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2I�FRXUVH��VRPH�RI�WKH�PHWKRGV�FDQ�LPSURYH�ERWK�WKH�VZHHS�HIILFLHQF\�DW�WKH�PDFURVFRSLF�VFDOH�DQG�WKH�GLVSODFHPHQW�HIILFLHQF\�DW�WKH�SRUH�VFDOH�DW�WKH�VDPH�WLPH�$�FKHPLFDO�(25�PHWKRG�LV�WKH�VXEMHFW�LQ�WKLV�WKHVLV��DQG�LW�LV�WKHUHIRUH�LQWHUHVWLQJ�WR�QRWH�WKDW�FKHPLFDO�PHWKRGV�KDYH�EHHQ�XVHG�ERWK�WR�LQFUHDVH�WKH�PDFURVFRSLF�VZHHS�HIILFLHQF\�DQG�WKH�0'(�RQ�WKH�SRUH�VFDOH�OHYHO��3RO\PHU�JHO�WUHDWPHQW�DQG�SRO\PHU�IORRGLQJ�KDYH�EHHQ�XVHG�WR� VKXW�RII� KLJK�SHUPHDELOLW\� ]RQHV� LQ� WKH� UHVHUYRLU� �/XQG� HW� DO��� ������ 6HULJKW� DQG� /LDQJ��������6\GDQVN�DQG�6RXWKZHOO��������DQG�WR�LQFUHDVH�WKH�VZHSW�DUHDV�LQ�WKH�UHVHUYRLUV�GXH�WR�LQFUHDVHG�ZDWHU� YLVFRVLW\� �&KDXYHWHDX� DQG� 6RUELH�� ������ &ODPSLWW� DQG�5HLG�� ������ 6RUELH��������6]DER���������UHVSHFWLYHO\��%RWK�PHWKRGV�DUH�XVHG�ZLWK�WKH�SXUSRVH�RI� LQFUHDVLQJ�WKH�PDFURVFRSLF� VZHHS�HIILFLHQF\��$ONDOLQH� �-HQQLQJV�HW� DO��� ������5DLPRQGL�HW� DO��� ����� DQG�VXUIDFWDQW�IORRGLQJ��$GDPV�DQG�6FKLHYHOEHLQ��������$VKD\HU�HW�DO���������$XVWDG�DQG�0LOWHU�������� %RQHDX� DQG� &ODPSLWW�� ������ &KHQ� HW� DO��� ������ 'DQLHOVRQ� HW� DO��� ������ (O\�� ������)RVWHU��������)UHQFK�HW�DO���������,QNV�DQG�/DKULQJ��������.QLJKW�DQG�%DHU��������0LFKHOV�HW�DO���������2OVHQ�HW�DO���������3RSH�DQG�%DYLqUH��������3XUVOH\�HW�DO���������:HOOLQJWRQ�DQG�5LFKDUGVRQ��������DUH�WZR�RWKHU�FKHPLFDO�PHWKRGV�ZKLFK�DUH�PDLQO\�DFWLQJ�E\�GHFUHDVLQJ�WKH�RLO�ZDWHU� LQWHUIDFLDO� WHQVLRQ� �,)7��� ,Q� VRPH� FDVHV�� DONDOLQH� IORRGLQJ� LV� DVVXPHG� WR� LQGXFH�ZHWWDELOLW\�DOWHUDWLRQ�RI�WKH�UHVHUYRLU�URFN��ZKLFK�XQGHU�FHUWDLQ�FLUFXPVWDQFHV�FDQ�EHQHILW�RLO�UHFRYHU\��$UWHDJD�&DUGRQD�HW�DO���������&RRNH�HW�DO���������(PHU\�HW�DO���������-RKQVRQ��-U��������� /HDFK� HW� DO��� ������� 'HFUHDVLQJ� WKH� UHVLGXDO� RLO� VDWXUDWLRQ� RQ� SRUH� VFDOH� OHYHO� E\�UHPRELOL]LQJ�RLO�LQ�SUHYLRXVO\�ZDWHUIORRGHG�]RQHV�LV�WKH�PDLQ�SXUSRVH�RI�WKHVH�WZR�PHWKRGV�
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(25�LQGXFHG�E\�D�ZHWWDELOLW\�DOWHUDWLRQ�RI� WKH�URFN�PDWHULDO� LV� WKH�VXEMHFW� LQ� WKLV� WKHVLV��7KH�QXPEHU RI�DUWLFOHV�WUHDWLQJ�WKLV�VXEMHFW�LV�PRUH�VFDWWHUHG��EXW�'RZQV�DQG�+RRYHU��������UHSRUWHG� SURPLVLQJ� UHVXOWV� IURP� D� SLORW� WHVW� LQ� WKH�7RUUDQFH� ILHOG��7KH�ZHWWDELOLW\� DOWHUDWLRQ�FRQFHSW� KDV� DOVR� EHHQ� WHVWHG� LQ� WKH� ODERUDWRU\� E\� SHUIRUPLQJ� WHVWV� RQ� VDQGVWRQH FRUHV��$OYHVNRJ�HW�DO���������0LFKDHOV�DQG�7LPPLQV��������:DJQHU� DQG�/HDFK��������� FDUERQDWH�FRUHV��$XVWDG�DQG�0LOWHU��������$XVWDG�HW�DO���������&KHQ�HW�DO���������6SLQOHU�HW�DO�������E��DQG�PRGHO�V\VWHPV��0RUULV�DQG�:LHODQG���������UHVSHFWLYHO\�
�����)UDFWXUHG�UHVHUYRLUV1DWXUDOO\� IUDFWXUHG� FDUERQDWH� UHVHUYRLUV� FRQVLVW� RI� D� VSHFLDOO\� FKDOOHQJLQJ� JURXS� RI�UHVHUYRLUV� WR�SURGXFH��7KH�SUREOHP�DULVHV�EHFDXVH� WKH� LQMHFWHG�ZDWHU� LV� OLNHO\� WR� IROORZ� WKH�IUDFWXUH�V\VWHP�WR�WKH�SURGXFWLRQ�ZHOO��E\SDVVLQJ�PRVW�RI�WKH�RLO�UHVLGLQJ�LQ�WKH�PDWUL[�EORFNV��,W� ZDV� WKH� SURGXFWLRQ� IURP� WKH� KLJKO\� IUDFWXUHG� 6SUDEHUU\� ILHOG� LQ�ZHVW� 7H[DV� LQ� WKH� HDUO\�����V� �%URZQVFRPEH� DQG�'\HV�� �������ZKLFK� WXUQHG� WKH� DWWHQWLRQ� WRZDUGV� WKH�PHFKDQLVP�UHIHUUHG�WR�DV�VSRQWDQHRXV�LPELELWLRQ��6,��RI�ZDWHU�LQWR�WKH�PDWUL[�EORFNV�DV�DQ�HIILFLHQW�ZD\�WR� LQFUHDVH�RLO� UHFRYHU\� IURP�IUDFWXUHG�UHVHUYRLUV��:DWHU�ZLOO� LPELEH�VSRQWDQHRXVO\� LQWR� WKH�PDWUL[�EORFNV�DQG�H[SHO�WKH�RLO�WR�WKH�IUDFWXUH�V\VWHP��LI�WKH�UHVHUYRLU�URFN�LV�ZDWHU�ZHW��7KLV�PHFKDQLVP� LV� FXUUHQWO\� UHJDUGHG� DV� WKH� PRVW� LPSRUWDQW� FRQWULEXWRU� WR� LQFUHDVH� WKH�GLVSODFHPHQW�HIILFLHQF\�LQ�IUDFWXUHG�UHVHUYRLUV��+RZHYHU��WKH�PHWKRG�ZLOO�QRW�ZRUN�HIILFLHQWO\�DV�ORQJ�DV�WKH�UHVHUYRLU�URFN�LV�RLO�ZHW�GXH�WR�QHJDWLYH�FDSLOODU\�SUHVVXUH�DQG�DEVHQFH�RI 6,�RI�ZDWHU��7KH�(25�PHWKRG�GHVFULEHG�LQ�WKLV�WKHVLV�LV�DLPHG�WR�HQKDQFH�RLO�UHFRYHU\�IURP�IUDFWXUHG�RLO�ZHW�UHVHUYRLUV��7KH�W\SHV�RI�UHVHUYRLUV�XQGHU�FRQVLGHUDWLRQ�DUH�LOOXVWUDWHG�LQ�)LJXUH������,W�VKRXOG�EH�PHQWLRQHG�WKDW�PRVW�RI�WKH�SURGXFHG�RLO�ZRUOGZLGH�KDV�LWV�RULJLQ�IURP�IUDFWXUHG�RLOUHVHUYRLUV��7RUV WHU�DQG�6LOVHWK���������7ZR�FRPSUHKHQVLYH�HYDOXDWLRQV�RI�WKH�ZHWWLQJ�VWDWH�IRU� GLIIHUHQW� UHVHUYRLUV� IURP� DOO� RYHU� WKH�ZRUOG� DOVR� LQGLFDWH� WKDW�PRVW� FDUERQDWH� UHVHUYRLUV�VHHP� WR� EH� QHXWUDO� WR� RLO�ZHW� �&KLOLQJDU� DQG� <HQ�� ������ 7UHLEHU� HW� DO��� ������� 7KH� (25�SRWHQWLDO� IRU� UHVHUYRLUV� VXIIHULQJ� IURP� ORZ� GLVSODFHPHQW� HIILFLHQF\� GXH� WR� IUDFWXUHV� DQG�XQIDYRUDEOH�ZHWWDELOLW\�FRQGLWLRQV�LV�WKHUHIRUH�YHU\�KLJK�
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)LJXUH����� 7KHSXUSRVH�RI�WKH�PHWKRGWUHDWHG�LQ�WKLV�WKHVLV�LVWR�LQFUHDVH�WKH�RLOUHFRYHU\�IURPIUDFWXUHG��RLO�ZHWFDUERQDWH�UHVHUYRLUV�
7KH�SURFHVV�UHIHUUHG�WR�DV�6,�LV�D�FHQWUDO�FRQFHSW�LQ�WKLV�WKHVLV��DQG�LW�LV�LPSRUWDQW�WR�QRWH�WKDW�WKH�FRQFHSW�ZLOO�EH�XVHG�ZKHQ�UHIHUULQJ�WR�DQ�LQFUHDVH�LQ�ZDWHU VDWXUDWLRQ LQ�WKH�SRURXV�PHGLXP�� ZKHUH� WKH� WHUP� ZDWHU� DOVR� LQFOXGHV EULQH� DQG� DTXHRXV� VXUIDFWDQW� VROXWLRQV�6RPHWLPHV�LPELELWLRQ�LV�XVHG�ZKHQ�UHIHUULQJ�WR�DQ�LQFUHDVH�LQ�ZHWWLQJ�SKDVH�VDWXUDWLRQ��7KLV�GHILQLWLRQ� KDV� RQO\� D� FOHDU�PHDQLQJ�ZKHQ� WDONLQJ� DERXW� VWURQJO\� ZHWWHG� V\VWHPV� �%XFNOH\��������� 6RPH�PL[HG�ZHW� FRUHV�ZLOO� LPELEH� ERWK�ZDWHU� DQG� RLO� VSRQWDQHRXVO\� DQG� LW�ZLOO� EH�DUELWUDU\�ZKLFK�SKDVH�LV�FKRVHQ�DV�WKH�ZHWWLQJ�RQH��,I�WKH�SRURXV�PHGLXP�LV�RLO�ZHW��RLO�ZLOO�VSRQWDQHRXVO\�IORZ�LQWR�WKH�PHGLXP��WKXV�GHFUHDVLQJ�WKH�ZDWHU�VDWXUDWLRQ��7KLV�SURFHVV�ZLOO�KHUH�EH�UHIHUUHG�WR�DV�VSRQWDQHRXV�XSWDNH�RI�RLO�

�����%DFNJURXQG�DQG�WKH�SXUSRVH�RI�WKH�WKHVLV7KH�PDLQ�WKHPH�LQ�WKLV�WKHVLV�LV�DQ�H[SHULPHQWDO�LQYHVWLJDWLRQ�RI�6,�RI�DTXHRXV�FDWLRQLF�VXUIDFWDQW�VROXWLRQ�LQWR�RLO�ZHW�FDUERQDWH �FKDON� DQG�GRORPLWH�FRUHV���7KH�VWDWLF�LPELELWLRQ�SURFHVV�LV�EHOLHYHG�WR�UHSUHVHQW�WKH�PDWUL[�IORZ�RI�RLO�DQG�ZDWHU�LQ�D�IUDFWXUHG�UHVHUYRLU��<DQJ�DQG�:DGOHLJK��������$XVWDG� DQG�0LOWHU� ������� REVHUYHG� WKDW� DTXHRXV� VROXWLRQ� RI� &���1�&+���%U� �&��7$%��ZDV� DEOH� WR� LPELEH� VSRQWDQHRXVO\� LQWR� QHDUO\� RLO�ZHW� FKDON� PDWHULDO�� 7KH� FKHPLFDO�PHFKDQLVP� IRU� WKH� SURFHVV� ZDV�� KRZHYHU�� QRW� XQGHUVWRRG� DW� WKDW� WLPH�� 7KLV� SURMHFW� ZDV�WKHUHIRUH�LQLWLDWHG�ZLWK�WKH�WZR�IROORZLQJ�PDLQ�SXUSRVHV�x 3XW�IRUZDUG�D�K\SRWKHVLV�IRU�WKH�FKHPLFDO�PHFKDQLVP�XQGHUO\LQJ�WKH�6,�RI�&��7$%�VROXWLRQV�LQWR�RLO�ZHW�FKDON�PDWHULDO�EDVHG�RQ�H[SHULPHQWDO�GDWDx 3HUIRUP� VFUHHQLQJ� WHVWV� RI� ORZ�FRVW� FRPPHUFLDO� DYDLODEOH� VXUIDFWDQWV� IRU� WKHLU�DELOLW\�WR�GLVSODFH�RLO�E\�6,�RI�ZDWHU�LQWR�RLO�ZHW�FDUERQDWH�URFN�PDWHULDO�
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,W� LV� HVVHQWLDO� IRU� RSWLPDO� XVH� RI� WKH� VXUIDFWDQW� LQ� ILHOG� DSSOLFDWLRQ� WR� KDYH� GHWDLOHG�NQRZOHGJH� DERXW� WKH� PHFKDQLVP� XQGHUO\LQJ� WKH� 6,� SURFHVV�� .QRZLQJ� WKH� FKHPLFDO�PHFKDQLVP�EHKLQG�WKH�6,�SURFHVV�ZLOO�DOVR�PDNHV�LW�HDVLHU�WR�VXJJHVW�RWKHU�FKHDSHU�FKHPLFDOV�KDYLQJ�VLPLODU�SURSHUWLHV�DV�WKH�H[SHQVLYH�SXUH�&��7$%��:KHQ�WKH�PHFKDQLVP�LV�HVWDEOLVKHG��IXUWKHU�LQYHVWLJDWLRQV�ZLWK�WKH�DLP�RI�SUDFWLFDO�DSSOLFDWLRQ�RI�WKH�PHWKRG�LQ�WKH�ILHOG�FDQ�WDNH�SODFH�� 7KHVH� LQYHVWLJDWLRQV� LQFOXGH� IRU� H[DPSOH� 6,� WHVWV� RQ� UHDO� UHVHUYRLU� FRUHV�� WHVWV� IRU�VXUIDFWDQW� SKDVH�EHKDYLRU� DW� GLIIHUHQW� WHPSHUDWXUHV� DQG� FRQFHQWUDWLRQV�� VLPXODWLRQ�RI� WKH�6,�SURFHVV� ZLWK� KLVWRU\� PDWFK� DQG� SUHGLFWLRQV� RI� ILHOG� SURGXFWLRQ�� DQ� HVWLPDWLRQ� RI� ORVV� RI�VXUIDFWDQWV� GXH� WR� DGVRUSWLRQ� RQWR� WKH� URFN� PDWHULDO�� VFUHHQLQJ� RI� FKHDS� FRPPHUFLDO�VXUIDFWDQWV�DQG�RSWLPL]H�RI�WKH�V\VWHP�IRU�ILHOG�DSSOLFDWLRQ��6RPH�RI�WKH�WRSLFV�PHQWLRQHG�DUH�LQFOXGHG� LQ� WKH� HQFORVHG� SDSHUV�� 7KH� WKHVLV� DOVR� FRQWDLQV� VRPH� SUHOLPLQDU\� H[SHULPHQWDO�UHVXOWV�DQG�VXJJHVWLRQ�RI�SRVVLEOH�PHFKDQLVPV�IRU�(25�IURP�RLO�ZHW�FDUERQDWH�URFN�LQGXFHG�E\�VXSSO\�RI�WKHUPDO�HQHUJ\�
�����3URMHFW�GHVFULSWLRQ,Q�WKH�OLPLW�RI�UHDO�UHVHUYRLU�FRUH�PDWHULDO��RLO�ZHW�FKDON�FRUHV�KDG�WR�EH�HVWDEOLVKHG�IURP�RULJLQDOO\ VWURQJO\�ZDWHU�ZHW�RXWFURS�PDWHULDO�IURP�6WHYQV�.OLQW��'HQPDUN��,W�LV�ZHOO�NQRZQ�WKDW�FUXGH�RLOV�FRQWDLQ�FHUWDLQ�VXUIDFH�DFWLYH�FRPSRQHQWV��ZKLFK�KDYH�WKH�DELOLW\� WR�DOWHU� WKH�ZHWWDELOLW\�RI�VWURQJO\�ZDWHU�ZHW�PDWHULDO�WRZDUGV�RLO�ZHW�FRQGLWLRQ��&UXGH�RLO ZDV�WKHUHIRUH�XVHG� WR� DOWHU� WKH� ZHWWDELOLW\� RI� WKH� FKDON� PDWHULDO� IURP� VWURQJO\� ZDWHU�ZHW� WR� RLO�ZHW WR�PLPLF� WKH�DGVRUEHG�PDWHULDO�RQ� WKH�PLQHUDO� VXUIDFH� LQ�D� UHDO� UHVHUYRLU�DV�FORVH�DV�SRVVLEOH��7KH�RLO�ZHWQHVV�RI�WKH�FRUHV�DIWHU�UHVWRUDWLRQ�ZDV�HYDOXDWHG�E\�WKH�6,�PHWKRG��1R�6,�RI�ZDWHU�LQGLFDWHV� WKDW� WKH� FRUH� PDWHULDO� ZDV� RLO�ZHW� �$QGHUVRQ�� ����E��� +RZHYHU�� DOWHULQJ� WKH�ZHWWDELOLW\�RI�WKH�FKDON�PDWHULDO�WR�RLO�ZHW�ZDV�QRW�DQ�HDV\�WDVN��DQG���GLIIHUHQW�FUXGH�RLOV�KDG�WR�EH� WHVWHG�EHIRUH� WKH�FKDON�PDWHULDO�EHFDPH�RLO�ZHW�� ,Q�DGGLWLRQ��VRPH�SUREOHPV�DSSHDUHG�ZKHQ� WU\LQJ� WR� HVWDEOLVK� D� XQLIRUP� ZHWWDELOLW\� LQVLGH� WKH� FRUH� PDWHULDO� GXULQJ� WKH� FRUH�SUHSDUDWLRQ�SURFHGXUH��7KH�UHVXOWV�IURP�WKLV�ZRUN�DUH�GHVFULEHG�LQ�3DSHU�,��)LJXUH���� VKRZV�D�WRWDO�RYHUYLHZ�RI�WKH�H[SHULPHQWDO�SURMHFW�SODQ��
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)LJXUH����� 2YHUYLHZ�RI�WKH�H[SHULPHQWDO�SURMHFW�SODQ�
3DSHU� ,,� FRQWDLQV� UHVXOWV� IURP�6,� WHVWV�� DQG�D�PHFKDQLVP� LV� VXJJHVWHG� IRU�6,�RI�FDWLRQLF�VXUIDFWDQW VROXWLRQ� LQWR� RLO�ZHW� FKDON� PDWHULDO�� )XUWKHU� LQYHVWLJDWLRQV� XVLQJ� PRGHO� V\VWHPV�VXSSRUWHG�WKH�VXJJHVWHG�PHFKDQLVP��DQG�WKH�UHVXOWV�DUH�GLVFXVVHG�LQ�3DSHU�,,,��7KH�&��7$%�VXUIDFWDQW�ZDV�WHVWHG�DQG�FRPSDUHG�ZLWK�D�QRQ�LRQLF�VXUIDFWDQW��HWKR[\ODWHG�DOFRKRO��($���IRU�WKHLU�DELOLW\�WR�SURGXFH�RLO�E\�6,�RQ�UHVWRUHG�RLO�ZHW�GRORPLWH�UHVHUYRLU�FRUHV�IURP�D�ILHOG�LQ�ZHVW�7H[DV��7KH�UHVSRQVH�DQG�EHKDYLRU�RI�WKH�VXUIDFWDQW�V\VWHPV�WR�WKH�UHVHUYRLU�FRUHV�DQG�WKH�RXWFRPH� RI� WKH� FRPSDULVRQ� EHWZHHQ� WKH� WZR� VXUIDFWDQWV� DUH� GHVFULEHG� LQ� 3DSHU� ,9�� 7KH�UHODWLYH� LQIOXHQFH� RI� FDSLOODU\� DQG� JUDYLW\� IRUFHV� GXULQJ� 6,� LQWR� ORZ�SHUPHDELOLW\� RLO�ZHW�FKDON�ZDV�WKH�VXEMHFW�LQ�3DSHU�9��7R�LQFUHDVH�WKH�LQIOXHQFH�RI�JUDYLW\�IRUFHV��WKH�6,�WHVWV�ZHUH�SHUIRUPHG�XVLQJ�ORQJ�RLO�ZHW�FRPSRVLWH�FKDON�FRUHV� 3DSHU�9,�DQG�3DSHU�9,,�FRQWDLQV�UHVXOWV�IURP�6,�WHVWV�RQ�RLO�ZHW�FKDON� DQG�GRORPLWH�FRUHV�XVLQJ�FDWLRQLF�SULPDU\�DPLQH�VROXWLRQV�DQG�FRPPHUFLDO� DYDLODEOH� FDWLRQLF� VXUIDFWDQWV� EDVHG� RQ� GHULYDWHV� IURP� WKH� FRFRQXW� SDOP��
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UHVSHFWLYHO\��7KH�FRFRQXW�SURGXFWV�FRQWDLQHG�PL[WXUHV�RI�DON\OWULPHWK\ODPPRQLXP�FKORULGH�ZLWK�WKH�DON\O�FKDLQ�UDQJLQJ�IURP�&�� WR�&����7KH� ILUVW� SXUSRVH� UHJDUGLQJ� WKH� IXQGDPHQWDO� DVSHFWV� UHODWHG� WR� WKH� FKHPLFDO�PHFKDQLVP�XQGHUO\LQJ� WKH� 6,� SURFHVV� LV� FRYHUHG� E\� 3DSHU� ,,� DQG� ,,,�� ZKHUHDV� 3DSHU� ,9�9,,� DUH� PRUH�UHODWHG� WR� LPSDFW� RI� FDSLOODU\� DQG� JUDYLW\� IRUFHV� GLFWDWLQJ� WKH� W\SH� RI� IOXLG� IORZ�� DQG� WKH�FKDOOHQJH�RI�ILQGLQJ�FKHDSHU�FKHPLFDOV�IRU�ILHOG�DSSOLFDWLRQ��3UHOLPLQDU\�H[SHULPHQWV�WR�DOWHU�WKH�ZHWWDELOLW\�RI�RLO�ZHW�FKDON�DW�LQFUHDVLQJ�WHPSHUDWXUH�ZDV�DOVR�SHUIRUPHG��DQG�D�SRVVLEOH�PHFKDQLVP� LV� VXJJHVWHG� EDVHG� RQ� WKH� SUHVHQW� H[SHULPHQWDO� GDWD� DQG� UHSRUWHG� GDWD� LQ� WKH�OLWHUDWXUH��7KLV�LV�GLVFXVVHG�LQ�3DSHU�9,,,�
�����2UJDQL]DWLRQ�RI�WKH�WKHVLV7KLV� WKHVLV� LV�RUJDQL]HG� LQWR���3DUWV��)LJXUH������(DFK�SDUW� LV�VXEGLYLGHG� LQWR�&KDSWHUV��6HFWLRQV�DQG�6XEVHFWLRQV��5HIHUHQFHV�WR�3DSHUV��6HFWLRQV�DQG�6XEVHFWLRQV�ZLOO�EH�JLYHQ�DV�3����6���DQG�66����UHVSHFWLYHO\��

)LJXUH������2UJDQL]DWLRQ�RI�WKH�WKHVLV�LQ�3DUWV�&KDSWHUV��6HFWLRQV�DQG�6XEVHFWLRQV�
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3DUW���)XQGDPHQWDOV
7KLV�SDUW�RI�WKH�WKHVLV�ZLOO�GHVFULEH�JHQHUDO�SULQFLSOHV�DQG�IXQGDPHQWDO�FRQFHSWV�UHODWHG�WR�ZHWWDELOLW\��IOXLG�IORZ�DQG�UHVLGXDO�RLO�VDWXUDWLRQ�LQ�SRURXV�PHGLD��6XUIDFWDQWV�DQG�WKHLU�PRVW�LPSRUWDQW�SURSHUWLHV�ZLOO�DOVR�EH�SUHVHQWHG��7KH�WUHDWPHQW�LV�WDLORUHG�WR�FRYHU�WKH�PHWKRGV�DQG�SKHQRPHQD�SHUWLQHQW�IRU�WKH�H[SHULPHQWDO�ZRUN�

&KDSWHU����:HWWDELOLW\����� 'HILQLWLRQ� RI� ZHWWDELOLW\� DQG� GLIIHUHQW� W\SHV� RI� ZHWWDELOLW\� LQ� SRURXV�PHGLD:HWWDELOLW\�FDQ�EH�GHILQHG�WKHUPRG\QDPLFDOO\�DV��³WKH�WHQGHQF\�RI�RQH�IOXLG�WR�VSUHDG�RQ�RU�DGKHUH�WR�D�VROLG�VXUIDFH�LQ�WKH�SUHVHQFH�RI�RWKHU�LPPLVFLEOH�IOXLGV´���$QGHUVRQ������D���7KH�IOXLG�ZLWK� WKH�KLJKHVW�DIILQLW\� IRU� WKH�VROLG�VXUIDFH� LV�FDOOHG� WKH�ZHWWLQJ�SKDVH��ZKHUHDV�WKH� RWKHU� LV� FDOOHG� WKH� QRQ�ZHWWLQJ�� 7KHUH� H[LVW� DQ� DQJOH�� WKH� VR�FDOOHG� FRQWDFW� DQJOH�� IRU� D�V\VWHP�FRQVLVWLQJ�RI� WZR�SXUH� LPPLVFLEOH� IOXLGV SODFHG�RQ� D� VPRRWK�KRPRJHQHRXV� VXUIDFH��7KH�FRQWDFW�DQJOH�LV�GHVFULEHG�E\�<RXQJ¶V�HTXDWLRQ��<RXQJ���������ZKLFK�FDQ�EH�UHJDUGHG�DV�D� PHFKDQLFDO� IRUFH� EDODQFH� �+LHPHQ]� DQG� 5DMDJRSDODQ�� ������ 0RUURZ�� ������ IRU� WKH�LQWHUIDFLDO�VXUIDFH�WHQVLRQV�LQYROYHG��)LJXUH�����T�V�V V FRVRZZVRV >���@ZKHUH�VRV� 2LO�VROLG�,)7���1�P� VRZ� 2LO�ZDWHU�,)7���1�P�VZV� :DWHU�VROLG�,)7���1�P� T� &RQWDFW DQJOH���GHJUHH�

)LJXUH����� )RUFH�EDODQFH�DW�WKH�RLO�ZDWHU�VROLG�FRQWDFW�OLQH GHILQLQJ�WKHFRQWDFW DQJOH T�
:DWHU�ZLOO�EH�WDNHQ�DV�WKH�UHIHUHQFH�IOXLG�SKDVH�DQG�RLO�DV�WKH�QRQ�UHIHUHQFH�IOXLG�SKDVH�LQ�WKLV� WKHVLV�� T ZLOO� WKHUHIRUH� DOZD\V� EH� PHDVXUHG� WKURXJK� WKH� ZDWHU� SKDVH� LQGHSHQGHQW� RI�ZKHWKHU ZDWHU LV� WKH�ZHWWLQJ�SKDVH�RU�QRW� 7KH�FRQWDFW�DQJOH�T FDQ�YDU\�EHWZHHQ���WR�������GHSHQGLQJ�RQ�WKH�UHODWLYH�DIILQLW\�IRU�WKH�IOXLGV�WRZDUGV�WKH�VXUIDFH��$Q�DQJOH�EHORZ�����ZLOO�WKHUHIRUH�LQGLFDWH�D�VXUIDFH ZLWK�KLJKHU�DIILQLW\�IRU�ZDWHU�WKDQ�RLO��DQG�LW�LV�FODVVLILHG�DV�ZDWHU�
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ZHW��&RQWUDU\��LI�WKH�DQJOH�LV�DERYH������WKH�VXUIDFH�KDV�KLJKHU�DIILQLW\�IRU�RLO�WKDQ�IRU�ZDWHU��DQG�LW�LV�WHUPHG�RLO�ZHW� )LJXUH ��� VKRZV�WKUHH�VLWXDWLRQV ZKHUH�ZDWHU�DQG�RLO�KDYH�GLIIHUHQW�DIILQLWLHV�IRU�WKH�VXUIDFH��:DWHU�LV�WKH�ZHWWLQJ�SKDVH�LQ��D���VR�T LV�EHORZ������7KH�RSSRVLWH�LV�WKH� FDVH� LQ� �E���ZKHUH� RLO� LV� WKH�ZHWWLQJ� SKDVH� DQG�T LV� DERYH� ����� ,Q� �F��� ERWK� IOXLGV� KDYH�HTXDO�DIILQLW\�IRU�WKH�VXUIDFH�DQG�LW�LV�VDLG�WR�EH�QHXWUDO�ZHW�

)LJXUH����� 7KUHH�VXUIDFHV�ZLWK�GLIIHUHQW�ZHWWDELOLW\���D� :DWHU�ZHW��T ���������E� 2LO�ZHW��T !�������DQG��F� 1HXWUDO�ZHW��T  ������
:HWWDELOLW\�LV�D�YHU\�LPSRUWDQW�SDUDPHWHU�LQ�RLO�UHFRYHU\�SURFHVVHV��EHFDXVH�LW�KDV�VWURQJ�LPSDFWV RQ� WKH GLVWULEXWLRQ�� ORFDWLRQ� DQG� IORZ� RI� RLO� DQG� ZDWHU� LQ� WKH� UHVHUYRLU� GXULQJ�SURGXFWLRQ� �$QGHUVRQ�� ����E�� ����D�� E�� F�� &XLHF�� ������ +MHOPHODQG� DQG� 7RUVDHWHU�� ������0RUURZ���������:DWHU�ZLOO�RFFXS\�WKH�QDUURZHVW�SRUHV�DQG�RLO�ZLOO�UHVLGH�DV�VPDOO�GURSOHWV�LQ�WKH�PLGGOH�RI�WKH�SRUHV�LQ�D�XQLIRUP�ZDWHU�ZHW�V\VWHP��7KH�UHYHUVH�IOXLG�GLVWULEXWLRQ�ZLOO�EH�WKH�FDVH�LQ�DQ�RLO�ZHW�UHVHUYRLU�,W�LV�JHQHUDOO\�EHOLHYHG�WKDW�RLO�UHVHUYRLUV�ZHUH�FUHDWHG�E\�DFFXPXODWLRQ�RI�K\GURFDUERQV�LQ� D� URFN� RULJLQDOO\� ILOOHG� ZLWK� ZDWHU� �&KHUQLFRII�� ������ 0RUURZ�� ������� 0RVW� RI� WKH� RLO�EHDULQJ� IRUPDWLRQV� DUH� ORFDWHG� LQ� VHGLPHQWDU\� URFNV� FRQVLVWLQJ� RI� HLWKHU� VDQGVWRQH� RU�FDUERQDWHV� �%RJJV��������&KHUQLFRII���������0LQHUDOV��ZKLFK�KDYH�QHYHU�EHHQ�FRQWDFWHG�E\�FUXGH� RLO�� OLNH� TXDUW]�� FDUERQDWHV� DQG� VXOIDWHV� DUH� VWURQJO\�ZDWHU�ZHW�� EXW� VRPH� H[FHSWLRQV�H[LVW �$QGHUVRQ������D���,QLWLDOO\��LW�ZDV�WKHUHIRUH�EHOLHYHG�WKDW�WKH�PLQHUDO�VXUIDFH�LQ�DOO�RLO�UHVHUYRLUV� ZDV� VWURQJO\� ZDWHU�ZHW�� EHFDXVH� WKH� FRQQDWH� ZDWHU� ZRXOG� SURWHFW� WKH� LQYDGLQJ�FUXGH� RLO IURP� WRXFKLQJ� WKH� URFN� VXUIDFH� �%HQQHU� DQG� %DUWHOO�� ������ 0RUURZ�� �������+RZHYHU�� H[SHULHQFH� DQG� REVHUYDWLRQV� IURP� ZHWWDELOLW\� WHVWV� RQ� FRUHV� ZLWK� SUHVHUYHG�UHVHUYRLU�ZHWWDELOLW\��HVSHFLDOO\�WKH�ZRUN�E\�7UHLEHU�HW�DO� ��������LQGLFDWHG�WKDW�WKH�REVHUYHG�RLO�ZHWQHVV�ZDV�UHDO��7HVWV�VKRZHG�WKDW�FHUWDLQ�FODVVHV�RI�FRPSRQHQWV�LQ�WKH�FUXGH�RLO�XQGHU�FHUWDLQ� FRQGLWLRQV�ZHUH� DEOH� WR� DOWHU� WKH�ZHWWDELOLW\� RI� WKH� RULJLQDO�ZDWHU�ZHW� URFN� WRZDUGV�PRUH� RLO�ZHW� FRQGLWLRQV�� GHVSLWH� WKH� SURWHFWLQJ� ZDWHU�ILOP�� ,W� ZDV� DOVR UHFRJQL]HG� WKDW�ZHWWDELOLW\� LQ� SRURXV� PHGLD� QRW� QHFHVVDU\� ZDV� D� XQLIRUP� TXDQWLW\�� /RFDO� FKHPLFDO�
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KHWHURJHQHLWLHV�LQ�WKH�PLQHUDO�FRPSRVLWLRQ�DQG�FRPSOH[LWLHV�RI�WKH�SRUH�V\VWHP�FDQ�JHQHUDWH�QRQ�XQLIRUP�ZHWWDELOLW\��&RUH�VDPSOHV��ZKLFK�LPELEH�RQO\�ZDWHU�VSRQWDQHRXVO\��DUH�VDLG�WR�EH�ZDWHU�ZHW� ZKHUHDV� WKRVH�ZKR�RQO\� WDNH�XS RLO VSRQWDQHRXVO\ DUH� GHVFULEHG� DV� RLO�ZHW��6DPSOHV� LPELELQJ�WDNLQJ� XS QHLWKHU� ZDWHU� QRU� RLO� DUH� VDLG� WR� EH� QHXWUDO� ZHW�� )UDFWLRQDO��VSRWWHG���GDOPDWLDQ���RU�VSHFNOHG��ZHWWDELOLW\ LV�FKDUDFWHUL]HG�E\�LVRODWHG�DUHDV�EHLQJ�ZDWHU�DQG�RLO�ZHW��&XLHF���������0L[HG�ZHWWDELOLW\ LV�D�VSHFLDO�W\SH�RI�IUDFWLRQDO�ZHWWDELOLW\��ZKHUH�ZDWHU� DQG� RLO�ZHW� DUHDV� DUH DVVXPHG� WR� EH� LQWHU�FRQQHFWHG� �6DODWKLHO�� ������� 6XFK� FRUHV�FRQWDLQ� FRQWLQXRXV�ZDWHU� DQG�RLO�ZHW SDWKV�� UHVSHFWLYHO\�� DQG� WKH\� DUH� DEOH� WR�ERWK� LPELEH�DQG�WDNH�XS�ZDWHU�DQG�RLO�VSRQWDQHRXVO\ �$QGHUVRQ������E��7KH�FXUUHQW�VWDWXV�DERXW�ZHWWDELOLW\�RI�RLO�UHVHUYRLUV� LV� WKHUHIRUH� WKDW�PRVW�UHVHUYRLUV�DUH�DVVXPHG�WR�KDYH�D�QRQ�XQLIRUP�ZHWWDELOLW\��6DODWKLHO���������DQG�VWURQJO\�ZDWHU� DQG�RLO�ZHW�FRQGLWLRQV�DUH�UHJDUGHG�DV�H[FHSWLRQV�UDWKHU�WKDQ�WKH�UXOH��&XLHF��������+HDYLVLGH��������
�����:HWWDELOLW\�PRGLI\LQJ�FRPSRQHQWV�LQ�FUXGH�RLOV6HYHUDO� DXWKRUV� UHFRJQL]HG� WKDW� D� VPDOO� IUDFWLRQ� RI� FHUWDLQ� FRPSRQHQWV LQ� WKH� FUXGH�RLO��PDLQO\� IURP� WKH� KHDY\� DVSKDOWHQH� DQG� UHVLQ� IUDFWLRQ�� ZDV� DEOH� WR� DOWHU� WKH� ZHWWDELOLW\� RI�RULJLQDO�VWURQJO\�ZDWHU�ZHW�PLQHUDOV �$QGHUVRQ������D��%HQQHU�DQG�%DUWHOO��������%REHN�HW�DO��� ������ 0DUVGHQ� DQG� 1LNLDV�� ������ 1XWWLQJ�� ������ 5HLVEHUJ� DQG� 'RVFKHU�� ������� 7KLV�REVHUYDWLRQ� ZDV� IXUWKHU� FRQILUPHG� E\� 'HQHNDV� HW� DO� �������� ZKHQ� SHUIRUPLQJ� ZHWWDELOLW\�WHVWV� RQ� FRUHV�� ZKLFK� KDG� EHHQ� FRQWDFWHG�ZLWK� GLIIHUHQW� IUDFWLRQV� RI� FUXGH� RLOV�� 7KH� KHDY\�IUDFWLRQ�DOWHUHG�WKH�ZHWWDELOLW\�RI�WKH�FRUH�PDWHULDO�WRZDUGV�QHXWUDO� DQG�RLO�ZHW�FRQGLWLRQV��E\�IDU� WKH�PRVW� RI� DOO� WKH� GLVWLOODWLRQ� FXWV� WHVWHG� �6D\\RXK�HW� DO��� ������� 6LQFH� WKHQ�� QXPHURXV�UHVHDUFKHUV�KDYH�FRQILUPHG�WKLV�DVSKDOWHQH�UHVLQ�LQGXFHG�ZHWWDELOLW\�DOWHUDWLRQ��ZKLFK�LV�QRZ�JHQHUDOO\� DFFHSWHG� DV� FRPPRQ� NQRZOHGJH� �&OHPHQW]�� ������ &ROOLQV� DQG� 0HOURVH�� ������&URFNHU� DQG�0DUFKLQ�� ������&XLHF�� ������'XEH\� DQG�:D[PDQ�� ������*ORWRQ� HW� DO��� ������:ROFRWW�HW�DO���������;LH�HW�DO���������;LH�DQG�0RUURZ��������$VSKDOWHQHV�DUH�ODUJH�FRPSOH[�PROHFXOHV��VRPHZKDW�SRODU��ZLWK�PROHFXODU�ZHLJKWV�LQ�WKH�UDQJH� ������������ �5¡QQLQJVHQ�� ������� 7KH\� DUH� GHILQHG� RSHUDWLRQDOO\� DV� WKH� FRPSRQHQWV�SUHFLSLWDWH� IURP� FUXGH� RLO� ZKHQ� GLOXWLQJ� ZLWK� ODUJH� H[FHVV� RI� Q�SHQWDQH�� Q�KH[DQH� RU� Q�KHSWDQH��5HVLQV�DUH�VPDOOHU�PROHFXOHV�WKDQ�DVSKDOWHQHV��EXW�KDYH�LQ�JHQHUDO�KLJKHU�FRQWHQW�RI�WKH�SRODU�HOHPHQWV�QLWURJHQ��VXOIXU�DQG�R[\JHQ��162�FRPSRXQGV��DQG�DUH�WKHUHIRUH�LQ�JHQHUDO�PRUH�SRODU�WKDQ�DVSKDOWHQHV��6SHLJKW���������$VSKDOWHQHV�DQG�UHVLQV�DUH�EHORQJLQJ�WR�GLIIHUHQW�VROXELOLW\�FODVVHV�DQG�WKH\�FDQ�EH�VHSDUDWHG�DV�VKRZQ�LQ�)LJXUH������
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)LJXUH ���� 6ROXELOLW\�FODVVHVIRU�FUXGH�RLOV��6HSDUDWLRQ�RI�WKHDVSKDOWHQH� DQG�UHVLQ�IUDFWLRQ�5HGUDZQ�DIWHU�%XFNOH\��������
(YHQ�WKRXJK�WKH�SUHVHQFH�RI�DVSKDOWHQHV�LQ�FUXGH�RLO�VHHPV�WR�EH�QHFHVVDU\�IRU�ZHWWDELOLW\�DOWHUDWLRQ�WR�RFFXU��WKHUH�KDYH�QHYHU�EHHQ�GHPRQVWUDWHG�D�FRUUHODWLRQ�EHWZHHQ�WKH�FRQWHQW�RI�DVSKDOWHQHV� LQ� FUXGH� RLO� DQG� WKH� H[WHQW� RI� ZHWWLQJ� DOWHUDWLRQ� LQGXFHG� E\� WKH� DFWXDO� RLO��%XFNOH\�� �������7KH�EHVW� FRXQWHU�H[DPSOH� LV� WKH�$WKDEDVFD� WDU� VDQG� LQ�&DQDGD� FRQWDLQLQJ�DSSUR[LPDWHO\� ��� �� DVSKDOWHQHV �0RUURZ�� ������� ZKLFK� KDV� EHHQ� VKRZQ� WR� SUHYDLO� LWV�VWURQJO\�ZDWHU�ZHWQHVV�RYHU�JHRORJLF�WLPH��7DNDPXUD�DQG�&KRZ��������$OWKRXJK��DVSKDOWHQHV�DUH�XQGRXEWHGO\�UHODWHG�WR�WKH�ZHWWLQJ�VWDWH�RI�RLO�UHVHUYRLUV��;LH�HW�DO��������� H[SHULPHQWDO�REVHUYDWLRQV� KRZHYHU��SRLQW�WRZDUG�D�VPDOOHU�JURXS�RI�FRPSRQHQWV�IURP� WKH� DVSKDOWHQH�UHVLQ� IUDFWLRQ� DV�PRUH� LPSRUWDQW� UHJDUGLQJ�ZHWWDELOLW\� DOWHUDWLRQ��7KHVH�FRPSRQHQWV�DUH�PRUH�VSHFLILFDOO\ RI�DFLGLF� DQG�EDVLF�QDWXUH �$QGHUVRQ������E��&URFNHU�DQG�0DUFKLQ��������&XLHF��������� DQG� WKH�FRQWHQW�RI� WKHVH�PROHFXOHV�DUH�QRW�QHFHVVDU\�GLUHFWO\�UHODWHG�WR�WKH�FRQWHQW�RI�DVSKDOWHQHV�LQ�WKH�RLO�DV�SRLQWHG�RXW�E\�6NDXJH�HW�DO� �������$FLGLF� DQG�EDVLF FRPSRQHQWV�DUH�PRUH�RU�OHVV�SUHVHQW�LQ�DOO�FUXGH�RLOV��DQG�WKHVH�JURXSV�LQFOXGH� FRPSRQHQWV� DV� SKHQROV�� FDUER[\OLF� DFLGV� �)U\H� DQG� 7KRPDV�� ������ 5HLVEHUJ� DQG�'RVFKHU��������6HLIHUW�DQG�+RZHOOV��������6HLIHUW�DQG�7HHWHU��������6RPHUYLOOH�HW�DO����������VXOIXU� FRPSRQHQWV� OLNH� VXOILGHV�� WKLRSKHQHV�� PHUFDSWDQHV� DQG� SRO\VXOILGHV� DQG� QLWURJHQ�FRPSRQHQWV� DV� DPLGHV�� S\ULGLQHV�� TXLQROLQHV� DQG� SRUSK\ULQV� �$QGHUVRQ�� ����D��� 0DQ\ RI�WKHVH�DQG�VLPLODU�FRPSRQHQWV�KDYH�EHHQ�VKRZQ�WR�KDYH�HIIHFW�DV�ZHWWDELOLW\�PRGLILHUV�ZKHQ�DGVRUE� WR�FOHDQ�ZDWHU�ZHW�PLQHUDOV� �%HQQHU� DQG�%DUWHOO��������&XLHF��������.RZDOHZVNL�HW�DO���������/HJHQV�HW�DO�������D��E��0DGVHQ�HW�DO���������0DGVHQ�DQG�/LQG��������0RUURZ�HW�DO���������3�,,,��6WDQGDO��������7KRPDV�HW�DO�������D��E��7RUV WHU�HW�DO�� ������7ZHKH\R�HW�DO���������:DJQHU�DQG�/HDFK���������7KHUH�DOVR�VHHP�WR�EH�D�GLIIHUHQFH�LQ�WKH�ZD\�VDQGVWRQH�DQG�FDUERQDWH� URFNV� DUH� UHVSRQGLQJ� WR� DFLGLF� DQG� EDVLF� FRPSRQHQWV� �%XFNOH\� DQG� /LX�� ������'HQHNDV� HW� DO��� ������� &DUERQDWH� URFNV� DUH� XVXDOO\� PRUH VHQVLWLYH� WR� DFLGLF� FRPSRQHQWV��&XLHF�� ������0DGVHQ� DQG� /LQG�� ������ 3� ,�� ,,,�� 7KRPDV� HW� DO��� ����D��� ZKHUHDV� VDQGVWRQH�
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EHFRPHV� PRUH� RLO�ZHW� DIWHU� EHLQJ� FRQWDFWHG� ZLWK� EDVLF� FRPSRQHQWV� �%HQQHU� DQG� %DUWHOO�������� &XLHF�� ������.RZDOHZVNL� HW� DO��� ������0LFKDHOV� DQG� 7LPPLQV�� ������ 6NDXJH� HW� DO��������� 7RUV WHU� HW� DO��� ������ :DJQHU� DQG� /HDFK�� ������� 7KHVH� REVHUYDWLRQV� FDQ� SDUWO\� EH�H[SODLQHG� E\� WKH� GLIIHUHQFH� LQ� VXUIDFH� FKDUJH� RI� WKHVH� WZR� W\SHV� RI� URFNV�� 6DQGVWRQH� LV�QHJDWLYHO\� FKDUJHG� DERYH� S+�  � �� �0HQH]HV� HW� DO��� ������ 6NDXJH� DQG� )RVVH�� ������� DQG�WKHUHIRUH� VHQVLWLYH� WR� SRVLWLYHO\� FKDUJHG� LRQV��&DUERQDWHV� DUH� LQ� JHQHUDO� SRVLWLYHO\� FKDUJHG�EHORZ�S+��� WR��� �3LHUUH�HW�DO���������:HVVRQ�DQG�+DUZHOO���������DQG�DUH WKHUHIRUH�DEOH� WR�DGVRUE�QHJDWLYHO\�FKDUJHG�DFLGLF JURXSV��+DOO��������
�����:HWWDELOLW\�DOWHUDWLRQ�PHFKDQLVPV7KH� PROHFXOHV� FRQWDLQLQJ� SRODU� IXQFWLRQDO� JURXSV� DUH� WKH� PRVW� LPSRUWDQW� UHJDUGLQJ�ZHWWDELOLW\�DOWHUDWLRQ�IURP�ZDWHU�ZHW�WR�RLO�ZHW�FRQGLWLRQV�LQ�RLO�UHVHUYRLUV��%HVLGH�WKH�DPRXQW�RI� WKHVH� FRPSRQHQWV� LQ� WKH� RLO�� WKH� IROORZLQJ� SDUDPHWHUV� KDYH� EHHQ� VKRZQ� WR� EH� LPSRUWDQW�JRYHUQLQJ�WKH�GHJUHH�RI�ZHWWDELOLW\�DOWHUDWLRQ�IRU D�JLYHQ�&2%5�V\VWHP�x 0LQHUDO� FRPSRVLWLRQ� DQG� VXUIDFH� FKDUJH� RI� WKH� URFN� PDWHULDO� �$QGHUVRQ�� ����D��%XFNOH\�HW�DO���������'XEH\�DQG�'RH��������6D\\RXK�HW�DO��������x %ULQH� VDOLQLW\� DQG� FRQFHQWUDWLRQ� RI� GLYDOHQW� DQG� RWKHU� PXOWLYDOHQW� LRQV� �%XFNOH\��������0RUURZ�HW�DO���������������7DQJ�DQG�0RUURZ��������;LH�DQG�0RUURZ�������x &DSLOODU\�SUHVVXUH�DQG�WKLQ�ILOP�IRUFHV��GLVMRLQLQJ�SUHVVXUH��+LUDVDNL��������0HOURVH�������x :DWHU� VROXELOLW\� RI� SRODU� RLO� FRPSRQHQWV� �$QGHUVRQ�� ����D�� .DPLQVN\� DQG� 5DGNH�������x 7KH�DELOLW\�IRU�WKH�RLO�WR�VWDELOL]H�KHDY\�FRPSRQHQWV��$O�0DDPDUL�DQG�%XFNOH\��������%XFNOH\��������%XFNOH\�HW�DO���������������%XFNOH\�DQG�:DQJ��������&LPLQR�HW�DO��������x 7HPSHUDWXUH��$O�0DDPDUL�DQG�%XFNOH\��������%XFNOH\�HW�DO���������/LX�DQG�%XFNOH\�������� SUHVVXUH �$O�0DDPDUL� DQG� %XFNOH\�� ������ %XFNOH\� HW� DO��� ����� DQG� LQLWLDO�ZDWHU�VDWXUDWLRQ��-DGKXQDQGDQ�DQG�0RUURZ��������6DODWKLHO��������=KRX�HW�DO�������E�

%DVHG� RQ� WKLV� NQRZOHGJH�� IRXU� GLIIHUHQW� PHFKDQLVPV� E\� ZKLFK� SRODU� FRPSRQHQWV� DUH�DGVRUEHG�WR�PLQHUDO�VXUIDFHV��KDYH�EHHQ�UHFRJQL]HG�DQG�FOHDUO\�GHILQHG�E\�%XFNOH\��������x 3RODU� ELQGLQJ�� ,I� QR�ZDWHU� LV� SUHVHQW� LQ� WKH� SRURXV�PHGLXP� WKH� DGVRUSWLRQ� RI� SRODU�FRPSRQHQWV�LV�OLNHO\�WR�KDSSHQ�EHWZHHQ�SRODU�VXUIDFH�VLWHV�DQG�PROHFXOHV�FRQWDLQLQJ�SRODU�DWRPV��162�FRPSXQGV�
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x 6XUIDFH� SUHFLSLWDWLRQ�� 3UHFLSLWDWLRQ� RI� DVSKDOWHQHV� RFFXUV� ZKHQ� WKH� RLO� LV� D� SRRU�VROYHQW�IRU�WKH�KHDY\�IUDFWLRQ�x $FLG�EDVH�LQWHUDFWLRQV��7KLV�LQWHUDFWLRQ�WDNHV�SODFH�EHWZHHQ�VLWHV�RI�RSSRVLWH�HOHFWULFDO�FKDUJHx ,RQ�ELQGLQJ��'LYDOHQW� RU�RWKHU�PXOWLYDOHQW�LRQV�LQ�WKH�EULQH�DUH�OLNHO\�WR�ELQG�WR�ERWK�WKH�PLQHUDO�VXUIDFH�DQG�WKH�RLO�EULQH�LQWHUIDFH�FUHDWLQJ�EULGJHV
%XFNOH\�DQG�/LX��������KDYH�IXUWKHUPRUH�VKRZQ�WKDW�WKH�SRWHQWLDO�IRU�D�JLYHQ�FUXGH�RLO�WR�DOWHU�ZHWWDELOLW\� FDQ� EH� SUHGLFWHG� WR� D� ILUVW� DSSUR[LPDWLRQ� E\� FRQVLGHULQJ� WKH�$3,�*UDYLW\�$FLG�QXPEHU� �$1��DQG�%DVH�QXPEHU� �%1�� �*�$%��SURILOH�RI� WKH�RLO� WRJHWKHU�ZLWK� WKH� URFN�PDWHULDO��L�H���VDQGVWRQH�YV��FDUERQDWH�URFN�

�����0HDVXUHPHQW�RI�ZHWWDELOLW\6HYHUDO�PHWKRGV� �$QGHUVRQ�� ����E��� ERWK� TXDQWLWDWLYH� DQG� TXDOLWDWLYH�� H[LVW� WR�PHDVXUH�ZHWWDELOLW\�RI�SRURXV�PHGLXP��7KH�$PRWW�+DUYH\�DQG�FRQWDFW�DQJOH�PHDVXUHPHQWV ZHUH�WKH�TXDQWLWDWLYH� DQG� WKH� 6,� WHVW� WKH� TXDOLWDWLYH� PHWKRG� XVHG� LQ� WKLV� ZRUN�� UHVSHFWLYHO\� 2WKHU�TXDQWLWDWLYH�WHVWV LQFOXGH�WKH�8QLWHG�6WDWHV�%XUHDX�RI�0LQHV��86%0��WHVW��'RQDOGVRQ�HW�DO��������� WKH� +DPPHUYROG�/RQJHURQ� LQGH[� �+DPPHUYROG�� ������ DQG� WKH� 6,� LQGH[� �6SLQOHU���������ZKHUHDV�PLFURVFRSLF�H[DPLQDWLRQ��&DVWRU�HW�DO���������&RRNH�HW�DO���������0LFKDHOV�HW�DO��� ������ 0RUULV� DQG�:LHODQG�� ������� DGKHVLRQ� WHVWV� �%XFNOH\� HW� DO��� ������ %XFNOH\� DQG�0RUURZ��������0RUURZ���������ERWWOH�WHVWV��'XEH\�DQG�'RH���������IORWDWLRQ�PHWKRGV��&HOLN�DQG� 6RPDVXQGDUDQ�� ������� UHVHUYRLU� ORJV� �*UDKDP�� ������� UHODWLYH� SHUPHDELOLW\� FXUYHV��2ZHQV�DQG�$UFKHU������� 7UHLEHU�HW�DO����������105�PHDVXUHPHQWV� �+RZDUG�DQG�6SLQOHU��������DQG�FDSLOODU\�SHQHWUDWLRQ� WHVWV� �9DUDGDUDM�HW�DO�������� DOO�KDYH�EHHQ�XVHG� WR�HYDOXDWH�ZHWWDELOLW\ TXDOLWDWLYHO\� $OO� PHWKRGV� KDYH FHUWDLQ� DGYDQWDJHV� DQG� GLVDGYDQWDJHV� DQG� WKH\�VKRXOG�EH�LQWHUSUHWHG�ZLWK�FDXWLRQ��EHFDXVH�WKH�ZHWWDELOLW\�³LQGH[´�JHQHUDWHG�E\�HDFK�PHWKRG�LV�GHSHQGLQJ�RQ�WKH�PHWKRG�XVHG��$QGHUVRQ������E��&XLHF��������+MHOPHODQG�DQG�7RUVDHWHU��������0RUURZ��������
�������4XDQWLWDWLYH�WHVWV$PRWW�+DUYH\�7HVW7KH� $PRWW±+DUYH\� WHVW� �$QGHUVRQ�� ����E�� LV� DQ� H[WHQVLRQ� RI� WKH� ZHWWDELOLW\� WHVW�LQWURGXFHG� E\� $PRWW� �������� 7KH� PHWKRG� LV� EDVHG� RQ� WKH� IDFW� WKDW� WKH� DPRXQW� RI� ZDWHU�LPELELQJ�VSRQWDQHRXVO\� LQWR�D�FRUH�VDWXUDWHG�ZLWK�RLO� LV�GHSHQGLQJ�RQ�WKH�VXUIDFH�HQHUJ\ RI�WKH� V\VWHP��7KH� FKDQJH� LQ�ZDWHU� VDWXUDWLRQ� GXH� WR� 6,�ZLOO� GHFUHDVH�ZLWK� GHFUHDVLQJ�ZDWHU�
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ZHWQHVV�GXH� WR� ORZHU�VXUIDFH�HQHUJ\��$IWHU�HVWDEOLVKLQJ� WKH� LQLWLDO�ZDWHU� VDWXUDWLRQ��6ZL�� WKH�WHVW�FRQVLVWV�RI�WKH�IROORZLQJ�VWHSV��)LJXUH�����

)LJXUH������&DSLOODU\�SUHVVXUH�YV�ZDWHU�VDWXUDWLRQ�GLDJUDP�LOOXVWUDWLQJWKH�SDUDPHWHUV�QHHGHG�WR�FDOFXODWHWKH�$PRWW�+DUYH\�5',�
x 6,�RI�ZDWHU�WR�UHDFK� 6ZVx )ORRGLQJ�WKH�FRUH�ZLWK�ZDWHU�WR�UHDFK�UHVLGXDO�RLO�VDWXUDWLRQ��6RUx 6SRQWDQHRXV�XSWDNH�RI�RLO�WR�UHDFK��6RVx )ORRGLQJ�WKH�FRUH�ZLWK�RLO�WR�UHDFK�UHVLGXDO�ZDWHU�VDWXUDWLRQ��6ZU

7KH� ZDWHU LQGH[�� ,Z� WKH� RLO LQGH[� ,R�� DQG� WKH� $PRWW�+DUYH\� UHODWLYH� GLVSODFHPHQW� LQGH[��5',���,$�+��FDQ�WKHQ�EH�FDOFXODWHG�IURP�WKH�IRUPXODV�
ZLRU
ZLZVZ 66 66, �� � ZURU

RVRUR 66 66, �� �� ,$�+� �,Z � ,R >���@
ZKHUH�6ZL� ,QLWLDO�ZDWHU�VDWXUDWLRQ����� 6RU� :DWHU�VDWXUDWLRQ�DIWHU�IRUFHV�ZDWHU�LPELELWLRQ�6ZU� :DWHU�VDWXUDWLRQ�DIWHU ���IRUFHG� XSWDNH�RI�RLO����� 6ZV� :DWHU�VDWXUDWLRQ�DIWHU�6,�����6RV� :DWHU�VDWXUDWLRQ�DIWHUVSRQWDQHRXV�XSWDNH�RI�RLO�����
,$�+ YDULHV EHWZHHQ� ��� IRU� VWURQJO\� ZDWHU�ZHW� V\VWHPV� WR� ±�� IRU� VWURQJO\� RLO�ZHW� V\VWHPV��&XLHF��������GHVFULEHV�WKH�V\VWHP�DV�ZDWHU�ZHW�ZKHQ�������d ,$�+ d ����LQWHUPHGLDWH�IRU± ����d ,$�+ d � �����DQG�RLO�ZHW�IRU�±��d ,$�+ d ± ����$Q�DGYDQWDJH�ZLWK� WKH�$PRWW�+DUYH\� WHVW� LV� WKDW� ERWK� UHVHUYRLU� FRUHV� DQG� IOXLGV� FDQ�EH�XVHG��7KH� GUDZEDFNV� DUH� LWV� SUREOHP� WR� GLIIHU� EHWZHHQ� VPDOO� GLIIHUHQFHV� LQ�ZHWWDELOLW\�� IRU�FRUHV�KDYLQJ�$PRWW� LQGH[�HLWKHU�FORVH� WR�XQLW\� �0RUURZ��������RU�]HUR� �$QGHUVRQ������E���6WDQGDUGL]DWLRQ�RI�WKH�WLPHIUDPH�IRU�WKH�LPELELWLRQ�WHVWV�LV�DQRWKHU�SUREOHP��EHFDXVH�GLIIHUHQW�WHVWV�FDQ�UHTXLUH� WLPHIUDPHV�UDQJLQJ�IURP�KRXUV� WR�PRQWKV� WR� UHDFK�]HUR�FDSLOODU\�SUHVVXUH��
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EULQJLQJ�VRPH�XQFHUWDLQW\�WR�WKH�6ZV DQG�6RV�YDOXHV��7KH�PHWKRG�FDQQRW�KDQGOH�G\QDPLF�,)7�DQG�ZHWWLQJ�SKHQRPHQD��0RUURZ���������ZKLFK�PD\�EH�LPSRUWDQW�LQ�WKH�UHVHUYRLU�GXULQJ�WKH�RLO� SURGXFWLRQ�� 7KH� ODWWHU� SUREOHP� DOVR� DSSOLHV� WR� WKH� FRQWDFW� DQJOH� PHDVXUHPHQW� PHWKRG�GHVFULEHG�EHORZ�
&RQWDFW�DQJOH�PHDVXUHPHQWV0HDVXULQJ�FRQWDFW�DQJOHV� LV� WKH�PRVW�DFFXUDWH�ZD\� WR�GHWHUPLQH� WKH�ZHWWDELOLW\� IRU�SXUH�OLTXLGV� DQG� DUWLILFLDO� FRUH� PDWHULDO� �0RUURZ�� ������� +RZHYHU�� VRPH� VHULRXV� SUREOHPV� DUH�UHODWHG� WR� WKLV�PHWKRG�ZKHQ�TXDQWLI\LQJ ZHWWDELOLW\� IRU�SRURXV�PHGLD�XVLQJ�UHVHUYRLU� IOXLGV��6LQFH�FRQWDFW�DQJOHV�PXVW�EH�PHDVXUHG�RQ�VPRRWK�VXUIDFHV��WKH\�FDQ�XVXDOO\�QRW�EH�PHDVXUHG�GLUHFWO\�RQ�WKH�SRURXV�PHGLXP��6D\\RXK�HW�DO����������������7KLV�SUREOHP�KDV�EHHQ�VROYHG�E\�PHDVXULQJ� WKH�FRQWDFW�DQJOH�RQ�VPRRWK�VXUIDFHV�XVLQJ�PLQHUDOV�ZLWK�D�FRPSRVLWLRQ�FORVH� WR�WKH�SRURXV�PHGLXP��&DOFLWH�FU\VWDOV�DUH�XVXDOO\�XVHG�DV�D�VXEVWLWXWH�IRU�FDUERQDWHV��ZKHUHDV�GLIIHUHQW�TXDOLWLHV�RI�JODVV�DUH�XVHG�WR�UHSUHVHQW�VDQGVWRQH�FRUHV��0RUURZ��������6KDUPD�DQG�:XQGHUOLFK�� ������ :DJQHU� DQG� /HDFK�� ������� 7HVW� VXUIDFH� FRPSRVLWLRQ� LV� WKHUHIRUH� QRW�H[DFWO\� VLPLODU� WR� FRPSRVLWLRQ� RI� WKH� SRURXV� PHGLXP� �+MHOPHODQG� DQG� 7RUVDHWHU� ������6XUIDFH� URXJKQHVV� �0RUURZ�� ������� PLQHUDORJLFDO� KHWHURJHQHLW\� DQG� SRUH� VWUXFWXUH� DUH�SDUDPHWHUV DSSDUHQWO\� QRW� WDNHQ� LQWR� DFFRXQW� ZKHQ� PHDVXULQJ� FRQWDFW� DQJOH� RQ� VPRRWK�VXUIDFHV� �$QGHUVRQ�� ����E�� ,Q� DGGLWLRQ�� WKHUH� DUH� SUREOHPV� ZLWK� K\VWHUHVLV� FRQQHFWHG� WR�FRQWDFW�DQJOH�PHDVXUHPHQWV �-RKQVRQ�DQG�'HWWUH���������7KH�FRQWDFW�DQJOHV� UHSRUWHG� LQ� WKH�OLWHUDWXUH� DUH� XVXDOO\� WKH� DGYDQFLQJ� DQG� WKH� UHFHGLQJ� DQJOHV�� EHFDXVH� WKHVH DUH� WKH� PRVW�UHSURGXFLEOH��)LJXUH�����

)LJXUH������$GYDQFLQJ��T$��DQG�UHFHGLQJ��T5�FRQWDFW�DQJOHV��5HGUDZQ�DIWHU�-RKQVHQ�DQG�'HWWUH��������
3UREOHPV�KDYH�DOVR�EHHQ� UHSRUWHG�ZKHQ�SHUIRUPLQJ�PHDVXUHPHQWV�ZLWK� UHVHUYRLU� IOXLGV��EHFDXVH� QDWXUDOO\� RFFXUULQJ� VXUIDFH�DFWLYH� FRPSRQHQWV� LQ� WKH� FUXGH� RLO FDQ� GLVWXUE� WKH�PHDVXUHPHQW �$QGHUVRQ������E��7UHLEHU�HW�DO���������
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'LIIHUHQW�FXW�RII�DQJOHV�KDYH�EHHQ�XVHG�WR�GLVFULPLQDWH�EHWZHHQ�ZDWHU�ZHW�� LQWHUPHGLDWH�DQG�RLO�ZHW�FRQGLWLRQV��0RUURZ��������FODVVLILHV�VXUIDFHV�KDYLQJ�DQJOHV�LQ�WKH�UDQJH�IURP�������DV�ZDWHU�ZHW����������DV�LQWHUPHGLDWH�DQG����������DV�RLO�ZHW��7KHVH�FXW�RII�YDOXHV�ZDV�GHWHUPLQHG�E\�SHUIRUPLQJ�6,�WHVWV�LQWR�V\QWKHWLF�WHIORQ�FRUHV��7UHLEHU�HW�DO� �������FODVVLILHG�FRUHV�KDYLQJ�FRQWDFW�DQJOHV�EHORZ�����DV�ZDWHU�ZHW����� WR������ IRU� LQWHUPHGLDWH�DQG�DERYH������IRU�RLO�ZHW��ZKHUHDV�&KLOLQJDU�DQG�<HQ��������XVHG�WKH�OLPLWV����DQG������WR�GLYLGH�WKH�WKUHH�FODVVHV�RI�ZHWWDELOLW\��5HFHQWO\��5DR�DQG�*LUDUG��������SXEOLVKHG�D�QHZ�ZD\�RI�PHDVXULQJ�FRQWDFW�DQJOHV�FDOOHG�WKH� 'XDO�'URS�'XDO�&U\VWDO� �'''&�� WHFKQLTXH�� ZKLFK� DFFRUGLQJ� WR� WKH� DXWKRUV� GRHVQ¶W�VXIIHU�IURP�PDQ\�RI�WKH�WUDGLWLRQDO�SUREOHPV�UHODWHG�WR�FRQWDFW�DQJOH�PHDVXUHPHQWV�
�������:HWWDELOLW\�RI�SRURXV�PHGLD�EDVHG�RQ�6,�GDWD0HDVXULQJ� WKH� 6,� RI� ZDWHU� LQWR� FRUH� PDWHULDO� LV� D� TXDOLWDWLYH� ZD\� RI� DVVHVVLQJ� WKH�ZHWWDELOLW\� RI� WKH� FRUH� PDWHULDO� �0RUURZ�� ������� %RWK� WKH� UDWH� DQG� WKH� DPRXQW� RI� ZDWHU�LPELEHG�� ZKLFK� LV� UDSLG� DQG� VLJQLILFDQW� IRU� VWURQJO\� ZDWHU�ZHW� FRUHV�� ZLOO� GHFUHDVH� DV� WKH�ZHWWDELOLW\�RI�WKH�FRUH�PDWHULDO�LV�DSSURDFKLQJ�QHXWUDO�ZHW�FRQGLWLRQV�%REHN� HW� DO� ������� DUJXHG� WKDW� ZHWWDELOLW\� RI� SRURXV� PHGLD� VKRXOG� EH� PHDVXUHG� E\�PHWKRGV� UHODWHG� WR� FDSLOODU\� SUHVVXUH� PHDVXUHPHQW�� EHFDXVH� LPELELWLRQ� FDSDFLW\� LV� PDLQO\�GHSHQGLQJ�RQ�WKH�ZDWHU�ZHWQHVV�RI�WKH�FRUH�DQG�WR�D�OHVVHU�GHJUHH�WKH�YLVFRVLWLHV�RI�WKH�IOXLGV�LQYROYHG� DQG� WKH� SRUH� VWUXFWXUH� RI� WKH� FRUH�� 'LIIHUHQW� PHWKRGV� KDYH� EHHQ� VXJJHVWHG� LQ� DQ�DWWHPSW�WR�PDNH�WKLV�ZHWWDELOLW\�WHVW�TXDQWLWDWLYH��'HQHNDV�HW�DO���������0RUURZ� HW� DO� ������� LQWURGXFHG� WKH� ZHWWDELOLW\� LQGH[�� :5�� EDVHG� RQ� SVHXGR� ZRUN� RI�LPELELWLRQ� WR�GLIIHU�EHWZHHQ�FRUHV�KDYLQJ�$PRWW� LQGLFHV�FORVH� WR�XQLW\��7KH� VLJQLILFDQFH�RI�WKLV�ZHWWDELOLW\�LQGH[�ZDV�FRQILUPHG�E\�DQDO\]LQJ�RLO�UHFRYHU\�IURP ZDWHUIORRGLQJ�WHVWV��:5JDYH� D�GLVWLQFWO\�EHWWHU� UHVROXWLRQ�DQG�FRUUHODWLRQ�EHWZHHQ�RLO� UHFRYHU\�DQG�ZHWWDELOLW\� WKDQ�$PRWW�LQGLFHV��6LQFH�:5 LV�EDVHG�GLUHFWO\�RQ�6,�FXUYHV��LW�KDV�WKH�DGYDQWDJH�FRPSDUHG�WR�WKH�$PRWW� DQG� WKH�86%0� WHVWV� WKDW� LW� FDQ�SURYLGH� LQIRUPDWLRQ� DERXW�G\QDPLF� ,)7�DQG�ZHWWLQJ�SKHQRPHQD�LQ�WKH�UHVHUYRLU��0RUURZ���������=KRX�HW�DO� �����E��REVHUYHG�IXUWKHUPRUH�JRRG�FRUUHODWLRQ� EHWZHHQ�:5 DQG� DQ� DSSDUHQW� G\QDPLF� DGYDQFLQJ� FRQWDFW� DQJOH� FDOFXODWHG� IURP�VFDOHG� GLPHQVLRQOHVV� LPELELWLRQ� WLPH��+RZHYHU�� HVWDEOLVKLQJ� UHOLDEOH�ZHWWDELOLW\� WHVWV� EDVHG�RQ� 6,� VWLOO� UHTXLUH� LPSURYHPHQWV� LQ� VFDOLQJ� ODZV�� ZKLFK� ZLOO� PDNH� FRPSDULVRQ� EHWZHHQ�GLIIHUHQW� &2%5� V\VWHPV� SRVVLEOH� �0RUURZ�� ������� 6XFK� LPSURYHPHQWV� KDYH� UHFHQWO\� EHHQ�UHSRUWHG�RYHU�WKH�SDVW�\HDUV��$O�/DZDWL�DQG�6DOHK��������;LH�DQG�0RUURZ��������=KRX�HW�DO�������D��
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�������&RUUHODWLRQ�EHWZHHQ�GLIIHUHQW�ZH WWDELOLW\�WHVWV5DR�DQG�%DVVLRXQL��������LQYHVWLJDWHG�DQG�FRPSDUHG�WKH�$PRWW�+DUYH\��WKH�86%0�WHVW�DQG�FRQWDFW�DQJOH�PHDVXUHPHQWV��7KHLU�FRQFOXVLRQ�ZDV�WKDW�GLIIHUHQW�ZHWWDELOLW\�WHVWV�VKRZHG�JUHDW� VFDWWHU�� DQG� WKH\� UHFRPPHQGHG� DSSOLFDWLRQ� RI� WKH� '''&� WHFKQLTXH� WR� DWWDLQ�UHSURGXFLEOH� DQG� PRUH� DFFXUDWH� FRQWDFW� DQJOHV� IRU� ZHWWDELOLW\� HYDOXDWLRQV� �5DR�� �������+RZHYHU�� /RUHQ]�HW� DO� �������ZHUH� DEOH� WR� FRUUHODWH� FRQWDFW� DQJOHV� �FRVT�YDOXHV��ZLWK� WKH�86%0�ZHWWDELOLW\�LQGH[�DQG�.RZDOHZVNL�HW�DO� ��������7RUVDHWHU �������DQG�7ZHKH\R�HW�DO��������REVHUYHG�JRRG�FRUUHODWLRQ�EHWZHHQ�WKH�$PRWW�LQGH[�DQG�WKH�86%0�ZHWWDELOLW\�LQGH[��XVLQJ�DQ LPSURYHG�86%0�PHWKRG�GHYHORSHG�E\�6KDUPD�DQG�:XQGHUOLFK� ��������5HFHQWO\��'L[LW�HW�DO� �������SHUIRUPHG�D�WKHRUHWLFDOO\�DQDO\VLV�VKRZLQJ�WKDW� WKH�86%0�LQGH[�XVXDOO\�ZLOO�EH�ODUJHU�WKDQ�WKH�$PRWW�+DUYH\�5',����(VWDEOLVKLQJ� D� FRUUHODWLRQ� EHWZHHQ� FRQWDFW� DQJOHV� PHDVXUHG� RQ� VPRRWK� VXUIDFHV� DQG�GLVSODFHPHQW� EHKDYLRU� LQ� SRURXV� PHGLD� ZRXOG� EH� RI� VSHFLDO� LQWHUHVW� DQG� VXFK� FRUUHODWLRQV�KDYH� EHHQ� REVHUYHG� �%XFNOH\� HW� DO��� ������ 0RUURZ� HW� DO��� ������ 0RUURZ� DQG�0F&DIIHU\�������� 2ZHQV� DQG� $UFKHU�� ������ 5DR�� ������ 7UHLEHU� HW� DO��� ������ =KRX�� HW� DO��� ����E���+RZHYHU�� WKH�FRUUHODWLRQ� LV� IDU� IURP�VWUDLJKWIRUZDUG�GXH� WR� WKH�QXPEHU�RI�SDUDPHWHUV�RWKHU�WKDQ� ZHWWDELOLW\� LQYROYHG� ZKHQ� SHUIRUPLQJ� GLVSODFHPHQW� WHVWV� LQ� SRURXV� PHGLD� �$QGHUVRQ������D�� E��0RUURZ�HW� DO��� ������ ������0RUURZ�DQG�0F&DIIHU\�� ������� ,W� VHHPV� WKDW� FRQWDFW�DQJOHV�DUH�D�XVHIXO�JXLGH�WR�HYDOXDWH�UHODWLYHO\�ODUJH�FKDQJHV�LQ�ZHWWDELOLW\�LQGXFHG�E\�FUXGH�RLOV�RU�VXUIDFH�DFWLYH�PDWHULDOV�IRU�H[DPSOH��EXW�WKH\�FDQQRW�EH�XVHG�WR�TXDQWLWDWLYHO\�SUHGLFW�6,�RU�GLVSODFHPHQW�HIILFLHQFLHV�LQ�SRURXV�PHGLD��,W�VKRXOG�WKHUHIRUH�EH�FOHDU�IURP�WKH�DERYH�GLVFXVVLRQ�WKDW�GLIIHUHQW�ZHWWDELOLW\�WHVWV�VWLOO�VKRZ�VFDWWHU��DQG�QR�FHUWDLQ�FRQFOXVLRQ�FDQ�EH�GUDZQ�UHJDUGLQJ�WKH�³WUXH´�ZHWWDELOLW\�RI�FRUH�VDPSOHV�
&KDSWHU����)OXLG�IORZ�LQ�SRURXV�PHGLD������,QWHUIDFLDO�WHQVLRQ��FDSLOODU\�SUHVVXUH�DQG�F\OLQGULFDO�WXEH�PRGHO7KH� ,)7�EHWZHHQ� WZR� LPPLVFLEOH� IOXLGV�FDQ�EH�GHILQHG�DV� IRUFH�SHU�XQLW�GLVWDQFH�DFWLQJ�SDUDOOHO� WR� WKH� LQWHUIDFH�SHUSHQGLFXODU� WR�DQ\� OLQH� LQ� WKH� LQWHUIDFH��RU�DV� WKH�ZRUN�QHHGHG� WR�LQFUHDVH� WKH� VXUIDFH� DUHD� RQH� XQLW� �0¡UN�� ������� :KHQ� SDVVLQJ� RYHU� D� FXUYHG� LQWHUIDFH�EHWZHHQ�RLO�DQG�ZDWHU��WKH�SUHVVXUH�ZLOO�LQFUHDVH�WR�EDODQFH�WKH�LQWHUIDFLDO�WHQVLRQ�IRUFHV��7KH�SUHVVXUH�MXPS�LV�FDOOHG�WKH�FDSLOODU\�SUHVVXUH�DQG�LW�LV�JLYHQ�E\�WKH�/DSODFH�HTXDWLRQ��������

¸̧¹·¨̈©§ �V � ��RZ:2& 5�5�SS3 >���@
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ZKHUH��VRZ� 2LO�ZDWHU�,)7���1�P� 3F� &DSLOODU\�SUHVVXUH���3D�5���5���5DGLL�RI�FXUYDWXUH�RI�WKH SR� 3UHVVXUH�LQ�WKH�RLO�SKDVH���3D�RLO�ZDWHU�LQWHUIDFH�PHDVXUHG SZ� 3UHVVXUH�LQ�WKH�ZDWHU�SKDVH���3D�SHUSHQGLFXODU�WR�HDFK�RWKHU���P�
%\�FRQYHQWLRQ�WKH�FDSLOODU\�SUHVVXUH�LV�GHILQHG�DV�WKH�SUHVVXUH�LQ�WKH�QRQ�UHIHUHQFH�SKDVH��RLO�SKDVH�� PLQXV� WKH� SUHVVXUH� LQ� WKH� UHIHUHQFH� SKDVH� �ZDWHU� SKDVH��� 3F FDQ� WKHUHIRUH� ERWK� EH�SRVLWLYH�DQG�QHJDWLYH�GHSHQGLQJ�RQ�ZKLFK�SKDVH��RLO�RU�ZDWHU��LV�WKH�ZHWWLQJ�SKDVH��$�SRVLWLYH�FDSLOODU\�SUHVVXUH�PHDQV WKDW�ZDWHU�LV�WKH�ZHWWLQJ� DQG�RLO�WKH�QRQ�ZHWWLQJ�SKDVH�LQ�WKLV�WKHVLV�DQG�YLFH�YHUVD�%HFDXVH� RI� LWV� FRPSOH[LW\�� WKH� F\OLQGULFDO� WXEH� PRGHO� LV� RIWHQ� XVHG� WR� LGHDOL]H SRURXV�PHGLD�� 7KLV� JHRPHWU\� DOORZV WKH� UHODWLRQVKLS� EHWZHHQ� ZHWWDELOLW\� DQG� RLO�ZDWHU� ,)7� WR� EH�H[SUHVVHG�H[SOLFLWO\��7KXV��IRU�D�ZDWHU�ZHW�F\OLQGULFDO� WXEH�ZLWK�UDGLXV�5�ILOOHG�ZLWK�RLO�DQG�ZDWHU�

5FRV�3 RZ& T�V >���@
3F� &DSLOODU\�SUHVVXUH���3D� T� &RQWDFW�DQJOH���GHJUHH�5� 7XEH�UDGLXV���P� VRZ� 2LO�ZDWHU�,)7���1�P�

7KH�GULYLQJ�IRUFH�XQGHUO\LQJ�6,�LV�SURSRUWLRQDO�WR�WKH�RLO�ZDWHU�,)7��VRZ  �)F��LQWHUSUHWHG�DV� IRUFH�SHU�XQLW� OHQJWK��)F�� ,W� LV� WKH�KRUL]RQWDO� FRPSRQHQW�RI� WKLV� IRUFH� FDOOHG� WKH� FDSLOODU\�IRUFH��VRZÂFRVT��ZKLFK�PRYHV� WKH�ZDWHU� LQWR� WKH� WXEH� VSRQWDQHRXVO\��)LJXUH ����� ,W� IROORZV�WKDW� WKH� UDWH� RI� 6,� LQFUHDVHV� ZLWK� ERWK� LQFUHDVLQJ� FDSLOODU\� IRUFHV� �&XLHF� HW� DO��� ������6FKHFKWHU� HW� DO��� ������ DQG� ZDWHU�ZHWQHVV� RI� WKH� SRURXV� PHGLXP� �*UDXH� HW� DO��� ������-DGKXQDQGDQ�DQG�0RUURZ��������=KRX�HW�DO�������������E���

)LJXUH����� 6,�RI�ZDWHU�LQWRDQ�RLO�ILOOHG�ZDWHU�ZHW�WXEH�7KH�KRUL]RQWDO�FRPSRQHQW�RIWKH�RLO�ZDWHU�,)7�LV�WKHGULYLQJ�IRUFH�IRU�WKHLPELELWLRQ�SURFHVV�
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�����0HDVXULQJ�RLO�ZDWHU�,)76HYHUDO� PHWKRGV� H[LVW� WR� PHDVXUH� WKH� RLO�ZDWHU� ,)7� �(YDQV� DQG� :HQQHUVWU|P�� ������+LHPHQ]�DQG�5DMDJRSDODQ���������7KUHH�PHWKRGV�ZHUH�XVHG�WR�HYDOXDWH� WKLV�TXDQWLW\� LQ� WKLV�ZRUN�x 7KH�VSLQQLQJ�GURS�WHFKQLTXH�LV�VSHFLDOO\�VXLWHG�WR�PHDVXUH�ORZ�RLO�ZDWHU�,)7V��(YDQV�DQG�:HQQHUVWU|P�������� DQG�LW�ZDV�XVHG�WR�PHDVXUH�RLO�ZDWHU�,)7�LQ�WKH�SUHVHQFH�RI�VXUIDFWDQWV�� 7KH� WHFKQLTXH� LV� EDVHG� RQ� WKH� FRPSHWLWLRQ� EHWZHHQ� FHQWULIXJDO� DQG�LQWHUIDFLDO�IRUFHV�ZKHQ�VPDOO�RLO�GURSOHWV�DUH�URWDWLQJ�UDSLGO\�LQ�VPDOO�WXEHV�ILOOHG�ZLWKDTXHRXV� VXUIDFWDQW� VROXWLRQ�� 7KH� ,)7� FDQ� EH� FDOFXODWHG� IURP� WKH� VKDSH� RI� WKH� RLO�GURSOHW�IRU�D�JLYHQ�DQJXODU�YHORFLW\��0¡UN�������x 7KH�ULQJ�WHQVLRPHWHU�PHWKRG�IRU�GHWHUPLQHV�RLO�ZDWHU�,)7V�LV�EDVHG�RQ�WKH�FRQQHFWLRQ�EHWZHHQ�WKH� ,)7�DQG�WKH�IRUFH�QHHGHG�WR�GHWDFK�WKH�ULQJ�IURP�WKH�RLO�ZDWHU� LQWHUIDFH��0¡UN�������x 7KH�SHQGDQW�GURS�WHFKQLTXH�LV�EDVHG�RQ�WKH�FRQQHFWLRQ�EHWZHHQ�RLO�ZDWHU�,)7�DQG�WKH�VKDSH�RI� DQ�RLO� GURSOHW� UHVLGLQJ� LQ� D� IOXLG�SKDVH��7KH�PHWKRG� LV� HVSHFLDOO\� VXLWHG� WR�HYDOXDWH�,)7V�DW�HOHYDWHG�WHPSHUDWXUHV��0¡UN�������
�����*UDYLW\� DQG�FDSLOODU\�IRUFHV�LQ�SRURXV�PHGLD7KH�PRVW�LPSRUWDQW�IRUFHV�GHWHUPLQLQJ�WKH�IORZ�RI�RLO�DQG�ZDWHU�GXULQJ�WKH�RLO�SURGXFWLRQ�SURFHVV� DUH� YLVFRXV��� JUDYLW\� DQG� FDSLOODU\� IRUFHV �0RUURZ�� ������ *UDYLW\� DQG� FDSLOODU\�IRUFHV�ZHUH�WKH�DFWLYH�IRUFHV�GXULQJ�WKH�H[SHULPHQWDO WHVWV�FRQGXFWHG�LQ�WKLV� WKHVLV DQG�RQO\�WKHVH�WZR�IRUFHV�ZLOO�EH�GLVFXVVHG KHUH�
�������*UDYLW\�IRUFHV%XR\DQF\� IRUFHV� DUH� DOZD\V�SUHVHQW� LQ�PL[WXUHV�RI� LPPLVFLEOH� IOXLGV�� ,Q� VXFK�PL[WXUHV��WKH�OLJKWHU�SKDVH�ZLOO�H[SHULHQFH�D�SUHVVXUH�SRLQWLQJ�XSZDUGV��DQG�LW�LV�JLYHQ�E\�+J3J ��U' ' >���@ZKHUH�'3J� 3UHVVXUH�GLIIHUHQFH�EHWZHHQ J� $FFHOHUDWLRQ�GXH�WR�JUDYLW\� � �����P�V��RLO�DQG�ZDWHU�GXH�WR�JUDYLW\���3D� +� +HLJKW�RI�WKH�OLTXLG�FROXPQ���P�'U� 'HQVLW\�GLIIHUHQFH�EHWZHHQ�RLODQG�ZDWHU���NJ�P��

'HQVLW\� GLIIHUHQFH� EHWZHHQ� WKH� IOXLG� SKDVHV�� KHLJKW� RI� WKH� OLTXLG� FROXPQ� WRJHWKHU�ZLWK�PDJQLWXGH� RI� FDSLOODU\� IRUFHV� UHODWHG� WR� WKH� ,)7��ZHWWDELOLW\� DQG� SHUPHDELOLW\� DUH� WKH�PRVW�LPSRUWDQW�SDUDPHWHUV�GHFLGLQJ�WKH�LQIOXHQFH�RI�JUDYLW\�IRUFHV�RQ�WKH�IOXLG�PRYHPHQWV�LQ�WKH�
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UHVHUYRLU� ,Q�WKLV�WKHVLV��WKH�LQIOXHQFH�RI�JUDYLW\�IRUFHV�RQ�WKH�IOXLG�IORZ�LQ�WKH�6,�H[SHULPHQWV�ZDV�LQYHVWLJDWHG�E\�YDU\LQJ�WKH�FRUH�KHLJKW�DQG�WKH�RLO�ZDWHU�,)7�
,QYHUVH�%RQG�QXPEHU7KH�UHODWLYH�LQIOXHQFH�RI�FDSLOODU\� WR�JUDYLW\�IRUFHV�KDV�EHHQ�VKRZQ�WR�KDYH�PDMRU�LPSDFW�RQ� WKH� RLO� H[SXOVLRQ� PHFKDQLVP�� 7KLV� UDWLR� FDQ� EH� VFDOHG� DFFRUGLQJ� WR� WKH� LQYHUVH� %RQG�QXPEHU��1%�� �6FKHFKWHU�HW�DO�� ������

J+ N�&1 RZ�% U' IV � >���@
ZKHUH�&� ����GLPHQVLRQOHVV�FRQVWDQW�IRU VRZ� 2LO�ZDWHU�,)7���1�P�FDSLOODU\�WXEH�PRGHO I� 3RURVLW\���IUDFWLRQ��=KRX�DQG�6WHQE\������� + +HLJKW�RI�WKH�FRUH�PDWHULDO���P�N� $EVROXWH�SHUPHDELOLW\���P�� 'U� 'HQVLW\�GLIIHUHQFH�EHWZHHQ�RLO�DQGJ� $FFHOHUDWLRQ�GXH�WR�JUDYLW\�������P�V��� ZDWHU���NJ�P��

)RU� D� V\VWHP�ZLWK�ZHOO�GHILQHG�ZHWWLQJ�SURSHUWLHV��6FKHFKWHU�HW� DO� ������� VKRZHG� WKDW�FDSLOODU\�IRUFHV�DUH�GRPLQDQW�IRU�1%�� !���DQG�JUDYLW\�IRUFHV�IRU�1%�� ������,Q�WKH�LQWHUPHGLDWH�UDQJH�� ������1%�� ����� ERWK� FDSLOODU\� DQG� JUDYLW\� IRUFHV� FDQ�EH� DFWLYH� LQ� WKH�GLVSODFHPHQW��)LJXUH ��� VKRZV�W\SLFDO�RLO�ZDWHU�VDWXUDWLRQ�SURILOHV�LQVLGH�WKH�SRURXV�PHGLXP�IRU�GLIIHUHQW�UDQJHV�RI�1%��� :KHQ�WKH�6,�SURFHVV�LV�GRPLQDWHG�E\�FDSLOODU\�IRUFHV��L�H��1%�� !��� WKH�RLO�LV�SURGXFHG� LQ� D�FRXQWHU�FXUUHQW� IORZ�PRGH� IURP�DOO� VXUIDFHV� )LJXUH ��� �D���7KH�RLO�ZLOO�EH�SURGXFHG�PDLQO\�IURP�WKH�XSSHU�SDUW�RI�WKH�SRURXV�PHGLXP�ZKHQ�1%�� LV�LQ�WKH�LQWHUPHGLDWH�UDQJH�� ���� �� 1%�� �� ��� %RWK� FDSLOODU\� DQG� JUDYLW\� IRUFHV� DUH� DVVXPHG� WR� EH� DFWLYH� LQ� WKH�GLVSODFHPHQW�SURFHVV�DQG� WKH�FKDUDFWHULVWLF FRQH�VKDSHG�RLO�ZDWHU� LQWHUIDFH� LV� IRUPHG� LQVLGH�WKH� SRURXV�PHGLXP��)LJXUH� ���� �E���)LJXUH� ���� �F� VKRZV� DQ� LPLELWLRQ� SURFHVV� GULYHQ� E\�JUDYLW\� IRUFHV� RQO\��7KH� RLO� UHFRYHU\� UDWH� LV� VORZ�� EXW� XOWLPDWH� UHFRYHU\� �85�� OHYHO� FDQ� EH�YHU\� KLJK� GXH� WR� VWURQJ� UHGXFWLRQ� LQ� WKH� DPRXQW� RI� WUDSSHG� RLO� %RWK� WKH� RLO� H[SXOVLRQ�PHFKDQLVP�VKRZQ�LQ�)LJXUH �����D� DQG��E� ZHUH�GHPRQVWUDWHG�LQ�WKH�FKDON�WHVWV�SHUIRUPHG�LQ�WKLV�ZRUN�
)LJXUH �����'LVWULEXWLRQ�RI�RLODQG�ZDWHU�LQVLGH�FRUHV�ZKHUHWKH�GULYLQJ�IRUFHV�IRU�WKH�6,�LV��D� FDSLOODU\�IRUFHV��E�FDSLOODU\� DQG�JUDYLW\�IRUFHVDQG� �F� JUDYLW\� IRUFHV�5HGUDZQ�DIWHU�6FKHFKWHU�HW�DO��������
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*UDYLW\�GULYHQ�6,6HYHUDO� DXWKRUV�KDYH�VWUHVVHG� WKH� LPSRUWDQFH�RI�JUDYLW\� IRUFHV�GXULQJ� WKH�RLO�SURGXFWLRQ�SURFHVV��HVSHFLDOO\�LQ�JDV�RLO�V\VWHPV��+DOGRUVHQ�HW�DO���������.LQJ�HW�DO���������0XUW\�HW�DO���������7RUYXQG�DQG�1LSHQ��������DQG�XQGHU�ORZ�RLO�ZDWHU�,)7�FRQGLWLRQV��$XVWDG�DQG�0LOWHU�������� *HV]WHVL� HW� DO��� ������ +RUQRI� DQG� 0RUURZ�� ������ +RYH� HW� DO��� ������ 0RUURZ� DQG�6RQJNUDQ���������&KHQ�HW�DO� �������DVVXPHG�WKDW�LPSURYHG�VHJUHJDWLRQ�RI�RLO�DQG�ZDWHU�GXH�WR�DSSOLFDWLRQ�RI� ($�VXUIDFWDQW� DW� ORZ� RLO�ZDWHU� ,)7�ZDV� WKH� SULPDU\� (25�PHFKDQLVP�ZKHQ� SHUIRUPLQJ�SLORW� WHVWV� LQ� WKH�<DWHV� ILHOG��6,� WHVWV� UHSRUWHG� LQ� WKLV� WKHVLV�VKRZHG� WKDW�JUDYLW\� IRUFHV�ZHUH�VLJQLILFDQW�GXULQJ�ORZ�RLO�ZDWHU�,)7�WHVWV FRQILUPLQJ�WKH�DERYH�FLWHG�VWDWHPHQW�
�������&DSLOODU\�IRUFHV&DSLOODU\ IRUFHV� KDYH� GHFLVLYH� LQIOXHQFH� RQ� RLO� UHFRYHU\� HIILFLHQF\�� EXW� WKH� LQIOXHQFH�GLIIHUV� LQ� D� IXQGDPHQWDO� ZD\� IRU� QRQ�IUDFWXUHG� DQG� IUDFWXUHG� UHVHUYRLUV�� 6WURQJ FDSLOODU\�IRUFHV�GXULQJ�ZDWHUIORRGLQJ�LQ�D�QRQ�IUDFWXUHG�UHVHUYRLU�ZLOO�WUDS�RLO�DQG�FDXVH�UHODWLYHO\�KLJK�UHVLGXDO�RLO�VDWXUDWLRQ��$QGHUVRQ������F��0RUURZ�HW�DO���������7DEHU���������5HGXFWLRQ�LQ�WKH�RLO�ZDWHU� ,)7� WR� UHPRELOL]LQJ� UHVLGXDO� RLO� LV� WKHUHIRUH� SUHIHUUHG� XQGHU� VXFK� FRQGLWLRQV�'DQLHOVRQ�HW�DO���������'DYLHV�DQG�-RQHV��������*RJDUW\��������.UHPHVHF�DQG�7UHLEHU��������7DEHU��������7DXJE¡O���������+RZHYHU��6,�RI�ZDWHU�GXH�WR�VWURQJ FDSLOODU\�IRUFHV�LV�FXUUHQWO\�UHJDUGHG�DV�DQ�LPSRUWDQW�DQG�QHFHVVDU\ PHFKDQLVP�WR�DWWDLQ�KLJK�GLVSODFHPHQW�HIILFLHQF\�LQ�IUDFWXUHG�UHVHUYRLUV��7KH� LPSRUWDQFH�RI� WKH�6,�SURFHVV� LV� UHIOHFWHG� LQ� WKH�QXPHURXV�UHVHDUFK�SDSHUV�WUHDWLQJ�WKLV�VXEMHFW��$URQRIVN\�HW�DO���������$XVWDG�DQG�0LOWHU��������%RXUELDX[�DQG�.DOD\GMLDQ�� ����� %URZQVFRPEH� DQG� '\HV�� ������ &KHQ� HW� DO��� ������ &XLHF� HW� DO��� ������*UDKDP�DQG�5LFKDUGVRQ��������+DPRQ�DQG�9LGDO��������0DWWD[�DQG�.\WH������� 3DUVRQV�DQG�&KDQH\��������5HLV�DQG�&LO��������7KLHERW�HW�DO���������7KRPDV�HW�DO���������7RUVDHWHU���������85� DQG WKH� 6,� UDWH� DUH� WKH� WZR�PRVW� LPSRUWDQW� TXDQWLWLHV� UHODWHG� WR� WKH� 6,� SURFHVV� IURP� D�SUDFWLFDO�SRLQW�RI�YLHZ��;LH�DQG�0RUURZ���������,W�LV�WKHUHIRUH�XVHIXO�WR�WDNH�D�FORVHU�ORRN�DW�WKH�SDUDPHWHUV�JRYHUQLQJ�WKHVH�WZR�FUXFLDO�TXDQWLWLHV� ,W� LV�ZRUWK�PHQWLRQLQJ�WKDW�DOO�UHVXOWV�FLWHG�KHUH�ZHUH�REWDLQHG� IRU�ZDWHU�ZHW�FRUH� VDPSOHV��6,� LQWR�RLO�ZHW�PDWHULDO� LV� UHSRUWHG� LQ�WKLV� WKHVLV�� DQG� VRPH� RI� WKH� FLWHG� FRQFOXVLRQV�PD\� QRW� DSSO\� WR� 6,� EHKDYLRU� XQGHU� RLO�ZHW�FRQGLWLRQV�
0DWUL[�SHUPHDELOLW\�*UDKDP�DQG�5LFKDUGVRQ��������DUJXHG�WKDW�WKH�UDWH�RI�6,�VKRXOG�LQFUHDVH�ZLWK�LQFUHDVLQJ�SHUPHDELOLW\� RI� WKH� SRURXV�PHGLXP�� 6HYHUDO� DXWKRUV� KDYH� ODWHU� FRQILUPHG� WKLV� UHODWLRQVKLS�
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HPSLULFDOO\� �$O�/DZDWL� DQG� 6DOHK�� ������0DWWD[� DQG�.\WH�� �������1R� FOHDU� FRUUHODWLRQ� KDV�EHHQ�REVHUYHG�EHWZHHQ�SHUPHDELOLW\�DQG�85��+RZHYHU��&XLHF��������DQG�+DPRQ�DQG�9LGDO�������� REVHUYHG� LQFUHDVH� 85� ZLWK� LQFUHDVLQJ� SHUPHDELOLW\� ZKHQ� SHUIRUPLQJ� 6,� WHVWV� LQWR�)RQWDLQHEOHDX�VDQGVWRQH�FRUHV�
2LO�ZDWHU�,)7�$XVWDG�DQG�0LOWHU��������GHFUHDVHG�RLO�ZDWHU� ,)7�E\�XVLQJ�VXUIDFWDQWV ZKHQ�FRQGXFWLQJ�6,� WHVWV� RQ� ORQJ� ORZ�SHUPHDELOLW\� FKDON� FRUHV�� 7KH\� IRXQG� WKDW� WKH� UDWH� RI� 6,� GHFUHDVHG�VLJQLILFDQWO\�IRU�WKH�VXUIDFWDQW�VROXWLRQ�FRPSDUHG�WR�SXUH�EULQH��&XLHF�HW�DO� �������REVHUYHG�WKH�VDPH�WHQGHQF\�ZKHQ�WHVWLQJ�UDWH�RI�6,�LQWR�ORZ�SHUPHDELOLW\�FKDON�IURP�0DQWHV�,W�LV�JHQHUDOO\�EHOLHYHG�WKDW�WKH�6,�UDWH�VORZV�GRZQ�ZKHQ�FDSLOODU\�IRUFHV�DUH�UHGXFHG��GXH�WR� LQFUHDVHG� LQIOXHQFH� RI� ZHDNHU� JUDYLW\� IRUFHV�� +RZHYHU�� ERWK� WKHRUHWLFDO� VLPXODWLRQV� E\�%RXUELDX[� DQG� .DOD\GMLDQ ������ DQG� H[SHULPHQWDO� GDWD� E\� 6FKHFKWHU� HW� DO� ������� XVLQJ�KLJK�SHUPHDELOLW\� FRUH� PDWHULDO�� LQGLFDWH� WKDW� WKLV� LV� QRW� QHFHVVDU\� WKH� FDVH�� 7KXV�� WKH�SHUPHDELOLW\�RI�WKH�SRURXV�PHGLXP�VHHPV�WR�EH�D�FUXFLDO�SDUDPHWHU�UHJDUGLQJ�UDWH�RI�6,�ZKHQ�JUDYLW\�IRUFHV�EHFRPH�DFWLYH� ,W�VHHPV�WKDW�ZKHQ�WKH�SHUPHDELOLW\�RI�WKH�SRURXV�PHGLXP�IDOOV�EHORZ�D�FULWLFDO�YDOXH��WKH�UDWH�RI�6,�LV�OLNHO\�WR�GHFUHDVH�ZLWK�GHFUHDVLQJ�RLO�ZDWHU�,)7��2QH�UHDVRQ�IRU�WKLV�FDQ�EH�WKDW�WKH�VLPXOWDQHRXV�HIIHFW�RI�FDSLOODU\� DQG�JUDYLW\�GULYHQ�LPELELWLRQ�ZLOO� EH�PXFK� OHVVHU� LQ� WKLV� FDVH�� EHFDXVH� WKH� JUDYLW\� GULYHQ� LPELELWLRQ�ZLOO� EH� VORZHU� DQG�PRUH�H[WHQGHG�LQ�WLPH�ZLWK�ORZ� WKDQ�KLJK�SHUPHDELOLW\�FRUHV��+RZHYHU��WKH�85�LV�OLNHO\�WR�LQFUHDVH�IRU�WKH�ORZ�RLO�ZDWHU�,)7�FDVH��GXH�WR�VXSSUHVVLRQ�RI�VQDS�RII�RI�RLO��6FKHFKWHU�HW�DO���������
&RUH�VDPSOH�VKDSH�DQG�ERXQGDU\�FRQGLWLRQV�7RUV WHU� DQG� 6LOVHWK� ������� SHUIRUPHG� 6,� WHVWV� RQ� FRUHV� KDYLQJ� GLIIHUHQW� VKDSHV� DQG�ERXQGDU\�FRQGLWLRQV��7KH\�IRXQG�WKDW�WKH�LPELELWLRQ�UDWH�LQFUHDVHG�ZLWK�LQFUHDVHG�LPELELWLRQ�DUHD��7KH�85�VHHPHG�WR�EH�QHDUO\�LQGHSHQGHQW�RI�WKH�VDPSOH�VKDSH��ZKLFK�ZDV�DOVR�REVHUYHG�E\�+DPRQ�DQG�9LGDO��������'LIIHUHQW�ERXQGDU\�FRQGLWLRQV�DUH�XVXDOO\�LQYHVWLJDWHG�E\�FRDWLQJ VRPH�RI�WKH�VLGHV�RI�WKH�FRUH�ZLWK�LPSHUPHDEOH�OD\HUV��7KH�SXUSRVH�LV�WR�LQYHVWLJDWH�KRZ�FDSLOODU\�IRUFHV�DUH�DIIHFWHG�E\�FKDQJH�LQ�IORZ�JHRPHWU\��7KH�JHQHUDO�WUHQG�VKRZV�WKDW�85�LV�LQGHSHQGHQW�RI�WHVW�JHRPHWU\�DQG�WKH�6,�UDWH�LQFUHDVHV�ZLWK�LQFUHDVLQJ�DUHD�DYDLODEOH�IRU�LPELELWLRQ �7RUV WHU�DQG�6LOVHWK��������=KDQJ�HW�DO�� ��������
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3RUH�VWUXFWXUH0LOWHU�DQG��[QHYDG��������SHUIRUPHG�6,�WHVWV�LQWR�WZR�GLIIHUHQW�FKDON�W\SHV��6WHYQV�FKDON�IURP�'HQPDUN� DQG�%HHU�6WRQH� IURP�8.��6WHYQV� FKDON� UHDFKHG� D�85� OHYHO� RI������22,3��ZKHUHDV�RQO\������22,3�FRXOG�EH�SURGXFHG�IURP�WKH�%HHU�6WRQH�FRUH��7KH�GLIIHUHQFH�LQ�85�ZDV�DWWULEXWHG�WR�GLIIHUHQW�WHQGHQF\�WR�XQGHUJR�ZHWWDELOLW\�DOWHUDWLRQ��ZKLFK�WKH\�GLVFXVVHG�LQ�UHODWLRQ� WR�JHRORJLFDO� SDUDPHWHUV��%HHU�6WRQH� FKDON� VHHPHG�PRUH�RLO�ZHW� WKDQ�6WHYQV� FKDON�DIWHU�WKH�DJLQJ�SURFHVV��ZKLFK ZDV�DVVXPHG�WR�DFFRXQW�IRU�WKH�GLIIHUHQFH�LQ�85��7KH�KLJKHU�RLO�ZHWQHVV�RI� WKH�%HHU�6WRQH� FKDON�ZDV� DWWULEXWHG� WR� �L�� KLJKHU� FRQWHQW� RI�PDFUR�SRUHV� �LL��PRUH�ILQH�JUDLQHG�FKDON�PDWUL[�DQG��LLL��OHVV�SRUH�ZDOO�URXJKQHVV���
+HWHURJHQHLWLHV�+HWHURJHQHLWLHV�LQ�WKH�SRURXV�PHGLXP�FDQ�EH�D�VHULRXV�VRXUFH�WR�HUURQHRXV�LQWHUSUHWDWLRQ�RI� ODERUDWRU\� WHVWV�� DQG� JLYH� QRQ�UHSUHVHQWDWLYH� GDWD� IRU� SUHGLFWLQJ� SRWHQWLDO� IRU� ILHOG�DSSOLFDWLRQ��+DPRQ�DQG�9LGDO��������GHPRQVWUDWHG�WKDW�KHWHURJHQHLWLHV�LQ�WKH�SHUPHDELOLW\�RID�UHDO�RXWFURS�VDPSOH�ZDV�OLNHO\�WR�VORZ�GRZQ�WKH�UHFRYHU\�UDWH�FRPSDUHG�WR�WKH�H[SHFWHG�UDWH�IURP� D� FRUUHVSRQGLQJ� KRPRJHQRXV� VDPSOH� +DPRQ� KDV� IXUWKHUPRUH� VKRZHG� WKDW� WKH�ZHWWDELOLW\�RI� WKH� UHVHUYRLU� URFN� LV� OLNHO\� WR�YDU\�FRQVLGHUDEO\�ZLWK� WKH� ORFDWLRQ� LQ� WKH� ILHOG��+DPRQ���������HPSKDVL]LQJ�WKH�LPSRUWDQFH�RI�NQRZLQJ�WKH�RULJLQ�RI�WKH�FRUH�VDPSOHV�WHVWHG�LQ�WKH�ODERUDWRU\�
)OXLG�YLVFRVLWLHV0DWWD[�DQG�.\WH� �������VKRZHG� WKDW�6,�GHFUHDVHG�ZLWK� LQFUHDVLQJ�ZDWHU�YLVFRVLW\��HYHQ�WKRXJK� WKH� RLO�ZDWHU� YLVFRVLW\� UDWLR� ZDV� KHOG� FRQVWDQW�� +RZHYHU�� ODWHU� UHVHDUFKHUV� KDYH�HPSKDVL]HG�WKH�LPSRUWDQFH�RI�LQFOXGLQJ�WKH�RLO�YLVFRVLW\�DV�D�SDUDPHWHU�ZKHQ�GHWHUPLQH�WKH�UDWH�RI�6,��%DEDGDJOL��������%ODLU��������%ULJJV�HW�DO���������&KLPLHQWL�HW�DO���������'RQPH]��������5XWK�HW�DO����������=KRX�HW�DO� �����D��VKRZHG�WKDW�6,�UDWH�LV�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�JHRPHWULFDO�PHDQ�RI�WKH�RLO� DQG�WKH�ZDWHU�YLVFRVLW\�DV�IDU�DV�WKH�PRELOLW\�UDWLR�ZDV�FORVH�WR�XQLW\��7KLV�UHODWLRQVKLS�JDYH�D�WKHRUHWLFDO�MXVWLILFDWLRQ�WR�WKH�ZRUN�E\�=KDQJ�HW�DO� ��������ZKLFK�HVWDEOLVKHG�WKH�VDPH�UHODWLRQVKLS�EDVHG�RQ�HPSLULFDO�GDWD�����
,QLWLDO�ZDWHU�VDWXUDWLRQ�9LNVXQG� HW� DO� ������� SHUIRUPHG� 6,� WHVWV� ZLWK� YDU\LQJ� 6ZL RQ� %HUHD� VDQGVWRQH� DQG� �GLIIHUHQW�FKDON�W\SHV��LQFOXGLQJ�6WHYQV�FKDON�XVHG�LQ�WKLV�VWXG\��7KH�UDWH�RI�6,�ZDV�D�FRPSOH[�IXQFWLRQ�RI�6ZL DQG� WKH\�H[SODLQHG� WKH�YDULDWLRQV� LQ� WKH�ZDWHU� LPELELWLRQ� UDWH� DV�FKDQJHV� LQ�FDSLOODU\� SUHVVXUH� DQG� PRELOLW\� RI� ZDWHU� ZLWK� YDU\LQJ� ZDWHU� VDWXUDWLRQ�� ,QFUHDVHG� ZDWHU�
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VDWXUDWLRQ�GHFUHDVHG� WKH� FDSLOODU\ SUHVVXUH�GULYLQJ� WKH� LPELELWLRQ�� EXW� WKH�PRELOLW\�RI�ZDWHU�LQFUHDVHG� DW� WKH� VDPH� WLPH��+HQFH�� WZR� RSSRVLQJ� HIIHFWV� JRYHUQHG� WKH�6,� UDWH��'HFUHDVH� LQ�FDSLOODU\�SUHVVXUH�VHHPHG�WR�EH�IDVWHU�WKDQ�LQFUHDVH�LQ�PRELOLW\�RI�ZDWHU�IRU�%HUHD�VDQGVWRQH�FRUHV��ZKHUHDV�WKH�RSSRVLWH�SUREDEO\�ZDV�WKH�FDVH�IRU�FKDON�FRUHV�
,)7�JUDGLHQWV��0DUDQJRQL�HIIHFW��7KH� 0DUDQJRQL�HIIHFW� DSSHDUV� ZKHQ� VXUIDFH�DFWLYH� PROHFXOHV� DUH� GLVWULEXWHG� XQHYHQO\�DORQJ�DQ�RLO�ZDWHU�LQWHUIDFH �'XNKLQ�HW�DO����������7KLV�QRQ�XQLIRUP�GLVWULEXWLRQ�FDQ�FDXVH�DQ�,)7� JUDGLHQW� SRLQWLQJ� WRZDUGV� WKH� FHQWHU� RI� WKH� FRUH� VSHHGLQJ� XS� WKH� LPELELWLRQ� UDWH�FRPSDUHG� WR� DQ� LPELELWLRQ� FRQGXFWHG�ZLWK� HTXLOLEULXP� RLO�ZDWHU� VROXWLRQV�� 6HYHUDO� DXWKRUV�KDYH� VXJJHVWHG� 0DUDQJRQL� IORZ� DV� D� PHWKRG� WR� LQFUHDVH� RLO� UHFRYHU\� �&KHQ� HW� DO��� ������/\IRUG�HW�DO�������D��E��3UDWW��������6FKHFKWHU�HW�DO����������
7HPSHUDWXUH7ZR�RSSRVLQJ� HIIHFWV�ZLOO� WDNH�SODFH�ZKHQ�SHUIRUPLQJ�6,� WHVWV� DW� HOHYDWHG� WHPSHUDWXUH��/RZHU� IOXLG� YLVFRVLWLHV� ZLOO� HQKDQFH� RLO� SURGXFWLRQ��ZKHUHDV� GHFUHDVLQJ� RLO�ZDWHU� ,)7�ZLOO�VORZ� GRZQ� WKH� GULYLQJ� IRUFH� IRU� 6,�� 'RQPH]� ������� SHUIRUPHG� 6,� WHVWV� XVLQJ� RLOV� ZLWK�GLIIHUHQW�YLVFRVLWLHV� LQ� WKH� WHPSHUDWXUH� UDQJH��������&��$OO� WHVWV� VKRZHG� LQFUHDVHG� UDWH� DQG�85�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��EXW�WKH�HIIHFW�ZDV�PXFK�PRUH�SURQRXQFHG�IRU�KLJK� WKDQ�ORZ�YLVFRXV�RLOV��7KH� UHGXFWLRQ� LQ�RLO� YLVFRVLW\� VHHPV� WKHUHIRUH� WR�EH� WKH�PRVW� LPSRUWDQW� IDFWRU�JRYHUQLQJ� WKH� 6,� EHKDYLRU� DW� HOHYDWHG� WHPSHUDWXUH�� DV� ORQJ� DV� WKH� YLVFRVLW\� UHGXFWLRQ� LV�VLJQLILFDQW�
�������6FDOLQJ�ODZV,W VKRXOG�EH�PHQWLRQHG�WKDW�PDQ\�RI�WKH�SDUDPHWHUV GHVFULEHG�DERYH�KDYH�EHHQ�FRQQHFWHGWKURXJK� VR�FDOOHG� VFDOLQJ� ODZV�� 7KHVH� VFDOLQJ� ODZV�� ZKLFK� KDYH� XQGHUJRQH� VHYHUDO�LPSURYHPHQWV� �%DEDGDJOL�� ������ .D]HPL� HW� DO��� ������0D� HW� DO��� ������ ������ =KRX� HW� DO�������D�� VLQFH�0DWWD[�DQG�.\WH�EDVHG�RQ� WKH� WKHRUHWLFDO�ZRUN�E\�5DSRSRUW� �������SXEOLVKHG�WKH�ILUVW�RQH�LQ�������H[SUHVV�WKDW�WKH�WLPH�UHTXLUH�WR�UHDFK�WKH�VDPH�UHFRYHU\�OHYHO�VKRXOG EH�WKH�VDPH�IRU�V\VWHPV�KDYLQJ�GLIIHUHQW�FRUH�IOXLG�SURSHUWLHV�DV� ORQJ�DV�FHUWDLQ�FRQGLWLRQV�DUH�IXOILOOHG�� 1R� FRQWULEXWLRQ� IURP� JUDYLW\� IRUFHV WR� WKH� LPELELWLRQ� SURFHVV� LV� RQH� RI� WKHVH�FRQGLWLRQV�� LPSO\LQJ� WKDW� WKH� FRUH� VDPSOH� VKRXOG� EH� VWURQJO\�ZDWHU�ZHW �0DWWD[� DQG�.\WH��������:HWWDELOLW\�FRQGLWLRQV�GLIIHUHQW�IURP�VWURQJO\�ZDWHU�ZHW�KDYH�EHHQ�LQFOXGHG�LQ�WKH�VFDOLQJ�ODZV�E\�LQWURGXFLQJ�D�FRVT WHUP�LQ�WKH�QXPHUDWRU��*XR�HW�DO���������*XSWD�DQG�&LYDQ���������
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,W� LV� DOVR� LQWHUHVWLQJ� WR�QRWLFH� WKDW�;LH�DQG�0RUURZ������� UHFHQWO\�KDYH� UHSRUWHG D VFDOLQJ�ODZ�IRU�6,� LQWR�SRURXV�PHGLD�ZLWK�ZHWWDELOLW\�GLIIHUHQW� IURP�VWURQJO\�ZDWHU�ZHW��ZKLFK�DOVR�LQFOXGHV�WKH�LQIOXHQFH�RI�JUDYLW\�IRUFHV�RQ�WKH�RLO�SURGXFWLRQ�UDWH�
¸̧¹·¨̈©§ U'�TIVPPI � +

