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�
,QWURGXFWLRQ�
�
7KH�DLP�RI�WKH�UHVHDUFK�ZDV�WR�LQYHVWLJDWHG�WKH�GXVW�OLIWLQJ�XS�SURFHVV�IURP�D�OD\HU�LQ�D�VORZ�
DLU�IORZ��7KLV�UHVHDUFK�DUH�FORVHO\�UHODWHG�WR�WKH�IODPH�SURSDJDWLRQ�SUREOHP�LQ�FKDQQHOV�ZKHUH�
WKH�GXVW�LV�QRW�SUHPL[HG�ZLWK�DLU�EXW� LV�GHSRVLWHG� LQ�IRUP�RI�D� OD\HU��0RVW�RI� LQYHVWLJDWLRQV�
GRQH� LQ� WKLV� ILHOG� ZHUH� GHYRWHG� WR� WKH� SUREOHP� RI� GXVW� GLVSHUVLRQ� IURP� D� OD\HU� EHKLQG��
D�SURSDJDWLQJ� VKRFN�ZDYH��7KH�DLP�RI� WKH�FRQGXFWHG� UHVHDUFK� LV� WR� H[WHQG� WKH�H[SHULPHQWV��
WR�VORZ�JDV�IORZV��7KH�PHDVXUHG�SDUDPHWHUV�ZHUH��YHUWLFDO�YHORFLW\�RI�WKH�GXVW�FORXG�DQG�GXVW�
FRQFHQWUDWLRQ� GLVWULEXWLRQ� DORQJ� WKH� KHLJKW� RI� WKH� WXEH�� 7KH� REWDLQHG� UHVXOWV� ZLOO� EH� XVHG��
LQ�IXUWKHU�QXPHULFDO�PRGHOLQJ�RI�WKH�GXVW�OLIWLQJ�XS�SURFHVV���
�
5HVHDUFK�VWDQG�
�
7KH�PDLQ�HOHPHQW�RI�WKH�UHVHDUFK�VWDQG�LV�D�WXEH��7KH�VFKHPH�RI�WKH�UHVHDUFK�VWDQG�LV�VKRZQ�
LQ�ILJXUH����7KH�WXEH�RI�LQWHUQDO�FURVV�VHFWLRQ���[����PP� �ZDV�����P�ORQJ���
�

�)LJXUH����6FKHPH�RI�WKH�UHVHDUFK�VWDQG�
�

���OHPQLVFDWH�LQOHW������WXEH������YLVXDOL]DWLRQ�FKDPEHU������RSWLFDO�LQVWUXPHQWV�IRU�GXVW�
FRQFHQWUDWLRQ�PHDVXUHPHQW������YHORFLW\�DQG�WXUEXOHQFH�PHDVXUHPHQW�LQVWUXPHQWV������IDQ���

����VWDQG�IUDPH������YHQWLQJ�PHFKDQLVP������KRQH\FRPE�VWUDLJKWHQHUV�
�
,Q�WKH�WXEH��WKHUH�LV�D�����P�ORQJ�YLVXDOL]DWLRQ�FKDPEHU�����HTXLSSHG�ZLWK�RSWLFDO�LQVWUXPHQWV�
IRU�GXVW�FRQFHQWUDWLRQ�PHDVXUHPHQW������%HIRUH�WKH�YLVXDOL]DWLRQ�FKDPEHU��WKH�LQVWUXPHQWV�IRU�
DLU�YHORFLW\�DQG� WXUEXOHQFH�PHDVXUHPHQWV�ZHUH� ORFDWHG��$W�RQH� WXEH�HQG��D� OHPQLVFDWH� LQOHW�
ZDV�PRXQWHG�WR�PDNH�WKH�DLU�IORZ�VPRRWK��$W�WKH�RWKHU�HQG��D�FHQWULIXJDO�IDQ�IRUFLQJ�DLU�IORZ�
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WKURXJK� WKH� WXEH� DQG�ZRUNLQJ� LQ� D� VXFNLQJ�PRGH�ZDV� IL[HG��%HWZHHQ� WKH� IDQ� DQG� WKH� WXEH��
DQ�DGGLWLRQDO� VHFWLRQ�RI� WKH� WXEH�ZDV�PRXQWHG��7KH� VHFWLRQ�ZDV�HTXLSSHG�ZLWK�KRQH\FRPE�
VWUDLJKWHQHUV�WR�DYRLG�IORZ�SHUWXUEDWLRQ�JHQHUDWHG�E\�WKH�IDQ��$�YHQWLQJ�PHFKDQLVP�ZDV�DOVR�
PRXQWHG�WR�HQDEOH�IDVW�RSHQLQJ�DQG�FORVLQJ�RI�WKH�DLU�IORZ�WKURXJK�WKH�WXEH�DW�IXOO�IDQ�URWDWLRQ�
VSHHG�� 7KH� GXVW� OD\HU� ZDV� SUHSDUHG� RQ� D� PHWDO� LQVHUW� ����P� OHQJWK� E\� XVLQJ� D� VSHFLDO�
GLVSHUVLQJ�FKDPEHU��7KH�LQVHUW�ZDV�IL[HG�LQVLGH�WKH�WXEH�DORQJ�WZR�VHFWLRQV���WKH�YLVXDOL]DWLRQ�
FKDPEHU�DQG�WKH�SUHYLRXV�RQH��,Q�VRPH�H[SHULPHQWV�D���PP�KHLJKW�DQG���PP�WKLFN�REVWDFOH�
ZDV� IL[HG� RQ� WKH� LQVHUW� VXUIDFH�� 7KH� JHQHUDO� YLHZ� RI� WKH� PDLQ� UHVHDUFK� VWDQG� LV� VKRZQ��
LQ�ILJXUH�����
�

�
)LJXUH����7KH�UHVHDUFK�VWDQG�

�
$�VWDQG�IRU�GXVW�OD\HU�IRUPDWLRQ�RQ�WKH�LQVHUW�VXUIDFH�ZDV�DOVR�GHYHORSHG��$�VSHFLDO�WXEH�ZLWK�
D�GLVSHUVLQJ�V\VWHP�ZDV�FRQVWUXFWHG��$W� WKH�ERWWRP�RI� WKH� WXEH�� WKHUH�ZDV�D�VSHFLDOO\�ILWWHG�
DQG�VWLIIHQHG�PHWDO�LQVHUW�RI�WKH�OHQJWK�HTXDO�WR�����P��7KH�FRPSUHVVHG�DLU�LPSXOVH�GLVSHUVHG�
WKH�GXVW�DQG�IRUPHG�DQ�HYHQ��WKLQ�GXVW�OD\HU�RQ�WKH�VXUIDFH�RI�WKH�PHWDO�LQVHUW��7KH�WKLFNQHVV�
RI�WKH�REWDLQHG�GXVW�OD\HU�GHSHQGV�RQ�WKH�DPRXQW�RI�GLVSHUVHG�GXVW���
,Q�WKH�ILUVW�SDUW�RI�WKH�YLVXDOL]DWLRQ�FKDPEHU��D�VSHFLDO�ILYH�FKDQQHO�RSWLFDO�GHYLFH�ZDV�IL[HG��
HQDEOLQJ� GXVW� FRQFHQWUDWLRQ�PHDVXUHPHQW� DW� ILYH� SRLQWV� ORFDWHG� LQ� RQH� YHUWLFDO� SODQH� DORQJ��
WKH� KHLJKW� RI� WKH� WXEH�� (YHU\� FKDQQHO� FRQVLVWV� RI� D� ODVHU� GLRGH� DQG� VLOLFRQ� SKRWRGLRGH���
7KH� V\VWHP� ZDV� FDOLEUDWHG� E\� XVLQJ� D� VHSDUDWH� VWDQG� FRQWDLQLQJ� D� YHUWLFDO� WXEH� LQ� ZKLFK��
D� FRQWLQXRXV� GXVW� VWUHDP�RI� D� NQRZQ� FRQFHQWUDWLRQ�ZDV� SURGXFHG�� 7KH� V\VWHP� DOVR� HQDEOH��
XV� WR�PHDVXUH� WKH�YHUWLFDO�YHORFLW\�RI� WKH�GXVW�GLVSHUVHG�IURP� WKH� OD\HU��7KH� ILUVW� ODVHU�ZDV�
ORFDWHG� ��PP� DERYH� WKH� GXVW� OD\HU�� WKH� RWKHUV�ZHUH�PRXQWHG� ���PP� EHWZHHQ� HDFK� RWKHU���
7KH�RSWLFDO�LQVWUXPHQW�IRU�GXVW�FRQFHQWUDWLRQ�PHDVXUHPHQW�LV�VKRZQ�LQ�ILJXUH�����
7KH�SURFHVV�ZDV� UHJLVWHUHG�E\�D�KLJK�VSHHG�HOHFWURQLF�FDPHUD��7KH�ILOP�SLFWXUHV�ZHUH�XVHG��
WR�YHULI\�DQG�WR�FRPSOHWH�WKH�UHVXOWV�FROOHFWHG�E\�XVH�RI�WKH�ODVHU�V\VWHP��
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�
)LJXUH����9LHZ�RI�WKH�YLVXDOL]DWLRQ�FKDPEHU�DQG�GXVW�FRQFHQWUDWLRQ�PHDVXUHPHQW�V\VWHP��

�
5HVHDUFK�
�
)RXU�GLIIHUHQW�GXVWV�ZHUH�FKRVHQ�IRU� WKH�H[SHULPHQWV��FRDO�GXVW� �PHDQ�SDUWLFOH�VL]H���� P���
VLOLFRQ� GXVW� �PHDQ� SDUWLFOH� VL]H� ��� P�� DQG� WZR� SRWDWR� VWDUFK� GXVWV� ZLWK� GLIIHUHQW� PHDQ�
SDUWLFOH�VL]H���� P�DQG���� P��7KUHH�NLQGV�RI�GXVW�OD\HU�WKLFNQHVV�ZHUH�XVHG�LQ�H[SHULPHQWV��
����PP������PP�DQG�����PP��7KH�DLU�IORZ�YHORFLW\�JHQHUDWHG�E\�WKH�FHQWULIXJDO�IDQ�ZDV�DERXW�
���P�V��7KH�GXVW�OLIWLQJ�XS�SURFHVV�ZDV�DOVR�WHVWHG�LQ�D�WXEH�ZLWK�DQ�REVWDFOH�ORFDWHG����PP�
EHIRUH�WKH�PHDVXUHPHQW�SRLQW��,Q�WKLV�FDVH��RQO\�WZR�GXVWV�ZHUH�WHVWHG��FRDO�GXVW�DQG�SRWDWR�
VWDUFK� GXVW� �PHDQ� SDUWLFOH� VL]H� ��� P���0HDVXUHPHQWV� RI� DLU� IORZ� YHORFLW\� DQG� WXUEXOHQFH��
LQ�D�QRQ�GXVW\�IORZ�ZHUH�DOVR�GRQH��
2Q� WKH� EDVLV� RI� WKH� UHVXOWV� REWDLQHG� IURP� WKH� GXVW� FRQFHQWUDWLRQ� PHDVXUHPHQW� V\VWHP���
WKH�YHUWLFDO�YHORFLW\�RI� WKH�GXVW� FORXG�EHWZHHQ� WKH� ODVHU�EHDPV�ZDV�FDOFXODWHG��7KH�KLVWRU\��
RI� GXVW� FRQFHQWUDWLRQ� LQ� ODVHUV� SRVLWLRQ� ZDV� DOVR� FDOFXODWHG� DQG� WKH� UHVXOWV� DUH� SUHVHQWHG��
LQ�IRUP�RI�JUDSKV��
7KH� ILOP� SLFWXUHV� DQDO\VLV� HQDEOHV� XV� WR� GUDZ� SORWV� VKRZLQJ� WKH� SDUWLFOHV� SRVLWLRQ� RYHU��
WKH�GXVW�OD\HU�VXUIDFH�DV�WKH�IXQFWLRQ�RI�WLPH��7KH�YHUWLFDO�YHORFLW\�RI�WKH�GXVW�FORXG�FDOFXODWHG�
RQ� WKH� EDVLV� RI� WKRVH� SORWV� LV� DOVR� SUHVHQWHG�� $� JRRG� DJUHHPHQW� EHWZHHQ� WKHVH� UHVXOWV��
DQG�WKH�RQHV�IURP�WKH�GXVW�FRQFHQWUDWLRQ�PHDVXUHPHQW�V\VWHP�LV�REWDLQHG���
7KH� WLPH� GHOD\� DIWHU�ZKLFK� GXVW� OLIWLQJ� XS� SURFHVV� FRXOG� EH� REVHUYHG�ZDV�PHDVXUHG� IURP��
WKH�ILOPV�DQG�DOVR�VRPH� LQIRUPDWLRQ�FRQFHUQLQJ� WKH� LQIOXHQFH�RI� WXUEXOHQFH�RQ� WKDW�SURFHVV�
ZDV� IRXQG�� ,Q� FRQGXFWHG� H[SHULPHQWV�� WKH� WLPH� GHOD\� RI� WKH� GXVW� OLIWLQJ� XS� SURFHVV��
ZDV�GHILQHG�DV�WKH�WLPH�SHULRG�EHWZHHQ�WKH�DLU�IORZ�LQLWLDWLRQ�LQ�WKH�WXEH�DQG�WKH�EHJLQQLQJ��
RI�OLIWLQJ�XS�RI�WKH�GXVW�IURP�WKH�OD\HU��
$Q�H[HPSODU\�UHVXOWV�DUH�VKRZQ�LQ�ILJXUHV���DQG����
�
&RQFOXVLRQV�
�
�� WKH�YHUWLFDO� YHORFLW\� RI� WKH� GXVW�FORXG� LV� RI� WKH� UDQJH�RI� VHYHUDO� SHUFHQW�RI� WKH�DLU� IORZ�

YHORFLW\�DQG�GHSHQGV�RQ�WKH�NLQG�RI�WHVWHG�GXVW�
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�� WKH� LQIOXHQFH�RI� WKH�REVWDFOH� LV�QRW�FOHDUO\�GHILQHG��3UREDEO\��DW�D�VKRUW�GLVWDQFH�EHKLQG��
WKH�REVWDFOH��WKH�LQIOXHQFH�LV�UHODWLYHO\�VWURQJ�

�� LQ�FDVH�RI�WKH�IORZ�ZLWK�WKH�REVWDFOH��WKH�WLPH�ZKHQ�WKH�YHORFLW\�RI�GXVW�OLIWLQJ�XS�UHDFKHV�
LWV�PD[LPXP�YDOXH�GRHV�QRW�GHSHQG�VR�GLVWLQFWO\�IURP�WKH�GXVW�OD\HU�WKLFNQHVV�

�� WKH�UHVXOWV�REWDLQHG�OHDG�WR�WKH�FRQFOXVLRQ�WKDW�WKH�EHJLQQLQJ�RI�WKH�GXVW�OLIWLQJ�XS�SURFHVV�
LV�GLUHFWO\�OLQNHG�ZLWK�IRUPDWLRQ�RI�D�WXUEXOHQW�ERXQGDU\�OD\HU��

�� JUDSKV� HODERUDWHG� RQ� WKH� EDVLV� RI� WKH� ILOPV� FRQILUP� WKH� UHVXOWV� REWDLQHG� E\� WKH� XVH��
RI�WKH�GXVW�FRQFHQWUDWLRQ�PHDVXUHPHQW�V\VWHP�

�� WKH� ILOP� SLFWXUHV� VKRZ� XQLIRUP� SURFHVV� RI� GXVW� OLIWLQJ� XS� IURP� WKH� OD\HU� DORQJ��
WKH�YLVXDOL]DWLRQ�FKDPEHU��

�� REWDLQHG�UHVXOWV�ZLOO�EH�YHU\�XVHIXO�IRU�GHYHORSPHQW�DQG�YDOLGDWLRQ�RI�QXPHULFDO�PRGHOV�
RI�GXVW�OLIWLQJ�XS�SURFHVV�LQ�VORZ�DLU�IORZV�

�
$FNQRZOHGJPHQWV�
�
7KH� ZRUN� ZDV� VXSSRUWHG� E\� (�8�� 3URMHFW� '(6&� ±� 'HYHORSPHQW� RI� D� &)'� ±� &RGH��
IRU� 3UHGLFWLQJ� RI� WKH� 3RWHQWLDO� &RQVHTXHQFHV� RI� 'XVW� ([SORVLRQV� LQ� &RPSOH[� *HRPHWULHV��
&RQWUDFW�1R��*5'��&7�������������
�

�
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)LJXUH� ��� )UDPH� SLFWXUHV� RI� GXVW� OLIWLQJ�
SURFHVV��$LU� IORZ�YHORFLW\� LQ� WKH�FKDQQHO�D[LV�
HTXDO� WR� ��� P�V�� )ORZ� ZLWKRXW� REVWDFOH��
&RDO� GXVW� OD\HU� WKLFNQHVV� ����PP��
7LPH� LQWHUYDO� EHWZHHQ� WKH� SLFWXUHV� HTXDO�
WR�����PV��

)LJXUH� ��� &RDO� GXVW� FRQFHQWUDWLRQ� >J�P A @��
$LU� IORZ� YHORFLW\� ��� P�V�� )ORZ� ZLWKRXW�
REVWDFOH�� 2FFXUUHQFH� RI� WKH� PD[LPXP� GXVW�
FRQFHQWUDWLRQ� LQ� DQ\� DUHD� PHDQV� WKDW� GXVW�
FRQFHQWUDWLRQ�KDV�UHDFKHG�WKHUH�LWV�PD[LPXP�
PHDVXUDEOH��RU�KLJKHU�YDOXH��


