7KH�KRPRJHQHLW\�RI�WKH�KHDW�ILHOG�DW�WKH

F\OLQGULFDO� VXEVWUDWH� VXUIDFHV� ZDV� SURYLGHG
E\� D� VSHFLDOO\� GHVLJQHG� LQGXFWRU�� VSHFLDO
VXEVWUDWH� DUUDQJHPHQW�JHRPHWU\�ZLWKLQ� WKH

UHDFWLRQ�FKDPEHU�DQG�LWV�URWDWLRQ�DERXW�ORQ�
JLWXGLQDO� D[LV� GXULQJ� WKH� GHSRVLWLRQ� SURF�
HVV�� 7KH� XQLIRUP� WHPSHUDWXUH� GLVWULEXWLRQ
DQG�WKXV�WKH�VDPH�GHSRVLWLRQ�UDWH�DW�GLIIHU�
HQW�DUHDV�ZDV�SURYLGHG�DOVR�E\�WKH�VXEVWUDWH
PDVVLYHQHVV�� LWV� KLJK� WKHUPDO� FDSDFLW\� DQG
WKHUPDO� FRQGXFWLYLW\�� 7KH� PD[LPXP� WHP�
SHUDWXUH� GLIIHUHQFH� EHWZHHQ� GLIIHUHQW� VXE�
VWUDWH� VXUIDFH� SRLQWV� DPRXQWHG� ���&� DW� LWV
DYHUDJH�WHPSHUDWXUH�RI�����&�
7KH� FUXFLEOH� PDQXIDFWXULQJ� SURFHGXUH

ZDV� DV� IROORZV��+\GURJHQ�ZDV� IHG� LQWR� WKH
UHDFWLRQ� FKDPEHU� HYDFXDWHG� SUHYLRXVO\� WR
��Ü���ºUU��7KH�SXPS�RXW�UDWH�ZDV�DGMXVWHG
WR�PDLQWDLQ� WKH�SUHVVXUH� LQ� WKH�FKDPEHU�DW
����ºUU��7R�GHJDV� WKH� VXEVWUDWH�DQG� WR�SX�
ULI\�DGGLWLRQDOO\�LWV�VXUIDFH��LW�ZDV�DQQHDOHG
ILUVW�DW�D�WHPSHUDWXUH�H[FHHGLQJ�WKH�GHSRVL�
WLRQ� RQH� E\� ���Ü����&��$IWHU� UHGXFWLRQ� RI
WKH� VXEVWUDWH� WHPSHUDWXUH�� WXQJVWHQ
KH[DIOXRULGH� ZDV� IHG� LQWR� WKH� FKDPEHU� LQ
UHTXLUHG�DPRXQW�DQG�WKH�GHSRVLWLRQ�SURFHVV
ZDV� UXQ� WLOO� WKH� QHFHVVDU\� FUXFLEOH� ZDOO
WKLFNQHVV�ZDV�DWWDLQHG��$IWHU�WKH�GHSRVLWLRQ
SURFHVV� ZDV� RYHU�� WKH� JUDSKLWH� FRUH� RI� WKH
ZRUNSLHFH�ZDV�UHPRYHG�E\�GULOOLQJ�
7KH�FUXFLEOH�REWDLQHG�ZDV�H[DPLQHG�FRQ�

VLGHULQJ� WKH�SUHVHQFH� RI�PHFKDQLFDO�GHIHFWV
�SRUHV�� KROHV�� FUDFNV�� H[IROLDWLRQV�� HWF���
SK\VLFR�PHFKDQLFDO� FKDUDFWHULVWLFV� RI� WKH
FUXFLEOH� PDWHULDO� GHILQLQJ� LWV� ZRUNLQJ� SHU�
IRUPDQFH� ZHUH� VWXGLHG� DOVR�� 7KH� PDWHULDO
GHQVLW\� ZDV� GHWHUPLQHG� E\� K\GURVWDWLF
ZHLJKLQJ��7KH�FUXFLEOH�PDWHULDO�PLFURVWUXF�
WXUH� ZDV� VWXGLHG� RQ� WUDQVYHUVH� VHFWLRQV� LQ
WKH�DV�PDGH� DQG�DQQHDOHG�FRQGLWLRQ�DQG� LWV
PLFURKDUGQHVV� ZDV� PHDVXUHG�� 7KH� PDWHULDO
SXULW\� DQG� TXDQWLWDWLYH� FRQWHQW� RI� WKH� LP�
SXULWLHV�ZHUH�GHWHUPLQHG�E\�FKHPLFDO�DQDO\�
VLV�� 7KH� FRQFHQWUDWLRQ� RI� W\SLFDO� LPSXULW\
�IOXRULQH�� ZDV�PHDVXUHG� DOVR� XVLQJ� QXFOHDU
SK\VLFV� PHWKRG� >�@�� 7KH� IUDFWXUH� FKDUDFWHU

