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7KHUH� LV� D� UHODWLYH� DEVHQFH� RI� VWXGLHV� GHDOLQJ� ZLWK�PDWV� RI� SXUSOH� VXOSKXU� EDFWHULD� LQ� WKH� LQWHUWLGDO� ]RQH�� 7KHVH
EDFWHULD� GLVSOD\� DQ�DUUD\� RI�PHWDEROLF� SDWKZD\V� WKDW� DOORZ� WKHP� WR� GLVSHUVH�DQG�GHYHORS�XQGHU� D�ZLGH� YDULHW\� RI
FRQGLWLRQV��PDNLQJ� WKHVH�PDWV� LPSRUWDQW� LQ� WHUPV� RI� HFRV\VWHP�SURFHVVHV� DQG� IXQFWLRQV��0DVV� EORRPV� RI� SXUSOH
VXOSKXU�EDFWHULD�GHYHORS�GXULQJ�VXPPHU�RQ�VHGLPHQWV�LQ�WKH�LQWHUWLGDO�]RQH�HVSHFLDOO\�RQ�PDFURDOJDO�GHSRVLWV��7KH
PLFURELDO�FRPSRVLWLRQ�RI�GLIIHUHQW�W\SHV�RI�PDWV�GLIIHUHQWLDOO\�DIIHFWHG�E\�WKH�GHYHORSPHQW�RI�SXUSOH�VXOSKXU�EDFWHULD
ZDV�H[DPLQHG��DW�ORZ�WLGH��XVLQJ�D�VHW�RI�ELRFKHPLFDO�PDUNHUV��IDWW\�DFLGV��SLJPHQWV��DQG�FRPSRVLWLRQ�ZDV�DVVHVVHG
DJDLQVW� WKHLU� LQIOXHQFH� RQ� HFRV\VWHP� IXQFWLRQV� �VHGLPHQW� FRKHVLYHQHVV�� &2�� IL[DWLRQ��� :H� GHPRQVWUDWHG� WKDW
SUROLIHUDWLRQ� RI� SXUSOH� VXOSKXU� EDFWHULD� KDV� D� PDMRU� LPSDFW� RQ� LQWHUWLGDO� PDWV� GLYHUVLW\� DQG� IXQFWLRQV�� ,QGHHG�
DVVHPEODJHV�GRPLQDWHG�E\�SXUSOH�VXOSKXU�EDFWHULD��&KURPDWLDFHDH��ZHUH�HIILFLHQW�H[RSRO\PHU�SURGXFHUV�DQG�WKHLU
ELRVWDELOLVDWLRQ�SRWHQWLDO�ZDV�VLJQLILFDQW��,Q�DGGLWLRQ��WKH�PDVVLYH�JURZWK�RI�SXUSOH�VXOSKXU�EDFWHULD�UHVXOWHG�LQ�D�QHW
&2��GHJDVVLQJ�ZKHUHDV�GLDWRP�GRPLQDWHG�ELRILOPV�UHSUHVHQWHG�D�QHW�&2��VLQN�
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(GLWRU��$UJD�&KDQGUDVKHNDU�$QLO��&6,5��1DWLRQDO�LQVWLWXWH�RI�RFHDQRJUDSK\��,QGLD
5HFHLYHG�-XO\����������$FFHSWHG�1RYHPEHU����������3XEOLVKHG�'HFHPEHU��������
&RS\ULJKW���������+XEDV�HW�DO��7KLV�LV�DQ�RSHQ�DFFHVV�DUWLFOH�GLVWULEXWHG�XQGHU�WKH�WHUPV�RI�WKH�&UHDWLYH�&RPPRQV�$WWULEXWLRQ�/LFHQVH��ZKLFK�SHUPLWV
XQUHVWULFWHG�XVH��GLVWULEXWLRQ��DQG�UHSURGXFWLRQ�LQ�DQ\�PHGLXP��SURYLGHG�WKH�RULJLQDO�DXWKRU�DQG�VRXUFH�DUH�FUHGLWHG�
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DQG�7HFKQRORJ\�IRU�6FRWODQG�DQG�WKH�6FRWWLVK�)XQGLQJ�&RXQFLO�DQG�SDUWLFLSDWLQJ�LQVWLWXWLRQV��7KH�IXQGHUV�KDG�QR�UROH�LQ�VWXG\�GHVLJQ��GDWD�FROOHFWLRQ�DQG
DQDO\VLV��GHFLVLRQ�WR�SXEOLVK��RU�SUHSDUDWLRQ�RI�WKH�PDQXVFULSW�

&RPSHWLQJ�LQWHUHVWV��7KH�DXWKRUV�KDYH�GHFODUHG�WKDW�QR�FRPSHWLQJ�LQWHUHVWV�H[LVW�
�(�PDLO��KXEDV#PQKQ�IU

,QWURGXFWLRQ

0LFURELDO� PDWV� RQ� LQWHUWLGDO� VHGLPHQWV� DUH� FRPSOH[� DQG
KLJKO\� RUJDQLVHG� HFRV\VWHPV� ZKHUH� RSSRVHG� R[\JHQ� DQG
VXOSKLGH� JUDGLHQWV� IDYRXU� WKH� GHYHORSPHQW� RI� YHUWLFDOO\
VWUDWLILHG�� PXOWLFRORXUHG� DQG� FRKHVLYH� OD\HUV� RI� GLIIHUHQW
IXQFWLRQDO�JURXSV�RI�PLFURRUJDQLVPV�WKDW�GLVSOD\�YDULRXV�IRUPV
RI� UHVSLUDWLRQ�� IURP� WKH� VXUIDFH� WR� WKH� GHSWK�� 7KH� GHFUHDVLQJ
UHGR[�SRWHQWLDO��ZLWK�LQFUHDVLQJ�GHSWK��LQIOXHQFHV�GLVWULEXWLRQ�RI
YDULHG� PHWDEROLFV� DQG� UHVSLUDWRU\� SDWKZD\V� WKDW� LQYROYH
GLIIHUHQW� WHUPLQDO� HOHFWURQ� DFFHSWRUV� DQG� GLVSOD\� GHFUHDVLQJ
DSSDUHQW�IUHH�HQHUJ\�\LHOGV�>�@�
)RU� H[DPSOH�� SKRWRWURSKLF� SXUSOH� VXOSKXU� EDFWHULD� DUH

JHQHUDOO\� IRXQG� LQ� DQR[LF� OD\HUV� ZKHUH� OLJKW� FDQ� SHQHWUDWH�
7KHLU�PDLQ�PHWDEROLVP� LV� DQR[\JHQLF� SKRWRV\QWKHVLV� �ZLWKRXW
2�� UHOHDVH��� ZKLFK� XVHV� UHGXFHG� VXOSKXU� FRPSRXQGV� DV

HOHFWURQ�GRQRUV�EXW�WKH\�FDQ�DOVR�EH�FKHPROLWKRWURSKV��LQ�GDUN
HQYLURQPHQWV�� E\� XVLQJ� VXOSKLGH� RU� WKLRVXOSKDWH� DV� HOHFWURQ
GRQRU� DQG� R[\JHQ� DV� WKH� WHUPLQDO� HOHFWURQ� DFFHSWRU� >�@�� ,Q
PXGG\� HQYLURQPHQWV�� WKH\� FRPPRQO\� SUROLIHUDWH� LQ� D� OD\HU� RI
DERXW�����PP�GHSWK�WKDW�PDWFKHV�WKHLU�QHHGV�ERWK�LQ�WHUPV�RI
OLJKW�DQG�VXOSKLGH�DYDLODELOLW\�
+RZHYHU�� LW� KDV� EHHQ� REVHUYHG� WKDW� PDVV� EORRP� RI

SKRWRWURSKLF�EDFWHULD�� IRUPLQJ� ODUJH�FRORXUHG�PDWV�� FDQ�RFFXU
DW�WKH�VHGLPHQW�VXUIDFH�LQ�WKH�LQWHUWLGDO�]RQH�>�@��2Q�WKH�2UNQH\
LVODQGV� >�@� DQG� 5RVFRII� $EHU� %D\� >�@�� WKHVH� EORRPV� W\SLFDOO\
RFFXU� RQ� VDQG\� VHGLPHQWV� ORFDOO\� HQULFKHG� LQ� RUJDQLF� PDWWHU
GHULYHG�IURP�WKH�GHFRPSRVLWLRQ�RI�PDFURDOJDO�GHSRVLWV��3XUSOH
VXOSKXU�EDFWHULD�GHYHORS�DW� WKH�DLU�ZDWHU�VHGLPHQW� LQWHUIDFH� LQ
WKHVH�V\VWHPV�DQG�DUH�H[SRVHG�WR�R[\JHQ��IRUPLQJ�ODUJH�EULJKW
SLQN�PDWV�YLVLEOH�WR�WKH�QDNHG�H\H�
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7KHVH� PDWV� KDYH� EHHQ� REVHUYHG� ZLGHO\� EXW� WKH� FXUUHQW
NQRZOHGJH�DERXW�WKHLU�HFRORJ\��HFRSK\VLRORJ\�DQG�WKHLU�UROH�LQ
HFRV\VWHP�IXQFWLRQLQJ�LV� LQWULJXLQJO\�IDU� OHVV�GRFXPHQWHG�WKDQ
F\DQREDFWHULDO� DQG�RU� GLDWRPV� ELRILOPV� >�@�� 7KLV� ODFN� RI
NQRZOHGJH� VKRXOG� EH� DGGUHVVHG� DV� PRVW� RI� DQR[\JHQLF
SKRWRWURSKLF�EDFWHULD�KDYH�FRPSHWLWLYH�DGYDQWDJHV��VXFK�DV�D
KLJK�PHWDEROLF�YHUVDWLOLW\��ZKLFK�H[SODLQV�WKHLU�ZLGH�GLVWULEXWLRQ
DQG�WKHLU�PDVVLYH�GHYHORSPHQW�LQ�YDULRXV�HFRORJLFDO�QLFKHV�>�@�
7KHLU� UROH� LQ� LPSRUWDQW� HFRV\VWHP� IXQFWLRQV�� VXFK� DV� FDUERQ
EXGJHWV��LV�FXUUHQWO\�SRRUO\�NQRZQ�
7R� EHWWHU� XQGHUVWDQG� WKH� SUROLIHUDWLRQ� RI� SXUSOH� VXOSKXU

EDFWHULD�DQG� WKHLU� LQIOXHQFH�RQ� LPSRUWDQW�HFRV\VWHP� IXQFWLRQV
DQG� VHUYLFHV�� ZH� FRPSDUHG� WKUHH� GLIIHUHQW� W\SHV� RI� PDWV
UHSUHVHQWDWLYH�RI�RXU�VWXG\�VLWH��7KHVH�PDWV�ZHUH�VHOHFWHG�RQ
WKH� EDVLV� RI� YLVLEO\� FRQWUDVWLQJ� GHQVLWLHV� RI� SXUSOH� VXOSKXU
EDFWHULD�DW� WKHLU�VXUIDFH��L�H��EDUH�VHGLPHQW��PHGLXP�DQG�KLJK
GHQVLW\��� 7KHLU� DFWXDO� GLYHUVLW\� ZDV� H[DPLQHG� XVLQJ� D� VHW� RI
ELRFKHPLFDO� PDUNHUV� �IDWW\� DFLGV�� SLJPHQWV�� DQG� WKHLU
IXQFWLRQLQJ�HYDOXDWHG�ERWK�LQ�WHUPV�RI�LQ�VLWX�WRWDO�FDUERQ�IOX[HV
DQG� VHGLPHQW� VXUIDFH� DGKHVLRQ� �D� SUR[\� IRU� VXUIDFH� PDW
FRKHVLRQ��

0DWHULDOV�DQG�0HWKRGV

6WXG\�VLWH�DQG�VDPSOLQJ
1R�VSHFLILF�SHUPLVVLRQV�ZHUH� UHTXLUHG� IRU� WKH�FRPSOHWLRQ�RI

WKLV� VWXG\� DV� WKH� ILHOG� PHDVXUHPHQWV� GLG� QRW� LQYROYH
HQGDQJHUHG� RU� SURWHFWHG� VSHFLHV� QRU� ZHUH� FRQGXFWHG� LQ� D
VSHFLILHG�SURWHFWHG�DUHD��6HGLPHQW� VDPSOHV�ZHUH�FROOHFWHG� LQ
$XJXVW� ����� DQG� -XO\� ����� XVLQJ� VWHULOH� ��� RU� ��� PO
SRO\FDUERQDWH� V\ULQJHV� LQ� WKH� 5RVFRII� $EHU� %D\� �%ULWWDQ\�
)UDQFH���7KH�ED\�� LV�DERXW���NP� ORQJ�DQG���NP�ZLGH��HQWLUHO\
VLWXDWHG� DERYH�PLG�WLGH� OHYHO�� LW� FRQWDLQV� D� UDQJH� RI� W\SHV� RI
LQWHUWLGDO� VHGLPHQWV�� DQG� KDV� EHHQ� H[WHQVLYHO\� VWXGLHG� LQ� WKH
SDVW� IRU�YDULRXV�DVSHFWV�RI� LWV�HFRORJ\�VXFK�DV�DQQXDO�FDUERQ
EXGJHWV�>�@��ELRJHRFKHPLVWU\�>�@�DQG�PLFURELDO�HFRORJ\�>�@��7KH
5RVFRII�$EHU�ED\� LV�DOVR�DQQXDOO\�DIIHFWHG�E\� WKH�SUROLIHUDWLRQ
RI� JUHHQ� HSKHPHUDO� PDFURDOJDH�� 6XFK� GHSRVLWV� FDQ� DFFRXQW
IRU����WR������RI�WKH�HQWLUH�VXUIDFH�RI�WKH�ED\�DQG�DIIHFW�ERWK
WKH�WURSKLF�HFRORJ\�>�@�DQG�&�IOX[HV�RI�WKH�HFRV\VWHP�>�@��7KUHH
GLIIHUHQW� W\SHV� RI� PDWV� ZHUH� VHOHFWHG� IRU� WKH� VWXG\�� 7KH
SUHVHQFH�RU�DEVHQFH�RI�YLVLEOH�SDWFKHV�RI�SXUSOH�EDFWHULD�ZDV
GHOLEHUDWHO\� XVHG� DV� VHOHFWLRQ� FULWHULD� �)LJXUH� ���� $OO� RI� WKH
VHOHFWHG�PDWV�ZHUH�HVWDEOLVKHG�RQ�ILQH�VDQG�VHGLPHQWV��PHDQ
SDUWLFOH� VL]H�� ���� �� ��� ȝP�� >�@��� /RZ�GHQVLW\� PDWV� �/'�
FRUUHVSRQGHG�WR�EDUH�VHGLPHQWV�ZKRVH�VXUIDFH�GLG�QRW�GLVSOD\
DQ\� YLVLEOH� SDWFKHV� RI� SXUSOH� VXOSKXU� EDFWHULD� �)LJXUH� ���
PHGLXP� GHQVLW\� �0'�� PDWV� FRUUHVSRQGHG� WR� EDUH� VHGLPHQWV
ZLWK�VHYHUDO�SDWFKHV�RI�SXUSOH�VXOSKXU�EDFWHULD�DW� WKH�VXUIDFH
�DERXW� ���� VXUIDFH� FRYHUHG��� DQG� KLJK� GHQVLW\� �+'�� PDWV
FRUUHVSRQGHG� WR� VLPLODU� VHGLPHQWV� ZLWK� JUHHQ� PDFURDOJDH
GHSRVLWV��DERXW�����FP�WKLFN��FRYHUHG�E\�D�WKLFN�OD\HU�RI�SXUSOH
VXOSKXU�EDFWHULD�������RI�VXUIDFH�FRYHUHG���/'�DQG�0'�PDWV
ZHUH�FKDUDFWHUL]HG�E\�R[LF� OD\HUV�RI�DERXW�����FP�DQG����FP
UHVSHFWLYHO\��2[LF�OD\HUV�ZHUH�DEVHQW�RU�YHU\�WKLQ�����PP�WKLFN�
LQ�+'�PDWV��URXJK�HVWLPDWHV��

([WUDFHOOXODU�SRO\PHULF�VXEVWDQFHV��(36�
7ULSOLFDWH� VHGLPHQW� FRUHV� ZHUH� VDPSOHG� LQ� HYHU\� PLFURELDO

PDW� ��� FP��� �� FP� GHSWK�� $XJXVW� ������� 6DPSOHV� ZHUH
LPPHGLDWHO\�IUR]HQ�LQ�WKH�ILHOG�XVLQJ�OLTXLG�QLWURJHQ�DQG�VWRUHG
DW� ���� �&�XQWLO� IXUWKHU� DQDO\VLV��$IWHU� WKDZLQJ�� VHGLPHQW� FRUHV
ZHUH�PL[HG�ZLWK���PO�RI�GLVWLOOHG�ZDWHU�DQG�FRQWLQXRXVO\�URWDWHG
IRU� ���� K� �+RUL]RQWDO� PL[HU�� 50����9�� ,QJHQLHXUE�UR� &$7��
DOORZLQJ� WKH�H[WUDFWLRQ�RI�FROORLGDO�(36� �VROXEOH� IUDFWLRQ���7KH
VXSHUQDWDQW�ZDV�UHPRYHG�DQG�VHGLPHQW�ZDV�PL[HG�DJDLQ�ZLWK
�PO� RI� GLVWLOOHG� ZDWHU� DQG� ���� PJ� RI� 'RZH[� 0DUDWKRQ� &
H[FKDQJH� UHVLQ� WR� H[WUDFW� ERXQG� (36� �DWWDFKHG� WR� VHGLPHQW
SDUWLFOHV���%RWK�IUDFWLRQV�ZHUH�WKHQ�DQDO\VHG�E\�FRORULPHWU\�IRU
FDUERK\GUDWHV�DQG�SURWHLQV��&DUERK\GUDWHV�DQG�SURWHLQV�ZHUH
DQDO\VHG�DFFRUGLQJ� WR� WKH�'XERLV�PHWKRG�>��@�DQG�D�PRGLILHG
/RZU\�PHWKRG�>��@�UHVSHFWLYHO\�

3LJPHQW�FRPSRVLWLRQ
7KH� WRS���PP�RI� WKH�VHGLPHQW�ZHUH� IUR]HQ� LQ� WKH� ILHOG�ZLWK

OLTXLG� QLWURJHQ� XVLQJ� WKH� FRQWDFW� FRUH� WHFKQLTXH� >��@�� 7KH
VDPSOHV�ZHUH�IUHH]H�GULHG�LQ�WKH�ODERUDWRU\�DQG�NHSW�DW������&
XQWLO� IXUWKHU� DQDO\VLV� ���� UHSOLFDWHV� SHU� HDFK� W\SH� RI� PDWV�� �
FP�����PP�GHSWK��$XJXVW��������3LJPHQWV�ZHUH�H[WUDFWHG�IURP
D�VXE�VDPSOH�RI�DSSUR[LPDWHO\�����J�RI� IUHH]H�GULHG�VHGLPHQW
ZLWK� �� PO� RI� ��� �� FROG� EXIIHUHG� PHWKDQRO� ��� �� DPPRQLXP
DFHWDWH�� IRU� ��� PLQ� DW� ��� �&�� LQ� WKH� GDUN�� 6DPSOHV� ZHUH
VRQLFDWHG� IRU� ��� V� DW� WKH� EHJLQQLQJ� RI� WKH� H[WUDFWLRQ� SHULRG�
([WUDFWV�ZHUH�ILOWHUHG�ZLWK�:KDWPDQ�PHPEUDQH�ILOWHUV�������P�
LPPHGLDWHO\�EHIRUH�+LJK�3HUIRUPDQFH�/LTXLG�&KURPDWRJUDSK\
�+3/&�� DQDO\VLV�� 3LJPHQW� H[WUDFWV� ZHUH� DQDO\]HG� XVLQJ� D
6KLPDG]X� +3/&� FRPSULVHG� RI� D� VROYHQW� GHOLYHU\� PRGXOH
�/&���$'93�� ZLWK� V\VWHP� FRQWUROOHU� �6&/���$93��� D
SKRWRGLRGH�DUUD\� �63'�0��$93��DQG�D� IOXRUHVFHQFH�GHWHFWRU
�5)���$;/��� &KURPDWRJUDSKLF� VHSDUDWLRQ� ZDV� FDUULHG� RXW
XVLQJ� D� &��� FROXPQ� IRU� UHYHUVH� SKDVH� FKURPDWRJUDSK\
�6XSHOFRVLO�� ��� FP� ORQJ�� ���� PP� LQ� GLDPHWHU�� DQG� �� �P
SDUWLFOHV���7KH�VROYHQWV�XVHG�ZHUH�����0�DPPRQLXP�DFHWDWH�LQ
PHWKDQRO�DQG�ZDWHU���������Y�Y���DFHWRQLWULOH�DQG�ZDWHU��������
Y�Y��� DQG� ������ HWK\O� DFHWDWH�� 7KH� VROYHQW� JUDGLHQW� IROORZHG
.UDD\�HW�DO��>��@�DGDSWHG�E\�%URWDV�DQG�3ODQWH�&XQ\�>��@�ZLWK�D
IORZ� UDWH� RI� ���� PO� PLQ��� DQG� DQ� LQMHFWLRQ� YROXPH� RI� ���� �O�
,GHQWLILFDWLRQ�DQG�FDOLEUDWLRQ�RI�WKH�+3/&�SHDNV�ZDV�FRQILUPHG
ZLWK� FKORURSK\OO� D� �FKOD��� FKORURSK\OO� E� �FKOE�� DQG� E�FDURWHQH
VWDQGDUGV� IURP� 6LJPD� DQG� FKORURSK\OO� F� �FKOF��� IXFR[DQWKLQ
�IXFR��� GLDGLQR[DQWKLQ� �''��� GLDWR[DQWKLQ� �'7��� OXWHLQ� �OXW��
]HD[DQWKLQ� �]HD��� DQG� SKHRSK\WLQ� D� VWDQGDUGV� IURP� '+,�
%DFWHULRFKORURSK\OO� D� �%&KOD�� ZDV� LGHQWLILHG� DQG� TXDQWLILHG
XVLQJ� D� VWDQGDUG� IURP� )URQWLHU� 6FLHQWLILF�� 3LJPHQWV� ZHUH
LGHQWLILHG�E\�WKH�DEVRUSWLRQ�VSHFWUD�DQG�UHWHQWLRQ�WLPHV�DQG�WKH
FRQFHQWUDWLRQV� FDOFXODWHG� IURP� WKH� VLJQDOV� LQ� WKH� SKRWRGLRGH
DUUD\� �FKORURSK\OOV� DQG� FDURWHQRLGV�� RU� IOXRUHVFHQFH� GHWHFWRU
�SKHRSKRUELGHV�DQG�SKHRSK\WKLQV��

)DWW\�DFLG�FRPSRVLWLRQ
)DWW\� $FLGV� �)$V�� ZHUH� H[WUDFWHG� IURP� �� FP� GHSWK� IUHH]H�

GULHG� VHGLPHQW� FRUHV� �WULSOLFDWHV� IRU� HDFK� W\SH� RI� ELRILOP�
$XJXVW� ������ IROORZLQJ� WKH� PHWKRG� RI� %OLJK� DQG� '\HU� >��@
VOLJKWO\� PRGLILHG� E\� 0H]LDQH� HW� DO�� >��@�� ,Q� DGGLWLRQ�� VHYHUDO
VHGLPHQW�FRUHV�ZHUH�VOLFHG�ZLWK�D�WKLQ�EODGH�DW�����FP�LQWHUYDOV

LQWHUWLGDO�3XUSOH�6XOSKXU�%DFWHULDO�0DWV
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DQG�)$V�ZHUH� H[WUDFWHG� IURP�HDFK� OD\HU� �WULSOLFDWHV� SHU� HDFK
W\SH�RI�PDW����FP��LQQHU�GLDPHWHU�FXW�RII�V\ULQJH��LQ�-XO\�������
/LSLGV�ZHUH� H[WUDFWHG� E\� VRQLFDWLRQ� ���� N+]�� ���PLQ�� XVLQJ� D
FKORURIRUP�PHWKDQRO�ZDWHU� FRFNWDLO� �������� Y�Y�Y��� $Q� LQWHUQDO
VWDQGDUG� �WULFRVDQRLF� DFLG�� ������ ��� �J�� ZDV� DGGHG� WR� HDFK
VDPSOH� EHIRUH� H[WUDFWLRQ�� /LSLGV� ZHUH� FRQFHQWUDWHG� XQGHU� D
FRQVWDQW� 1�� IORZ�� DQG� WKH� UHVLGXH� VDSRQLILHG� ����PLQ�� ��� �&�
ZLWK� 1D2+�0H2+� ������ Y�Y��� 6DSRQLILFDWLRQ� DQG� PHWK\ODWLRQ
SURFHGXUHV�ZHUH� DSSOLHG� WR� WUDQVIRUP� WKH� WRWDO� OLSLGV� LQWR� )$�
PHWK\O� HVWHUV� >��@� VR� WKDW� WKH� )$V� FDQ� EH� VHSDUDWHG� DQG
TXDQWLILHG� E\� JDV� FKURPDWRJUDSK\� �*&�� 9DULDQ� &3�����
HTXLSSHG� ZLWK� IODPH� LRQL]DWLRQ� GHWHFWRU��� 0RVW� )$V� ZHUH
LGHQWLILHG� E\� FRPSDULQJ� WKHLU� UHWHQWLRQ� WLPHV� ZLWK� WKRVH� RI
NQRZQ�VWDQGDUGV� �6XSHOFR������38)$���0DULQH�6RXUFH��DQG
%DFWHULDO�0L[��6XSHOFR�,QF���%HOOHIRQWH��3$��86$���8QLGHQWLILHG
)$V� ZHUH� IXUWKHU� LGHQWLILHG� E\� *&� FRXSOHG� WR� D� PDVV
VSHFWURPHWHU� �*&�06�� 9DULDQ� *&�������06��� )RU� ERWK
GHYLFHV�� )$V� VHSDUDWLRQ� ZDV� SHUIRUPHG� XVLQJ� D� 6XSHOFR
20(*$:$;�����FROXPQ�����P�[������PP� L�G���������P� ILOP
WKLFNQHVV�� ZLWK� +�� DV� FDUULHU� JDV�� $IWHU� LQMHFWLRQ� RI� �� �O� RI
VDPSOH�DW�����&�� WKH� WHPSHUDWXUH�ZDV� UDLVHG� WR������&�DW���
�&�PLQ���� WKHQ�WR������&��KHOG����PLQ��DW����&�PLQ����(DFK�)$
ZDV�JLYHQ�DV�D�SHUFHQWDJH�RI�WRWDO�)$V�

6HGLPHQW�VWDELOLW\
6HGLPHQW�VWDELOLW\�ZDV�DVVHVVHG�LQ�$XJXVW������WKURXJK�WKH

SUR[\� RI� VXUIDFH� DGKHVLRQ� �L�H�� VWLFNLQHVV�� XVLQJ� 0DJQHWLF

3DUWLFOH� ,QGXFWLRQ� �0DJ3,��� D� GHYLFH� UHFHQWO\� GHYHORSHG� E\
/DUVRQ� HW� DO�� >��@�� %ULHIO\�� D� JLYHQ� DPRXQW� RI� IHUURXV� DQG
VWDLQHG� IHUURPDJQHWLF� SDUWLFOHV� �GLDPHWHU� !� ���� �P�� ZDV
VSUHDG�RQWR� WKH�VHGLPHQW�VXUIDFH� LQ�D�VLQJOH� OD\HU��7KHQ�� WKH
PDJQHWLF� IRUFH� QHHGHG� WR� GHWDFK� WKH� SDUWLFOHV� IURP� WKH
VXEVWUDWXP� ZDV� PHDVXUHG�� XVLQJ� DQ� HOHFWURPDJQHW� VHW� DW� D
FRQVWDQW� GLVWDQFH� IURP� WKH� VXUIDFH� ��� PP��� 7KH� YROWDJH
VXSSOLHG� WR� WKH�PDJQHW�� ZDV� FRQWUROOHG� E\� D� SUHFLVLRQ� SRZHU
VXSSO\� �+<����� '&� 3RZHU� 6XSSO\�� 0DVWHFK�� DQG� ZDV
LQFUHDVHG�IURP���9�E\� LQFUHPHQWV�RI�����9��:KHQ�DOO�SDUWLFOHV
GHWDFKHG� IURP� VHGLPHQW� WKH� ILQDO� YROWDJH� ZDV� UHFRUGHG� DQG
XVHG�WR�FDOFXODWH�WKH�FRUUHVSRQGLQJ�PDJQHWLF�IRUFH��P7HVOD���$
FDOLEUDWLRQ�FXUYH�ZDV�SUHYLRXVO\�HVWDEOLVKHG�ZLWK�D�JDXVVPHWHU
�����+&$7�� /DNH6KRUH�� E\� PHDVXULQJ� WKH� PDJQHWLF� IRUFH
GLVSOD\HG� DW� HDFK� LQFUHPHQWDO� LQFUHDVH� RI� WKH� YROWDJH�� )LYH
UHSOLFDWHV�ZHUH�VDPSOHG�LQ�HYHU\�PLFURELDO�PDW��XVLQJ�D�FXW�RII
V\ULQJH�DQG�ZLWKRXW�GLVWXUELQJ�WKH�VHGLPHQW�VXUIDFH��7KH�FRUHV
ZHUH� PDLQWDLQHG� YHUWLFDOO\�� WUDQVIHUUHG� WR� ODERUDWRU\� DQG
LPPHGLDWHO\� DQDO\VHG�� 0DJ3,� PHDVXUHPHQWV� KDYH� EHHQ
SUHYLRXVO\� FRUUHODWHG� ZLWK� FRKHVLYH� VWUHQJWK� PHWHU� �&60�
PHDVXUHPHQWV� ZKLFK� JLYH� WKH� VKHHU� VWUHVV� QHHGHG� WR� HURGH
WKH�VHGLPHQW��1HZWRQ�P����>��@��

&DUERQ�IOX[HV
&DUERQ�IOX[HV�ZHUH�PHDVXUHG�LQ�VLWX��LQ�$XJXVW�������GXULQJ

ORZ� WLGH� �DLU�VHGLPHQW� LQWHUIDFH���ZLWK�D�EHQWKLF� FKDPEHU� >��@�
7KH�FKDPEHU�FRYHUHG�D������P��VHGLPHQW�DUHD�DQG�FRQVLVWHG

)LJXUH���� �3LFWXUH�RI� WKH�5RVFRII�$EHU�ED\�DIIHFWHG�E\�JUHHQ�PDFURDOJDH�GHSRVLWV� �D��ZLWK�GHWDLOV�RI�D�SXUSOH�VXOSKXU
EDFWHULDO�PDW�RQ�WRS�RI�PDJURDOJDO�GHSRVLWV��E���DQG�GHWDLOV�RI�WKUHH�GLIIHUHQW�W\SHV�RI�PDWV�VHOHFWHG�IRU�WKH�VWXG\��+'��KLJK
GHQVLW\��0'��PHGLXP�GHQVLW\��DQG�/'��ORZ�GHQVLW\�RI�SXUSOH�VXOSKXU�EDFWHULD����
GRL����������MRXUQDO�SRQH���������J���
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RI�D�VWDLQOHVV�VWHHO� ULQJ�SXVKHG� LQWR� WKH�HPHUVHG�VHGLPHQW� WR
DERXW� ��� FP� GHSWK�� ,W� ZDV� KHUPHWLFDOO\� VHDOHG� E\� HLWKHU� D
WUDQVSDUHQW� RU� GDUN� 3HUVSH[�� GRPH�� 7KH� FKDPEHU� ZDV� WKHQ
FRQQHFWHG�WR�D�FORVHG�JDV�FLUFXLW� IRU�DERXW�������PLQ�LQ�RUGHU
WR� UHFRUG� FKDQJHV� LQ� &2�� SDUWLDO� SUHVVXUH� �GDWD� ORJJHU� /L&RU
/L������� ZLWK� D� ��V� ORJJLQJ� IUHTXHQF\��� &2�� ZDV� PRQLWRUHG
ZLWK� DQ� LQIUDUHG� JDV� DQDO\]HU� �/L&RU� /L� ����� LQ� SSP�� )URP
UHFRUGHG� GDWD� RI� HLWKHU� OLJKW� RU� GDUN� LQFXEDWLRQV�� &2�� SDUWLDO
SUHVVXUH� ZDV� UHJUHVVHG� DJDLQVW� WLPH�� 6ORSHV� RI� WKH
FRUUHVSRQGLQJ� UHJUHVVLRQ� FXUYHV� ZHUH� XVHG� WR� FDOFXODWH
UHVSHFWLYHO\�WKH�QHW�SULPDU\�SURGXFWLRQ�DQG�UHVSLUDWLRQ��5HVXOWV
ZHUH� WKHQ� H[SUHVVHG� LQ� FDUERQ� XQLWV� �PJ&� P��� K����� ,QFLGHQW
SKRWRV\QWKHWLFDOO\� DFWLYH� UDGLDWLRQ� ��������� QP��3$5� LQ� �PRO
TXDQWD� P��� V���� ZDV� DOVR� PHDVXUHG� ZLWK� D� /L&RU� TXDQWXP
VHQVRU�

6WDWLVWLFDO�DQDO\VHV
$OO�VWDWLVWLFDO�DQDO\VHV�DQG�JUDSKV�ZHUH�SHUIRUPHG�XVLQJ�5�

YHUVLRQ���������)$V�DQG�SLJPHQW�FRPSRVLWLRQV�RI� WKH�VDPSOHG
PDWV� ZHUH� FRPSDUHG� VHSDUDWHO\� XVLQJ� PXOWLYDULDWH� DQDO\VHV
WKDW�DOORZHG�ERWK�VDPSOLQJ�VLWHV�DQG�PHWDEROLWHV�VFRUHV�WR�EH
GLVSOD\HG� LQ� WKH� VDPH� SORW� �L�H�� QRQ� PHWULF� PXOWLGLPHQVLRQDO
VFDOLQJ� ±� Q0'6��� 7KH� UHODWLYH� DPRXQWV� RI� SLJPHQWV� DQG� )$V
ZHUH�WUDQVIRUPHG�XVLQJ�D�+HOOLQJHU�WUDQVIRUPDWLRQ��'LIIHUHQFHV
LQ� )$� RU� SLJPHQW� FRPSRVLWLRQ� EHWZHHQ� ELRILOPV� ZHUH� WHVWHG
VWDWLVWLFDOO\� E\� RQH�ZD\� SHUPXWDWLRQDO� PXOWLYDULDWH� DQDO\VLV� RI
YDULDQFH� �SHUPDQRYD�� DIWHU� SURSHU� YHULILFDWLRQ� IRU�PXOWLYDULDWH
KRPRJHQHLW\� RI� JURXS�GLVSHUVLRQV� �WHVWHG�ZLWK� D� SHUPXWDWLRQ�
EDVHG� WHVW��� 'LIIHUHQFHV� EHWZHHQ� PDWV� RI� LQGLYLGXDO� )$�
SLJPHQWV�DV�ZHOO� DV�(36��&2�� IOX[HV�� VHGLPHQW� VWDELOLW\�ZHUH
WHVWHG� XVLQJ� .UXVNDO�:DOOLV� WHVW� �RQH� ZD\� QRQ� SDUDPHWULF
$129$��IROORZHG�E\�SDLUZLVH�:LOFR[RQ�0DQQ�:KLWQH\��:0:�
WHVWV� DGMXVWHG� E\� WKH� %HQMDPLQL� +RFKEHUJ� �%+��PHWKRG� �QRQ
SDUDPHWULF�SRVW�KRF�WHVW��

5HVXOWV

4XDQWLILFDWLRQ�RI�SLJPHQWV�DQG�)$�PDUNHUV
$V� H[SHFWHG� IURP� YLVXDO� LQVSHFWLRQ�� EDFWHULRFKORURSK\OO� D

�%&KOD�� LQFUHDVHG� JUDGXDOO\� IURP�/'� ����� �� ���� �J�J���� WR�+'
PDWV� ����� �� ���� �J�J����� ,GHQWLFDOO\�� FKORURSK\OO� D� �&KOD�
FRQFHQWUDWLRQV�ZHUH�KLJKHU�LQ�+'�ELRILOPV��,Q�DGGLWLRQ��+'�PDWV
ZHUH� DOVR� FKDUDFWHULVHG� E\� KLJK� DPRXQWV� RI� GHJUDGHG
FKORURSK\OO��L�H�SKHRSKRUELGH�D�������������J�J�����LQ�FRPSDULVRQ
WR�0'�DQG�/'�PDWV��������������DQG��������������J�J�����7KHVH
SLJPHQW� FRQFHQWUDWLRQV� �DV�ZHOO� DV�DOO� WKH�GHWHFWHG�SLJPHQWV�
ZHUH� VLJQLILFDQWO\� GLIIHUHQW� EHWZHHQ� WKH�PDWV� DQG� VLJQLILFDQWO\
KLJKHU�LQ�+'�PDWV��.UXVNDO�:DOOLV�WHVWV��S����������IROORZHG�E\
SDLUZLVH�:0:�WHVWV���+RZHYHU��LQ�WHUP�RI�SLJPHQW�FRQWULEXWLRQ
WR� WKH� WRWDO�SRRO� �)LJXUH�����&KOD�DQG� IXFR[DQWKLQ� UHSUHVHQWHG
RQO\�D�VPDOO�SHUFHQWDJH�RI�WKH�WRWDO�SLJPHQWV�SRRO�LQ�+'�PDWV
���������DQG���������UHVSHFWLYHO\�� LQ�FRPSDULVRQ�WR�/'�PDWV
���� �� �� �� DQG� ��� �� �� �� UHVSHFWLYHO\��� &RQYHUVHO\�� %&KOD
FRQWULEXWLRQ� WR� WKH� WRWDO� SLJPHQW� SRRO� ZDV� KLJKHU� LQ� +'�PDWV
�����������WKDQ�LQ�/'�PDWV������������
(LFRVDSHQWDHQRLF� IDWW\�DFLG� �����Ȧ��� OHYHOV�DQG� WKH� UDWLR�RI

SDOPHWLF� WR� SDOPLWROHLF� DFLG� ����������Ȧ��� ZHUH� XVHG� DV
PDUNHUV� IRU� EHQWKLF� GLDWRPV� >��@�� :KLOH� &KOD� FRQWULEXWLRQ

GHFUHDVHG� IURP� /'� PDWV� WR� +'�� WKHVH� WZR� PDUNHUV� GLG� QRW
IROORZ� WKH� VDPH� SDWWHUQ� �)LJXUH� ���� (DFK� PDUNHU� ZDV� PRUH
DEXQGDQW� LQ�0'� WKDQ� LQ�/'�PDWV�EXW�QR�VLJQLILFDQW�GLIIHUHQFH
ZHUH� IRXQG� EHWZHHQ� +'� DQG� /'� PDWV� �:0:�� S� !� ������� ,Q
DGGLWLRQ��+'�PDWV�FRQWDLQHG�WKH�KLJKHVW�DPRXQWV�RI�EUDQFKHG
)$V� �L�H�� VXP� RI� DOO� LVR� DQG� DQWHLVR� )$V��� ZKLFK� DUH� W\SLFDOO\
XVHG� DV� PDUNHUV� RI� EDFWHULD� >�����@�� DQG� YDFFHQLF� DFLG
�����Ȧ����ZKLFK� LV� W\SLFDOO\�XVHG�DV�PDUNHU�RI�SXUSOH�EDFWHULD
>��@��7KH�SURSRUWLRQ�RI�HDFK�PDUNHU�ZDV�VLJQLILFDQWO\�GLIIHUHQW
EHWZHHQ�WKH�PDWV�FRQVLGHUHG��.UXVNDO�:DOOLV�WHVWV��S���������
IROORZHG� E\� SDLUZLVH� :0:� WHVWV��� 7KH� ����� LVR� DQG� ����
DQWHLVR� EUDQFKHG�)$�ZHUH� VLJQLILFDQWO\�PRUH� DEXQGDQW� LQ�+'
DQG�0'�FRUHV� WKDQ�/'�FRUHV��.UXVNDO�:DOOLV� WHVWV��S���������
IROORZHG� E\� SDLUZLVH� :0:� WHVWV��� )LQDOO\�� WKH� SURSRUWLRQ� RI
OLQROHQLF� IDWW\� DFLGV� �����Ȧ�� DQG� ����Ȧ��� ZDV� VLJQLILFDQWO\
GLIIHUHQW� EHWZHHQ� WKH� PDWV� FRQVLGHUHG�� ZLWK� +'� ELRILOPV
GLVSOD\LQJ� WKH� KLJKHVW� SHUFHQWDJHV� �.UXVNDO�:DOOLV� WHVWV�� S� �
������� IROORZHG� E\� SDLUZLVH� :0:� WHVWV��� 1R� VLJQLILFDQW
GLIIHUHQFH�ZDV� IRXQG�EHWZHHQ�/'�DQG�0'�ELRILOPV� LQ� WHUP�RI
����Ȧ��FRQWHQW��:0:��S�!�������

'LVWULEXWLRQ�RI�SLJPHQW�DQG�)$V�LQ�PDWV
7KH� QRQ�PHWULF� PXOWLGLPHQVLRQDO� VFDOLQJ� �Q0'6�� VWUHVV�  

������ )LJXUH� �D��� 7KH� Q0'6� VKRZHG� WKDW� WKH� SLJPHQW
FRPSRVLWLRQ� LQ� VWXGLHG� PDWV� ZDV� VLJQLILFDQWO\� GLIIHUHQW
�SHUPDQRYD�� S� �� ������� 0'� GLVSOD\HG� LQWHUPHGLDWH� SLJPHQW
FRPSRVLWLRQ� EHWZHHQ� /'� DQG� +'� PDWV�� +'� PDWV� ZHUH
FKDUDFWHULVHG� PDLQO\� E\� GHJUDGHG� FKORURSK\OO� �SKHRSKRUELGH
D��� %&KOD� DQG� &KORURSK\OO� E� �&KOE��� /'� PDWV� ZHUH� FOHDUO\
VHSDUDWHG�E\�IXFR[DQWKLQ��&KOD��FKORURSK\OO�F��&KOF���0'�PDWV
ZHUH� GLVWLQJXLVKHG� E\� KLJK� GLDWR[DQWKLQ� DQG� GLDGLQR[DQWKLQ
FRQWHQWV�
$�Q0'6�DOVR�VKRZHG� WKDW� WKH�)$�FRPSRVLWLRQ� LQ�PDWV�ZDV

VLJQLILFDQWO\� GLIIHUHQW� �)LJXUH� �E�� VWUHVV�  � ������� /'� EHLQJ
RSSRVHG� WR�+'�� DQG�0'�ELRILOPV�EHLQJ� LQWHUPHGLDWH� EHWZHHQ
/'�DQG�+'��+'�PDWV�ZHUH�FOHDUO\�FKDUDFWHULVHG�E\�PRVW�RI�WKH
EDFWHULDO� PDUNHUV� �EUDQFKHG� )$V��� PDFURDOJDO� PDUNHUV
�����Ȧ��� ����Ȧ��� DQG� WKH� YDFFHQLF� IDWW\� DFLG� �����Ȧ���� /'
PDWV�ZHUH�GLVWLQJXLVKHG�E\�EHQWKLF�GLDWRPV�PDUNHUV������Ȧ��
����������Ȧ����7DNLQJ�LQWR�DFFRXQW�WKH�ZKROH�GDWDVHW��+'��0'
DQG� /'� )$V� FRPSRVLWLRQV� ZHUH� VLJQLILFDQWO\� GLIIHUHQW
�SHUPDQRYD��S����������

'HSWK�GLVWULEXWLRQ�RI�PDMRU�EDFWHULDO�)$V�PDUNHUV
$� VWHHS� JUDGLHQW� RI� YDFFHQLF� DFLG� �����Ȧ��� ZDV� REVHUYHG

IURP�VXUIDFH��XS�WR������RI�WRWDO�)$V��WR�������FP�GHSWK��DERXW
���� ��� LQ� +'� FRUHV� ZKHUHDV� LWV� GLVWULEXWLRQ� ZDV� UHODWLYHO\
KRPRJHQRXV� DORQJ� /'� DQG� 0'� FRUHV� �)LJXUH� ���
6LPXOWDQHRXVO\�� WKH� FRQWULEXWLRQ� RI� ����� LVR� DQG� ����� DQWHLVR
EUDQFKHG� )$V� LQFUHDVHG� IURP� WKH� VXUIDFH� ����� ��� WR� �� FP
GHSWK���������

([RSRO\PHUV��(36��DQG�VHGLPHQW�VXUIDFH�DGKHVLRQ
)RU�HDFK�(36�IUDFWLRQ��L�H��FROORLGDO�DQG�ERXQGHG���.UXVNDO�

:DOOLV� WHVWV�� S� �� ������ IROORZHG� E\� SDLUZLVH� :0:� WHVWV��
FDUERK\GUDWHV�DQG�SURWHLQV� FRQFHQWUDWLRQV�ZHUH�KLJKHU� LQ�+'
PDWV�WKDQ� LQ�/'�PDWV��)LJXUH����� ,Q�DOO�VDPSOHV��FDUERK\GUDWH
FRQWULEXWLRQ� WR�HLWKHU� WRWDO�FROORLGDO�RU�ERXQG�(36�ZDV�DOZD\V
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ORZHU� WKDQ� ��� ��� )RU� WKH� FROORLGDO� IUDFWLRQ�� QR� VLJQLILFDQW
GLIIHUHQFHV� ZHUH� IRXQG� EHWZHHQ� PDWV�� ZKHUHDV� ERXQG
FDUERK\GUDWHV�ZHUH� VLJQLILFDQWO\� KLJKHU� LQ�+'�ELRILOPV� WKDQ� LQ
0'� DQG� /'� PDWV� �)LJXUH� ��� .UXVNDO�:DOOLV� WHVWV�� S� �� �����
IROORZHG� E\� SDLUZLVH�:0:� WHVWV��� 6XUIDFH� DGKHVLRQ� IROORZHG
WKH�VDPH�SDWWHUQ�DV�(36�FRQWHQWV�EHLQJ�VLJQLILFDQWO\�KLJKHU�LQ
+'� ELRILOPV� WKDQ� 0'� DQG� /'� PDWV� �)LJXUH� ��� .UXVNDO�:DOOLV
WHVWV��S���������IROORZHG�E\�SDLUZLVH�:0:�WHVWV��

&DUERQ�IOX[HV
,Q� RSSRVLWLRQ� WR� 0'� DQG� /'� PDWV� �&2�� VLQNV��� +'� PDWV

GLVSOD\HG�SRVLWLYH�QHW�&2��IOX[HV��&2��VRXUFH���+'�IOX[HV�ZHUH
VLJQLILFDQWO\� KLJKHU� WKDQ� 0'� �:0:�� S� �� ������ DQG� /'� PDWV
IOX[HV��1HW�&2��IOX[HV�UHFRUGHG�RQ�IUHVK�PDFURDOJDH�GHSRVLWV
�L�H�� PDFURDOJDO� OD\HU� VLPLODU� WR� WKDW� RI� +'� PDWV� EXW� ZLWKRXW

SXUSOH� VXOSKXU� EDFWHULD� DW� WKHLU� VXUIDFH�� ZHUH� KLJKO\� QHJDWLYH
�)LJXUH����

'LVFXVVLRQ

0LFURELDO�FRPSRVLWLRQ�RI�LQWHUWLGDO�PDWV
)DWW\� DFLGV� DQG� SLJPHQW� FRPSRVLWLRQV� RI� WKH� 5RVFRII� $EHU

ED\� PDWV� GLVSOD\HG� VWULNLQJ� GLIIHUHQFHV� DV� VKRZQ� E\� WKH
SHUPXWDWLRQDO� DQDO\VHV�RI� YDULDQFH��(DFK� W\SH�RI� ELRFKHPLFDO
PDUNHU� FRXOG�EH�FRQVLGHUHG�DV�D� ³FKHPLFDO� ILQJHUSULQW´� RI� WKH
PDW��ZKLFK�FDUU\�WD[RQRPLF�LQIRUPDWLRQ�DERXW�WKH�WD[RQRP\�RI
DOO�OLYLQJ�RUJDQLVPV��IDWW\�DFLGV��RU�RQO\�SKRWRWURSKV��SLJPHQWV��
7KHVH� ILQJHUSULQWV� DUH�� WR� VRPH� H[WHQW�� HTXLYDOHQW� WR� ³JHQHWLF
ILQJHUSULQW´� �VXFK� DV� '**(�� 77*(�� DV� WKH\� SURYLGH� VLPLODU
LQIRUPDWLRQ�EXW�ZLWK�GLIIHUHQW� WD[RQRPLF� UHVROXWLRQV��%DVHG�RQ

)LJXUH�����3URSRUWLRQ�RI�&KORURSK\OO�D��)XFR[DQWKLQ��%DFWHULRFKORURSK\OO�D��%&KO�D��DQG�3KHRSKRUELGH�D��LQ����WR�WKH�WRWDO
SLJPHQW�SRRO�LQ�+'��0'�DQG�/'�PLFURELDO�PDWV���
GRL����������MRXUQDO�SRQH���������J���
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WKLV� ILQJHUSULQWLQJ� DSSURDFK�� PXOWLYDULDWH� DQDO\VHV� FOHDUO\
VKRZHG� WKDW� WKH� RSSRVLWLRQ� EHWZHHQ� +'� DQG� /'� PDW
FRPSRVLWLRQ� PLUURUHG� WKH� IXQFWLRQDO� YDULDWLRQ� EHWZHHQ
DQR[\JHQLF�DQG�R[\JHQLF�SKRWRV\QWKHVLV�
+'� PDWV� ZHUH� FKDUDFWHUL]HG� E\� WKH� DOPRVW� H[FOXVLYH

SUHVHQFH� RI� SXUSOH� EDFWHULD� DV� VKRZQ� E\� WKH� UHODWLYHO\� KLJK
FRQWULEXWLRQV� RI� YDFFHQLF� DFLG� WR� WKH� )$� SRRO� �L�H�� ����Ȧ�
UHSUHVHQWHG��������������LQ�+'�ELRILOPV���$OWKRXJK�SUHVHQW� LQ
PRVW� RI� EDFWHULD�� WKLV� )$� LV� IRXQG� LQ� KLJK� SURSRUWLRQV� LQ
DQR[\JHQLF� EDFWHULD� >��@� DQG� VHYHUDO� VWXGLHV� VXJJHVW� LW� LV
GLDJQRVWLF� IRU� VXOSKXU�R[LGL]LQJ� EDFWHULD� LQ� +�6�ULFK� PDULQH
VHGLPHQWV� �H�J�� �������� 7KLV� LV� FRQVLVWHQW� ZLWK� D� SUHOLPLQDU\
VWXG\�>�@�ZKLFK�VKRZHG�WKDW�+'�PDWV�ZHUH�PDLQO\�FRPSRVHG�RI
EDFWHULD�EHORQJLQJ�WR�WKH�&KURPDWLDFHDH�IDPLO\��EDVHG�RQ���6
U51$� DQG� SXI0� F'1$� OLEUDULHV�� XQSXEOLVKHG� UHVXOWV��� 0DVV
EORRPV� VLPLODU� WR� WKRVH� WKDW� GHYHORS� DQQXDOO\� LQ� WKH� 5RVFRII
$EHU� %D\� ZHUH� REVHUYHG� LQ� VXPPHU� LQ� WKH� LQWHUWLGDO� ]RQH� RI
VDQG\� EHDFKHV� >��±��@� ZKHUH� EDFWHULDO� DEXQGDQFHV� UHDFKHG

XS� WR� ���� FHOOV�FP��� >��@�� $OWKRXJK� WKH\� FRQWDLQHG� WKH� KLJKHVW
&KOD� FRQFHQWUDWLRQV�� +'� ELRILOPV� ZHUH� DOVR� FKDUDFWHULVHG� E\
WKH� UHODWLYH� SRRU� FRQWULEXWLRQ� RI� GLDWRP�PDUNHUV�� VXFK� DV� WKH
����Ȧ�������UDWLR�>��@��WR�WKH�)$�SRRO������������������&RQWUDU\
WR�/'�DQG�0'�PDWV��PRVW�RI� WKH�&KOD� LQ�+'�FRUHV�RULJLQDWHG
IURP�GHSRVLWHG�PDFURDOJDH��DV�VKRZQ�E\�WKH�ORZ�����Ȧ������
UDWLR� DQG� WKH� UHODWLYH� DEVHQFH� RI� ����Ȧ�� LQ� +'� ELRILOPV��
&RQVLVWHQW�ZLWK�RXU� IOHG�REVHUYDWLRQV�� WKH�KLJK�FRQFHQWUDWLRQV
RI� SKHRSKRUELGH� D� LQ� WKHVH� FRUHV� LQGLFDWHG� WKDW� GHVSLWH� D
VLJQLILFDQW� SDUW� RI� WKH� GHSRVLWHG�PDFURDOJDH� EHLQJ� GHJUDGHG�
VRPH� IUHVK�PDFURDOJDH� UHPDLQHG�VWLOO� DFWLYH�XQGHU� WKH�SXUSOH
EDFWHULDO�OD\HU��7KH�SUHVHQFH�LQ�+'�PDWV�RI�OLQROHQLF�IDWW\�DFLGV
�����Ȧ��DQG�����Ȧ����ZKLFK�DUH�V\QWKHVLVHG�LQ�KLJK�SURSRUWLRQ
LQ� JUHHQ� PDFURDOJDH� >��@� DQG� )$V� ����Ȧ�� RU� ����Ȧ�� DQG
����Ȧ���)LJXUH����LQWHUPHGLDWH�LQ�WKH�ELRV\QWKHVLV�RI�����Ȧ��RU
����Ȧ��>��@�LQ�PDULQH�DOJDH�DUH�LQ�OLQH�ZLWK�WKLV�K\SRWKHVLV�
0'� DQG� +'� FRUHV� ZHUH� DOVR� FKDUDFWHULVHG� E\� WKHLU� KLJK

FRQWHQW�RI�����LVR�DQG�����DQWHLVR�EUDQFKHG�)$V�EHORZ���FP

)LJXUH�����3URSRUWLRQ�RI�VHYHUDO�IDWW\�DFLGV��LQ����WR�WKH�WRWDO�)$�SRRO�LQ�+'��0'�DQG�/'�PLFURELDO�PDWV���D������Ȧ�������UDWLR
DQG�����Ȧ���E������Ȧ��DQG�����Ȧ���F��VXP�RI�DOO� WKH�EUDQFKHG�)$V��L�H�� LVR�DQG�DQWHLVR� IDWW\�DFLGV��DQG�����Ȧ��G������LVR�DQG
����DQWHLVR��7KHVH�IDWW\�DFLGV�DUH�UHVSHFWLYHO\�LQGLFDWRUV�RU�ELRPDUNHUV�RI�GLDWRPV��D���PDFURDOJDH��E���DQG�EDFWHULD��F�DQG�G��
GRL����������MRXUQDO�SRQH���������J���
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GHSWK�� 7KHVH� FRPSRXQGV� DUH� DEXQGDQWO\� IRXQG� LQ� VXOIDWH�
UHGXFLQJ� EDFWHULD� �65%�� VXFK� DV� 'HVXOIRYLEULR� VS�� >��@�� ,Q

WKHVH� FRUHV�� SXUSOH� VXOSKXU� EDFWHULD� �UHSUHVHQWHG� E\� ����Ȧ��
ZHUH�SUHGRPLQDQWO\�IRXQG�DW�WKH�VHGLPHQW�VXUIDFH��VXJJHVWLQJ

)LJXUH���� �1RQ�PHWULF�PXOWLGLPHQVLRQDO�VFDOLQJV� �Q0'6��FDOFXODWHG�ZLWK�SLJPHQWV� �D��DQG� IDWW\�DFLGV� �E��SURSRUWLRQV� �LQ
�����7KH�VWUHVV�YDOXH�LQGLFDWHV�WKH�TXDOLW\�RI�WKH��'�UHSUHVHQWDWLRQ��7KH�HOOLSVHV�DUH�LQWHQGHG�WR�JURXS�UHSOLFDWHG�RI�WKH�VDPH�W\SH
RI�PLFURELDO�PDW�WRJHWKHU��0LQRU�IDWW\�DFLGV��E��ZHUH�FRORXUHG�LQ�JUD\�
GRL����������MRXUQDO�SRQH���������J���
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WKDW� WKH\� XVHG� UHGXFHG� VXOSKXU� FRPSRXQGV� IURP� VXOSKDWH
UHGXFWLRQ�
6XUSULVLQJO\�� DOWKRXJK� /'� FRUHV� GLG� QRW� GLVSOD\� DQ\� SXUSOH

SDWFKHV�DW� WKHLU�VXUIDFH��VPDOO�DPRXQWV�RI�%&KOD�������������
PJ�P����DQG�YDFFHQLF�DFLG�����������������ZHUH�GHWHFWHG��RQH
VDPSOH�ZLOFR[RQ� VLJQHG� UDQN� WHVWV�� S� �� ������� ,Q� WKHVH�PDWV�
%&KOD�UHSUHVHQWHG�RQ�DYHUDJH������RI�WKH�WRWDO�SLJPHQW�SRRO�
7KLV�ILQGLQJ�LV�FRQVLVWHQW�ZLWK�D�SUHYLRXV�VWXG\�WKDW�VKRZHG�WKH
SUHVHQFH�RI�SXUSOH�EDFWHULD�DW�WKH�VXUIDFH�RI�VLPLODU�VHGLPHQWV
E\� VSHFWUDO� UHIOHFWDQFH� PHDVXUHPHQWV� >�@�� 7KXV�� DOWRJHWKHU
WKUHH� GLIIHUHQW� PDUNHUV�� ����Ȧ�� DQG� %&KOD� �WKLV� VWXG\��� DQG
UHPRWH�VHQVLQJ�PHDVXUHPHQWV� >�@�DUH�FRQVLVWHQW�DQG� LQGLFDWH
WKDW� WKH� VHOHFWLRQ� FULWHULD� RI� RXU� PDWV� �EDVHG� RQ� PDW� FRORXU�
ZDV� DFFXUDWH� DQG� UHIOHFWV� WKH� ELRPDVV� RI� SXUSOH� VXOSKXU
EDFWHULD�� 7KLV� GHPRQVWUDWHV� WKDW� SXUSOH� VXOSKXU� EDFWHULD� DUH
DEOH� WR� WKULYH� RQ� UHODWLYHO\� ZHOO�R[\JHQDWHG� VHGLPHQWV
VXJJHVWLQJ� WKDW� WKHLU� UROH�DQG� IXQFWLRQV� LQ� LQWHUWLGDO�VHGLPHQWV
LV�SUREDEO\�XQGHUHVWLPDWHG�

%LRVWDELOLVDWLRQ�RI�VDQG\�VHGLPHQWV�E\�SXUSOH�EDFWHULD
6HGLPHQW� VWDELOLW\� LV� DQ� LPSRUWDQW� IHDWXUH� LQ� HFRV\VWHPV

VXEMHFWHG� WR� IOXFWXDWLQJ� K\GUR�VHGLPHQWDU\� UHJLPHV� VXFK� DV
SUHVHQW� LQ� LQWHUWLGDO� DUHDV�� ,Q� WKLV� FRQWH[W�� PLFURELDO
H[RSRO\PHULF� VHFUHWLRQ� LV� UHFRJQL]HG� DV� D� PDMRU� VWDELOLVLQJ
IDFWRU� LQ�WKH�WLGDO�]RQH�>��@��(36�DUH�XELTXLWRXV�FRPSRQHQW�RI
PDULQH� HFRV\VWHPV� SULPDULO\� FRPSRVHG� RI� FDUERK\GUDWHV�
SURWHLQV� DQG� ORZHU� DPRXQWV� RI� RWKHU� FRPSRQHQWV� >��@�� ,Q� RXU
VWXG\��ZH�REVHUYHG�WKDW�ERWK�ERXQG�DQG�FROORLGDO�SURWHLQV�DQG
FDUERK\GUDWHV�ZHUH�VLJQLILFDQWO\�PRUH�DEXQGDQW�LQ�+'�ELRILOPV
WKDQ�0'� RU� /'� ELRILOPV�� 7KHVH�PROHFXOHV�� ZKLFK� DUH� XVXDOO\
PRVWO\�SURGXFHG�E\�GLDWRPV�LQ�WKH�LQWHUWLGDO�DUHD�>��@��FRPSRVH
D� KLJKO\� K\GUDWHG� PDWUL[�� ZKLFK� SK\VLFDOO\� ELQGV� VHGLPHQW
JUDLQV�WRJHWKHU��$V�D�UHVXOW��WKH�FRKHVLYHQHVV�RI�WKH�VHGLPHQW
LV�JHQHUDOO\�LQFUHDVHG��H�J����������:H�GHPRQVWUDWHG�KHUH�WKDW
WKH�VXUIDFH�DGKHVLRQ��D�SUR[\�RI�VHGLPHQW�VWDELOLW\�DV�VKRZQ�E\

>��@�� ZDV� LQGHHG� KLJKHU� LQ� +'� PDWV� WKDQ� 0'� DQG� /'� PDWV�
IROORZLQJ� WKH� VDPH� SDWWHUQ� DV� (36�� FDUERK\GUDWHV�� DQG
SURWHLQV�DV�ZHOO�DV�%&KOD��$OWKRXJK�ZH�FDQQRW�H[FOXGH�HQWLUHO\
WKDW� JUHHQ� PDFURDOJDH� DQG� KHWHURWURSKLF� EDFWHULD� DOVR
FRQWULEXWH� WR� (36� IRUPDWLRQ�� ZH� DVVXPH� WKDW� SXUSOH� VXOSKXU
EDFWHULD�DUH� WKH�PDLQ�SURGXFHUV� LQ�+'�PDWV��$OWRJHWKHU� WKHVH
GDWD� VXJJHVW� WKDW� VHGLPHQW� SDUWLFOH� DGKHVLRQ� LV� HQKDQFHG
ZKHQ�SXUSOH�VXOSKXU�EDFWHULD�GHYHORS�DW�WKH�VHGLPHQW�VXUIDFH�
6HGLPHQW� ELQGLQJ� E\� SXUSOH� VXOSKXU� EDFWHULD� KDV� EHHQ
K\SRWKHVLVHG� EHIRUH� >��@� DQG� REVHUYHG� LQ� ODERUDWRU\� IOXPH
H[SHULPHQWV�>��@��+HUH�RXU�ILHOG�H[SHULPHQWV�GHPRQVWUDWHG�WKDW
VHGLPHQW� HURVLRQ� LV� H[SHFWHG� WR� GHFUHDVH�ZKHQ� H[RSRO\PHUV
IURP�SXUSOH�SKRWRWURSKLF�PDWV�DUH�SUHVHQW�

5ROH�RI�SXUSOH�EDFWHULDO�PDWV�LQ�QHW�&2��IOX[HV
,Q� WKH� SUHVHQW� VWXG\�� QHW� &2�� IOX[� PHDVXUHPHQWV

UHSUHVHQWHG� WKH� EDODQFH� EHWZHHQ� DXWRWURSKLF� �&2�� IL[DWLRQ�
DQG� KHWHURWURSKLF� SURFHVVHV� �&2�� SURGXFWLRQ��� IRU� WKH� ZKROH
EHQWKLF� FRPPXQLW\�� GXULQJ� ORZ� WLGH�� 1HW� &2�� IOX[� ZDV
VLJQLILFDQWO\�PRUH� QHJDWLYH� RQ� IUHVK�PDFURDOJDO� GHSRVLWV� WKDQ
RQ�DQ\�RI� WKH�VWXGLHG�PDWV��7KLV� LV�FRQVLVWHQW�ZLWK�D�SUHYLRXV
VWXG\� >�@� WKDW� VKRZHG� WKDW� PDFURDOJDO� GHSRVLW� FRQVLVWHQWO\
LQFUHDVHG� WKH� LQ� VLWX� JURVV�SULPDU\�SURGXFWLRQ�DQG� WKDW��DW�DQ
KRXUO\� VFDOH�� WKH� LPSDFW� RI� RSSRUWXQLVWLF�PDFURDOJDH� GHSRVLWV
RQ� EHQWKLF� PHWDEROLVP� ZDV� YHU\� VLJQLILFDQW�� /'� DQG� 0'
ELRILOPV� DOVR� GLVSOD\HG� QHJDWLYH� QHW� &2�� IOX[HV� EXW
FRQVLGHUDEO\� ORZHU� LQ� PDJQLWXGH� WKDQ� RQ� IUHVK� JUHHQ
PDFURDOJDH�� 'XH� WR� WKH� DEVHQFH� RI� UHSOLFDWHV� LW� ZDV� QRW
SRVVLEOH� WR� FRPSDUH� WKHVH� IOX[HV� VWDWLVWLFDOO\�� +RZHYHU� WKH\
ZHUH� FRQVLVWHQW� ZLWK� SUHYLRXV� PHDVXUHPHQWV� LQ� WKH� 5RVFRII
$EHU�%D\�>���@�
&RQWUDU\� WR� WKH�RWKHU�PDWV��+'�PDWV�GLVSOD\HG�SRVLWLYH�QHW