)LJ����� (IIHFW� RI� URXQGHG� VXEVWUDWH� HGJH� WKH
FUXFLEOH� FRQILJXUDWLRQ�� �D��� XQURXQGHG� HGJH�
WKH� FUXFLEOH� ZLWK� ORFDOO\� WKLFNHQHG� ZDOO�� �E�
VXEVWUDWH� ZLWK� URXQGHG� HGJH�� WKH� FUXFLEOH
ZLWK�XQLIRUP�ZDOO�WKLFNQHVV��
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ZDV� VWXGLHG� XVLQJ� D� 5(00$����� UDVWHU
HOHFWURQ�PLFURVFRSH�
3K\VLFR�PHFKDQLFDO� FKDUDFWHULVWLFV� IOXR�

ULGH�RULJLQDWHG� WXQJVWHQ� DUH�GHILQHG�E\� WKH
FRQGHQVDWH� GHSRVLWLRQ� FRQGLWLRQV�� LQFOXGLQJ
WKH� VXEVWUDWH� WHPSHUDWXUH� DQG� WXQJVWHQ
KH[DIOXRULGH�FRQFHQWUDWLRQ�LQ�WKH�JDV�SKDVH�
6HYHUDO� PRGHV� RI� WKH� JDV�SKDVH� GHSRVL�

WLRQ� ZHUH� VWXGLHG�� 7KH� VXEVWUDWH� WHPSHUD�
WXUH� DQG� UHODWLYH� SDUWLDO� SUHVVXUHV� LQ� WKH
JDV� PL[WXUH� ZHUH� YDULHG� DV� IROORZV�� 7V� ���Ü����&�� 3+��3:)�� �����Ü������ UHVSHF�WLYHO\�� $W� ORZ�WHPSHUDWXUH� GHSRVLWLRQ�� L�H��
7V�����WR�����&�DQG�UDWKHU�ORZ�:)��FRQWHQW�WKH�SDUWLDO�SUHVVXUH�UDWLR�3+��3:)�� �������WKH�FUXFLEOHV�REWDLQHG�KDG�LQVXIILFLHQW�LQQHU
VXUIDFH�ILQLVK��FRUUHVSRQGLQJ�WR�WKDW�RI�WKH
VXEVWUDWH� VXUIDFH�� DQ� DGPLVVLEOH� LPSXULW\
FRQWHQW�� DV� ZHOO� DV� VPRRWK� RXWHU� VXUIDFH
IUHH�RI�PHFKDQLFDO�GHIHFWV��7KH�FUXFLEOH�PD�
WHULDO� GHQVLW\� DPRXQWHG� ����� J�FP��� 7KH
OD\HU�JURZWK�UDWH�DW�WKH�VSHFLILHG�FRQGLWLRQV

ZDV� RI� ��� WR� ��� PP�K�� 8QGHU� VXFK� FRQGL�
WLRQV�� WKH� GHSRVLWLRQ� SURFHVV� WR� REWDLQ� D
FUXFLEOH�ZLWK�ZDOO�WKLFNQHVV�RI���PP�ODVWHG
���� K�� 7KH� PHWDOORJUDSKLF� VWXGLHV� KDYH
VKRZQ� WKDW� LQ� WKRVH� FRQGLWLRQV�� D� VPDOO�FR�
OXPQDU�QRQ�HTXLOLEULXP�VWUXFWXUH�LV�IRUPHG
FKDUDFWHUL]HG� E\� LUUHJXODU� ERXQGDULHV� DQG
SUHVHQFH� RI� VHSDUDWH� VKUXEV� �)LJ���È��� 6XFK
D� VWUXFWXUH� LV� WKHUPDOO\� XQVWDEOH� DQG
UËFU\VWDOOL]HV�LWVHOI�ZHOO��6R��DIWHU�DQQHDOLQJ
DW� �����&� IRU� �� K�� WKH� SULPDU\
UËFU\VWDOOL]DWLRQ�ZDV�FRPSOHWHO\�WHUPLQDWHG�
WKH�PLFURKDUGQHVV�GHFUHDVHG�KHUHZLWK� IURP
����� 03D� LQ� WKH� DV�GHSRVLWHG� VWDWH� WR
�����03D�DIWHU�WKH�DQQHDO�
7KH� IRUPDWLRQ� RI� WKH� WKHUPDO� XQVWDEOH

VWUXFWXUH� LV� GXH� WR� SUHVHQFH� RI� D� FRQVLGHU�
DEOH� DPRXQWV� RI� WKH� LPSXULWLHV�� 7KH�PHDV�
XUHPHQWV�KDYH�VKRZQ�WKDW�LQ�IOXRULGH�RULJL�
QDWHG�WXQJVWHQ�REWDLQHG�LQ�WKH�DERYH�FRQGL�
WLRQV�� WKH� WRWDO� LPSXULW\� FRQWHQW� LV� DERXW
����Ü�� PDVV��� $PRQJ� WKH� PDLQ� LPSXULWLHV�

)LJ����� 0LFURVWUXFWXUH� RI� IOXRULGH�RULJLQDWHG� WXQJVWHQ� �u����� REWDLQHG� DW�7V� �����&��3+�
�3:)�� ������D��DQG�DW�7V� ������&��3+�

�3:)�� �������E��

)LJ����� )UDFWXUH� VWUXFWXUH� IOXRULGH�RULJLQDWHG� WXQJVWHQ� GHSRVLWHG� DW� GLIIHUHQW� FRQGLWLRQV�� 7V� 
����&��3+�

�3:)�� �������D��u�����DQG�DW�7V� �����&��3+�
�3:)�� �������E��u������
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WKH� KLJKHVW� LV� WKH� PRO\EGHQXP� FRQFHQWUD�
WLRQ� �a������Ü��PDVV�����LQ�VPDOOHU�DPRXQWV
LURQ��a������Ü��PDVV�����FRSSHU��a������Ü���
PDVV��DQG�DOXPLQXP��a������Ü��PDVV����DUH
SUHVHQW�� 2[\JHQ�� QLWURJHQ� DQG� VLOLFRQ� DUH
SUHVHQW� LQ� DERXW� WKH� VDPH� FRQFHQWUDWLRQ� RI
����Ü�� PDVV� ��� WKH� FRQWHQW� RI� RWKHU� HOH�
PHQWV�GRHV�QRW�H[FHHG���Ü��PDVV���
8QGHU�ORZ�WHPSHUDWXUH�DQG�ORZ�:)��FRQ�FHQWUDWLRQV�� WKH� IOXRULQH� SUHVHQFH� LQ� FRQ�

GHQVDWHV� RI� IOXRULGH�RULJLQDWHG� WXQJVWHQ� LV
GXH�PDLQO\�WR�ELQGLQJ�RI�ORZHU�IOXRULGHV��$V
D� UXOH�� WKH� IOXRULQH� FRQWHQW� LQ� WKH�GHSRVLWV
LV�PD[LPXP�LQ�WKLV�FDVH��7KH�QXFOHDU�SK\VL�
FDO�PHDVXUHPHQWV�KDYH�VKRZQ�WKDW�WKH�IOXR�
ULQH�FRQFHQWUDWLRQ� LQ� WKH�GHSRVLWHG�FUXFLEOH
PDWHULDO�LV�VLJQLILFDQW�DQG�DPRXQWV�a������Ü
��PDVV���
7KH� PHQWLRQHG� LPSXULWLHV�� LQFOXGLQJ