&2�� IOX[HV�� ZKLFK� LQGLFDWHG� WKH� SUHGRPLQDQFH� RI� &2�

SURGXFLQJ� DQG�RU� KHWHURWURSKLF� SURFHVVHV�� $FFRUGLQJ� WR
SUHYLRXV� PHDVXUHPHQWV�� WKHVH� PDWV� ZHUH� GRPLQDWHG� E\

)LJXUH�����'HSWK�GLVWULEXWLRQ�RI�PDMRU�EDFWHULDO�)$V�LQ�+'��0'�DQG�/'�PDWV���
GRL����������MRXUQDO�SRQH���������J���
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PHWDEROLFDOO\� YHUVDWLOH� VSHFLHV� RI� WKH� &KURPDWLDFHDH� IDPLO\�
7KHVH� VSHFLHV� DUH� PDLQO\� SKRWROLWKRDXWRWURSKLF� XQGHU� DQR[LF

FRQGLWLRQV�XVLQJ�GLIIHUHQW�SKRWRV\QWKHWLF�HOHFWURQ�GRQRUV�VXFK
DV�WKLRVXOSKDWH��VXOSKLGH�DQG�HOHPHQWDO�VXOSKXU��DQG�FDQ�DOVR

)LJXUH�����([WUDFHOOXODU�SRO\PHULF�VXEVWDQFHV��(36��LQ�+'��0'�DQG�/'�PDWV���&ROORLGDO�DQG�ERXQG�H[WUDFHOOXODU�SURWHLQV��WRS��
FROORLGDO�DQG�ERXQG�H[WUDFHOOXODU�FDUERK\GUDWHV��PLGGOH���DQG�SURSRUWLRQ�RI�FDUERK\GUDWHV��LQ����WR�WKH�WRDO�(36�SRRO�LQ�WKH�FROORLGDO
DQG�ERXQG�IUDFWLRQV��ERWWRP��
GRL����������MRXUQDO�SRQH���������J���
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JURZ� SKRWRRUJDQRKHWHURWURSKLFDOO\� LQ� WKH� DEVHQFH� RI� UHGXFHG
VXOSKXU�>��@��6RPH�VSHFLHV��VXFK�DV�7KLRFDSVD�URVHRSHUVLFLQD�
FDQ� DOVR� JURZ� DV� FKHPROLWKRDXWRWURSKV� RQ� UHGXFHG� VXOSKXU
FRPSRXQGV�>��@��,Q�DGGLWLRQ��D�ODUJH�QXPEHU�RI�RUJDQLF�FDUERQ
VRXUFHV� �LQFOXGLQJ� DFHWDWH� DQG� S\UXYDWH�� FDQ� EH� XVHG� E\� WKH
YHUVDWLOH� VSHFLHV� RI� WKH� &KURPDWLDFHDH� >��@�� 'HVSLWH� D� KLJK
%FKOD� SURGXFWLRQ�� SXUSOH� VXOSKXU� EDFWHULDO� PDWV� ZHUH� D� &2�

VRXUFH�UDWKHU�WKDQ�D�&2��VLQN��7KLV�LV�FRQVLVWHQW�ZLWK�$O�1DMMDU
HW�DO�� >��@�ZKR�GHPRQVWUDWHG� WKDW� OLJKW�HQHUJ\�FRQVHUYDWLRQ� LV
JHQHUDOO\� ORZ� ��� ���� DW� KLJK� LUUDGLDQFH� LQ� GLIIHUHQW
SKRWRV\QWKHWLF�PLFURELDO�PDWV�� DQG� WKDW�PRVW� RI� WKH�DEVRUEHG
OLJKW�HQHUJ\�LV�ZDVWHG�DV�KHDW�ZKHQ�OLJKW�LV�DYDLODEOH�LQ�H[FHVV�

$FFRUGLQJ� WR� WKHVH� DXWKRUV�� ZH� VXJJHVW� WKDW�� DW� ORZ� WLGH�
SKRWRV\QWKHWLF� HIILFLHQF\�ZDV� SUREDEO\� KDPSHUHG� LQ� RXU�PDWV
E\� WKH� KLJK� LQFLGHQW� LUUDGLDQFH� DQG� WKDW� 20� LQSXWV� IURP
PDFURDOJDO� GHSRVLWV� IDYRXU� WKH� JURZWK� RI� SXUSOH� VXOSKXU
EDFWHULD� YLD� RUJDQR�KHWHURWURSKLF� SDWKZD\V�� :H� K\SRWKHVLVH
WKDW�SKRWRV\QWKHWLF�HIILFLHQF\�ZRXOG�LQFUHDVH�DW�KLJK�WLGH�GXH�WR
WKH� DWWHQXDWLRQ� RI� OLJKW�ZLWKLQ� WKH�ZDWHU� FROXPQ�� 7KH�PDVVLYH
JURZWK� RI� SXUSOH� VXOSKXU� EDFWHULD� LQ� WLGDO� V\VWHPV� LV� WKXV
SRWHQWLDOO\� H[SODLQHG� E\� WKH� FDSDFLW\� RI� WKH� EDFWHULDO� PDWV� WR
VKLIW�EHWZHHQ�SKRWRWURSKLF��KLJK�WLGH��YHUVXV�KHWHURWURSKLF��ORZ
WLGH��PHWDEROLVPV�LQ�UHVSRQVH�WR�WKH�WLGDO�F\FOH�

)LJXUH�����0DJQHWLF�3DUWLFOH�LQGXFWLRQ��0DJ3,��RI�+'��0'�DQG�/'�ELRILOPV���7KH�PHDVXUH�LV�D�SUR[\�IRU�VXUIDFH�PDW�FRKHVLRQ�
GRL����������MRXUQDO�SRQH���������J���
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)LJXUH� ��� � 1HW� &2�� IOX[HV� DW� WKH� DLU�VHGLPHQW� LQWHUIDFH� LQ� +'�� 0'� DQG� /'� PDWV� DV� ZHOO� DV� LQ� IUHVK� PDFURDOJDO
GHSRVLWV�� �7KHVH�IOX[HV�ZHUH�PHDVXUHG�XVLQJ�D�EHQWKLF�FKDPEHU��1HJDWLYH�IOX[HV�LQGLFDWH�D�QHW�IL[DWLRQ�RI� LQRUJDQLF�FDUERQ��L�H�
&2���ZKHUHDV�SRVLWLYH�IOX[HV�LQGLFDWH�D�&2��GHJDVVLQJ�
GRL����������MRXUQDO�SRQH���������J���
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$FNQRZOHGJHPHQWV

7KH� VXSSRUW� RI� (XURSHDQ� DQG� 1DWLRQDO� IXQGLQJ� SURJUDPV� LV
JUHDWO\� DFNQRZOHGJHG� DQG� DSSUHFLDWHG� �SOHDVH� UHDG� WKH
ILQDQFLDO� GLVFORVXUH��� %-� DFNQRZOHGJHV� WKH� 6WDWLRQ� %LRORJLTXH
�5RVFRII�� )UDQFH�� IRU� KRVWLQJ� KLP� LQ� WKH� IUDPH� RI� WKH
$66(0%/(�SURJUDP�

$XWKRU�&RQWULEXWLRQV

&RQFHLYHG� DQG� GHVLJQHG� WKH� H[SHULPHQWV�� &+� %-� &-�
3HUIRUPHG� WKH� H[SHULPHQWV�� &+� %-� 05� 17� ''� 16� &-�
$QDO\]HG� WKH� GDWD�� &+�� &RQWULEXWHG� UHDJHQWV�PDWHULDOV�
DQDO\VLV� WRROV�� &+� 70� '03��:URWH� WKH� PDQXVFULSW�� &+�� 06
UHYLVLRQ��%-�05�70�'03�&-�

5HIHUHQFHV

�� +RHKOHU� 70� ������� %LRORJLFDO� HQHUJ\� UHTXLUHPHQWV� DV� TXDQWLWDWLYH
ERXQGDU\�FRQGLWLRQV�IRU�OLIH�LQ�WKH�VXEVXUIDFH��*HRELRORJ\�������±����
GRL���������M����������������������[�

�� GH� :LW� 5�� YDQ� *HPHUGHQ� +� ������� &KHPROLWKRWURSKLF� JURZWK� RI� WKH
SKRWRWURSKLF� VXOIXU� EDFWHULXP� 7KLRFDSVD� URVHRSHUVLFLQD�� )(06
0LFURELRO�/HWW��������±�����GRL���������M����������������WE������[�

�� ,PKRII� -)� ������� 7UXH�PDULQH� DQG� KDORSKLOLF� DQR[\JHQLF� SKRWRWURSKLF
EDFWHULD�� $UFK� 0LFURELRO� ����� ���±����� GRL���������V�������������
3XE0HG�����������

�� :LHODQG� $�� .�KO�0��0F*RZDQ� /�� )RXUoDQV� $�� 'XUDQ�5� HW� DO�� ������
0LFURELDO�0DWV�RQ�WKH�2UNQH\�,VODQGV�5HYLVLWHG��0LFURHQYLURQPHQW�DQG
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