IOXRULQH��DUH�LQWHUVWLWLDO�RQHV��WKHLU�FRQWHQW
H[FHHGV�WKH�VROXELOLW\�OLPLW�LQ�WXQJVWHQ��7KH
LPSXULWLHV� DUH� DUUDQJHV� SUHGRPLQDQWO\
DORQJ�WKH�JUDLQ�ERXQGDULHV��WKH\�DUH�ZHDNO\
ERXQG�ZLWK�WKH�PDWUL[�DQG�ZHDNHQ�FRQVLGHU�
DEO\�WKH�JUDLQ�FRKHVLRQ�LQ�WKH�PDWHULDO��7KH
JUDLQ� ERXQGDULHV� EHFRPH� WKH� PRVW� IUDJLOH
VWUXFWXUH�HOHPHQW��GHILQLQJ�WKH�JHQHUDO�EULW�
WOHQHVV� RI� WKH� ZRUNSLHFH�� 7KLV� IDFW� LV� FRQ�
ILUPHG�E\�)LJ���D� VKRZLQJ� WKH� IUDFWXUH�PL�
FURSKRWR�ZKHUH� WKH�SUHGRPLQDQW� LQWHU�FU\V�
WDOOLQH�IUDFWXUH�FKDUDFWHU�LV�VHHQ�
,QFUHDVLQJ� VXEVWUDWH� WHPSHUDWXUH� DW� WKH

VDPH� FRQWHQWV� :)�� LQ� WKH� JDV� SKDVH
�3+��3:)�� �������UHVXOWV�LQ�D�VLJQLILFDQW�LQ�FUHDVHG� GHSRVLWLRQ� UDWH�� )LJ���� VKRZV� WKH
WHPSHUDWXUH�GHSHQGHQFHV�RI�WKH�SURFHVV�UDWH
IRU�WKLV�FDVH��FXUYH����
,W� LV� VHHQ� LQ� )LJ���� WKDW� LQ� WKH� VWXGLHG

WHPSHUDWXUH� UDQJH�� WKH� GHSRVLWLRQ� UDWH� LQ�
FUHDVHV� FRQWLQXRXVO\�DQG�H[FHHGV�����PP�K
DW��V�!�����&�� +RZHYHU�� D� GHWHULRUDWLRQ� RIWKH�PDWHULDO�TXDOLW\�RFFXUV�LQ�WKLV�FDVH��$O�
UHDG\� DW� �V|����&�� WKH� VXUIDFH� �JOREXOL]D�WLRQ��VWDUWV�WR�RFFXU�DQG�WKH�PLFURVWUXFWXUH
QRQ�HTXLOLEULXP� LQFUHDVHV�� WKH� ODWWHU� EH�
FRPHV�VKUXEE\��LWV�PLFURKDUGQHVV�LQFUHDVHV�
$V� 7V� LQFUHDVHV� IXUWKHU�� WKH� GHQGULWLFJURZWK� FKDUDFWHU� EHFRPHV� SUHGRPLQDWLQJ�
WKH�VWUXFWXUH�ORVHV�FRPSDFWQHVV��WKH�FRQGHQ�
VDWH�GHQVLW\�GHFUHDVHV�FRQVLGHUDEO\�
'HSHQGLQJ� RQ� WKH� WXQJVWHQ� GHSRVLWLRQ

PRGH�IURP�KH[DIOXRULGH��WKH�RSHUDWLQJ�SUHV�
VXUH�� FRQFHQWUDWLRQ� UDWLR� LQ� WKH� JDV� PL[�
WXUH�� WKH� VXEVWUDWH� WHPSHUDWXUH�� HWF���� WKH
SURFHVV�PD\� UXQ� LQ� ERWK� NLQHWLF� DQG� GLIIX�
VLRQ�UHJLRQV��ZKLFK��LQ�WXUQ��DUH�GLIIHUHQWL�
DWHG� LQWR� VPDOOHU� VWDJHV�� FKDUDFWHUL]HG� E\
WKHLU� RZQ� SDUWLFXODULWLHV� >�@�� $W� ORZ� WHP�

SHUDWXUH� DQG� KH[DIOXRULGH� FRQFHQWUDWLRQV�
WKH� SURFHVV� LQ� NLQHWLF� UHJLRQ� LV� OLPLWHG� E\
PROHFXODU�DGVRUSWLRQ��EXW�DW�KLJK�YDOXHV�RI
WKH�SDUDPHWHUV��E\�WKH�GHVRUSWLRQ�SKDVH��$W
LQWHUPHGLDWH� WHPSHUDWXUHV� DQG� KLJK
KH[DIOXRULGH� FRQFHQWUDWLRQV�� WKH� WUDQVSRUW
RI� WKH�RSHUDWLQJ�JDV� WR�WKH�VXEVWUDWH� LV�GH�
ILQHG� E\� GLIIXVLRQ�� ,Q� WKH� GLIIXVLRQ� VWDJH�
WKH� GHSRVLWLRQ� UHVXOWV� LQ� D� KLJKHU� TXDOLW\
VWUXFWXUH� RI� WKH� FRQGHQVDWH� PDWHULDO�� 7KH
PRUSKRORJ\�RI�WKH�JURZWK�VXUIDFHV�LQ�GLIIX�
VLRQ�UHJLRQ�LV�FKDUDFWHUL]HG�E\�D�KLJK�RUGHU�
LQJ� RI� VHSDUDWH� FU\VWDOV� ZLWKRXW� HVVHQWLDO
GLVWRUWLRQ�RI�JURZLQJ�S\UDPLG�IDFHV��DV�ZHOO
DV� E\� D� ZHDN� GHSHQGHQFH� RI� WKH� VWUXFWXUH
JURZWK�UDWH�RQ�WKH�VXEVWUDWH�WHPSHUDWXUH�
,Q�H[SHULPHQWV�DW� LQFUHDVHG�:)��FRQWHQWXS� WR� 3+��3:)�� ������ LQ� WKH� LQWHUYDO� 7V

UDQJH� RI� ���� WR� ����&�� D� GHQVH� QRQSRURXV
PDWHULDO� LV� IRUPHG� ZLWK� VPRRWK� RXWHU� VXU�
IDFH��7KH�ZRUNSLHFHV� DUH� VLPLODU� LQ�DSSHDU�
DQFH�WR�WKH�FUXFLEOHV�JRW�DW�ORZHU�FRQFHQWUD�
WLRQ�RI�KH[DIOXRULGH�DQG�ORZ�VXEVWUDWH�WHP�
SHUDWXUH��L�H�� LQ�WKH�PRGH�GHVFULEHG�DERYH��
EXW�GLIIHU�FRQVLGHUDEO\�LQ�WKH�PDWHULDO�FKDU�
DFWHULVWLFV�� 7KH� WHPSHUDWXUH� GHSHQGHQFH� RI
WKH�GHSRVLWLRQ�UDWH�IRU�WKLV�FDVH�LV�VKRZQ�LQ
)LJ����� FXUYH� ��� 7KH� VORSH� GHFUHDVH� RI� WKH
FXUYH���DW�WHPSHUDWXUH�7V�DERYH�����&�HYL�GHQFHV� WKH�SURFHVV� UXQQLQJ� LQ�GLIIXVLRQ� UH�
JLRQ��7KH�FUXFLEOHV�JRW�DW�VXFK�:)��FRQFHQ�WUDWLRQV� H[KLELW� D� KLJK�PDWHULDO� GHQVLW\� RI
�����J�FP�� FORVH� WR� WKHRUHWLFDO� RQH�� WKDW
HYLGHQFHV� WKH� DEVHQFH� RI� PLFURSRUHV�� 7KH
PLFURVWUXFWXUH�LV�FROXPQDU��WKH�FROXPQ�VL]H
LQFUHDVHV� ZLWK� HOHYDWLQJ� WHPSHUDWXUH� IURP
��u����PP� WR� ��u����PP�� 7KH� PDWHULDO
VWUXFWXUH� LV� FORVH� WR� HTXLOLEULXP� RQH�� WKHU�
PDOO\� VWDEOH�� GRHV� QRW� UHFU\VWDOOL]H� XQGHU
DQQHDOLQJ�DW�7� ������&�IRU���K��7KH�PLFUR�
VWUXFWXUH� W\SH� RI� WKH� IOXRULGH�RULJLQDWHG

)LJ����� 'HSHQGHQFHV� RI� WKH� WXQJVWHQ� OD\HU
JURZWK�UDWH�RQ�WKH�GHSRVLWLRQ�WHPSHUDWXUH�DW
GLIIHUHQW� :)�� FRQWHQW� LQ� JDV� SKDVH�
3+�

�3:)�� �����������3+�
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WXQJVWHQ� REWDLQHG� DW� 7V� �����&� DQG
3+��3:)�� ������ LV� VKRZQ� LQ� )LJ���E�� 7KHU�PDO� VWDELOLW\� RI� WKH� VWUXFWXUH� LV� HYLGHQFHG
DOVR�E\�WKH�FRQGHQVDWH�PLFURKDUGQHVV�YDOXHV
SUHVHQWHG� LQ� WKH� 7DEOH�� 0LFURKDUGQHVV� LQ
WKH� DV�JURZQ� VWDWH� LV� LQGHSHQGHQW� RI� WKH
GHSRVLWLRQ� WHPSHUDWXUH� DQG� FKDQJHV� ZLWKLQ
����Ü����� 03È�� EXW� GHFUHDVHV� GRZQ� WR
����Ü�����03È�DIWHU�DQQHDOLQJ�
7KH�SXULW\�GHJUHH�RI�WKH�FUXFLEOHV�PDWH�

ULDO�REWDLQHG�LQ�VXFK�FRQGLWLRQV�H[FHHGV�FRQ�
VLGHUDEO\� WKDW� DWWDLQHG� DW� GHSRVLWLRQ� IURP
JDV� PL[WXUH� ZLWK� ORZHU� WXQJVWHQ� KH[D�
IOXRULGH� FRQWHQW� DQG� DPRXQWV� ������ �� WR
VLPLODU� FKDUDFWHULVWLF� RI� WKH� VXEVWUDWH� VXU�
IDFHV�� WKH� WRWDO� LPSXULW\� FRQWHQW� GRHV� QRW
H[FHHG���Ü��PDVV����7KH�0R� �������Ü�����)H
�������Ü������&X��������Ü������$O��������Ü�����
2�� �������Ü������DQG�1�� �������Ü��PDVV���
FRQFHQWUDWLRQV�DUH�PXFK�ORZHU��7KH�IOXRULQH
FRQFHQWUDWLRQ� GURSV� WR� ��Ü�����7KH� UHGXF�
WLRQ�RI�WKH�WRWDO�LPSXULW\�DPRXQW�SURPRWHV
WKH�IRUPDWLRQ�RI�QHDUO\�HTXLOLEULXP�FRQGHQ�
VDWH� VWUXFWXUH� DQG� KDUGHQLQJ� RI� WKH� JUDLQ
ERXQGDULHV��7KH�ODWWHU�LV�FRQILUPHG�E\�IUDF�
WXUH� SKRWR� VKRZQ� LQ� )LJ���E�� ZKLFK� HYL�
GHQFHV� WKH� IDFW� WKDW� WKH� WUDQV�FU\VWDOOLQH
IUDFWXUH�IUDFWLRQ�LV�KLJKHU�WKDQ�LQ�WKH�IOXR�
ULGH�RULJLQDWHG� WXQJVWHQ� REWDLQHG� DW� WKH
ORZHU�:)��FRQWHQW�$� FUXFLEOH� REWDLQHG� DW� 7V� �����&�3+��3:)�� �������LV�VKRZQ�LQ�)LJ����7HFKQRORJLFDO� WHVWV� RQ� VDSSKLUH� FU\VWDO
JURZLQJ� LQ� FUXFLEOHV�PDGH�E\�JDV�SKDVH�UH�
FRYHULQJ� RI� WXQJVWHQ� IURP� KH[DIOXRULGH� E\
K\GURJHQ� ZHUH� UHDOL]HG� DW� 67&� �,QVWLWXWH
IRU�6LQJOH�&U\VWDOV�� LQ� D� �&U\VWDO� �����+)
XQLW�� 7KH� FU\VWDOV� REWDLQHG� KDG� DGPLVVLEOH
ORZ� LPSXULW\� FRQWHQWV�� LQFOXGLQJ� FDUELGHV�
DQG�WKH�FUXFLEOHV�KDG�D�VXIILFLHQW�OLIH�WLPH�
7KXV��GXULQJ�WKH�VWXGLHV��WHFKQRORJ\�ZDV

LPSURYHG� WR� REWDLQ� KLJK�TXDOLW\� FUXFLEOHV
VDWLVI\LQJ� WKH� RSHUDWLRQDO� UHTXLUHPHQWV
IURP� IOXRULGH�RULJLQDWHG� WXQJVWHQ�� $PRQJ
WKH� PRGHV� SURYLGLQJ� KLJK�TXDOLW\� ZRUN�
SLHFHV� E\� JDV�SKDVH� PHWKRG�� LV� WKH� IROORZ�
LQJ��7V� �����&��3+��3:)�� �������7KH�GHSR�

VLWLRQ� UDWH� LQ� VXFK� FRQGLWLRQV� LV� DERXW
����PP�K�DQG�KH[DIOXRULGH�IUDFWLRQ�UHDFWHG
DW� HDFK� DFW� SXPSLQJ� WKURXJK� WKH� UHDFWLRQ
FKDPEHU�DPRXQWV�������7KH�XQHYHQQHVV�RI
WKH�FUXFLEOH�ZDOO� WKLFNQHVV�DWDYHUDJH�WKLFN�
QHVV�RI���PP�GRHV�QRW�H[FHHG�����PP��7KH
XVH� RI� WKH� JDV�SKDVH�PHWKRGV� IRU�PDQXIDF�
WXULQJ�RI� ODUJH�GLDPHWHU�FUXFLEOHV� VHHPV� WR
EH�RI�JRRG�SURPLVH�

5HIHUHQFHV
� ���$�,�.UDVRYVN\�� 5�.�&KX]KNR�� 9�5�7UHJXORY�

2�$�%DODKRYVNL\�� )OXRULGH� 3URFHVV� RI� 7XQJ�
VWHQ� 0DQXIDFWXULQJ�� 3K\VLFRFKHPLFDO� 3ULQFL�
SOHV�� 7KH� 0HWDO� &KDUDFWHULVWLFV�� 1DXND�
0RVFRZ��������>LQ�5XVVLDQ@�

� ���<X�0�.RURO\RY�� 9�,�6WRO\DURY�� 5HGXFWLRQ� RI
5HIUDFWRU\�0HWDO�)OXRULGHV�E\�+\GURJHQ��0HW�
DOOXUJLD��0RVFRZ��������>LQ�5XVVLDQ@�

� ���(�5�'REURYLQVND\D�� /�$�/\WY\QRY�� 9�9�3LV�
FKLN�� (QF\FORSHGLD� RI� WKH� 6DSSKLUH�� )ROLR�
.KDUNLY��������

� ���<X�)�/RQLQ�� <X�$�3LOLSHWV�� 9�,�6KHUHPHW� HW
DO���9$17��8VNRULWHOLQD\D� 7HNKQLND������ ���
�������

� ���9�1�%RQGDUHQNR�� $�9�*RQFKDURY�� 9�<D�.RORW
HW� DO��� 9$17�� )53� 	� 50�� ������������� ���
��������

� ���%�0�6KLURNRY�� 9$17�� )53� DQG� 50�
������������������������

)LJ�����$�FUXFLEOH�PDGH�RI�IOXRULGH�RULJLQDWHG
WXQJVWHQ�

7DEOH�� 0LFURKDUGQHVV� RI� IOXRULGH�RULJLQDWHG� WXQJVWHQ� FRQGHQVDWHV� REWDLQHG� DW� JDV� FRPSRQHQW
UDWLR�3+�

�3:)�� ������LQ�DV�GHSRVLWHG�VWDWH�DQG�DIWHU�DQQHDOLQJ�IRU���K�DW������&

7V���&� ��� ��� ��� ��� ���
$V�GHSRVLWHG ���� ���� ���� ���� ����
$QQHDOHG ���� ���� ���� ���� ����
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