�&RZ
2:�&' /J/��I�N/ �NW�JF�W >���@

ZKHUH�W'�F���J�� 'LPHQVLRQOHVV�WLPH�LQFOXGLQJ PZ� :DWHU�YLVFRVLW\���3D�V�FDSLOODU\� DQG JUDYLW\�IRUFHV PR� 2LO�YLVFRVLW\���3D�V�W� ,PELELWLRQ�WLPH���V� VRZ� 2LO�ZDWHU�,)7���1�P�N� 3HUPHDELOLW\���P�� I�T�� :HWWDELOLW\�IDFWRU�����I� 3RURVLW\���IUDFWLRQ� 'U� 'HQVLW\�GLIIHUHQFH�EHWZHHQ/&�� &KDUDFWHULVWLF�OHQJWK���P� RLO�DQG�ZDWHU���NJ�P��J� $FFHOHUDWLRQ�GXH�WR�JUDYLW\�� /+� 9HUWLFDO�KHLJKW�RI�FRUH�VDPSOH���P�� �����P�V��
�����5HVLGXDO�RLO�VDWXUDWLRQ�DIWHU�6,�7KH� HIILFLHQF\� E\�ZKLFK� RLO� LV� GLVSODFHG� IURP� DQ� RLO� UHVHUYRLU� FDQ� EH� TXDQWLILHG� E\� WKH�SRUH�VFDOH�GLVSODFHPHQW�HIILFLHQF\�RU�0'(��(P��GHILQHG�E\�WKH�IROORZLQJ�HTXDWLRQ��0RUURZ��������

RL
RURLP 6 66( � >���@

6RL� ,QLWLDO�RLO�VDWXUDWLRQ����� 6RU� 5HVLGXDO�RLO�VDWXUDWLRQ�����
7KH� XOWLPDWH� SXUSRVH� IRU� DOO� (25�PHWKRGV� DFWLQJ� RQ� WKH� SRUH� VFDOH� OHYHO� LV� WR� UHGXFH� WKH�UHVLGXDO�RLO�VDWXUDWLRQ��6RU��DV�PXFK�DV�SRVVLEOH��7KH�XQGHUO\LQJ�PHFKDQLVPV�IRU�WKH�UHVLGXDO�RLO�VDWXUDWLRQ�FDQ�EDVLFDOO\�EH�GLYLGHG�LQWR�WZR�EURDG�FODVVHV�x 7KH�PDFURVFRSLF�GLVSODFHPHQW�HIILFLHQF\�FDQ�EH�ORZ�GXH�WR�SRRU�UHVHUYRLU�FRQGLWLRQV�OLNH�XQIDYRUDEOH�ZHWWDELOLW\��IUDFWXUHV��LPSHUPHDEOH�OD\HUV�DQG�RWKHU�KHWHURJHQHLWLHVx 7KH�0'( RQ�SRUH�VFDOH�OHYHO�FDQ�EH�ORZ�GXH�WR�FDSLOODU\�WUDSSHG�RU�E\SDVVHG�RLO
�������5HVLGXDO�RLO�VDWXUDWLRQ�PHFKDQLVPV7KH� UHDVRQV� IRU� SRRU� GLVSODFHPHQW� HIILFLHQF\� RQ� SRUH VFDOH� OHYHO� DUH� WKH� WDUJHW� IRU� WKH�GLVFXVVLRQV� LQ� WKLV� VHFWLRQ�� 7KHUH� DUH� EDVLFDOO\� WZR� PHFKDQLVPV� E\� ZKLFK� UHVLGXDO� RLO� LV�WUDSSHG�LQ�WKH�UHVHUYRLU��7KH�ILUVW�LV�D�PHFKDQLVP�UHIHUUHG�WR�DV�E\SDVVLQJ�RI�RLO��ZKHUHDV�WKH�VHFRQG�LV�UHIHUUHG�WR�DV�VQDS�RII�RI�RLO �&KDW]LV�HW�DO��������� :KHQ�GLVFXVVLQJ�SRURXV�PHGLD�RQ�D�PLFURVFRSLF�VFDOH��WKH�IROORZLQJ�GHILQLWLRQV�WDNHQ�IURP�<X�DQG�:DUGODZ��������ZLOO�EH�XVHG�LQ�WKLV�WKHVLV��3RUHV�DUH�ODUJHU�VSDFHV�LQVLGH�WKH�SRURXV�PHGLXP�FRQQHFWHG�WR�HDFK�RWKHU�
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E\� VPDOOHU� VSDFHV�RU� FRQVWULFWLRQV� UHIHUUHG� WR� DV� WKURDWV��3RUHV� DUH�E\�GHILQLWLRQ� ODUJHU� WKDQ�GLUHFWO\�FRQQHFWHG�WKURDWV��EXW�LQ�VRPH�SRURXV�PHGLD�WKH�VPDOOHVW�SRUH�FDQ�EH�VPDOOHU�WKDQ�WKH�ODUJHVW�WKURDW��7KH�SRUH�GLDPHWHU�RU�SRUH�ERG\�GLDPHWHU��'ERG\��FDQ�EH�GHILQHG DV�WKH�GLDPHWHU�RI�WKH�ODUJHVW�VSKHUH�UHVWULFWHG�E\�WKH�SRUH�ZDOOV��ZKLFK�FDQ�EH�LQVFULEHG�LQVLGH�WKH�SRUH�VSDFH��3RUH� WKURDW� GLDPHWHU� �'WKURDW�� LV� WKH� GLDPHWHU� RI� DQ� LQVFULEHG� FLUFOH� LQ� D� SODQH� RI�PLQLPXP�FURVV� VHFWLRQ� EHWZHHQ� WZR� DGMDFHQW� SRUHV�� 7KH� UDWLR� RI� SRUH� ERG\� GLDPHWHU� WR� SRUH� WKURDW�GLDPHWHU� �'ERG\�� 'WKURDW�� LV� FDOOHG� WKH� DVSHFW� UDWLR� �$5��� 7KH� FRQQHFWLYLW\� RU� FRRUGLQDWLRQ�QXPEHU�RI�D�SRUH�LV�WKH�QXPEHU�RI�SRUH�FRQQHFWLRQV�OHDGLQJ�WR�DGMDFHQW�SRUHV���
�������%\SDVV�RI�RLO7KH� SRURXV� PHGLXP� LV� YHU\� KHWHURJHQHRXV� LQ� SRUH� VL]H�� SRUH� WKURDW� GLPHQVLRQV�� $5V��SRUH�ZDOO� URXJKQHVV� DQG� FRRUGLQDWLRQ� QXPEHU �0RKDQW\� HW� DO��� ������� :KHQ� WKH� ZDWHU� LV�IORZLQJ�WKURXJK�ZDWHU�ZHW�SRURXV�PHGLD�FRQWDLQLQJ�RLO��WKH�RLO�FDQ�EH�E\SDVVHG�GXH�WR�VHYHUDO�GLIIHUHQW�XQIDYRUDEOH�SRUH�JHRPHWULHV��7ZR�VXFK�JHRPHWULHV�DUH�VKRZQ�IRU�WKH�SRUH�GRXEOHWV�JHRPHWU\� LQ�)LJXUH� �����7KH�RLO�ZDWHU� LQWHUIDFH� LV�PRYLQJ� IDVWHU� LQ� WKH� VPDOO� SRUH� FDXVLQJ�E\SDVVLQJ�RI�RLO�LQ�WKH�ODUJHU�SRUH�LQ��D���ZKLOH�WKH�RSSRVLWH�LV�VKRZQ�LQ��E���,Q�WKH�ODWWHU�FDVH��WKH� IORZ� SDWWHUQ� RI� WKH� LQMHFWHG� ZDWHU� PD\� DOVR� GHSHQG� RQ� $5�� ZHWWDELOLW\�� SRUH�ZDOO�URXJKQHVV��HGJHV�RI�GXFWV�LQ�DGGLWLRQ�WR�WKH�UDGLXV�RI�WKH�SRUH�

)LJXUH �����%\SDVVLQJ�RI�RLO��D� ,Q�D�ZDWHU�ZHW�V\VWHP��WKHRLO�ZDWHU� LQWHUIDFH� LV� PRYLQJ�IDVWHU LQ� WKH�VPDOO� SRUH� WKDQ� LQ�WKH�ODUJH�SRUH��DQG�WKH�RLO�LQ�WKH�ODWWHU� LV� SDUWO\� E\SDVVHG�� �E� ,Q�DQ�RLO�ZHW�V\VWHP�� WKH�RLO�ZDWHU�LQWHUIDFH�LV�PRYLQJ�IDVWHU�LQ�WKH�ODUJH� SRUH� WKDQ� LQ� WKH� VPDOO�SRUH��E\SDVVLQJ�RLO� LQ� WKH� ODWWHU�RQH��
%\SDVV�RI�RLO� LV� WKH�PRVW� LPSRUWDQW�PHFKDQLVP�FDXVLQJ� WUDSSLQJ�RI�RLO LQ�SRURXV�PHGLD�KDYLQJ� ORZ� $5V� �LQ� WKH� UDQJH� ������ EHFDXVH� VQDS�RII� LV� VXSSUHVVHG� XQGHU� VXFK� FRQGLWLRQV��&KDW]LV�HW�DO����������$V�WKH�$5�LQFUHDVHV��WKH�WUDSSLQJ�PHFKDQLVP�JRHV�WKURXJK�D�WUDQVLWLRQ�ZKHUH� E\SDVVLQJ� RI� RLO� LV� WKH� PRVW� LPSRUWDQW� PHFKDQLVP� WR� VQDS�RII� DV� WKH� GRPLQDQW�PHFKDQLVP�IRU�WUDSSLQJ�UHVLGXDO�RLO��7KH�E\SDVV�PHFKDQLVP�LV�DOVR�WKH�GRPLQDQW�PHFKDQLVP�IRU�JHQHUDWLQJ�UHVLGXDO�RLO�LQ�V\VWHPV�FRQWDLQLQJ�ODUJH�SRUHV��FOXVWHUV�RI�ODUJH�SRUHV��DQG YXJV�DFFHVVLEOH�WKURXJK�VPDOOHU�SRUHV �&KDW]LV�HW�DO���������
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�������6QDS�RII�RI�RLO:KHQ�RLO�LV�IORZLQJ�IURP�RQH�SRUH�LQWR�DQRWKHU�ILOOHG�ZLWK�ZDWHU�WKURXJK�D�QDUURZ�WKURDW��WKH�RLO� VXUIDFH�ZLOO� DW� VRPH�SRLQW�EHFRPH�XQVWDEOH�DQG�D�GURSOHW�ZLOO�GHWDFK� IURP� WKH�PDLQ�EXON�RLO��0RKDQW\�HW�DO���������:DUGODZ���������������7KLV�SURFHVV�LV�UHIHUUHG�WR�DV�VQDS�RII�RI�RLO��)LJXUH ����

)LJXUH �����6QDS�RII�RI�RLO�LQ�SRURXV�PHGLD�%XON�RLO�LV�IORZLQJ�WKURXJK�D�QDUURZ�WKURDW�DQGGURSOHWV�RI�RLO�DUH�UHOHDVHG�E\�VQDS�RII�
6QDS�RII�RI�RLO�LV�D PDMRU PHFKDQLVP�FDXVLQJ�UHVLGXDO�RLO�LQ�SRURXV�PHGLD��HVSHFLDOO\�IRU�VWURQJO\�ZDWHU�ZHW�V\VWHPV��:DUGODZ���������&KDW]LV�HW�DO� �������HVWLPDWHG�WKDW������RI�WKH�WUDSSHG�RLO� LQ�%HUHD� VDQGVWRQH� FRUHV�RFFXUUHG� LQ� VQDS�RII� JHRPHWULHV��7KH�PDLQ�SDUDPHWHUV�JRYHUQLQJ� VQDS�RII� DUH� $5� �&KDW]LV� HW� DO��� ������ <X� DQG� :DUGODZ�� ������� SRUH�ZDOO�URXJKQHVV��/HQRUPDQG�DQG�=DUFRQH��������5RRI���������FRQQHFWLYLW\�RI�WKH�SRUH�V\VWHP��<X�DQG�:DUGODZ���������RLO�ZDWHU�,)7��$UULROD�HW�DO���������:DUGODZ��������DQG�WKH�ZHWWDELOLW\�RI�WKH�SRURXV�PHGLXP��5RRI��������:DUGODZ���������5RRI� ������� VWXGLHG� WKH�SK\VLFDO�PHFKDQLVP�IRU� VQDS�RII�RI�RLO�RQ� WKH� VFDOH�RI�D� VLQJOH�SRUH�E\�SXVKLQJ�RLO� WKURXJK�VWURQJO\�ZDWHU�ZHW�GRQXW�KROH�VKDSHG�WKURDWV��+H REVHUYHG�WKDW�WKH�UDWH�RI�WKH�VQDS�RII�SURFHVV�ZDV�H[WUHPHO\�VHQVLWLYH�WR�WKH�JHRPHWU\�RI�WKH�V\VWHP��DQG�WKH�WLPHIUDPH�UHTXLUHG�IRU�VQDS�RII�WR�RFFXU�ZDV�UHGXFHG�VLJQLILFDQWO\ LI�D�SDVVDJHZD\�IRU�ZDWHU�WR�WKH�SRUH�WKURDW�UHJLRQ�H[LVWHG� )DVW�VXSSO\�RI�ZDWHU�WR�WKLV�UHJLRQ�ZLOO�JURZ�FROODUV�RI�ZDWHU�DQG� WKHUHE\� LQGXFH� VQDS�RII� RI� RLO�� %RWK� KLJK� $5� �0LOWHU�� ������ DQG� LQFUHDVHG� SRUH�ZDOO�URXJKQHVV��5RRI��������ZLOO�SURPRWH�IDVW�VXSSO\�RI�ZDWHU�WR�WKH�SRUH�WKURDW�UHJLRQ��DQG�KHQFH�HQKDQFH�VQDS�RII��7KH�$5�LV��DFFRUGLQJ�WR�&KDW]LV�HW�DO� ��������RI�ILUVW�LPSRUWDQFH�FDXVLQJ�UHVLGXDO�RLO�DQG�WKH�FUHDWLRQ�RI�WKH�ODWWHU�LQ�ZDWHU�ZHW�V\VWHPV�ZLWK�ORZ� DQG�KLJK�$5V�LV�VKRZQ�LQ�)LJXUH������D��DQG �E���UHVSHFWLYHO\�

URN:NBN:no-1285



3DUW���)XQGDPHQWDOV ��

��

)LJXUH �����6HTXHQFHV�RI�SRUHVKDYLQJ�ORZ� DQG�KLJK�$5���D� /RZ$5�DQG�QR�VQDS�RII�RI�RLO���E� +LJK$5�DQG�LQFUHDVHG�WHQGHQF\�WR�VQDS�RII�RI�RLO��5HGUDZQ�IURP�&KDW]LV�HW�DO��������
6ORZHU�VXSSO\�RI�ZDWHU�WR�WKH�SRUH�WKURDW�UHJLRQ�LV�LQ�WKH�VDPH�PDQQHU�H[SHFWHG�WR�EH�WKH�UHDVRQ� IRU� OHVV� VQDS�RII LQ� V\VWHPV� ZLWK� ORZ� RLO�ZDWHU� ,)7� RU� ZHWWDELOLW\� FORVH� WR� QHXWUDO��:DUGODZ��������REVHUYHG�ORZHU�WHQGHQF\�WR�VQDS�RII�ZKHQ�SHUIRUPLQJ�LPELELWLRQ�WHVWV� LQWR�JODVV�WXEH� PDWHULDO ZLWK� GHFUHDVLQJ� ZDWHU�ZHWQHVV�� ,W� ZDV� DVVXPHG� WKDW� WKH� ZHWWLQJ� SKDVH�LQYDGHG WKH�SRUHV�DW�D�PXFK�VORZHU�UDWH�FORVH�WR�QHXWUDO�ZHW�FRQGLWLRQ� FRPSDUHG�WR�VWURQJO\�ZDWHU�ZHW�FRQGLWLRQ��7KH�RLO�ZDWHU LQWHUIDFH�FRXOG WKHUHIRUH�PRYH�WKURXJK�WKH�SRUH�ERG\�LQ�D�PRUH�SLVWRQ�OLNH�PDQQHU DQG�PRVW�RI�WKH�RLO�FRXOG�EH�GLVSODFHG�IURP�WKH�SRUH�EHIRUH�HQRXJK�ZDWHU�KDG UHDFKHG�WKH�FULWLFDO�WKURDW�UHJLRQ�WR�JURZ�D�FROODU�RI�ZDWHU�DQG�VQDS�RII�RFFXUUHG�5HGXFHG�RLO�ZDWHU�,)7�LV�OLNHZLVH�OLNHO\�WR GHFUHDVH�WKH�WHQGHQF\ IRU�VQDS�RII�GXH�WR�UHGXFHG�FDSLOODU\ IRUFHV �/HQRUPDQG�DQG�=DUFRQH��������5RRI��������6�������6FKHFKWHU�HW�DO���������

&KDSWHU����6XUIDFWDQWV��7\SHV��SKDVH�EHKDYLRU��LRQ�SDLU�IRUPDWLRQ�DQG�VWDELOLW\�����7\SHV�RI�VXUIDFWDQWV6XUIDFWDQWV� DUH� DPSKLSKLOLF� PROHFXOHV� FRQWDLQLQJ WZR� SDUWV� ZLWK� GLIIHUHQW� SURSHUWLHV�WRZDUGV� ZDWHU�� 7KH� XVXDO� VWUXFWXUH� LV� D� ORQJ� K\GURSKRELF� K\GURFDUERQ� FKDLQ� ERQGHG� WR� D�K\GURSKLOLF� JURXS� FKDUJHG� RU� QRQ�FKDUJHG� �RIWHQ� UHIHUUHG� WR� DV� WKH� KHDG�JURXS��� 7KH�K\GURFDUERQ� FKDLQ� FDQ� EH� VDWXUDWHG� RU� QRW�� VWUDLJKW�� EUDQFKHG�� RU� DURPDWLF�� 6XUIDFWDQWV� DUH�XVXDOO\� FODVVLILHG� DFFRUGLQJ� WR� WKH� FKDUJH� RI� WKH� K\GURSKLOLF� JURXS� LQ� WKH�PROHFXOH�� ,I� WKH�K\GURSKLOLF� SDUW� LV� QHJDWLYHO\� RU� SRVLWLYHO\� FKDUJHG� WKH� VXUIDFWDQW� LV� FDOOHG� DQLRQLF� DQG�FDWLRQLF�� UHVSHFWLYHO\�� ,I� WKH� K\GURSKLOLF� SDUW� RQO\� FRQWDLQV� SRODU� JURXSV�� WKH� VXUIDFWDQW� LV�FDOOHG� QRQ�LRQLF�� 7KH� VXUIDFWDQW� FDQ� DOVR� FRQWDLQ� ERWK� QHJDWLYHO\� DQG� SRVLWLYHO\� FKDUJHG�JURXSV�ZLWKLQ�WKH�VDPH�PROHFXOH�DQG�WKH\�DUH�WKHQ�FODVVLILHG�DV�]ZLWWHU�LRQLF�VXUIDFWDQWV�,W� LV� ZHOO� NQRZQ� WKDW� FDWLRQLF� DQG� DQLRQLF� VXUIDFWDQWV� KDYH� WKH� DELOLW\� WR� LQWHUDFW� DQG�FUHDWH�VR�FDOOHG�LRQ�SDLUV��(NVERUJ�HW�DO����������6XFK�VXUIDFWDQW�V\VWHPV�KDYH�UHFHQWO\�EHHQ�
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VWXGLHG� LQ� PRUH� GHWDLO� DQG� WKH\� DUH� UHIHUUHG� WR� DV� FDWDQLRQLF� VXUIDFWDQW� PL[WXUHV� LQ� WKH�FKHPLFDO�OLWHUDWXUH��-RNHOD�HW�DO���������.DUOVVRQ��������.KDQ�DQG�0DUTXHV���������.KDQ�DQG�0DUTXHV��������GHILQH�WKHP�DV�D�QHZ�FODVV�RI�VXUIDFWDQWV�DQG�WKH\�DUH�EHOLHYHG�WR�SOD\�D�NH\�UROH LQ�WKH�PHFKDQLVP�H[SODLQLQJ WKH�ZHWWDELOLW\�DOWHUDWLRQ�SURFHVV�SXW�IRUZDUG�LQ�WKLV�WKHVLV��7KH�WHUPV��FDWDQLRQLF�PL[WXUHV�DQG�VXUIDFWDQW� LRQ�SDLUV��ZLOO�EH�XVHG�LQWHUFKDQJHDEOH�LQ� WKLV�WKHVLV��([DPSOHV�RI�WKH�GLIIHUHQW�W\SHV�RI�VXUIDFWDQWV�DUH�
$QLRQLF� VXUIDFWDQWV�� DON\OVXOIRQDWHV�� 5�62��1D��� DON\OHWKR[\VXOIRQDWHV� 5��2&+��&+��[�62��1D���DON\OHWKR[\�SURSR[\VXOIRQDWHV�5��2&+��&+��&+��[��2&+��&+��\�62��1D���DON\OVXOIDWHV�5�2�62��1D� DQG�IDWW\�DFLGV�5�&22�1D�&DWLRQLF� VXUIDFWDQWV�� TXDWHUQDU\� DPPRQLXP� VDOWV�� 5�1�&+����%U��� DQG� ORQJ� FKDLQ� SULPDU\�DPLQHV��5�1+��&O�1RQ�LRQLF�VXUIDFWDQWV��HWKR[\ODWHG�DOFRKROV��5�&+���&�+�2�Q�2+=ZLWWHU�LRQLF�VXUIDFWDQWV��VXOIREHWDLQHV��51��&+����&+��Q62��&DWDQLRQLF�VXUIDFWDQWV��LRQ�SDLU���DON\OWULPHWK\ODPPRQLXP�DON\OFDUER[\ODWH��>5��1��&+����@�>5��&22�@
�����2LO�ZDWHU�,)7�DQG�FULWLFDO�PLFHOOH�FRQFHQWUDWLRQ��&0&�6XUIDFWDQWV�ZLOO�DFFXPXODWH�DW�WKH�RLO�ZDWHU�LQWHUIDFH�DQG�RULHQW�WKH�FKDUJHG�KHDG�JURXSV�WRZDUGV�WKH�ZDWHU�SKDVH�DQG�WKH�K\GURSKRELF�K\GURFDUERQ�WRZDUGV�WKH�RLO�SKDVH��,)7�EHWZHHQ�UHILQHG� RLOV� DQG� ZDWHU� LV� W\SLFDOO\� LQ� WKH� UDQJH� IURP� ������ P1�P�� 7KHVH� YDOXHV� FDQ� EH�ORZHUHG�VLJQLILFDQWO\�E\�DGGLWLRQ�RI�VXUIDFWDQWV��DQG�XOWUD�ORZ�RLO�ZDWHU� ,)7�YDOXHV�GRZQ�WR�DERXW��[���� P1�P�KDYH�EHHQ�UHSRUWHG�DIWHU�DGGLWLRQ�RI�VXUIDFWDQWV��)RVWHU��������0LOWHU�DQG�$XVWDG�� ����E�� :LOVRQ� DQG� %UDQGHU�� ������� 6HSDUDWH� VXUIDFWDQW� PROHFXOHV� LQ� VROXWLRQ� DUH�RIWHQ� UHIHUUHG� WR� DV�PRQRPHUV��:KHQ� LQFUHDVLQJ� WKH�PRQRPHU� FRQFHQWUDWLRQ� WKH� VXUIDFWDQW�PROHFXOHV�ZLOO�VSRQWDQHRXVO\�DJJUHJDWH�LQWR�ODUJHU�DJJUHJDWHV�FDOOHG�PLFHOOHV�DW�VRPH�VSHFLDO�FRQFHQWUDWLRQ� FDOOHG� WKH� FULWLFDO� PLFHOOH� FRQFHQWUDWLRQ� �&0&��� ,I� WKH� FRQFHQWUDWLRQ� RI� WKH�VXUIDFWDQW� LV�QRW� WRR�KLJK�� WKH�PLFHOOH�DJJUHJDWHV�ZLOO�KDYH�D� VSKHULFDO� VKDSH� �+LHPHQ]�DQG�5DMDJRSDODQ��������ZKHUH�WKH�FKDUJHG�KHDG�RI�WKH�PROHFXOH�ZLOO�SRLQW�RXW�WRZDUGV�WKH�ZDWHU�SKDVH� DQG� WKH� K\GURSKRELF� HQGV�ZLOO� FUHDWH� D� K\GURSKRELF� HQYLURQPHQW� LQ� WKH� LQQHU� RI� WKH�PLFHOOH��)LJXUH���� VKRZV�D�VSKHUH�PLFHOOH��D� DQG�D�F\OLQGULFDO�PLFHOOH��E���UHVSHFWLYHO\��7KH�ODWWHU�RQH�FDQ�EH�FUHDWHG�DW�KLJKHU�VXUIDFWDQW�FRQFHQWUDWLRQV�
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)LJXUH �����0LFHOOHV�ZLWKGLIIHUHQW�VWUXFWXUHV���D��6SKHULFDOPLFHOOH���E��&\OLQGULFDO�PLFHOOH�
7KH� PRQRPHU� FRQFHQWUDWLRQ� VWD\V� DOPRVW� FRQVWDQW� DERYH� &0&�� DQG� DGGLWLRQ� RI� PRUH�VXUIDFWDQW� ZLOO� RQO\� LQFUHDVH� WKH� QXPEHU� RI� PLFHOOHV� RU� WKH� VL]H� RI� SUHH[LVWLQJ� PLFHOOHV��DJJUHJDWLRQ�QXPEHU���)RU�WKLV�UHDVRQ��WKHUH�LV�D�VKDUS�DEUXSW�LQ�PDQ\�SK\VLFDO�SURSHUWLHV�IRU�VROXWLRQV�ZKHQ�SDVVLQJ�WKURXJK�WKH�&0&��(OHFWULF�FRQGXFWLYLW\�DQG�RLO�ZDWHU�,)7��VKRZQ�RQ�)LJXUH� ���� ZLOO� OHYHO� RII� DQG� VWD\� DOPRVW� FRQVWDQW� DERYH� &0&�� EHFDXVH� WKH� QXPEHU� RI�PRQRPHUV�FRQWULEXWLQJ�WR�WKH�FRQGXFWLYLW\�DQG�WKH�SDFNLQJ�GHQVLW\�DW�WKH�RLO�ZDWHU�LQWHUIDFH�DUH�DOPRVW�WKH�VDPH�DERYH�WKH�&0&���

)LJXUH������&KDQJH�LQ�SK\VLFDO�SURSHUWLHV�IRU�VXUIDFWDQW�VROXWLRQV�H[FHHGLQJ�WKH�&0&��2LO�ZDWHU�,)7�DQG�HOHFWULFDO�FRQGXFWLYLW\�RQ�WKH�OHIW�DQG�WKH�ULJKW�D[LV�UHVSHFWLYHO\��

)RU� LRQLF� VXUIDFWDQWV�� WKH� IRUPDWLRQ� RI� PLFHOOHV� LV� XVXDOO\� DQ� H[RWKHUPLF� SURFHVV�� DQG�&0&�ZLOO�WKHUHIRUH�LQFUHDVH�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��=DQD���������7KH�RSSRVLWH�WUHQG�LV�XVXDOO\� WKH� FDVH� IRU�QRQ�LRQLF� VXUIDFWDQWV� �(YDQV� DQG�:HQQHUVWU|P���������7KH�&0&� IRU� D�JLYHQ� VXUIDFWDQW� LV� DOVR� GHSHQGLQJ� RQ� VDOLQLW\� RI� WKH�ZDWHU� SKDVH� DQG� WKH� SUHVHQFH� RI� RWKHU�SRODU�RU�VXUIDFH�DFWLYH�PROHFXOHV��FR�VXUIDFWDQWV���7KH�HIIHFW�RQ�&0&�IURP�DGGLWLRQ�RI�VDOW�LV�ODUJHVW�IRU�LRQLF�VXUIDFWDQWV��,RQV�ZLWK�RSSRVLWH�FKDUJH�RI�WKH�KHDG�JURXS�DUH�DEOH�WR�VFUHHQ�WKH�HOHFWULF�UHSXOVLRQ�EHWZHHQ�KHDG�JURXSV�LQ�WKH�PLFHOOHV�DQG�WKHUHE\�ORZHU�WKH�HOHFWULFDO�EDUULHU�WRZDUGV�PLFHOOHV� IRUPDWLRQ��7KH� UHVXOW� LV� D� ORZHULQJ� LQ� WKH�&0&�YDOXH�ZLWK� LQFUHDVLQJ�VDOW�FRQWHQW��7KH�VDPH�HIIHFW�ZLOO�DOVR�FDXVH�D�FORVHU�SDFNLQJ�RI�VXUIDFWDQW�PROHFXOHV�DW� WKH�RLO�ZDWHU� LQWHUIDFH� LPSO\LQJ� D� GHFUHDVH� LQ RLO�ZDWHU� ,)7� ZLWK� LQFUHDVLQJ� VDOLQLW\�� &0&� DOVR�GHFUHDVHV� ZLWK� LQFUHDVLQJ� K\GURFDUERQ� FKDLQ� OHQJWK� IRU� VXUIDFWDQWV� FRQWDLQLQJ� WKH� VDPH�K\GURSKLOLF�KHDG�JURXS��0¡UN��������
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,W�LV�LPSRUWDQW�WR�QRWLFH�WKDW�FDWDQLRQLF�VXUIDFWDQW�PL[WXUHV�VKRZ�ODUJH�V\QHUJLVWLF�HIIHFWV�RQ�FHUWDLQ�SDUDPHWHUV�FRPSDUHG�WR�WKRVH�RI�WKH�LQGLYLGXDO�VXUIDFWDQWV�IURP�ZKLFK�WKH�PL[WXUH�LV�FUHDWHG��5HGXFHG�RLO�ZDWHU�,)7�DQG�PXFK�ORZHU�&0&�YDOXHV�FDQ�RFFXU�LQ�GLOXWHG�VROXWLRQV�RI�WKHVH�VXUIDFWDQWV��+ROODQG�DQG�5XELQJK��������.KDQ�DQG�0DUTXHV��������5RVHQ��������
�����3KDVH�EHKDYLRU6ROXWLRQV�FRQWDLQLQJ�PLFHOOHV�KDYH�WKH�DELOLW\�WR�VROXELOL]H�RLO FRPSRQHQWV�LQ�WKH�LQWHULRU�RI�WKH�PLFHOOHV�GXH�WR�WKH�K\GURSKRELF�HQYLURQPHQW��0LFHOOHV�LQFOXGLQJ�PRUH�WKDQ�RQH�W\SH�RI�PROHFXOHV�DUH�FDOOHG�PL[HG�PLFHOOHV��7KH�FDSDFLW\�IRU�D�JLYHQ�VXUIDFWDQW�WR�VROXELOL]H�RUJDQLF�FRPSRQHQWV�LQWR�WKH�PLFHOOHV�LV�GHSHQGLQJ�RQ�VXUIDFWDQW�FRQFHQWUDWLRQ�DQG�IDFWRUV�SURPRWLQJ�PLFHOOH�IRUPDWLRQ��5RVHQ���������+LJKHU�FRQFHQWUDWLRQ�RI�PLFHOOHV�ZLOO�LQFUHDVH�WKH�FDSDFLW\�WR�VROXELOL]H�RUJDQLF�PDWHULDO�LQWR�WKH�PLFHOOHV��$GGLWLRQ�RI�VDOW�WR�LRQLF�VXUIDFWDQWV�ZLOO�ORZHU�&0&� DQG� OLNHZLVH� LQFUHDVH� WKH� VROXELOLW\� RI� VROXELOL]DWHV�� &RQWUDU\�� DQ� LQFUHDVH� LQ�WHPSHUDWXUH�XVXDOO\�LQFUHDVHV�WKH�&0&�DQG�OHVV�PDWHULDO�FDQ�EH�VROXELOL]HG�LQWR�WKH�PLFHOOHV��:KHQ�PL[LQJ� DQ� DTXHRXV�SKDVH� FRQWDLQLQJ� VXUIDFWDQW�ZLWK� D� FRQFHQWUDWLRQ� DERYH� WKH�&0&�WRJHWKHU�ZLWK�DQ�RLO�SKDVH� VHYHUDO�GLIIHUHQW�VFHQDULRV�FDQ�WDNH�SODFH�x 7KH�VXUIDFWDQW�VWD\V�PDLQO\�LQ�WKH�ZDWHU�SKDVH�DQG�RLO�LV�VROXELOL]HG�LQWR�WKH�PLFHOOHV�$Q�RLO�LQ�ZDWHU�PLFURHPXOVLRQ�WRJHWKHU�ZLWK�DQ�H[FHVV�RLO�SKDVH�H[LVWV�DW�HTXLOLEULXP��6XFK�V\VWHPV�DUH�FDOOHG�7\SH�,,���x 0RVW� RI� WKH� VXUIDFWDQW� FDQ� SDUWLWLRQ� LQWR� WKH� RLO� SKDVH� DQG� VROXELOL]H�ZDWHU� LQWR� WKH�LQYHUWHG� PLFHOOHV� LQ� WKH� RLO� SKDVH�� $� ZDWHU�LQ�RLO� PLFURHPXOVLRQ� WRJHWKHU� ZLWK� DQ�H[FHVV�ZDWHU�SKDVH�H[LVWV�DW�HTXLOLEULXP��6XFK�V\VWHPV�DUH�FDOOHG�7\SH�,,���x 7KH�VXUIDFWDQW�VWD\V�PDLQO\�LQ�D�VXUIDFWDQW�ULFK�PLGGOH�SKDVH��ZKHUH�ERWK�RLO�DQG�ZDWHU�DUH�DVVXPHG�WR�EH�FRQWLQXRXV��ELFRQWLQXRXV���7KH�PLGGOH�SKDVH�LV�LQ�HTXLOLEULXP�ZLWK�ERWK�H[FHVV�ZDWHU�DQG�RLO��6XFK�V\VWHPV�DUH�FDOOHG�7\SH�,,,

7KH�WKUHH�V\VWHPV�DUH�LOOXVWUDWHG LQ�)LJXUH������$�,,����V\VWHP�LV�VKRZHG�WR�WKH�OHIW�LQ��D��W\SH ,,,�V\VWHP�LQ�WKH�PLGGOH��E� DQG�W\SH�,,����WR�WKH�ULJKW��F�� :DWHU�VROXEOH�VXUIDFWDQWV�DUH�WKH�PRVW�IUHTXHQWO\�XVHG�LQ�FRQQHFWLRQ�ZLWK�(25��DQG�DOO�V\VWHPV�LQFOXGLQJ�VXUIDFWDQWV�DUH�RI�W\SH ,,����LQ�WKLV�WKHVLV�
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)LJXUH �����3KDVH�V\VWHPVJHQHUDWHG�XSRQ�PL[LQJ�RLO�ZDWHU� DQG� VXUIDFWDQW�� �D� 7\SH�,,����V\VWHP���E� 7\SH�,,,�V\VWHP���F� 7\SH�,,����V\VWHP��5HGUDZQ�DIWHU 9HJJHODQG� DQG� /RKQH��������
�����3DUWLWLRQLQJ�RI�VXUIDFWDQWV�LQWR WKH�RLO�SKDVH�DV�FDWDQLRQLF�PL[WXUHV�RU�LRQ�SDLUV�������3DUWLWLRQLQJ�FRHIILFLHQW6RPH�RI� WKH� VXUIDFWDQW�PROHFXOHV�FDQ�SDVV� WKH�RLO�ZDWHU� LQWHUIDFH�DQG� WUDQVIHU� WR� WKH�RLO�SKDVH LQ�D�,,����V\VWHP� 7KHUH�ZLOO�EH�HVWDEOLVKHG�D�GLVWULEXWLRQ�RI�WKH�VXUIDFWDQW EHWZHHQ�WKH�RLO� DQG� WKH� ZDWHU� SKDVH�� DQG� WKH� UHODWLYH� DPRXQW� RI� WKH� VXUIDFWDQW� LQ� HDFK� SKDVH� FDQ� EH�FKDUDFWHUL]HG� E\� WKH� SDUWLWLRQLQJ� FRHIILFLHQW�� .�� )RU� D� FRPSOH[� FUXGH� RLO�EULQH� V\VWHP�� D�VXUIDFWDQW�DGGHG�WR�WKH�V\VWHP�PD\�EH�LQYROYHG�LQ�GLIIHUHQW�HTXLOLEULXPV��DVVRFLDWLRQV��HWF���LQ�WKH� WZR�SKDVHV��7KH� WRWDO� DPRXQW�RI� WKH� VXUIDFWDQW� LQ� WKH�ZDWHU�SKDVH�ZDV� DQDO\]HG�GXULQJ�H[SHULPHQWDO� ZRUN�� DQG� WKH� SDUWLWLRQLQJ� FRHIILFLHQW� LV� WKHUHIRUH� GHILQHG� DV� WKH� WRWDO�FRQFHQWUDWLRQ� RI� WKH� VXUIDFWDQW� LQ� WKH� RLO� SKDVH� GLYLGHG� E\� WKH� WRWDO� FRQFHQWUDWLRQ� RI� WKH�VXUIDFWDQW�LQ�WKH�ZDWHU�SKDVH��7KXV�

ZDWHUSKDVH
RLOSKDVHFF.  >���@

FRLOSKDVH� 7RWDO�FRQFHQWUDWLRQ�RI�WKH�VXUIDFWDQW LQ�WKH�RLO�SKDVH���PROH�O�FZDWHUSKDVH� 7RWDO�FRQFHQWUDWLRQ�RI�WKH�VXUIDFWDQW LQ�WKH�ZDWHU�SKDVH���PROH�O�
�������,RQ�SDLU��FDWDQLRQLF�PL[WXUHV��IRUPDWLRQ&DWLRQLF� DQG�DQLRQLF�VXUIDFWDQWV� LQ�PL[WXUH�DUH�DEOH� WR� LQWHUDFW�VWURQJO\�DQG�FUHDWH� LRQ�SDLUV� RU� FDWDQLRQLF� VXUIDFWDQWV� �&DULD� DQG�.KDQ�� ������ -RNHOD� HW� DO��� ������.DUOVVRQ�� ������.KDQ�DQG�0DUTXHV���������(OHFWURVWDWLF�DWWUDFWLRQ� LV� WKH�PDLQ�GULYLQJ� IRUFHV� IRU�FUHDWLRQ�RI�LRQ�SDLUV�� EXW� K\GURSKRELF� DVVRFLDWLRQ� KDV� DOVR� EHHQ� VKRZQ� WR� EH� LPSRUWDQW�� HVSHFLDOO\� IRU�VXUIDFWDQW� LRQV� KDYLQJ� ODUJH� K\GURSKRELF� JURXSV� �0XNKD\HU� DQG�'DYLV�� ����� 6PLWK�HW� DO����������,RQ�SDLUV�ZLOO�XVXDOO\�SUHFLSLWDWH�LQ�ZDWHU�GXH�WR�ORZ�VROXELOLW\�DQG�WKH\�DUH�OLNHO\�WR�WUDQVIHU�WR�DQ�ROHLF�SKDVH�LI�LW�LV�DYDLODEOH��7KLV�WHFKQLTXH�KDV�EHHQ�ZLGHO\�DSSOLHG�LQ�FKHPLFDO�
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DQDO\VLV� OLNH�WZR�SKDVH�WLWUDWLRQ��&URVV������� DQG�LRQ�SDLU�FKURPDWRJUDSK\��(NVERUJ�HW�DO����������,RQ�SDLU�IRUPDWLRQ�FDQ�EH�LOOXVWUDWHG�E\�WKH�HTXDWLRQ �(NVERUJ�HW�DO���������
RUJDTDT 4;;4 l� �� >���@4DT�� &DWLRQ�LQ�WKH�ZDWHU�SKDVH;DT� � 1HJDWLYH�FRXQWHU�LRQ�LQ�WKH�ZDWHU�SKDVH4;RUJ� ,RQ�SDLU�FDWDQLRQLF�PL[WXUH�LQ�WKH�RUJDQLF�SKDVH

7KH�GHJUHH�RI�SDUWLWLRQLQJ�LQWR�WKH�RLO�SKDVH�LV�VWURQJO\�GHSHQGLQJ�RQ�WKH�LRQ�SDLU�DQG�WKH�FRPSRVLWLRQ�RI� WKH�RLO�SKDVH�� ,QFUHDVHG�SRODULW\�RI� WKH�RLO�SKDVH� LV�H[SHFWHG� WR� LQFUHDVH� WKH�SDUWLWLRQLQJ�FRHIILFLHQW�. �(NVERUJ�HW�DO���������
�����&KHPLFDO�VWDELOLW\�RI�FDWLRQLF�VXUIDFWDQWV&KHPLFDO� GHJUDGDWLRQ�RI� VXUIDFWDQWV� FDQ�EH� D�SUREOHP� LQ�KLJK�WHPSHUDWXUH�KLJK� VDOLQLW\�UHVHUYRLUV� �%DYLqUH�� �������4XDWHUQDU\� DPPRQLXP�VDOWV� KDYH� LQ�JHQHUDO� KLJK� VDOW� WROHUDQFH��EXW�DPPRQLXP�K\GUR[LGHV�KDYH�EHHQ�VKRZQ�WR�EH�XQVWDEOH�DQG�XQGHUJR�FKHPLFDO�GHJUDGDWLRQ�DW�WHPSHUDWXUHV�LQ�WKH����������&�UDQJH��7KH�GHJUDGDWLRQ�UHDFWLRQ�LV�DQ�H[DPSOH�RI�+RIPDQQ�HOLPLQDWLRQ�UHDFWLRQ��/DXH�DQG�3ODJHQV��������

>���@
,Q�D�QHXWUDO�VROXWLRQ��KRZHYHU��WKH�FDWLRQLF�VXUIDFWDQW�LV�SUREDEO\�TXLWH�VWDEOH�ZHOO�DERYH������&�IRU�D�ORQJ�WLPH�
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3DUW���([SHULPHQWDO
&KDSWHU����$SSDUDWXV��HTXLSPHQW�DQG�FKHPLFDO�DQDO\VLV�����$SSDUDWXV�IRU�PHDVXULQJ�IOXLG� DQG�LQWHUIDFLDO�SURSHUWLHV'HQVLW\� RI� WKH� IOXLGV� ZDV� PHDVXUHG� ZLWK� $QWRQ� 3DDU� '0$� ����� 'HQVLW\� 0HWHU� DQG�YLVFRVLWLHV�ZLWK�3DDU�3K\VLFD�8'6�����0(7(5��S+�RI�DTXHRXV�VROXWLRQV�ZDV�PHDVXUHG�XVLQJ�S+0� ��� /$%� S+�0(7(5��2LO�ZDWHU� ,)7�ZDV� GHWHUPLQHG�ZLWK�'X�1RX\� ULQJ�WHQVLRPHWHU��6WUDQG�� ������� ZKHUHDV� WKH� VSLQQLQJ� GURS� WHFKQLTXH� ZDV� XVHG� ZKHQ� PHDVXULQJ� ORZ� ,)7�YDOXHV� EHWZHHQ� RLO� DQG� DTXHRXV� VXUIDFWDQW� VROXWLRQV�� 7KH� RLO�ZDWHU� ,)7�ZDV� DOVR� HYDOXDWHG�TXDOLWDWLYHO\�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�XVLQJ�WKH�SHQGDQW�GURS�WHFKQLTXH��3�9,��6�������$VSKDOWHQHV� LQ� WKH� FUXGH� RLOV� ZHUH� SUHFLSLWDWHG� ZLWK� H[FHVV� RI� KHSWDQH� �UDWLR� ����� E\�YROXPH��DQG�GHWHUPLQHG�E\�ZHLJKW��3�,���7KH�RLO�FRPSDQLHV�SURYLGLQJ�WKH�VDPSOHV�JDYH�WKH�ZD[�IRUPDWLRQ�WHPSHUDWXUH�IRU�WKH�GLIIHUHQW�FUXGH�RLOV�DQG�:HVW�/DE�6HUYLFHV�$6�GHWHUPLQHG�DFLG� DQG�EDVH�QXPEHUV�DFFRUGLQJ�WR�WKH�$670�'�����VWDQGDUG�
�����&RUH�IORRGLQJ�HTXLSPHQW$OO�FRUH�IORRGV�FRQQHFWHG�WR�FRUH�SUHSDUDWLRQ�ZHUH�SHUIRUPHG�XVLQJ�D�+DVVOHU�FRUHKROGHU�DQG� D�*LOVRQ�+LJK�3HUIRUPDQFH�/LTXLG�&KURPDWRJUDSK\� �+3/&��SXPS��H[FHSW� IRU� VRPH�RI�WKH�GRORPLWH�FRUH�WHVWV��ZKHUH�JDV�ZDV�XVHG�WR�GLVSODFH�WKH�RLO�WKURXJK�WKH�FRUH��7KH�RLO�IORRGV�ZHUH�XVXDOO\�SHUIRUPHG�ZLWK�D�GLIIHUHQWLDO�SUHVVXUH�RI����EDU�RYHU�WKH�FRUH��DQG�DQ�RYHUEXUGHQ

)LJXUH������([SHULPHQWDO�HTXLSPHQW�DQG�VHWXS�IRU�SUHSDUDWLRQ�RI�FRUHV�IRU�6,�WHVWV�
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SUHVVXUH� QRW� H[FHHGLQJ� ��� EDU�� 0RUH� GHWDLOHG� GHVFULSWLRQV� RI� WKH� IORRGLQJ� SURFHGXUHV� DUH�JLYHQ�LQ�WKH�GLIIHUHQW�SDSHUV��7KH�H[SHULPHQWDO�VHWXS�IRU�WKH�IORRGLQJ�SURFHGXUH�LV�VKRZQ�LQ�)LJXUH�����
�����6,�WHVW�HTXLSPHQW$OO� ORZ�WHPSHUDWXUH��d ����&��6,� WHVWV�ZHUH�FRQGXFWHG�LQ�VWDQGDUG�$PRWW�FHOOV��ZKHUHDV�KLJK�WHPSHUDWXUH� WHVWV� �!� ��� �&��ZHUH� FRQGXFWHG� LQ� FORVHG� SUHVVXUH� ERWWOHV� RI�PHWDO�� 6KRUW�FRUHV� ����� FP� ORQJ��ZHUH�SODFHG� LQ�D�YHUWLFDO�SRVLWLRQ� LQ� WKH�$PRWW�FHOO�SUHVVXUH�ERWWOH�DQG�VXUURXQGHG�E\�����DQG����PO�RI� LPELELWLRQ� IOXLG�� UHVSHFWLYHO\��/RQJ�FRPSRVLWH�FKDON�FRUHV�������� FP� ORQJ�� ZHUH� VWRUHG� LQ� D� UDFN�� ZKLFK� ZDV� SODFHG� LQWR� D� ORQJ� $PRWW� FHOO�� 7KH�FRPSRVLWH� FRUH� ZDV� VXUURXQGHG� E\� DSSUR[LPDWHO\� ���� PO� OLTXLG�� )LJXUH� ���� �D� VKRZV� D�SLFWXUH� RI� D� VKRUW� $PRWW� FHOO� FRQWDLQLQJ� D� VKRUW� FKDON� FRUH� DQG� WKH� UDFN� XVHG� IRU� ORQJ�FRPSRVLWH� FRUHV� LV� VKRZQ� LQ� )LJXUH� ���� �E� WRJHWKHU� ZLWK� D� FKDON� FRUH�� 0RUH� GHWDLOHG�LQIRUPDWLRQ�DERXW�WHPSHUDWXUHV�DQG�WHVW�SURFHGXUHV�DUH�JLYHQ�LQ�WKH�DFWXDO�SDSHU�

)LJXUH�������D� 6,�WHVW�LQ�D�VKRUW�$PRWW�FHOO���E� 5DFNIRU�PRXQWLQJ�ORQJ�FRPSRVLWH�FRUHV�IURP�VHYHUDO�VKRUWFRUHV�SODFHG�RQ�WRS�RI�HDFK�RWKHU��WRJHWKHU�ZLWK�D�FKDON�FRUH�
�����6XUIDFWDQW�SDUWLWLRQLQJ�H[SHULPHQWV3DUWLWLRQLQJ� H[SHULPHQWV�ZHUH� SHUIRUPHG�E\� HTXLOLEUDWLQJ� HTXDO�YROXPHV�RI� WKH�RLO� DQG�WKH�ZDWHU�SKDVH��)DWW\�DFLGV�ZHUH�GLVVROYHG� LQ� WKH�RLO�SKDVH�DQG�WKH�VXUIDFWDQWV� LQ� WKH�ZDWHU�SKDVH�� EHIRUH� EULQJLQJ� WKH� WZR� IOXLGV� WRJHWKHU� LQ� D� VHSDUDWRU\� IXQQHO�� S+� ZDV� DGMXVWHG� E\�DGGLQJ�VPDOO� DPRXQWV�RI�+&O�RU�1D2+��7KH� WRWDO� DPRXQW�RI� VXUIDFWDQWV� LQ� WKH�ZDWHU�SKDVH�ZDV� GHWHUPLQHG� E\� WZR�SKDVH� WLWUDWLRQ�� DQG� WKH� DPRXQW� SUHVHQW� LQ� WKH� RLO� SKDVH� ZDV�GHWHUPLQHG� E\�PDWHULDO� EDODQFH�� 7KH� SDUWLWLRQLQJ� H[SHULPHQWV� ZHUH� DOZD\V� SHUIRUPHG�ZLWK�HTXDO� YROXPHV� RI�RLO� DQG�ZDWHU�� VR� WKH�SDUWLWLRQLQJ� FRHIILFLHQW�.�RI� WKH� VXUIDFWDQW� FRXOG�EH�H[SUHVVHG�DV��66���������
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>���@
FZDWHUSKDVH� 7RWDO�FRQFHQWUDWLRQ�RI�WKH�VXUIDFWDQW�LQ�WKH�ZDWHU�SKDVH���PROH�O�FRLOSKDVH� 7RWDO�FRQFHQWUDWLRQ�RI�WKH�VXUIDFWDQW�LQ�WKH�RLO�SKDVH���PROH�O�QZDWHUSKDVH� 7RWDO�QXPEHU�RI�VXUIDFWDQWV�LQ�WKH�ZDWHU�SKDVH���PROH�QRLOSKDVH� 7RWDO�QXPEHU�RI�VXUIDFWDQWV�LQ�WKH�RLO�SKDVH���PROH�
�����&KHPLFDOV�DQG�FKHPLFDO�DQDO\VLV�������&KHPLFDOV6\QWKHWLF� EULQHV� ZHUH� SUHSDUHG� IURP� GLVWLOOHG� ZDWHU� DQG� FKHPLFDOV� RI� 3�$�� JUDGH�� 7KH�FKHPLFDO�IRUPXODV�DQG�DEEUHYLDWLRQV�XVHG�LQ�WKH�WH[W�IRU�WKH�GLIIHUHQW�VXUIDFWDQWV�DUH�VKRZQ�LQ�7DEOH�����
7DEOH����� 6XUIDFWDQWV�DQG�WKHLU�DEEUHYLDWLRQV�XVHG�LQ�WKH�H[SHULPHQWDO�ZRUN�6XUIDFWDQWV $EEUHYLDWLRQ&DWLRQLF�VXUIDFWDQWVQ�&��1�&+���%U &�7$%Q�&���1�&+���%U &��7$%Q�&���1�&+���%U &��7$%Q�&���1�&+���%U &��7$%Q�&���1�&+���%U &��7$%Q�&��3K��&�+�2���1�&+����&+��3K�&O +\DPLQHQ��&��&����1�&+����&+��3K�&O $'0%$&OQ�&���1+� &���DPLQHQ�&���1+� &���DPLQHQ�&���1�&+���&O��Q�&���1�&+���&O $UTXDG��$UTXDG�0&����Q�&���1�&+���&O��Q�&���1�&+���&O�Q�&���1�&+���&O��Q�&���1�&+���&O 'RGLJHQ��'RGLJHQ������

$QLRQLF�VXUIDFWDQWVQ��&���&�����&�+�2����62�1D 6����Q�&����&�+�2���62�1D %�����Q�&���&�+�2���62�1D 6���Q��&���&�����&�+�2����&�+�2���262�1D $3(6�Q�&�2�&&+���Q�&�2�&�&+�62�1D &URSROQ�&���&�+�2���2&+��&221D $N\SRQ�&��3K��&�+�2�[�32�1D *DIDFQ�&���262�1D 6'61RQ�LRQLF�VXUIDFWDQW&������&�+�2��2+ ($

ZDWHUSKDVH
RLOSKDVH

ZDWHUSKDVH
RLOSKDVH QQFF.   
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�������4XDQWLWDWLYH�DQDO\VLV'HWHUPLQDWLRQ�RI�FDOFLXP:HVW�/DE�6HUYLFHV�$6�DQDO\]HG�WKH�FDOFLXP�FRQWHQW�LQ�WKH�ZDWHU�SKDVH�E\ WKH�,QGXFWLYHO\�&RXSOHG� 3ODVPD�$WRPLF� (PLVVLRQ� 6SHFWURPHWU\� �,&3�$(6�� WHFKQLTXH� �3� 9,��� 7KH� UHODWLYH�XQFHUWDLQW\�ZDV�r �����
'HWHUPLQDWLRQ�RI�FDWLRQLF�VXUIDFWDQWV7KH� WRWDO� DPRXQW� RI� FDWLRQLF� VXUIDFWDQWV� LQ� WKH� ZDWHU� SKDVH� GXULQJ� LPELELWLRQ� DQG�SDUWLWLRQLQJ� H[SHULPHQWV� ZDV� GHWHUPLQHG� E\� WKH� WZR�SKDVH� WLWUDWLRQ� WHFKQLTXH� XVLQJ� WKH�DQLRQLF�VXUIDFWDQW��VRGLXP�GRGHF\OVXOIDWH��6'6���DV�GHVFULEHG�E\�&URVV����������
&KDSWHU����3RURXV�PHGLD�DQG�IOXLG�V\VWHPV������3RURXV�PHGLD�DQG�IOXLG�V\VWHPV�������3RURXV�PHGLD$OO�PLQHUDOV�FRQWDLQLQJ�WKH�DQLRQ��&2���±� DUH�FODVVLILHG�DV�FDUERQDWHV��7KH�PRVW�FRPPRQ�FDUERQDWH�PLQHUDOV�DUH�VKRZQ�LQ�)LJXUH������

)LJXUH������7KH�PRVW�FRPPRQO\FDUERQDWH�PLQHUDOV�
6HGLPHQWDU\� URFNV� FRQWDLQLQJ� PRUH� WKDQ� ��� �� RI� FDUERQDWH� PLQHUDOV� DUH� GHILQHG� DV�FDUERQDWH�URFN��)XUWKHUPRUH��OLPHVWRQH��FKDON��LV�PRVW�FRPPRQO\�GHILQHG�DV�WKH�VHGLPHQWDU\�URFN�FRQWDLQLQJ�PRUH�WKDQ������RI�WKH�PLQHUDO�&D&2���ZKHUHDV�GRORPLWH�LV�WKH�VHGLPHQWDU\�URFN�FRQWDLQLQJ�PRUH�WKDQ������RI�WKH�PLQHUDO�GRORPLWH��0D]]XOOR�HW�DO����������)LJXUH������6,�WHVWV�KDYH�EHHQ�SHUIRUPHG�RQ�ERWK�FKDON�DQG�GRORPLWH�FRUHV�LQ�WKLV�ZRUN�

)LJXUH�����&ODVVLILFDWLRQ� RI�FDUERQDWH�URFNVDFFRUGLQJ�WR�0D]]XOORHW�DO� �������
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&KDON&KDON� LV� D� VKDOORZ�PDULQH� OLPHVWRQH�� GHSRVLWHG� E\� FDOFDUHRXV� VNHOHWDO� GHEULV� PDWHULDO�RULJLQDWLQJ� IURP� XQLFHOOXODU� SODQNWRQLF� DOJDH� FDOOHG� FRFFROLWKRSKRULG� DOJDH�� 7KH� EXLOGLQJ�EORFNV�RI�WKHVH�VNHOHWRQV�DUH�FDOFLWH�WDEOHWV�RU�SODWHOHWV�ZLWK�D�W\SLFDO�GLDPHWHU�RI�����WR���PP�7KH� SODWHOHWV� DUH� DUUDQJHG� LQ� ULQJV� DQG� URVHWWHV� NQRZQ�DV� FRFFROLWKV� ������PP�DFURVV���7KH�FRFFROLWKV�FDQ�IXUWKHU�FRPELQH�LQWR�VSKHUHV�FDOOHG�FRFFRVSKHUHV��.HQQHG\��������)LJXUH�����
)LJXUH������3ODWHOHWV��D��FRFFROLWKV��E� DQG�FRFFRVSKHUH��F�DUH�WKH�EXLOGLQJ�EORFNV�RI�WKH FKDONLQ�WKH�(NRILVN�ILHOG��$IWHU6FKDW]LQJHU�HW�DO� �������

)LJXUH�����VKRZV�D�6FDQQLQJ�(OHFWURQ�0LFURVFRSH��6(0��SLFWXUH�RI�D�FKDON�VDPSOH�IURP�6WHYQV� .OLQW�� QHDUE\� &RSHQKDJHQ�� 'HQPDUN�� )LJXUH� �D� KDV� D� PDJQLILFDWLRQ� RI� �����;��&RFFROLWKV�FDQ�EH�VHHQ�LQ�WKH�PLGGOH�DQG�LQ�WKH�XSSHU�ULJKW�FRUQHU��)LJXUH��E� VKRZV�PDLQO\�SODWHOHWV�EXW�FRFFROLWK�IUDJPHQWV�FDQ�EH�VHHQ�WR�WKH�OHIW�DQG�WKH�ULJKW�VLGH��7KH�PDJQLILFDWLRQ�RQ�WKLV�SLFWXUH�LV������;�

)LJXUH� ����� 6(0� SLFWXUHV� RI� 6WHYQV� .OLQW� FKDON�� 7KH SLFWXUH� WR� WKH� OHIW� �D� LV� DQ� �����;�PDJQLILFDWLRQ�� &RFFROLWKV� FDQ� FOHDUO\� EHHQ� VHHQ� LQ� WKH�PLGGOH� DQG� RQ� WKH� ULJKW� VLGH�� 7KH�SLFWXUH� WR� WKH� ULJKW� �E� LV� PDJQLILHG� �����;�� 7KLV� SLFWXUH� VKRZV� PDLQO\� SODWHOHWV�� EXW�FRFFROLWKV�DUH�DOVR�SUHVHQW�WR�WKH�ULJKW�DQG�WR�WKH�OHIW�RQ�WKLV�SLFWXUH�
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7KH�6WHYQV�FKDON� LV�D� VRIW� DQG�KLJKO\�SRURXV�PDWHULDO�RI�0DDVWULFKWLDQ�DJH�� ,W� LV�PDLQO\�FRPSRVHG� ���� ��� RI� D� ILQH�JUDGHG� FRFFROLWKLF� PDWUL[�� ZKHUHDV� ODUJHU� ELRFODVWV� �PRVWO\�XQFHPHQWHG�IRUDPLQLIHUD��FRQVWLWXWH�WKH�UHPDLQLQJ�SDUW�RI�WKH�URFN��0LOWHU���������7KH�FKDON�KDV� KLJK� SRURVLW\�� XS� WR� ��� ��� ZKHUH� PRVW� RI� WKH� YRLG� YROXPH� RULJLQDWHV� IURP� PLFUR�LQWHUSDUWLFOH�SRUHV�EHWZHHQ�WKH�VNHOHWDO�RI�WKH�FRFFROLWKV�FRQVWLWXHQWV��7KH�PLFURVFRSLF�VL]H�RI�WKH� EXLOGLQJ� EORFNV�� WKH� FRFFRVSKHUHV� DQG� WKH� FRFFROLWKV�� FDXVHV�PDWUL[� SHUPHDELOLW\� LQ� WKH�UDQJH� IURP� ������� P'�� 7KH� 6WHYQV� .OLQW� FKDON� KDV� D� VSHFLILF� DUHD� RI� DERXW� �� P��J� DV�GHWHUPLQHG� E\� WKH� %UDXQDXHU�(PPHWW�7HOOHU� �%(7�� LVRWKHUP� �+LHPHQ]� DQG� 5DMDJRSDODQ���������7KH�SRUH�WKURDW�VL]H�GLVWULEXWLRQ�LV�XQLPRGDO�ZLWK�D�SHDN�DW�DSSUR[LPDWHO\�����PP��DQG�D�PHDQ�YDOXH�RI�����PP�DV�VKRZQ�RQ�)LJXUH������7KH�$5�ZDV�HVWLPDWHG�WR�DERXW����0LOWHU��������DQG�WKH�FKDON�ZDV�H[SHFWHG�WR�EH�VLPLODU�WR�WKH�UHVHUYRLU�FKDON�LQ�WKH�(NRILVN�ILHOG�LQ�WKH�1RUWK�6HD��)U\NPDQ��������

)LJXUH������3RUH�VL]H�GLVWULEXWLRQLQ�6WHYQV�.OLQW�FKDON�GHWHUPLQHGE\�PHUFXU\�LQMHFWLRQ�FDSLOODU\SUHVVXUH�FXUYH��0HDQ�SRUH�WKURDW�VL]H�LV�����PP��$IWHU�0LOWHU��������

7KH�(NRILVN�ILHOG� LQ� WKH�1RUWK�6HD� LV�D�KLJKO\�IUDFWXUHG�FKDON� UHVHUYRLU��ZKLFK�KDV�EHHQ�ZDWHUIORRGHG�ZLWK�JUHDW�VXFFHVV�VLQFH�������7KRPDV�HW�DO����������7KH�ZDWHU� LV�H[SHFWHG�WR�LPELEH� VSRQWDQHRXVO\� LQWR� WKH� ZDWHU�ZHW� PDWUL[� EORFNV� DQG� H[SHO� WKH� RLO� WR� WKH� IUDFWXUH�V\VWHP��+RZHYHU��ODERUDWRU\�LQYHVWLJDWLRQV�IURP�WKH�XSSHU�SDUW�RI�WKH�ILHOG�LQGLFDWHG�WKDW�WKH�UHVHUYRLU� URFN� ZDV� PXFK� OHVV� ZDWHU�ZHW� LQ� WKLV� DUHD�� 7KH� GHFUHDVH� LQ� ZDWHU�ZHWQHVV� ZDV�EHOLHYHG�WR�EH�GXH�WR�DQ�RUJDQLF�FRDWLQJ�RQ�WKH�UHVHUYRLU�URFN��7RUVDHWHU��������7KLV�VWXG\�ZDV�LQLWLDWHG�ZLWK�WKH SXUSRVH�RI�LQYHVWLJDWLQJ�WKH�SRWHQWLDO�IRU�(25�IURP�RLO�ZHW� ORZ�SHUPHDELOLW\� FKDON�� VLPLODU� WR� WKH� FKDON� W\SH� LQ� WKH� (NRILVN� DUHD�� +RZHYHU�� ODWHU�LQYHVWLJDWLRQ�RI� WKH�8SSHU�(NRILVN�IRUPDWLRQ�KDV�VKRZQ�WKDW�ZDWHU� LPELEHV�LQ�D�VDWLVIDFWRU\�

URN:NBN:no-1285



3DUW���([SHULPHQWDO ��

��

ZD\�LQWR�WKLV�SDUW�RI�WKH�ILHOG�DOVR��GHVSLWH�WKH�GHFUHDVH�LQ�ZDWHU�ZHWQHVV��7KHUHIRUH��WKH�(25�PHWKRG�LQYHVWLJDWHG�LQ�WKLV�WKHVLV�GRHV�QRW�VHHPV�OLNH�DQ�DFWXDO�ZD\�WR�HQKDQFH�RLO�UHFRYHU\�IURP� WKH� 1RUZHJLDQ� VHFWRU� RI� WKH� 1RUWK� 6HD� IRU� WKH� WLPH� EHLQJ�� VLQFH� WKH� (NRILVN� ILHOG�WRJHWKHU�ZLWK�9DOKDOO�DUH�WKH�RQO\�WZR�FDUERQDWH�ILHOGV�LQ�WKLV�DUHD��+RZHYHU��WKH�SRWHQWLDO�IRU�WKH�PHWKRG� WR� HQKDQFH� RLO� UHFRYHU\� IURP� FDUERQDWH� ILHOGV� LQ� JHQHUDO� VKRXOG� EH� VLJQLILFDQW��EHFDXVH�DSSUR[LPDWHO\������RI�WKH�RLO�SURGXFWLRQ�RQ�ZRUOG�EDVLV�KDV�LWV�RULJLQ�IURP�FDUERQDWH�UHVHUYRLUV��%M¡UO\NNH��������
'RORPLWH&DUERQDWH�URFN�ZLWK�PRUH�WKDQ������&D0J�&2��� LV�FODVVLILHG�DV�GRORPLWH��)LJXUH������7KH�GRORPLWH�FRUHV�WHVWHG�LQ�WKLV�ZRUN�ZHUH�IURP�WKH�6DQ�$QGUHV�IRUPDWLRQ�LQ�7H[DV�DQG�WKH�FDUERQDWH� LQ� WKLV� IRUPDWLRQ� LV� EHOLHYHG� WR� KDYH� EHHQ� PRVWO\� OLPHVWRQH� DW� WKH� WLPH� RI�NDUVWLILFDWLRQ� �&UDLJ���������7KH�FRUHV� VKRZHG�JUHDW�GLIIHUHQFHV� LQ�ERWK�SURSHUWLHV�DQG�SRUH�VWUXFWXUH�� )LJXUH� ��� �D� DQG� �E��� ZKLFK� LV� OLNHO\� WR� LQGXFH� GLIIHUHQW� ZHWWDELOLWLHV� ZKHQ�H[SRVHG�WR�FUXGH�RLO��+DPRQ���������3HUPHDELOLW\�YDULHG�EHWZHHQ����WR�����P'�DQG�SRURVLW\�EHWZHHQ����������2QH�W\SH�RI�WKH�FRUHV�DSSHDUHG�YHU\�KHWHURJHQHRXV�ZLWK�ELJ�KROHV�DQG�YXJV�LQ� WKH�SRUH� VWUXFWXUH��ZKHUHDV� WKH�RWKHUV� DSSHDUHG�PRUH�KRPRJHQRXV�ZLWK�D VXJDU\� WH[WXUH��&RUHV�KDYLQJ�PRUH�WKDQ������RI�WKH�WRWDO�SRUH�YROXPH�GXH�WR�YXJV��3�,9���ZHUH�FODVVLILHG�DV�PROGLF�DQG�WKH�RWKHUV�DV�VXFURVLF��1RJDUHW��������

)LJXUH������&DUERQDWH�FRUHV�ZLWK�GLIIHUHQW�SRUHVWUXFWXUH��7KH�OHIW�SLFWXUH��D� VKRZV�D�KRPRJHQHRXVFRUH�ZLWK�VXJDU\�WH[WXUH�FDOOHG�VXFURVLF��ZKHUHDV�WKHULJKW�SLFWXUH��E� VKRZV�D�KHWHURJHQHRXV�FRUH�FODVVLILHG�DV�PROGLF�ZLWK�ELJ�KROHV�DQG�YXJV�LQ�WKHPDWUL[�
�������)OXLG�V\VWHPV6\QWKHWLF� KLJK�VDOLQLW\� EULQH� FRPSRVHG� RI� ���� VHDZDWHU� �LQMHFWLRQ�ZDWHU�� DQG� ����IRUPDWLRQ�ZDWHU��7KLHERW�HW�DO���������ZDV�XVHG�LQ�WKH�6,�WHVWV�XVLQJ�FKDON��%ULQH����7DEOH������� 7KH� FRPSRVLWLRQ� ZDV� WKHUHIRUH� TXLWH� VLPLODU� WR� WKH� LQ� VLWX� EULQH� FRPSRVLWLRQ� GXULQJ� D�ZDWHU�LQMHFWLRQ�SURFHVV��7RWDO�GLVVROYHG�VROLG��7'6��LQ�%ULQH���ZDV������J�O�DQG�S+��GHQVLW\�DQG�YLVFRVLW\�DW�����&�ZHUH�����������J�FP� DQG�����F3�� UHVSHFWLYHO\��7KH�EULQH�XVHG� LQ� WKH�WHVWV�ZLWK�WKH�GRORPLWH�UHVHUYRLU�FRUHV��%ULQH����7DEOH������ZDV�D�ORZ�VDOLQLW\�UHVHUYRLU�EULQH�FRQWDLQLQJ�7'6�RI������J�O��S+�DQG�GHQVLW\�DW�����&�ZDV�����DQG��������J�FP���UHVSHFWLYHO\��

�D� �E�
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7KH� FRPSRVLWLRQ� RI� WKH� WZR� EULQHV� LV� JLYHQ� LQ� 7DEOH� ����� ,Q� DGGLWLRQ�� VRPH� RWKHU� EULQH�FRPSRVLWLRQV�ZHUH�XVHG�LQ�3�,,,�
7DEOH������&RPSRVLWLRQ�RI�WKH�DTXHRXV�SKDVHV�%ULQH�� %ULQH��,RQ�FRPSRVLWLRQ &RQFHQWUDWLRQ���J�O� &RQFHQWUDWLRQ���J�O�1D� ���� �����.� � ����&D�� ���� ����0J�� ���� ����6U�� ���� �&O� ���� �����62��� ���� ����+&2�� � ����7RWDO�GLVVROYHG�VROLG��7'6� ���� �����

7KH�RLO�FRPSDQLHV�%ULWLVK�3HWUROHXP��3KLOOLSV�3HWUROHXP�&RPSDQ\�DQG�'HQ�1RUVNH�6WDWV�2OMHVHOVNDS� �6WDWRLO��SURYLGHG� WKH�FUXGH�RLOV�XVHG��7KH�GLIIHUHQW�RLOV�DUH� OLVWHG� LQ�7DEOH�����DQG�WKH�RLO�SURSHUWLHV�DUH�VKRZQ�LQ�7DEOH�����
7DEOH������3UHWUHDWPHQW�RI�WKH�FUXGH�RLOV�EHIRUH�XVHG�LQ�VSRQWDQHRXV�LPELELWLRQ�WHVWV�2LO 6XSSO\�DQG�SUHWUHDWPHQW$ 3XUH�Q�KHSWDQH% (NRILVN�VWRFN�WDQN�RLO�ILOWHUHG�WKURXJK���P ILOWHU��1R�Q�KHSWDQH�DGGHG& 2LO�IURP�%3��'LOXWHG�����ZLWK�Q�KHSWDQH' $VSKDOWHQLF�RLO��'LOXWHG�����ZLWK�Q�KHSWDQH(�D� 2LO�IURP�6WDWRLO��'LOXWHG�������FUXGH�RLO��Q�KHSWDQH)�D� 2LO�IURP�6WDWRLO��'LOXWHG�������FUXGH�RLO�Q�KHSWDQH* 2LO�IURP�FDUERQDWH�UHVHUYRLU�LQ�ZHVW�7H[DV��1R�Q�KHSWDQH�DGGHGD� 'LIIHUHQW�LQLWLDO�FUXGH�RLOV�
7DEOH������3URSHUWLHV�RI�WKH�FUXGH�RLOV�XVHG�2LO 'HQVLW\�D�DW�����&���J�FP��

�$3, $1�E�� �PJ�.2+�J�RLO� %1�E����PJ�.2+�J�RLO�
:D[�IRUP��WHPS�E�� ��&� $VSKDOWHQHV�D���ZW���� 2LO�%ULQH���,)7DW�����&���P1�P�

$ ����� ���� � � � � ����% ����� ���� ���� 7UDFH �� ���� ����& ����� ���� ���� 7UDFH �� ���� ����' ����� ���� ����� 7UDFH �� ���� ����( ����� ���� ���� 7UDFH �� ���� ����) ����� ���� ���� 7UDFH ����� ���� ����* ����� ���� | ��� XQNQRZQ XQNQRZQ XQNQRZQ �����F�D� 0HDVXUHG�RQ�DFWXDO�FUXGH�RLOV��F� %ULQH��E� 0HDVXUHG�RQ�LQLWLDO�FUXGH�RLOV�EHIRUH�GLOXWLRQ�ZLWK�Q�KHSWDQH
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&KDSWHU� ��� &RUH� UHVWRUDWLRQ�� ZHWWDELOLW\� PHDVXUHPHQWV� DQG�HYDOXDWLRQ�RI�IORZ�PRGHV�����3URFHGXUH�IRU�DOWHULQJ�WKH�ZHWWDELOLW\�RI�FKDON� DQG�GRORPLWH�FRUHV5HVWRUHG� RXWFURS� FKDON� VDPSOHV� �$QGHUVRQ�� ����D�� &XLHF�� ������ ������ 0RUURZ�� ������:HQGHO� HW DO��� ������ :XQGHUOLFK�� ������ ZHUH� XVHG� LQ� WKLV� VWXG\�� 7KH� SXUSRVH� ZDV� QRW� WR�UHSURGXFH� WKH� ZHWWDELOLW\� VWDWH� UHODWHG� WR� VRPH� VSHFLDO� ILHOG�� EXW� UDWKHU� WR� PDNH� WKH� FRUH�PDWHULDO�DV�RLO�ZHW�DV�SRVVLEOH�WR�HVWDEOLVK�WKH�EDVHOLQH�IRU�WKH�(25�LQYHVWLJDWLRQV��2LO�)�ZDV�XVHG�WR�DOWHU�WKH�ZHWWDELOLW\�RI�WKH�FKDON�FRUHV��ZKHUHDV�ERWK�RLO�)�DQG�RLO�*�ZHUH�XVHG�RQ�WKH�GRORPLWH�FRUHV��7KH�IROORZLQJ�SURFHGXUHV�ZHUH�XVHG�WR�UHVWRUH�WKH�FRUH�VDPSOHV�
�������&KDON�FRUHV�ZLWK�������RLO�VDWXUDWLRQ7KH� GU\�ZHLJKW� RI� WKH� FRUHV�ZDV� QRWHG� EHIRUH� VDWXUDWLQJ� WKH� FRUHV�ZLWK� FUXGH� RLO� XQGHU�YDFXXP�� 3RURVLW\�ZDV� FDOFXODWHG� IURP�ZHLJKW� GLIIHUHQFH� DQG� EXON� YROXPH�� 7KH� FRUHV�ZHUH�WKHQ� IORRGHG� LQ� D�+DVVOHU� FRUHKROGHU�ZLWK� ���� DQG� ���� SRUH� YROXPH� �39�� FUXGH� RLO� LQ� HDFK�GLUHFWLRQ�� EHIRUH� DJLQJ� LQ� FORVHG� FRQWDLQHUV� VXUURXQGHG� E\� FUXGH� RLO� IRU� �� GD\V� DW� ��� �&�� ��PP��RI�WKH�RXWHUPRVW�OD\HU�RI�WKH�FRUHV�ZHUH�VKDYHG�RII�LQ�D�ODWKH�MXVW�SULRU�WR�WKH�6,�WHVWV�WR�DYRLG�ERXQGDU\�HIIHFWV�
�������&RUHV�ZLWK�LQLWLDO�ZDWHU�VDWXUDWLRQ��6 ZL�$IWHU� VDWXUDWLQJ� WKH�FRUHV�ZLWK�EULQH�XQGHU�YDFXXP�� WKH�FRUHV�ZHUH� IORRGHG� LQ�D�+DVVOHU�FRUHKROGHU� ZLWK� ���� DQG� ���� 39� FUXGH� RLO� LQ� HDFK� GLUHFWLRQ�� 7KH� FKDON� FRUHV�ZHUH� DJHG� LQ�FORVHG�FRQWDLQHUV�VXUURXQGHG�E\�FUXGH�RLO�IRU���PRQWK�DW�����&��7KH�GRORPLWH�FRUHV�ZHUH�DJHG�LQ�FUXGH�RLO�IRU���ZHHNV�DW�����&���PP��RI�WKH�RXWHUPRVW�OD\HU�RI�WKH�FKDON�FRUHV�ZHUH�VKDYHG�RII�LQ�D�ODWKH�MXVW�SULRU�WR�WKH�6,� WHVWV� WR�DYRLG�ERXQGDU\�HIIHFWV��7KLV�SURFHGXUH�ZDV�QRW�SHUIRUPHG�RQ�WKH�GRORPLWH�FRUHV��GXH�WR�D�OLPLWHG�QXPEHU�RI�WKHVH�FRUHV�
�����0HWKRGV�IRU�PHDVXULQJ�ZHWWDELOLW\7KUHH�GLIIHUHQW�PHWKRGV�ZHUH�XVHG�WR�HYDOXDWH�WKH�ZHWWDELOLW\�RI�WKH�SRURXV�PHGLXP�x 7KH�$PRWW�+DUYH\�PHWKRG��$QGHUVRQ������E��ZDV�DSSOLHG�WR�TXDQWLI\�WKH�ZHWWDELOLW\�VWDWH�RI�DQ�RULJLQDO�RLO�ZHW�FRUH�DIWHU�&��7$%�LPELELWLRQ��3�,,��66��������x &RQWDFW�DQJOH�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�FDOFLWH�FU\VWDOV�SUH�H[SRVHG�WR�HLWKHU�FUXGH�RLO�RU�PRGHO�RLO�FRQWDLQLQJ�IDWW\�DFLGV��7KH�SXUSRVH�ZDV�WR�HYDOXDWLQJ�WKH�DELOLW\�IRU�GLIIHUHQW�VXUIDFWDQWV�VROXWLRQV�WR�PRGLI\�WKH�ZHWWDELOLW\�RI�WKH�SRURXV�PHGLXP��7KH�
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FRQWDFW� DQJOHV�ZHUH� HVWLPDWHG� IURP�SLFWXUHV�RI�ZDWHU�GURSOHWV� SODFHG�RQ� WKH�FU\VWDOV��-RKQVRQ�DQG�'HWWUH��������1HXPDQQ�DQG�*RRG��������3�,,���DQG�WKH�UHSHDWDELOLW\�RI�WKH�PHDVXUHPHQWV�ZDV�DSSUR[LPDWHO\�r ����7KH�FRQWDFW�DQJOH�PHDVXUHPHQWV�ZHUH�QRW�PHDQW� WR� UHSUHVHQW� ZHWWDELOLW\� XQGHU� UHVHUYRLU� FRQGLWLRQV�� EXW� WKH\� ZHUH� XVHG� DV� D�URXJK�PHWKRG� WR� HYDOXDWH� WKH� SRWHQWLDO� IRU� GLIIHUHQW� VXUIDFWDQWV� WR�PRGLI\� FDUERQDWH�VXUIDFHV�FRYHUHG�E\�VXUIDFH�DFWLYH�FRPSRQHQWV��66����������&DOFLWH�FU\VWDOV�RULJLQDOO\�IURP�&KLKXDKXD� 0H[LFR�DQG�3RRQD� ,QGLD ZKHUH SURYLGHG�E\�-��%URPHODQG�	�&R�x 7KH�UDWH�DQG�DPRXQW�RI�EULQH�LPELEHG�E\�6,��66���������ZDV�XVHG�WR�GLIIHU�EHWZHHQ�RLO�ZHW�DQG�ZHDNO\�ZDWHU�ZHW�FRUHV��7KH�SRURXV�PHGLXP�ZDV�FKDUDFWHUL]HG�DV�RLO�ZHW�LI�QR�6,�RI�ZDWHU�WRRN�SODFH��$QGHUVRQ������E�
����� (YDOXDWLRQ� RI� WKH� LQIOXHQFH� RI� FDSLOODU\� YV�� JUDYLW\� IRUFHV� GXULQJ� 6,�WHVWV7KH� UHODWLYH� LQIOXHQFH�RI�JUDYLW\� DQG�FDSLOODU\� IRUFHV�� L�H��� WKH� IORZ�PRGH�GXULQJ� WKH�6,�WHVWV�ZDV�HYDOXDWHG�LQ�IRXU�GLIIHUHQW�ZD\V�x %\� REVHUYLQJ� WKH� UHVLGXDO� RLO� VDWXUDWLRQ� SURILOH� LQVLGH� WKH� FRUH�� 7KHVH� REVHUYDWLRQV�ZHUH�SHUIRUPHG�E\�FXWWLQJ�WKH�FRUHV�DORQJ�WKH�FRUH�D[LVx %\�YLVXDO� ORFDWLRQ�RI� WKH�RLO� H[SHOOHG� IURP� WKH�FRUH� VXUIDFH� �WRS� DQG� ODWHUDO� GXULQJ�WKH�LPELELWLRQ�WHVWVx %\�WKH�VKDSH�DQG�WKH�85�OHYHO�IURP�WKH�6,�FXUYHV�x %\�FDOFXODWLRQV�RI�1%���YDOXHV�IURP�(T�������66����������
�������5HVLGXDO�RLO�VDWXUDWLRQ�SURILOH�LQVLGH�WKH�SRURXV�PHGLXP&XWWLQJ�WKH�FRUHV�DQG�REVHUYLQJ�WKH�UHVLGXDO�RLO�VDWXUDWLRQ�LQVLGH�WKH�SRURXV�PHGLXP�JDYH�WKH�PRVW�YDOXDEOH�LQIRUPDWLRQ�DERXW�WKH�RLO�H[SXOVLRQ�PHFKDQLVP��)LJXUH���� VKRZV�D�W\SLFDO�H[DPSOH�RI�D�FRUH�ZKHUH�ZDWHU�KDV�LPELEHG�IURP�DOO�VXUIDFHV�DQG�H[SHOOHG�WKH�RLO�LQ�D�FRXQWHU�FXUUHQW�IORZ�PRGH�GULYHQ�E\�FDSLOODU\�IRUFHV�

)LJXUH������5HVLGXDO�RLO�VDWXUDWLRQ�SURILOH�LQVLGHDQ�RULJLQDOO\�RLO�ZHW�FKDON�FRUH��7KH�FRUH�KDV�EHHQLPELEHG�VSRQWDQHRXVO\�E\�D�����ZW���VROXWLRQ�RI&��7$%��7KH�VDWXUDWLRQ�SURILOH�VKRZV�WKDW�WKHVXUIDFWDQW�VROXWLRQ�KDV�LPELEHG�E\�PHDQV�RIFDSLOODU\�IRUFHV�
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)LJXUH� ���� VKRZV� DQ� RLO�ZHW� FRUH�� ZKLFK� KDV� EHHQ� LPELEHG� E\� D� VXUIDFWDQW� VROXWLRQ� DW�UDWKHU� ORZ� RLO�ZDWHU� ,)7�� 7KH� UHVLGXDO� RLO� VDWXUDWLRQ� SURILOH� SRLQWV� WRZDUG� DQ� RLO� H[SXOVLRQ�PHFKDQLVP�PRVWO\�GULYHQ�E\�JUDYLW\�IRUFHV��66���������

)LJXUH������5HVLGXDO�RLO�VDWXUDWLRQ�SURILOHLQVLGH�D�FKDON�FRUH�LPELEHG�DW�ORZ�RLO�ZDWHU,)7��7KH�FRQLF�VKDSH�RI�WKH�UHVLGXDO�RLOVDWXUDWLRQ�SURILOH�VKRZV�WKDW�WKH�VXUIDFWDQWVROXWLRQ�KDV�LPELEHG�PDLQO\�E\�JUDYLW\IRUFHV��3�,,��

8QIRUWXQDWHO\�� WKLV� PHWKRG� FRXOG� QRW� EH� H[HFXWHG� ZLWK� UHVHUYRLU� GRORPLWH� FRUHV� GXH� WR� D�OLPLWHG�QXPEHUV�RI�FRUHV��9LVXDO�REVHUYDWLRQ�RI�WKH�ORFDWLRQ�RI�WKH�H[SHOOHG�RLO��VKDSH�RI�WKH�6,�FXUYHV�DQG�FDOFXODWLRQ�RI�1%���YDOXHV�ZHUH�XVHG�WR�HYDOXDWH�WKH�IORZ�PRGH�IRU�WKHVH�FRUHV�
�������9LVXDO�ORFDWLRQ�RI�H[SHOOHG�RLO,W�ZDV�VKRZQ�LQ�6HFWLRQ��������WKDW�RLO�SURGXFWLRQ�DSSHDUV�DV�RLO�GURSOHWV�IURP�DOO�VLGHV�RI�WKH�FRUH�ZKHQ�FDSLOODU\�IRUFHV�GRPLQDWH�WKH�6,�SURFHVV��ZKHUHDV�RLO�GURSOHWV�DSSHDUHG�PDLQO\�IURP� WKH� WRS� VXUIDFH� RI� WKH� FRUH� ZKHQ� JUDYLW\� IRUFHV� EHFDPH� PRUH� SURQRXQFHG� LQ� WKH� RLO�H[SXOVLRQ�PHFKDQLVP�
�������2LO�H[SXOVLRQ�PHFKDQLVP�UHODWHG�WR�VKDSH�RI�RLO�SURGXFWLRQ�FXUYHV�6HYHUDO� DXWKRUV� KDYH� REVHUYHG� WKDW� 6,� FXUYHV� UHVXOWLQJ� IURP� FDSLOODU\� GULYHQ� LPELELWLRQ�WHQG�WR�KDYH�D�VKDSH��ZKLFK�FDQ�EH�ILWWHG�WR�DQ�H[SRQHQWLDO�H[SUHVVLRQ��$URQRIVN\�HW�DO���������0D�HW�DO���������5HLV�DQG�&LO���������5HLV�DQG�&LO��������GHULYHG�WKH�IROORZLQJ�H[SUHVVLRQ�IRU�RLO�UHFRYHU\�DV�D�IXQFWLRQ�RI�WLPH�

>���@
ZKHUH�4�� &XPXODWLYH�RLO�SURGXFWLRQ���P��4f� &XPXODWLYH�RLO�SURGXFWLRQ�DIWHU�LQILQLWH�WLPH���P��W'� 'LPHQVLRQOHVV�LPELELWLRQ�WLPH�����

(T������LPSOLHV�D�VKDSH�DV�IRU�WKH�FDSLOODU\�GULYHQ�LPELELWLRQ�FXUYH�VKRZQ�LQ�)LJXUH�����

»¼º«¬ª ¿¾½®̄­ ¹̧·©̈§� f '� W��OQH[S�44
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)LJXUH������7\SLFDO�VKDSH�RIRLO�UHFRYHU\�FXUYHV�DV�DIXQFWLRQ�RI�WLPH�IRU�LPELELWLRQSURFHVVHV�PDLQO\�GULYHQ�E\�FDSLOODU\� DQG�JUDYLW\�IRUFHV�
7KH� 6,� UDWH� LV� XVXDOO\� ORZHU� ZKHQ� JUDYLW\� IRUFHV� EHFRPH� PRUH� GRPLQDWH� LQ� WKH� RLO�H[SXOVLRQ�SURFHVV��,Q�WKH�OLPLW�ZKHUH�FDSLOODU\�IRUFHV�EHFRPH�LQVLJQLILFDQW��ZDWHU�LV�SXVKLQJ�WKH�RLO�LQ�D�SLVWRQ�OLNH�PDQQHU�DQG�WKH�IORZ�RI�RLO�DQG�ZDWHU�LV�WRWDOO\�FR�FXUUHQW��)LJXUH������F���0LOWHU�DQG�$XVWDG������D��REVHUYHG�D� OLQHDU�UHODWLRQVKLS�EHWZHHQ�RLO�UHFRYHU\�DQG�WLPH��ZKLFK�WKH\�LQWHUSUHWHG�DV�DQ�LPELELWLRQ�GULYHQ�E\ JUDYLW\�IRUFHV��7KH�VKDSH�RI�WKH�UHVLGXDO�RLO�LQVLGH� WKH� FRUH� FRQILUPHG� WKH� LQWHUSUHWDWLRQ��7\SLFDO� FXUYH� VKDSHV� IRU� FDSLOODU\� DQG�JUDYLW\�GULYHQ�LPELELWLRQ�DUH�LOOXVWUDWHG�VFKHPDWLFDOO\�LQ�)LJXUH�����6FKHFKWHU�HW�DO� �������SHUIRUPHG�WHVWV�RQ�VDQGVWRQH� DQG�OLPHVWRQH�FRUHV�DW�GLIIHUHQW�RLO�ZDWHU�,)7��)LJXUH�����VKRZV�6,�FXUYHV�LQWR�D����P'�OLPHVWRQH�FRUH�IRU�RLO�ZDWHU�,)7V�HTXDO�WR� ������ ����� DQG� ����P1�P�� UHVSHFWLYHO\��)LJXUH� ���� �D� VKRZV� WKH� FXUYHV� IRU� HDUO\� WLPHV�ZKHUHDV� �E� VKRZV� WKH� ZKROH� LPELELWLRQ� FXUYHV�� &DSLOODU\� IRUFHV� ZHUH� GRPLQDQW� DW� �����P1�P� DQG� WKLV� FXUYH� VKRZV� WKH� W\SLFDO� VKDSH� IRU� DQ� LPELELWLRQ� GULYHQ� E\� FDSLOODU\� IRUFHV��*UDYLW\�IRUFHV�ZHUH�H[SHFWHG�WR�EH�GRPLQDQW�DW�����P1�P��DQG�WKH�RLO�UHFRYHU\�ZDV�DOPRVW�D�OLQHDU�IXQFWLRQ�RI�WLPH�LQ�WKLV�FDVH��,Q�DGGLWLRQ��REVHUYDWLRQV�FROOHFWHG�GXULQJ�WKH�H[SHULPHQWDO�ZRUN�GHVFULEHG�LQ�WKLV�WKHVLV�DOVR�SRLQWV�WRZDUGV�D�WHQGHQF\�IRU�D�OLQHDU�UHODWLRQVKLS�EHWZHHQ�RLO� UHFRYHU\� DQG� WLPH� WR� RFFXU�� ZKHQ� RLO� SURGXFWLRQ� LV� GULYHQ� PDLQO\� E\� JUDYLW\� IRUFHV��&KDSWHU� �����7KH� VKDSH�RI� WKH�6,� FXUYH�ZDV� WKHUHIRUH�XVHG� DV� D�TXDOLWDWLYH�PHDVXUH�RI� WKH�UHODWLYH�LQIOXHQFH�RI�FDSLOODU\� WR�JUDYLW\�IRUFHV�LQVLGH�WKH�SRURXV�PHGLXP�

���
����
����
����

� �� �� �� ��7LPH��GD\V

2LO�SU
RGXF

WLRQ��
�22

,3 &DSLOODU\�GULYHQLPELELWLRQ
*UDYLW\�GULYHQLPELELWLRQ
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�D��DQG �E� VKRZ�RLO�UHFRYHU\�DV�D�IXQFWLRQ�RI�WLPH�

)LJXUH������([SHULPHQWDO�LPELELWLRQ�GDWD�IURP�6FKHFKWHU�HW�DO� �������VKRZLQJ�WKH�VKDSH�RI�WKH� LPELELWLRQ�FXUYHV�ZKHQ�FDSLOODU\� DQG�JUDYLW\� IRUFHV�DUH�GRPLQDQW��7KH� LPELELWLRQ�FXUYH�IRU�D�FDSLOODU\�GRPLQDWHG� LPELELWLRQ�SURFHVV�FDQ�EH�ILWWHG�WR�DQ�H[SRQHQWLDO�FXUYH��ZKHUHDV�WKH�LPELELWLRQ�FXUYH�IRU�JUDYLW\�GRPLQDWHG�LPELELWLRQ�DSSHDUV�WR�EH�D�OLQHDU�IXQFWLRQ�RI�WLPH���D��,PELELWLRQ�FXUYHV�IRU HDUO\�WLPHV�DQG���E�:KROH�LPELELWLRQ�FXUYHV�
�������&DOFXODWLRQ�RI�LQYHUVH�%RQG�QXPEHUV,W� LV� LPSRUWDQW� WR�QRWLFH�WKDW�(T������IRU�1%�� ZLWK�FRUUHVSRQGLQJ�FXW�RII�YDOXHV�EHWZHHQ�WKH� GLIIHUHQW� IORZ� GRPDLQV�� RQO\� LV� YDOLG� IRU� V\VWHPV� ZLWK� ZHOO�GHILQHG� ZHWWLQJ� DQG� QRQ�ZHWWLQJ�SKDVHV��(T������ZLOO�RYHUHVWLPDWH�1%�� ZKHQ�DSSOLHG�WR�OHVV�ZDWHU�ZHW�RU�QHXWUDO�ZHW�V\VWHPV�� 7KH� VLWXDWLRQ�ZLOO� EHFRPH� HYHQ�PRUH� FRPSOH[�ZKHQ� WKH� LPELELQJ� SKDVH� FRQWDLQV�DJHQWV�� ZKLFK� DUH� PRGLI\LQJ� WKH� ZHWWDELOLW\� SURSHUWLHV� RI� WKH� URFN� PDWHULDO� GXULQJ� WKH�LPELELWLRQ�SURFHVV�DV�LQ�WKLV�ZRUN��+RZHYHU��FDOFXODWLRQ�RI�1%���YDOXHV�IRU�WKH�FRQGXFWHG�6,�WHVWV� VKRZHG� WKDW� WKHVH� YDOXHV�� HYHQ� ZLWK� WKH� DERYH�PHQWLRQHG� GLIILFXOWLHV�� FRXOG� EULQJ�DGGLWLRQDO� DQG� XVHIXO� LQIRUPDWLRQ� DERXW� WKH� LQIOXHQFH� RI� JUDYLW\� DQG� FDSLOODU\� IRUFHV�� 7KH�PHWKRG�JDYH�WKHRUHWLFDO�IXQGHG�VXSSRUW�WR�WKH�FRQFOXVLRQV�GUDZQ�IURP�WKH�RWKHU�WHVWV��WKHUHE\�KHOSLQJ� WR� JHW� D� FRQVLVWHQW� DQG� PRUH� FRPSOHWH� SLFWXUH� RI� WKH� GULYLQJ� IRUFHV� GXULQJ� WKH� 6,�H[SHULPHQWV�

2LO�UHFRYHU\�IRU�GLIIHUHQW�RLO�ZDWHU�,)7�LQ�ORZ�SHUPHDELOLW\�/LPHVWRQH
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3DUW���0DLQ�UHVXOWV�DQG�GLVFXVVLRQV
7KLV�VHFWLRQ�RI�WKH�WKHVLV�FRQWDLQV�WKH�PDLQ�UHVXOWV�IURP�WKH�H[SHULPHQWDO�ZRUN�REWDLQHG�GXULQJ� WKH� SURMHFW�� 0RVW� RI� WKH� UHVXOWV� DUH� SUHVHQWHG� HDUOLHU� LQ� WKH� HQFORVHG� SDSHUV�� 7KH�SXUSRVH�LV�WR�SUHVHQW�WKH�UHVXOWV�LQ�D�ZD\�VKRZLQJ�WKH�FRQQHFWLRQ�EHWZHHQ�HDFK�SDSHU�DQG�WKH�GHYHORSPHQW�RI�WKH�SURMHFW���

&KDSWHU����(VWDEOLVKLQJ�RLO�ZHW�FRUH�PDWHULDO�����+HWHURJHQHRXV�ZHWWDELOLW\�LQ�RXWFURS�FKDON�LQGXFHG�E\�FUXGH�RLOV�������&RUHV�ZLWK�������RLO�VDWXUDWLRQ2XWFURS� FKDON� IURP� 6WHYQV� .OLQW� LV� VWURQJO\� ZDWHU�ZHW�� 7KLV� IDFW� ZDV� FRQILUPHG�ZKHQ�SHUIRUPLQJ�6,� WHVWV�RQ�FKDON�FRUHV�������VDWXUDWHG�ZLWK�KHSWDQH��$V�H[SHFWHG��KHSWDQH�GLG�QRW�LQIOXHQFHG�RQ�WKH�ZHWWDELOLW\�RI�WKH�FKDON�FRUHV��)LJXUH���� VKRZV�WKH�RLO�UHFRYHU\�GXH�WR�6,�RI�EULQH�LQWR�WZR�FKDON�FRUHV��7KH�6,�ZDV�IDVW�DQG�DQ�85�RI������RI�22,3�ZDV�UHDFKHG�ZLWKLQ����PLQXWHV�DQG�WKH�FXUYHV�VKRZHG�H[FHOOHQW�UHSURGXFLELOLW\�

)LJXUH������6,�RI�%ULQH���LQWR�6WHYQV�.OLQW�FKDON�VDWXUDWHG�������ZLWK�KHSWDQH�DW����&��

&UXGH�RLO�ZDV�XVHG� WR�DOWHU� WKH�ZHWWDELOLW\�RI� WKH�ZDWHU�ZHW�FKDON�PDWHULDO� WR�PLPLF� WKH�FRPSRQHQWV�DGVRUEHG�RQWR�WKH�UHVHUYRLU�URFN�LQ�D�UHDO�RLO�UHVHUYRLU��*UDXH�HW�DO���������������*UDXH� DQG�%RJQ¡�� ������ -DGKXQDQGDQ� DQG�0RUURZ�� ������ -LD�HW� DO��� ������ 6� ������;LH� DQG�0RUURZ��������=KRX�HW�DO�������������E���7R�LQWHUSUHW�WKH�UHVXOWV�IURP�6,�WHVWV�FRUUHFWO\��LW�LV�YHU\�LPSRUWDQW� WKDW� WKH�ZHWWDELOLW\�RI� WKH�FRUH�PDWHULDO� LV�KRPRJHQRXV��:KHQ�VDWXUDWLQJ�GU\�FKDON� FRUHV�ZLWK� FUXGH� RLO� XVLQJ� YDFXXP�� LW�ZDV� GLVFRYHUHG� WKDW� WKH� DGVRUSWLRQ� RI� VXUIDFH�DFWLYH�FRPSRQHQWV�WRRN�SODFH�LQ�D�QRQ�XQLIRUP�ZD\��)LJXUH�����VKRZV�WKH�6,�FXUYH�IRU�D�FRUH�SUHSDUHG�E\�MXVW�VXFNLQJ�WKH�RLO�LQWR�WKH�HYDFXDWHG�FRUH��0RUH�WKDQ�����PLQXWHV�ZDV�UHTXLUHG�WR� LQLWLDWH EULQH� LPELELWLRQ�� 2QO\� ���� �� RI� 22,3� ZDV� SURGXFHG� DIWHU� �� GD\� EHIRUH� WKH�
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LPELELWLRQ�UDWH�LQFUHDVHG�GUDPDWLFDOO\�DQG�DSSUR[LPDWHO\������RI�22,3�ZDV�SURGXFHG�GXULQJ�WKH� QH[W� �� GD\V��7KH� VKDSH� RI� WKH� 6,� FXUYH� ZDV� LQWHUSUHWHG� DV� DQ� HIIHFW� RI� D� ZHWWDELOLW\�JUDGLHQW�LQVLGH�WKH�FRUH�PDWHULDO��7KH�WLPH�GHOD\�EHIRUH�WKH�LPELELWLRQ�LQLWLDWHG�ZDV�H[SHFWHG�WR�EH�GXH�WR�KLJKHU�DGVRUSWLRQ�RI�VXUIDFH�DFWLYH�PDWHULDO�DW�WKH�ERXQGDU\�RI�WKH�FRUH��,QFUHDVHG�ZDWHU�ZHWQHVV� LQVLGH� WKH� FRUH� LPSOLHG� IDVWHU� LPELELWLRQ� DW� D� ODWHU� VWDJH� LQ� WKH� LPELELWLRQ�SURFHVV� LQ� OLQH� ZLWK� WKH� H[SHULPHQWDO� REVHUYDWLRQ�� 7KH� RLO�ZHW� OD\HU� DW� WKH� ERXQGDU\� ZDV�DVVXPHG� WR�RULJLQDWH� IURP�D� IDVW� DGVRUSWLRQ�RI� VXUIDFH�DFWLYH�FRPSRQHQWV�ZKHQ� WKH�RLO�ZDV�VXFNHG�LQWR�WKH�FRUH�GXULQJ�WKH�VDWXUDWLRQ�SURFHGXUH�LQ�DGGLWLRQ�WR�FRQWLQXRXV�DGVRUSWLRQ�RI�VXUIDFH�DFWLYH�FRPSRQHQWV�DW�WKH�ERXQGDU\�GXULQJ�WKH�DJLQJ�SURFHVV�

)LJXUH������6,�FXUYH�IRU�FKDON�FRUHVDWXUDWHG�ZLWK�FUXGH�RLO�LQ�YDFXXP�DW�����&��7KH�ORQJ�LQLWLDO�6,�GHOD\�WLPH�ZDV�DVVXPHG�WR�EH�GXH�WR�DZHWWDELOLW\�JUDGLHQW�DW�WKHRXWHUPRVW�OD\HU�DV�UHVXOWLQJ�IURPWKH�VDWXUDWLRQ� DQG�WKH�DJLQJSURFHVV�
7KH� ILUVW DVVXPSWLRQ�ZDV� FRQILUPHG�ZKHQ�FOHDYLQJ� WKH� FRUH� DIWHU� VDWXUDWLQJ LQ�YDFXXP�)LJXUH���� LQGLFDWHV�WKDW�WKHUH�KDYH�EHHQ�FUHDWHG�D�ZHWWDELOLW\�JUDGLHQW�GXULQJ�WKH�VDWXUDWLRQ�SURFHVV� 7KH� RLO� ZHWWDELOLW\� ZDV� PRVW� SURQRXQFHG� DW� WKH ERXQGDU\� DQG� WKH� ZDWHU�ZHWQHVV�LQFUHDVHG�WRZDUGV�WKH�FHQWHU�

)LJXUH������&KDON�FRUH�VDWXUDWHG�ZLWK�FUXGH�RLO�XVLQJ�YDFXXPZLWKRXW�IORRGLQJ�WKH�FRUH��7KH�OLJKWHU�DUHDV�LQ�WKH�PLGGOHRI�WKH�FRUH�FOHDUO\�VKRZ�WKDW�WKHUH�KDYH�EHHQ�FUHDWHG�DJUDGLHQW�LQ�WKH�DGVRUSWLRQ�RI�VXUIDFH�DFWLYH�FRPSRQHQWV�DV�WKH�FUXGH�RLO�IORZHG�LQWR�WKH�FRUH�
,QFUHDVHG� RLO�ZHWQHVV� DW� WKH� RXWHUPRVW� OD\HU�ZDV� IXUWKHUPRUH� FRQILUPHG� E\� VXEPHUJLQJ� DQ�RLO�VDWXUDWHG�FRUH�FXW�LQ�GLIIHUHQW�FURVV�VHFWLRQV�LQ�EULQH��7KH�EULQH�LPELEHG�LQWR�DUHDV�ZKHUH�
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WKH�RXWHUPRVW�OD\HU�KDG�EHHQ�UHPRYHG�DQG�RLO�ZDV�H[SHOOHG�IURP�WKH�QRQ�WUHDWHG�OHVV�ZDWHU�ZHW�DUHDV��)LJXUH������

)LJXUH������&RUH�VDWXUDWHG�ZLWK�FUXGH�RLO�DQG�FXW�LQ�GLIIHUHQW�FURVV�VHFWLRQV��:DWHU�LPELEHG�LQ�WKH�PRUH�ZDWHU�ZHW�DUHDV�ZKHUH�WKH�RXWHUPRVW�OD\HU�KDG�EHHQUHPRYHG��ZKHUHDV�RLO�ZDV�H[SHOOHG�IURP�WKH�OHVV�ZDWHU�ZHW�QRQ�WUHDWHG�DUHDV�
7KH�H[SHULPHQWDO�UHVXOWV�LQ�WKLV�VHFWLRQ�VKRZ�WKDW�LW�LV�QHFHVVDU\�WR�RLO�IORRG�WKH FRUHV�WR�REWDLQ�KRPRJHQHRXV�ZHWWDELOLW\��ZKHQ�FUXGH�RLO� LV�XVHG� WR� LQGXFH�ZHWWDELOLW\�DOWHUDWLRQV� LQ�RXWFURS�FKDON�PDWHULDO�7KH� FRUHV� ZHUH� DJHG� LQ� FRQWDLQHUV� ILOOHG� ZLWK� FUXGH� RLO� DIWHU� VDWXUDWLRQ� LQ� WKH� YDFXXP�FKDPEHU�DQG�WKH�RXWHUPRVW�OD\HU�RI�WKH�FRUHV�KDG�DFFHVV�WR�IUHVK�RLO�FRQWDLQLQJ�VXUIDFH�DFWLYH�FRPSRQHQWV�GXULQJ�WKH�ZKROH�DJLQJ�SURFHVV��7KH�DPRXQW�RI�VXUIDFH�DFWLYH�FRPSRQHQWV�LQ�WKH�SRUHV�LQVLGH�WKH�SRURXV�PHGLXP�ZDV��KRZHYHU��OLPLWHG�E\�WKH�DPRXQW�RI�RLO�UHVLGLQJ�LQ�HDFK�LQGLYLGXDO�SRUH� 7KH�DJLQJ�SURFHGXUH�ZDV WKHUHIRUH DVVXPHG�WR�FRQWULEXWH�WR�DQ�LQFUHDVHG RLO�ZHWQHVV�RI�WKH�RXWHUPRVW�OD\HU DV�ZHOO��,W�ZDV�WKHUHIRUH�GHFLGHG�WR�UHPRYH�D�IHZ�PLOOLPHWHU�RI�WKH�RXWHUPRVW�OD\HU�RI�WKH�FRUH�DIWHU�WKH�DJLQJ�SURFHVV�SULRU�WR�WKH�6,�WHVWV�

�������&RUHV�ZLWK�LQLWLDO�ZDWHU�VDWXUDWLRQ)LJXUH� ���� VKRZV� WKH� LPELELWLRQ� FXUYH� IRU� D� FKDON� FRUH� ZLWK� LQLWLDO� ZDWHU� VDWXUDWLRQ�SUHSDUHG�DV�GHVFULEHG�LQ�66��������6RPH�EULQH�LPELEHG�TXLFNO\�DQG�DERXW�����RI�22,3�ZDV�SURGXFHG� GXULQJ� WKH� ILUVW� �� GD\V�� 7KH� IDVW� LQLWLDO� LPELELWLRQ� ZDV� QRW� UHODWHG� WR� WKHUPDO�H[SDQVLRQ��EHFDXVH�D�VLPLODU�HIIHFW�ZDV�QRW�REVHUYHG�IRU�������RLO�VDWXUDWHG�FRUHV�DW�WKH�VDPH�WHPSHUDWXUH��7KH� FRUH� VHHPHG� WR� EH�PRUH�ZDWHU�ZHW� DW� WKH� RXWHUPRVW� OD\HU�� HYHQ� WKRXJK� ��PP�� KDG� EHHQ� UHPRYHG� SULRU� WR� WKH� LPELELWLRQ� WHVW�� ,W� LV� OLNHO\� WKDW� WKH� KHWHURJHQHRXV�ZHWWDELOLW\� ZDV� GXH� WR� D� GHFUHDVH� LQ� RLO� VDWXUDWLRQ� FORVH� WR� WKH� FRUH� VXUIDFH� FUHDWHG� ZKHQ�HVWDEOLVKLQJ� 6ZL�� 7KH� UHFRYHU\� UDWH� OHYHOHG� RII� DIWHU� �� GD\V� DQG� RQO\� ������ RI� 22,3� ZDV�SURGXFHG�ZLWKLQ� WKH� H[SHULPHQWDO� IUDPH� RI� ��� GD\V�� 7KH� VPDOO� RLO� SURGXFWLRQ� RI� ������ RI�22,3�EHWZHHQ���DQG����GD\V�VKRZV�WKDW�WKH�FKDON�PDWHULDO�KDG�EHFRPH�DOPRVW�RLO�ZHW�LQVLGH�WKH�RXWHUPRVW�OD\HU�
URN:NBN:no-1285
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)LJXUH������6,�LQWR�FKDON�FRUH�ZLWK6ZL  ��������DJHG�IRU���PRQWK�DW����&�DW�����&��7KH�FRUH�EHKDYHGQHDUO\�RLO�ZHW�DIWHU�D�UDSLGLPELELWLRQ�RI�ZDWHU�GXULQJ�WKH�ILUVW���GD\V�
7KH�UHVXOWV�SUHVHQWHG� LQ� WKLV�VHFWLRQ�VKRZ�WKDW�FDUH� VKRXOG�EH� WDNHQ�ZKHQ�XVLQJ� FUXGH�RLOV� WR� DOWHU� ZHWWDELOLW\� RI� FRUH� PDWHULDO�� 1RQ�XQLIRUP� DGVRUSWLRQ RI� VXUIDFH�DFWLYH�FRPSRQHQWV� ZKHQ� WUHDWLQJ� RXWFURS� FKDON� FRUHV� ZLWK� FUXGH� RLO� KDYH� DOVR� EHHQ� UHSRUWHG� E\�*UDXH�HW�DO� �������DQG�6SLQOHU�HW�DO� �����������D���

�����5HODWLRQ��$FLG�QXPEHU�RI�FUXGH�RLO�FKDON�ZHWWDELOLW\6LQFH� WKH� VXEMHFW� RI� WKLV� WKHVLV� LV DQ� H[SORUDWLRQ� RI� WKH� SRWHQWLDO� IRU� (25� IURP� RLO�ZHW�FDUERQDWH� PDWHULDO�� WKH� FUXGH� RLO� VKRXOG� DOWHU� WKH� ZHWWDELOLW\� RI� WKH� SRURXV� PHGLD� LQ� DQ�HIILFLHQW�ZD\�WRZDUGV�RLO�ZHW�FRQGLWLRQV��DQG�WKHUHE\�HVWDEOLVK�WKH�EDVHOLQH�IRU�WKH�(25�WHVWV��2XWFURS� FKDON� FRUHV� ZHUH� VDWXUDWHG� ���� �� ZLWK� RLO� XVLQJ� �� GLIIHUHQW� FUXGH� RLOV�� DQG� WKH�UHODWLYH�ZHWWDELOLW\�RI� WKH�FRUHV�ZDV�GHWHUPLQHG�E\�H[WHQW�DQG�UDWH�RI�SXUH�EULQH� LPELELWLRQ��7KH� UHVXOWV� IURP� WKH� WHVWV� DUH� VKRZQ� LQ�)LJXUH� ����� 7KH� ILJXUH� VKRZV� WKDW� WKH� UDWH� RI� 6,�GHFUHDVHG� ZLWK� LQFUHDVLQJ� $1� RI� WKH� FUXGH� RLO ZLWK� DQ� H[FHSWLRQ� IRU� RLO� &�� ,Q� WKLV� FDVH��KRZHYHU�� LW� ZDV� REVHUYHG� WKDW� ZD[� SUHFLSLWDWHG� GXULQJ� WKH� LPELELWLRQ� H[SHULPHQW�� ZKLFK�LQIOXHQFHG�WKH�LPELELWLRQ�SURFHVV��;LH�HW�DO����������6LPLODU�UHODWLRQVKLS�EHWZHHQ ZHWWDELOLW\�DQG�$1�KDV�EHHQ�UHSRUWHG�HDUOLHU��$QGHUVRQ������D��%XFNOH\�DQG�/LX��������'XEH\�DQG�'RH���������1R�FRUUHODWLRQ�FRXOG�EH�HVWDEOLVKHG�EHWZHHQ� WKH�DVSKDOWHQH�FRQWHQW� LQ� WKH�FUXGH�RLOV�DQG�WKH�UDWH�RI�6,��3�,��
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)LJXUH������6,�LQWRFKDON�FRUHV�VDWXUDWHGZLWK�FUXGH�RLOVZLWK�GLIIHUHQW�$1�DW���&��7KH�UDWH�RI�6,GHFUHDVHV ZLWKLQFUHDVLQJ�$1 RI�WKHFUXGH�RLO�

2LO�)�UHQGHUHG�WKH�FKDON�FRUHV�QHDUO\�RLO�ZHW�DQG�WKLV�RLO�ZDV�WKHUHIRUH�XVHG�WR�HVWDEOLVK�WKH�EDVHOLQH�IRU�WKH�(25�LQYHVWLJDWLRQV�LQ�DOO�VXEVHTXHQW�6,�WHVWV�ERWK�ZLWK�DQG�ZLWKRXW�LQLWLDO�ZDWHU�� H[FHSW� IRU� VRPH� RI� WKH� GRORPLWH� FRUH� WHVWV� ZKHUH� RLO� *� ZDV� XVHG�� 7KH� ZHWWDELOLW\�DOWHUDWLRQ� REVHUYHG� IRU� WKH� FKDON� PDWHULDO� ZLWKRXW� 6ZL ZDV� OLNHO\� WR� WDNH� SODFH� E\� D� SRODU�ELQGLQJ� PHFKDQLVP�� ZKHUHDV� WKH� *�$%� SURILOH� SUHGLFWV� DFLG�EDVH� LQWHUDFWLRQ� DV� WKH� PRVW�OLNHO\� PHFKDQLVP� IRU� FUXGH� RLO� )� ZLWK� KLJK� $1� LQ� WKH� SUHVHQFH� RI� 6ZL �%XFNOH\� DQG� /LX��������� 6LQFH� GLIIHUHQW� DGVRUSWLRQ� PHFKDQLVPV� ZHUH� LQYROYHG� GHSHQGLQJ� RQ� ZKHWKHU� LQLWLDO�ZDWHU� ZDV� SUHVHQW� RU� QRW�� LW� LV� OLNHO\� WKDW� ERWK� WKH� W\SH� DQG� WKH� VWUHQJWKV� RI� WKH� DGVRUEHG�PDWHULDO�PD\�GLIIHU�IRU�WKH�WZR�FDVHV��%XFNOH\��������REVHUYHG�WKDW�FRPSRQHQWV�DGVRUEHG�E\�SRODU� ELQGLQJ� PHFKDQLVP�� XVXDOO\� ZHUH� ZHDNOLHU� DGVRUEHG� WKDQ� FRPSRQHQWV� DGVRUEHG� E\�PHFKDQLVPV�LQYROYLQJ�ZDWHU�&RQWDFW� DQJOH� ZHUH� PHDVXUHG� WKURXJK� ZDWHU� GURSOHWV� SODFHG� RQ� FDOFLWH� FU\VWDOV� SUH�H[SRVHG�WR�KHSWDQH�FRQWDLQLQJ�IDWW\�DFLGV DQG�KHSWDQH��66����������$QJOHV�RI��������DQG����ZHUH�REVHUYHG IRU�ODXULF DFLG��VWHDULF�DFLG�DQG�KHSWDQH��UHVSHFWLYHO\��DV�VKRZQ�LQ�)LJXUH�����7KH� PHDVXUHG� FRQWDFW� DQJOHV� VKRZHG� WKDW� FDUER[\OLF� JURXSV� KDYH� KLJK� DIILQLW\� IRU� FDOFLWH�VXUIDFHV�LQ� OLQH�ZLWK�UHSRUWHG�GDWD� LQ� WKH�OLWHUDWXUH��&XLHF��������0DGVHQ�DQG�/LQG��������3�,,,��6�������7KRPDV�HW�DO�������D��E��

)LJXUH �����&RQWDFW�DQJOHV�PHDVXUHG�WKURXJK�ZDWHUGURSOHWV�SODFHG�RQ�FDOFLWH�FU\VWDOV�H[SRVHG�WRSXUH KHSWDQH�DQG�KHSWDQH�FRQWDLQLQJ�ODXULF� DQGVWHDULF DFLG�
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&KDSWHU� ��� &KHPLFDO� PHFKDQLVPV� IRU� ZHWWDELOLW\� DOWHUDWLRQ� RI�FKDON�IURP�RLO�ZHW�WR�ZDWHU�ZHW������6,�RI�FDWLRQLF� DQG�DQLRQLF�VXUIDFWDQWV�LQWR�RLO�ZHW�FKDON�,PELELWLRQ�PHFKDQLVPV�7KH� LQYHVWLJDWLRQV� GHVFULEHG� LQ� WKH� SUHYLRXV� FKDSWHU� VKRZHG� WKDW� WKH� RLO�ZHWWLQJ�FRPSRQHQWV� DUH QHJDWLYHO\� FKDUJHG� DQG� DWWDFKHG� WR� WKH� FKDON� VXUIDFH�PDLQO\� E\� FDUER[\OLF�JURXSV�� ,W�WKHUHIRUH�VHHPV�OLNH�D�UHDVRQDEOH�K\SRWKHVLV�WKDW�WKH�6, RI�WKH�FDWLRQLF�VXUIDFWDQW�&��7$% REVHUYHG� E\� $XVWDG� HW� DO� ������� ZDV� GXH� WR� DQ� LQWHUDFWLRQ� EHWZHHQ� SRVLWLYHO\�FKDUJHG�VXUIDFWDQW�KHDG�JURXSV DQG�QHJDWLYHO\�FKDUJHG�FDUER[\OLF�JURXSV��7KH�VXUIDFWDQW�PRQRPHUV�ZHUH�EHOLHYHG�WR�LQWHUDFW�DQG�GHVRUE�VRPH�RUJDQLF�PDWHULDO�XQGHU�IRUPDWLRQ�RI�LRQ�SDLUV��66����������WKHUHE\�DOWHULQJ�WKH�ZHWWDELOLW\�RI�WKH�FKDON�WRZDUGV�D�PRUH�ZDWHU�ZHW�VWDWH��:DWHU� FDQ� WKHQ� LPELEH� VSRQWDQHRXVO\� GXH� WR� D� SRVLWLYH� FDSLOODU\� SUHVVXUH� �6� ������� $�FRQVHTXHQFH� RI� WKLV� K\SRWKHVLV� LV� WKDW� WKHUH� VKRXOG� EH� D JUHDW� GLIIHUHQFH� LQ� LPELELWLRQ�EHKDYLRU� ZKHQ� H[SRVLQJ RLO�ZHW� FKDON� WR� VROXWLRQV� RI� FDWLRQLF� DQG� DQLRQLF� VXUIDFWDQWV��EHFDXVH� RQO\� FDWLRQLF� VXUIDFWDQWV� VKRXOG� EH� DEOH� WR� LQWHUDFW� HOHFWURVWDWLF� ZLWK� QHJDWLYHO\�FKDUJHG�JURXSV�

)LJXUH������2LO�UHFRYHU\�E\�6, RI�DTXHRXV�VXUIDFWDQW�VROXWLRQV�LQWR�RLO�ZHW�FKDON�PDWHULDO� �D�&DWLRQLF�VXUIDFWDQWV� �E� $QLRQLF�VXUIDFWDQWV�
)LJXUH ��� �D� DQG��E� VKRZ�WKH�UHVXOW�IURP�D�VFUHHQLQJ�WHVW� LQFOXGLQJ���FDWLRQLF� DQG���DQLRQLF� VXUIDFWDQWV��7KH�FDWLRQLF� VXUIDFWDQWV�ZHUH LQ�JHQHUDO�PRUH�HIILFLHQW� WKDQ� WKH�DQLRQLF�VXUIDFWDQWV� WR SURGXFH� RLO�� 7KLV� IDFW� VXSSRUWHG� DQG� VWUHQJWKHQHG� WKH� K\SRWKHVLV� DERXW� DQ�LQWHUDFWLRQ�EHWZHHQ�FDWLRQLF�VXUIDFWDQWV�DQG�QHJDWLYHO\�FKDUJHG�RUJDQLF�PDWHULDO�RQ�WKH�FKDON�VXUIDFH�DV�D�NH\�IDFWRU�IRU�WKH�REVHUYHG�RLO�SURGXFWLRQ��+RZHYHU��QRW�DOO�FDWLRQLF�VXUIDFWDQWV�
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ZHUH�DEOH�WR�LPELEHG�LQWR�WKH�RLO�ZHW�FRUHV�LQ�DQ�HIILFLHQW�ZD\��&��7$%�DQG�&��7$%�ZHUHWKH�PRVW�HIILFLHQW�FDWLRQLF�VXUIDFWDQWV IROORZHG�E\�&��7$%��ZKLOH�+\DPLQH��$'0%$&O�DQG�&�7$% RQO\ SURGXFHG� PLQRU� DPRXQWV� RI� RLO� DW� D� YHU\� VORZ� UDWH�� 2WKHU� HIIHFWV� WKDQ� SXUH�HOHFWURVWDWLF�LQWHUDFWLRQ�ZHUH�WKHUHIRUH�H[SHFWHG�WR�EH�LPSRUWDQW�LQ�WKH�GHVRUSWLRQ�SURFHVV�DV�ZHOO�+\DPLQH� DQG� $'0%$&O� DUH� TXDWHUQDU\� DPPRQLXP� VDOWV� OLNH� &��7$%�� EXW� ERWK�PROHFXOHV�KDYH� WZR� ODUJH K\GURSKRELF�JURXSV�DWWDFKHG� WR� WKH�1�DWRP��RQH�PHWK\O�JURXS� LV�H[FKDQJHG� ZLWK� D� EHQ]\O� JURXS�� L�H��� �&+��3K��� 7KH� SRRU� LPELELWLRQ� UHVSRQVH� IURP� WKHVH�VXUIDFWDQWV� FDQ�PD\EH� EH� UHODWHG� WR�ZHDNHU� LQWHUDFWLRQ� EHWZHHQ� WKH� FKDUJHG� FHQWUHV� RQ� WKH�LQWHUDFWLQJ�PROHFXOHV�GXH�WR�UHSXOVLYH�VWHULF�IRUFHV��KLQGHULQJ�WKH�FUHDWLRQ�RI�LRQ�SDLUV��6PLWK�HW�DO����������&�7$%�VKRZHG�SRRU�UHVSRQVH��ZKHUHDV�&��7$%�DQG�&��7$%�SHUIRUPHG�TXLWH�ZHOO��&�7$%�KDV� D� UHODWLYHO\� VKRUW�K\GURSKRELF� FKDLQ�� DQG���PHWK\O�JURXSV�ZHUH SUREDEO\�WRR� VKRUW� WR� LQWHUDFW� HIILFLHQWO\� ZLWK� WKH� K\GURSKRELF� VXUIDFH� DW� WKH� RLO�ZDWHU� FRQWDFW�� 7KH�K\GURFDUERQ�FKDLQ�VHHPV� WR� UHTXLUH�D�FHUWDLQ� OHQJWKV� WR� LQWHUDFW�HIILFLHQWO\�ZLWK� WKH�RUJDQLF�PDWHULDO DGVRUEHG� LQWR� WKH�PLQHUDO�VXUIDFH��&��7$%�ZDV� UHODWLYHO\�HIILFLHQW� EXW� LW� LPELEHG�VLJQLILFDQWO\�VORZHU�WKDQ�&��7$%�DQG�&��7$%��2QO\�VXUIDFWDQW�PRQRPHUV�DUH�SUREDEO\�DEOH�WR� LQWHUDFW� ZLWK� WKH� QHJDWLYHO\� FKDUJHG� FDUER[\OLF� JURXSV� RQ� WKH� FKDON� VXUIDFH�� 7KXV�� WKH�GHVRUSWLRQ�UDWH�PXVW�EH�UHODWHG�WR�WKH�QXPEHU RI�VXUIDFWDQW PRQRPHUV�FORVH�WR�WKH�RLO�ZDWHU�VROLG�FRQWDFW�OLQH��$W�D�VXUIDFWDQW�FRQFHQWUDWLRQ�DERYH�WKH�&0&��WKH�PRQRPHULF�FRQFHQWUDWLRQ�ZLOO�EH�GHWHUPLQHG�E\�WKH�&0&�YDOXH��)XUWKHUPRUH��WKH�GLIIXVLRQ�UDWH�RI�WKH�VXUIDFWDQW�IURP�WKH� EXON� SKDVH� WR� WKH� ZDWHU� LPELELWLRQ� IURQW� ZLOO� DOVR� EH� LPSRUWDQW�� 7KH &0&�YDOXH� IRU&��7$%�LV ���[���� 0��GLVWLOOHG�ZDWHU��FRPSDUHG�WR��[���� 0�IRU�&��7$%��0XQNHUMHH�DQG�0\VHOV�� ������ 7KH� UHDVRQ� IRU� WKH� VORZHU� &��7$%� LPELELWLRQ� FDQ� EH� H[SODLQHG� E\� ORZHU�PRQRPHU� FRQFHQWUDWLRQ� IRU� WKLV� VXUIDFWDQW� FRPSDUHG� WR� &��7$% DQG� &��7$%� 6ORZHU�GLIIXVLRQ�UDWH��+LHPHQ]�DQG�5DMDJRSDODQ��������IURP�WKH�EXON�SKDVH�WR�WKH�ZDWHU�LPELELWLRQ�IURQW� GXH� WR� KLJKHU� PROHFXODU� ZHLJKW� WRJHWKHU� ZLWK� ORZHU� RLO�ZDWHU� ,)7� �6� ������ PD\� DOVR�FRQWULEXWH� WR� VORZHU� LPELELWLRQ� UDWH� IRU� &��7$%�� HYHQ� WKRXJK� &��7$%� VKRXOG� EH� PRUH�VROXEOH�LQ�WKH�RUJDQLF�SKDVH�WKDQ�WKH�RWKHU�WZR�VXUIDFWDQWV��7KH�K\SRWKHVLV� WKDW D�ZHWWDELOLW\�DOWHUDWLRQ�KDG� WDNHQ�SODFH� LQ� WKH� FKDON�PDWHULDO�GXULQJ�&��7$%� LPELELWLRQ�ZDV� IXUWKHU� VXSSRUWHG� E\� WZR� RWKHU� REVHUYDWLRQV� )LJXUH ��� VKRZV� D�SLFWXUH�RI�D�FOHDYHG�FRUH�LPELEHG E\�&��7$%��7KH�ZDWHU�VDWXUDWLRQ�ZDV�DERXW����� RI�39��7KH�UHVLGXDO�RLO�VDWXUDWLRQ�SURILOH�FOHDUO\�VKRZV WKDW�RLO�KDV EHHQ�H[SHOOHG�LQ�D�FRXQWHU�FXUUHQW�IORZ�PRGH�GULYHQ�E\�FDSLOODU\�IRUFHV��66��������� 7KH�H[LVWHQFH�RI�FDSLOODU\�IRUFHV�LQGLFDWHG�WKDW�D�ZHWWDELOLW\�DOWHUDWLRQ�KDG�WDNHQ�SODFH�DV�WKH�&��7$%�VROXWLRQ�LPELEHG�
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)LJXUH �����3LFWXUH�RI�FOHDYHG�FKDON�FRUH�LPELEHG�E\��� ZW�� VROXWLRQ�RI�&��7$%��7KH�ZDWHU�VDWXUDWLRQZDV�DSSUR[LPDWHO\ ���� RI�39�
$Q�$PRWW�+DUYH\�WHVW��66���������ZDV�SHUIRUPHG RQ�DQ�RLO�ZHW�FRUH�SUHYLRXVO\�LPELEHG�E\�&��7$%��7KH�VXUIDFWDQW�ZDV�UHPRYHG�IURP�WKH�FRUH�E\�IORRGLQJ�WKH�FRUH�ZLWK�EULQH�DIWHU�WKH� &��7$%� LPELELWLRQ� ZDV� LQWHUUXSWHG�� 7KH� FRUH� ZDV� WKHQ� IORRGHG� ZLWK� FUXGH� RLO� DQG�LPPHGLDWHO\� ORDGHG� LQ� DQ $PRWW� FHOO� DQG� VXUURXQGHG� ZLWK� %ULQH� ��� 7KH� EULQH� LPELEHG�VSRQWDQHRXVO\� DQG� WKH� $PRWW�+DUYH\� 5',� ZDV� GHWHUPLQHG� WR� ��� �3� ,,�� LQGLFDWLQJ WKDW� D�ZHWWDELOLW\�DOWHUDWLRQ�KDG�WDNHQ�SODFH�DV�D�UHVXOW�RI�WKH�SUHYLRXV�&��7$%�LPELELWLRQ�
6RPH� RI� WKH� DQLRQLF� VXUIDFWDQWV� DOVR� SURGXFHG RLO IURP� WKH� RLO�ZHW� FKDON� FRUHV� 7KH�VHTXHQFH�LQ�GHFUHDVLQJ�HIILFLHQF\�ZDV�6�����! %�����!�6����!�$3(6�! &URSRO��2QO\�PLQRU�DPRXQW�RI�RLO�ZDV�SURGXFHG�XVLQJ�$N\SR��*DIDF�DQG�6'6� $QLRQLF�VXUIDFWDQWV�FDQQRW�LQWHUDFW�HOHFWURVWDWLF�ZLWK�QHJDWLYHO\�FKDUJHG�PDWHULDO�DQG�QR�GHVRUSWLRQ�RI�RUJDQLF�PDWHULDO�FDQ�WDNH�SODFH��+RZHYHU��LW�ZDV�QRWLFHG�WKDW�WKH�PRVW�HIILFLHQW�DQLRQLF�VXUIDFWDQWV��6������%������DQG�6����� FRQWDLQHG� K\GURSKLOLF� HWKR[\�JURXSV� �(2�JURXSV�� DV� SDUW� RI� WKH� K\GURSKLOLF� VHFWLRQ��7KH�QXPEHU�RI�(2�JURXSV�GHFUHDVHG�LQ� WKH�RUGHU�������DQG���� UHVSHFWLYHO\�� ,W�ZDV�WKHUHIRUH�EHOLHYHG� WKDW� WKH� K\GURSKRELF� SDUW� RI� WKH� VXUIDFWDQW�ZDV� DEOH� WR� LQWHUDFW�ZLWK� WKH� DGVRUEHG�RUJDQLF� PDWHULDO� RQ� WKH� FKDON� VXUIDFH�� IRUPLQJ� D� ELOD\HU� ZLWK� WKH� K\GURSKLOLF� (2�JURXSV�SRLQWLQJ� RXW� WRZDUGV� WKH� ZDWHU�SKDVH�� 7KH� (2�JURXSV� ZLOO� SRLQW� RXW� IURP� WKH� VXUIDFH�LQFUHDVLQJ�WKH�ZDWHU�ZHWQHVV�RQ�WRS�RI�WKH�ELOD\HU�DQG�EULQH�FDQ�LPELEH�VSRQWDQHRXVO\�GXH�WR�WKH�ZHDN�FDSLOODU\�IRUFHV�FUHDWHG��7KLV�K\SRWKHVLV�ZDV�VXSSRUWHG�E\�WKH�IDFW�WKDW�WKH�UDWH�RI�6,�LQFUHDVHG� ZLWK� LQFUHDVLQJ� QXPEHUV� RI� (2�JURXSV� LQ� WKH� VXUIDFWDQW� PROHFXOHV�� ,W� VKRXOG� EH�PHQWLRQHG� WKDW� WKH� DQLRQLF� VXUIDFWDQW� $N\SR�� HYHQ� WKRXJK� LW� FRQWDLQHG� �� (2�JURXSV�� RQO\�SURGXFHG�PLQRU�DPRXQWV�RI�RLO��7KLV�FDQ�DJDLQ�EH�H[SODLQHG�E\�ZHDN�K\GURSKRELF�LQWHUDFWLRQ�EHWZHHQ�WKH�VKRUW�K\GURFDUERQ�FKDLQ�LQ�$N\SR��&���DQG�WKH�RUJDQLF�PDWHULDO�RQ�WKH�PLQHUDO�VXUIDFH�LQ�D�VLPLODU�ZD\�DV�IRU�WKH�&�7$%�VXUIDFWDQW�,W�ZDV�DOVR�FRQILUPHG�WKDW�WKH�RLO�H[SXOVLRQ�PHFKDQLVP�IRU�DQLRQLF�VXUIDFWDQWV�GLIIHUHG�LQ�D� IXQGDPHQWDO� ZD\� IURP� WKDW� RI� WKH� FDWLRQLF� VXUIDFWDQWV��)LJXUH� ��� VKRZV� SLFWXUH� RI� WKH�
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FOHDYHG� FRUHV� LPELEHG�E\� WKH� DQLRQLF� VXUIDFWDQWV��6����� �D� DQG�%����� �E�� 7KHUH�ZDV�QR�LQGLFDWLRQ RI� RLO� SURGXFWLRQ� GXH� WR� JUDYLW\� VHJUHJDWLRQ� LQVLGH� WKH� FRUHV�� %ULQH� VHHPHG� WR�LPELEH� LQ� FHUWDLQ� ]RQHV� SUREDEO\� GXH� WR� ZHDN� FDSLOODU\� IRUFHV� DQG� QR� XQLIRUP� LPELELWLRQ�IURQW�DV�IRU�WKH�FDSLOODU\�GULYHQ�&��7$%�LPELELWLRQ��ZDV�REVHUYHG�

)LJXUH������3LFWXUHV�RI�FOHDYHGFKDON�FRUHV�LPELEHG�E\�WKHDQLRQLF�VXUIDFWDQWV�IURP�3�,,��D� 6�����DQG��E� %������
$GYDQFLQJ� FRQWDFW� DQJOHV� PHDVXUHPHQWV� RQ� FDOFLWH� FU\VWDOV� SUH�H[SRVHG WR FUXGH� RLO�IROORZHG� E\� VXUIDFWDQW� VROXWLRQV� EURXJKW� IXUWKHU� VXSSRUW� WR� WKH� K\SRWKHVLV� WKDW� FDWLRQLF�VXUIDFWDQWV�ZHUH�PRUH� HIILFLHQW WR UHQGHU� FKDON VXUIDFHV�ZDWHU�ZHW WKDQ� DQLRQLF� VXUIDFWDQWV��)LJXUH� ��� VKRZV� WKH� PHDVXUHG� DQJOHV IRU� ERWK� W\SHV� RI� VXUIDFWDQWV�� &DWLRQLF� VXUIDFWDQWV�ORZHUHG� WKH� FRQWDFW� DQJOHV� UHODWLYH� WR� EULQH� VLJQLILFDQWO\� PRUH� WKDQ� DQLRQLF� VXUIDFWDQWV�� ,W�VKRXOG�EH�QRWLFHG�WKDW� WKH�FRQFHQWUDWLRQ�RI�DOO�VXUIDFWDQW�VROXWLRQV�ZDV�DERYH�WKH� UHVSHFWLYH�&0&�YDOXHV�LQ�WKHVH�H[SHULPHQWV�

)LJXUH �����$GYDQFLQJ�FRQWDFW�DQJOHV�PHDVXUHG� WKURXJK�ZDWHU�GURSOHWV�RQ�FDOFLWH�FU\VWDOV�SUH�H[SRVHG� WR�FUXGH�RLO� IROORZHG�E\�VXUIDFWDQWV�VROXWLRQV� �D� &DWLRQLF�VXUIDFWDQWV�DQG� �E�$QLRQLF�VXUIDFWDQWV�
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%DVHG�RQ�WKHVH�H[SHULPHQWDO�REVHUYDWLRQV�WKH�IROORZLQJ�PHFKDQLVPV�DUH�SURSRVHG�IRU�6,�RI�FDWLRQLF� DQG�DQLRQLF�VXUIDFWDQWV�VROXWLRQV�LQWR�RLO�ZHW�FKDON��UHVSHFWLYHO\�
�������,PELELWLRQ�PHFKDQLVP�IRU�FDWLRQLF�VXUIDFWDQWV7KH�SURSRVHG�PHFKDQLVP�IRU�6,�RI�FDWLRQLF�VXUIDFWDQWV�LQWR�RLO�ZHW�FKDON�LV�LOOXVWUDWHG�LQ�)LJXUH������7KH�PHFKDQLVP�LQFOXGHV�x 7UDQVSRUW�RI�VXUIDFWDQWV�WR�WKH�RLO�ZDWHU�VROLG�FRQWDFW�OLQHx $�GHVRUSWLRQ�SURFHVV�ZKHUH�WKH�FDWLRQLF�VXUIDFWDQW�PRQRPHUV�DUH�LQWHUDFWLQJ�E\�PHDQV�RI� HOHFWURVWDWLF� DQG� K\GURSKRELF� IRUFHV� ZLWK� QHJDWLYHO\� FKDUJHG� RUJDQLF� PDWHULDO�DWWDFKHG�WR�WKH�PLQHUDO�VXUIDFH�XQGHU�WKH�IRUPDWLRQ�RI�LRQ�SDLUVx 'HVRUEHG�PDWHULDO� LV� WUDQVSRUWHG�DZD\� IURP� WKH� VXUIDFH�DV� LRQ�SDLUV� DQG� DVVXPHG� WR�HLWKHU�EH�SDUW�RI�WKH�PLFHOODU�V\VWHP�E\�IRUPLQJ PL[HG�PLFHOOHV�RU�WUDQVIHU�WR�WKH�RLO�SKDVH�DV�FOXVWHUV�RI�LRQ�SDLUVx :DWHU�FDQ�WKHQ�LPELEH�VSRQWDQHRXVO\�LQWR�WKH�ZDWHU�ZHW�FKDON�PDWHULDO

)LJXUH �����3URSRVHG�PHFKDQLVP IRU�6, RI &��7$%LQWR�RLO�ZHW FKDON�PDWHULDO�%OXH�FLUFOH�DUH�SRVLWLYHO\FKDUJHG VXUIDFWDQW� KHDG�JURXSV�DQG�EODFN�VTXDUHV�DUH�SRODU� FRPSRQHQWV� IURP� WKH�FUXGH�RLO�

�������,PELELWLRQ�PHFKDQLVP�IRU�DQLRQLF�(2�VXUIDFWDQWV7KH�PHFKDQLVP�IRU�6,�RI�DQLRQLF�(2�VXUIDFWDQWV�LQWR�RLO�ZHW�FKDON��SUHYLRXVO\�RXWOLQHG�E\�&KHQ�HW�DO� �������DQG�9DUDGDUDM�HW�DO� ��������LV�LOOXVWUDWHG�LQ�)LJXUH����� 7KH�(2�JURXSV�DUH�EHOLHYHG�WR�LQWHUDFW�ZLWK�WKH�K\GURSKRELF�SDUW�RQ�WKH�PDWHULDO�DWWDFKHG�WR�WKH�PLQHUDO�VXUIDFH��FUHDWLQJ� D� ELOD\HU� VWUXFWXUH�� 7KH� (2�JURXSV� DUH� SRLQWLQJ� RXW� IURP� WKH� VXUIDFH� FUHDWLQJ� D�ZHDNO\�ZDWHU�ZHW�OD\HU�DOORZLQJ�WKH�ZDWHU�WR�LPELEH��3�,,��
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)LJXUH������0HFKDQLVP�IRU�6,�RI�DQLRQLF�VXUIDFWDQWV�VROXWLRQV�FRQWDLQLQJK\GURSKLOLF�(2�JURXSV�LQWRRLO�ZHW�FKDON��5HG�FLUFOHV�DUHQHJDWLYHO\�FKDUJHG�VXUIDFWDQWKHDG�JURXSV�DQG�EODFNVTXDUHV�DUH�SRODUFRPSRQHQWV�IURP�WKHFUXGH�RLO�

�����5HPRYDO�DQG�VWDELOL]LQJ�RI�GHVRUEHG�PDWHULDO�7KLV�VHFWLRQ�ZLOO�IRFXV�RQ�WKH�RLO�ZHWWLQJ�RUJDQLF�PDWHULDO�GHVRUEHG�IURP�WKH�FKDON�VXUIDFH�XSRQ� FRQWDFW� ZLWK� FDWLRQLF� VXUIDFWDQWV�� ,W� LV� DVVXPHG� WKDW� FUHDWLRQ� RI� LRQ�SDLUV� WKURXJK�HOHFWURVWDWLF� LQWHUDFWLRQ� EHWZHHQ� RSSRVLWHO\� FKDUJHG� PROHFXOHV� DV� ZHOO� DV� K\GURSKRELF�LQWHUDFWLRQ�EHWZHHQ�K\GURFDUERQ�FKDLQV�SOD\HG�D�NH\�UROH�LQ�WKH�GHVRUSWLRQ�SURFHVV��.KDQ�DQG�0DUTXHV��������66����������7KH�GHVRUEHG�PDWHULDO�LV�WUDQVSRUWHG�DZD\�IURP�WKH�VXUIDFH�DV�LRQ�SDLUV�DQG� LW� FDQ�HLWKHU�EH�SDUW�RI� WKH�PLFHOODU� V\VWHP LQ� WKH�ZDWHU�SKDVH�XQGHU� IRUPDWLRQ�RI�PL[HG PLFHOOHV�� RU� WUDQVIHUUHG WR� WKH� RLO SKDVH� DV� FOXVWHUV� RI� LRQ�SDLUV �3� ,,,�� 7KHVH� WZR�PHFKDQLVPV�ZLOO�EH�GLVFXVVHG�LQ�WKH�IROORZLQJ�VXEVHFWLRQV�
�������6ROXELOL]DWLRQ�RI�GHVRUEHG�PDWHULDO�LQWR�PLFHOOHV([SHULPHQWV�XVLQJ�GLIIHUHQW�FRQFHQWUDWLRQ RI� WKH�&��7$%�VXUIDFWDQW�ZHUH�SHUIRUPHG� WR�LQYHVWLJDWH�WKH�LQIOXHQFH�RI�WKH�SUHVHQFH�RI�PLFHOOHV�RQ�WKH�GHVRUSWLRQ�PHFKDQLVP��)LJXUH ����VKRZV� 6, FXUYHV� IRU� GLIIHUHQW� FRQFHQWUDWLRQV RI� &��7$%�� 7KH� ILJXUH VKRZV� WKDW� 6, ZDVVWURQJO\ GHSHQGLQJ� RQ� WKH� &��7$%� FRQFHQWUDWLRQ�� 7KHUH� ZDV� DQ� DEUXSW� GHFUHDVH� LQ� WKH�LPELELWLRQ�UDWH�DURXQG�WKH FRQFHQWUDWLRQ DSSUR[LPDWHO\�HTXDO�WR�&0&��&��7$%�KDV D�&0&�HTXDO�WR�����ZW�� LQ�GLVWLOOHG�ZDWHU���7KXV��WKH�SUHVHQFH�RI�PLFHOOHV�VHHPHG�WR�EH�RI�FUXFLDO�LPSRUWDQFH� IRU WKH� 6, WR� SURFHHG� LQWR� RLO�ZHW� FKDON�PDWHULDO �3� ,,�� 7KH\�ZHUH� H[SHFWHG� WR�HQKDQFH� WKH�GHVRUSWLRQ�UDWH�RI�RUJDQLF�PDWHULDO� LQ� WZR�ZD\V��0LFHOOHV�ZLOO�DFW�DV�VXUIDFWDQW�PRQRPHU� VXSSOLHUV� HQVXULQJ� KLJK� FRQFHQWUDWLRQ� RI�PRQRPHUV� DW� WKH� RLO�ZDWHU�VROLG� FRQWDFW�OLQH�� DQG�� LQ�DGGLWLRQ�� WR� VROXELOL]H� WKH�GHVRUEHG�PDWHULDOV��7KH�KLJKHU�85�IRU� WKH�����ZW���FRPSDUHG� WR� WKH�����ZW���VROXWLRQ�ZDV�DWWULEXWHG� WR�D�VWURQJHU�VROXELOL]DWLRQ�RI�RLO� LQWR� WKH�,,����PLFURPXOVLRQ�DW�WKH�KLJKHVW�FRQFHQWUDWLRQ��6���������
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)LJXUH������6,�SURILOHVIRU�&��7$%�LQWR�RLO�ZHW�FKDON�DW�����&XVLQJ�GLIIHUHQWVXUIDFWDQW�FRQFHQWUDWLRQV�
$GYDQFLQJ� FRQWDFW� DQJOHV� PHDVXUHPHQWV� RQ� FDOFLWH� FU\VWDOV� SUH�H[SRVHG� WR ODXULF� DFLG�GLVVROYHG�LQ�KHSWDQH�RU�FUXGH�RLO�IROORZHG�E\�H[SRVXUH�WR�GLIIHUHQW�VXUIDFWDQW�VROXWLRQV�DOVR�FRQILUPHG� WKH� LPSRUWDQFH� RI� VXUIDFWDQW� FRQFHQWUDWLRQ� RQ� WKH� ZHWWDELOLW\� DOWHUDWLRQ� SURFHVV��)LJXUH ��� VKRZV DQJOHV� PHDVXUHG� E\� GLIIHUHQW� VXUIDFWDQW� VROXWLRQV� DERYH� DQG� EHORZ� WKH�UHVSHFWLYH�&0&�YDOXHV��,W�FDQ�EH�VHHQ�WKDW�VXUIDFWDQW�VROXWLRQV�KDYLQJ�D�FRQFHQWUDWLRQ�DERYH�&0&�ZDV�PXFK�PRUH� HIILFLHQW� WR� GHVRUE� RLO�ZHWWLQJ� FRPSRQHQWV� IURP� WKH� FDOFLWH� FU\VWDOV�WKDQ�DW�FRQFHQWUDWLRQV�EHORZ�WKH�&0&��/RZ�VROXELOLW\�RI�WKH�LRQ�SDLUV�IRUPHG�LQ�WKH�DTXHRXV�SKDVH�DW�D�VXUIDFWDQW�FRQFHQWUDWLRQ�EHORZ�WKH�&0&�PD\�EH�WKH�UHDVRQ�IRU�WKLV�REVHUYDWLRQ�

)LJXUH �����$GYDQFLQJFRQWDFW DQJOHV�PHDVXUHGWKURXJK�ZDWHU GURSOHWV�RQFDOFLWH�FU\VWDOV SUH�H[SRVHG WR�FUXGH�RLO�RUODXULF�DFLG�GLVVROYHG�LQKHSWDQH�IROORZHG E\VXUIDFWDQW�VROXWLRQV�DWGLIIHUHQW� FRQFHQWUDWLRQV�DERYH�DQG�EHORZ�&0&�

�������'HVRUEHG�PDWHULDO�WUDQVIHU�WR�WKH�RLO�SKDVH�DV�LRQ �SDLUV7KH� GHVRUSWLRQ� PHFKDQLVP� DVVXPHG� WKDW� RUJDQLF� PDWWHU� RQ� WKH� PLQHUDO� VXUIDFH� ZDV�GHVRUEHG� XQGHU� IRUPDWLRQ� RI� LRQ�SDLUV�� 7KH� LRQ�SDLUV� DUH� VFDUFHO\� VROXEOH� LQ�ZDWHU� DQG� FDQ�WUDQVIHU� WR� WKH� RLO� SKDVH� �66� ��������� $� GHWDLOHG� VWXG\� UHJDUGLQJ� SDUWLWLRQLQJ� RI� &��7$%�
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7\SH�RI�VROXWLRQ

&RQW
DFW�D

QJOH�
�GHJU

HHV

%ULQH���/DXULF�DFLG&��7$%�����ZW���/DXULF�DFLG&��7$%������ZW���/DXULF�DFLG&��7$%�����ZW���/DXULF�DFLG&��7$%�����ZW���/DXULF�DFLG&��7$%������ZW���/DXULF�DFLG&��7$%��(���ZW���/DXULF�DFLG%ULQH���&UXGH�RLO&��7$%�����ZW���&UXGH�RLO&��7$%�����ZW���&UXGH�RLO
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EHWZHHQ�ZDWHU�DQG�RLO�ZDV WKHUHIRUH�SHUIRUPHG�WR�FRQILUP�WKH�DELOLW\�IRU�&��7$%�WR�SDUWLWLRQ�LQWR�WKH�RLO�SKDVH�WRJHWKHU�ZLWK�QHJDWLYHO\�FKDUJHG�PDWHULDO�DV�LRQ�SDLUV�0RGHO� RLOV� FRQWDLQLQJ� IDWW\� DFLGV�� FUXGH� RLO� VSLNHG� ZLWK� RFWDQRLF� DFLG� DQG� FUXGH� RLOV�KDYLQJ� GLIIHUHQW�$1V ZHUH� XVHG� LQ� WKH� H[SHULPHQWV� )LJXUH� ��� VKRZV� SDUWLWLRQ� FRHIILFLHQW��66���������IRU�&��7$%��&��7$%�DQG�&��7$%�EHWZHHQ�PRGHO�RLO�DQG�EULQH�DV�D�IXQFWLRQ�RI�S+ LQ� WKH� ZDWHU� SKDVH�� 7KH� SDUWLWLRQLQJ� RI� VXUIDFWDQWV� LQWR� WKH� RLO SKDVH� LQFUHDVHV� ZLWK�LQFUHDVLQJ�S+� 7KLV�LQFUHDVH�ZDV�H[SHFWHG�EHFDXVH�PRUH�DFLGV�ZLOO�EH�LRQL]HG�DW�WKH�RLO�ZDWHU�LQWHUIDFH�DW�KLJKHU�S+ �%XFNOH\���������HQKDQFLQJ�WKH IRUPDWLRQ RI�LRQ�SDLUV DQG�WKH�DPRXQW�RI� VXUIDFWDQWV� WUDQVIHUULQJ� WR� WKH� RLO� SKDVH�� :LWKRXW� RFWDQRLF� DFLG� SUHVHQW�� WKH� VXUIDFWDQW�SDUWLWLRQ�FRHIILFLHQW�VWD\HG�FRQVWDQW�

)LJXUH ����� 3DUWLWLRQLQJ�FRHIILFLHQW� IRU� &��7$%��&��7$%� DQG� &��7$%�EHWZHHQ� PRGHO� RLO� DQG�EULQH�DV�D�IXQFWLRQ�RI�S+��
&UXGH�RLO�%�ZLWK�$1 �����PJ�.2+�J�RLO�ZDV�VSLNHG�ZLWK�GLIIHUHQW�DPRXQWV�RI�RFWDQRLF�DFLG��)LJXUH����� VKRZV�SDUWLWLRQLQJ�RI�&��7$%�IRU�GLIIHUHQW�FRQFHQWUDWLRQ RI�DGGHG�RFWDQRLF�DFLG��7KH�SDUWLWLRQLQJ�FRHIILFLHQW�LQFUHDVHG�ZLWK�LQFUHDVLQJ DPRXQW�RI�RFWDQRLF�DFLG�DGGHG�

)LJXUH ����� 3DUWLWLRQLQJ�RI&��7$%�LQWR�FUXGH�RLO�%VSLNHG ZLWK�RFWDQRLF�DFLG�
,QFUHDVHG�SDUWLWLRQLQJ� FRHIILFLHQW�ZDV� DOVR�GHPRQVWUDWHG IRU�&��7$%�XVLQJ FUXGH�RLOV�ZLWK�GLIIHUHQW� $1�� )LJXUH ���� VKRZV� SDUWLWLRQLQJ� FRHIILFLHQW� IRU� �� GLIIHUHQW� FUXGH� RLOV� 7KH�SDUWLWLRQLQJ�RI�&��7$%�LQFUHDVHG�ZLWK�LQFUHDVLQJ�$1�RI WKH�RLOV��3�,,,��
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�
���
���
���
���
�

� � � � �� ��S+

.� �Q
RLO�QE

ULQH

&��7$%�ZLWK�2FWDQRLF�DFLG&��7$%�ZLWKRXW�2FWDQRLF�DFLG&��7$%�ZLWKRXW�2FWDQRLF�DFLG&��7$%�ZLWK�2FWDQRLF�DFLG&��7$%�ZLWKRXW�2FWDQRLF�DFLG&��7$%�ZLWK�2FWDQRLF�DFLG&��7$%�ZLWKRXW�2FWDQRLF�DFLG
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)LJXUH ������3DUWLWLRQ�FRHIILFLHQW� .�IRU SDUWLWLRQLQJ�RI�&��7$%�LQWR�FUXGHRLOV ZLWK�GLIIHUHQW�$1��7KH�KLJK�.YDOXH�IRU WKH�FUXGH�RLO�ZLWK�$1� �����J�.2+�J RLO� ZDV�GXH�WR�DQ�LQLWLDOVXUIDFWDQW FRQFHQWUDWLRQ�LQ�WKH�ZDWHUSKDVH DSSUR[LPDWHO\�HTXDO�WR�&0&�
7KHVH�WHVWV�FRQILUP�WKDW�FDWLRQLF�VXUIDFWDQWV�DUH�OLNHO\�WR�SDUWLWLRQ�LQWR�WKH�RLO�SKDVH�DV�LRQ�SDLUV� RU� FOXVWHUV� RI� LRQ�SDLUV�� 7KH� SDUWLWLRQLQJ� FRHIILFLHQW� LV� GHSHQGLQJ� RQ� WKH� VXUIDFWDQW�FRQFHQWUDWLRQ��WKH�S+�DQG�VDOLQLW\�RI�WKH�ZDWHU�SKDVH��WKH�FRPSRVLWLRQ�RI�WKH�RLO�SKDVH�DQG�WKH�DPRXQW�DQG�W\SH�RI�QHJDWLYHO\�FKDUJHG�FRXQWHU�LRQV�DYDLODEOH�

�����,QIOXHQFH�RI�WHPSHUDWXUH�RQ�6, UDWH7KH� PRQRPHU� FRQFHQWUDWLRQ� RI� VXUIDFWDQWV� DW� WKH� RLO�ZDWHU�VROLG� FRQWDFW� OLQH� LV� DQLPSRUWDQW� SDUDPHWHU� JRYHUQLQJ� WKH� GHVRUSWLRQ� UDWH� RI� RUJDQLF� PDWHULDO� IURP� WKH� PLQHUDO�VXUIDFH�DQG�KHQFH�IRU� WKH�LPELELWLRQ�UDWH��$W�D�VXUIDFWDQW�FRQFHQWUDWLRQ�DERYH�WKH�&0&��WKH�DPRXQW�RI�PRQRPHUV�LQ�WKH�ZDWHU�SKDVH�LV�GHWHUPLQHG�E\�WKH�VXUIDFWDQW¶V�&0&�YDOXH�DQG�WKH�GLIIXVLRQ�UDWH�RI�WKH�VXUIDFWDQW�WR�WKH�ZDWHU�LPELELWLRQ�IURQW��)LJXUH����� VKRZV�WKH�UDWH�RI�6,�LQWR� RLO�ZHW� FKDON� DW� GLIIHUHQW� WHPSHUDWXUHV� DQG� FRQFHQWUDWLRQV�� $� VPDOO� LQFUHDVH� LQ� WKH�LPELELWLRQ�UDWH�ZDV�REVHUYHG�ZKHQ�LQFUHDVLQJ�WKH�FRQFHQWUDWLRQ�RI�VXUIDFWDQW�IURP�����WR�����ZW���DW�ERWK����DQG�����&��,W�LV�LPSRUWDQW�WR�QRWLFH�WKDW�ERWK�FRQFHQWUDWLRQV�ZHUH�ZHOO�DERYH�WKH�&0&�YDOXH��7KH�GLIIHUHQFH�LQ�85�IRU�ERWK�FRQFHQWUDWLRQV�DW����DQG�����&�ZDV�DWWULEXWHG�WR�GLIIHUHQFHV�LQ�RLO�VROXELOL]DWLRQ�LQWR�WKH�,,����PLFURHPXOVLRQ��6��������+RZHYHU��WKH�6,�UDWH�VHHPHG�PXFK�PRUH� VHQVLWLYH� WR�FKDQJHV� LQ� WHPSHUDWXUH� WKDQ�FRQFHQWUDWLRQ�DQG� WKH� UDWH� DQG�85�LQFUHDVHG�VLJQLILFDQWO\�IRU�ERWK�FRQFHQWUDWLRQV�ZKHQ�WKH�WHPSHUDWXUH�ZDV�UDLVHG�IURP����WR�����&�
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DWHU 3DUWLWLRQ�RI&��7$%�LQWRFUXGH�RLOV�ZLWKGLIIHUHQW�DFLGQXPEHUV
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)LJXUH�������6,�RI&��7$%�LQWR�RLO�ZHWFKDON�PDWHULDO�DW���DQG�����&�

6HYHUDO�PHFKDQLVPV�FDQ�FRQWULEXWH�WR�LQFUHDVH�WKH�6,�UDWH�DW�HOHYDWHG�WHPSHUDWXUH�x ,QFUHDVHG� UDWH� RI� WKH� FKHPLFDO� GHVRUSWLRQ� SURFHVV�� 7KH� FKHPLFDO� GHVRUSWLRQ� SURFHVV�ZDV�DVVXPHG�WR�EH�WKH�UDWH�OLPLWLQJ�SDUDPHWHU�LQ�WKH�ZHWWDELOLW\�DOWHUDWLRQ�PHFKDQLVP��7KH� UDWH� RI� PRVW� FKHPLFDO� UHDFWLRQV� LQFUHDVHV� ZLWK� LQFUHDVLQJ� WHPSHUDWXUH� DQG�GHVRUSWLRQ�UHDFWLRQV�ZLOO�VSHHG�XS�DV�WKH�WHPSHUDWXUH�LQFUHDVHVx ,QFUHDVHG� GLIIXVLRQ� UDWH� RI� VXUIDFWDQWV��7KH� VXUIDFWDQW�PROHFXOHV�PXVW� GLIIXVH� WR� WKH�ZDWHU�LPELELWLRQ�IURQW�WR�GHVRUE�RLO�ZHWWLQJ�FRPSRQHQWV�DV�WKH�LPELELWLRQ�IURQW�PRYHV�LQWR�WKH�SRURXV�PHGLXP��,W�LV�ZHOO�NQRZQ�WKDW�LQFUHDVH�LQ�WKH�GLIIXVLRQ�FRHIILFLHQW�DQG�YLVFRVLW\� UHGXFWLRQ� RI� WKH� VROYHQW� DUH� WKH� PDLQ� SDUDPHWHUV� JRYHUQLQJ� LQFUHDVH� LQ�GLIIXVLRQ� UDWH� IRU�PROHFXOHV� LQ� EXON� VROXWLRQ� DW� HOHYDWHG� WHPSHUDWXUH� �+LHPHQ]� DQG�5DMDJRSDODQ���������,Q�DGGLWLRQ��VXUIDFWDQWV�DUH�DOVR�DEOH�WR�VSUHDG�YHU\�IDVW�DORQJ�WKH�RLO�ZDWHU�LQWHUIDFH�x ,QFUHDVHG� RLO�ZDWHU� ,)7� 0HDVXUHPHQWV� KDYH� VKRZQ� WKDW� WKH� RLO�ZDWHU� ,)7� LQFUHDVHV�ZLWK� LQFUHDVLQJ� WHPSHUDWXUH� IRU�&Q7$%� VXUIDFWDQWV� �$XVWDG�HW� DO��� ������ 3�9�� 7KLV�ZLOO�LQFUHDVH�WKH�LPELELWLRQ�UDWH�ZKHQ�WKH�RLO�ZHWWLQJ�FRPSRQHQWV�KDYH�EHHQ�UHPRYHG�DQG�ZDWHU�LV�LPELELQJ��6������x /RZHULQJ�RI�WKH�IOXLG�YLVFRVLWLHV��7KH�FRQWULEXWLRQ�IURP�UHGXFWLRQ�LQ�IOXLG�YLVFRVLWLHV�KDV�EHHQ�VKRZQ�WR�EH�PRVW� LPSRUWDQW� IRU�KHDY\�RLOV� �%DEDGDJOL��������%ULJJV�HW�DO��������� 'RQPH]�� ������ 5HLV�� ������� (IIHFWV� IURP� UHGXFWLRQ� LQ� RLO� YLVFRVLW\ ZHUH�WKHUHIRUH�DVVXPHG�WR�KDYH�RQO\�VOLJKWO\�LQIOXHQFHV�LQ�WKLV�VWXG\��GXH�WR�UHODWLYH�ORZ�RLO�YLVFRVLW\�DW�����&������F3�x 7KHUPDO�H[SDQVLRQ�RI�RLO��7KHUPDO� H[SDQVLRQ�RI� WKH�RLO�SKDVH�ZDV�DVVXPHG� WR�KDYH�VPDOO�HIIHFW�LQ�WKH�WHPSHUDWXUH�UDQJH��������&�DFFRUGLQJ�WR�UHSRUWHG�H[SDQVLRQ�YDOXHV�
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IRU� W\SLFDO� RLOV� UDQJLQJ� IURP������� IRU� WHPSHUDWXUHV� EHWZHHQ� ������ �&� �%DEDGDJOL�������x :HWWDELOLW\�DOWHUDWLRQ�HIIHFWV��7KHUH�DUH�UHDVRQV�WR�EHOLHYH�WKDW�RLO�ZHW�FKDON�EHFRPHV�PRUH�ZDWHU�ZHW�DW�HOHYDWHG�WHPSHUDWXUH��&KDSWHU������,QFUHDVHG�ZDWHU�ZHWQHVV�RI�WKH�FKDON�ZDV�WKHUHIRUH�DVVXPHG�WR�JLYH�D�VPDOO�FRQWULEXWLRQ�WR�WKH�RLO�SURGXFWLRQ�DW�����&��VORZ�LPELELWLRQ�RI�EULQH�DW�����&�
,W� LV� RI� FRXUVH�� LPSRVVLEOH� WR� UHODWH� WKH� LQFUHDVHG� RLO� UHFRYHU\� UDWH� REVHUYHG� DW� ��� �&�GLUHFWO\� WR� RQH� RI� WKH� SDUDPHWHUV� PHQWLRQHG� DERYH�� :KDW� FDQ� EH� VDLG� LV� WKDW� UDLVLQJ� WKH�WHPSHUDWXUH�KDG�D�ODUJH�LQIOXHQFH�RQ�WKH�6,�UDWH�DQG�WKLV�IDFW�GRHV�QRW�VHHP�WR�FRQWUDGLFW�WKH�SURSRVHG�ZHWWDELOLW\�DOWHUDWLRQ�PHFKDQLVP�

�����0DLQ�SDUDPHWHUV�DQG�NLQHWLFV LQ�WKH�ZHWWDELOLW\�DOWHUDWLRQ�PHFKDQLVP�$�PHFKDQLVP�IRU�ZHWWDELOLW\�DOWHUDWLRQ�RI�RLO�ZHW�FKDON�WR�ZDWHU�ZHW�FRQGLWLRQV�E\�XVH�RI�FDWLRQLF�VXUIDFWDQWV�RI� WKH� W\SH��&Q7$%��KDYH�EHHQ�SURSRVHG� 7KH�F\OLQGULFDO� WXEH�PRGHO� LQ�)LJXUH����� FDQ�LOOXVWUDWH�WKH�ZHWWDELOLW\�DOWHUDWLRQ�SURFHVV��

)LJXUH�������6,�RIZDWHU�LQWR�RLO�ZHW�WXEHE\�PRGLILFDWLRQ�RI�WKHWXEH�PDWHULDO�VR�WKHFRQWDFW�DQJOH�GURSVEHORZ�����
<RXQJ¶V�HTXDWLRQ��(T�������VROYHG�IRU�WKH�FRQWDFW�DQJOH�\LHOGV�

RZ
ZVRVFRV V V�V T >���@

7KH� FDSLOODU\� SUHVVXUH� LV� QHJDWLYH� IRU� T !� ����� DQG� LW� FDQ� EH� VHHQ� IURP� (T�� ���� WKDW� WKH�VXUIDFWDQW� LV�PRGLI\LQJ� WKH�ZDWHU�VROLG� ,)7��VZV�� VR� WKH�QXPHUDWRU��VRV � VZV�� WXUQV�SRVLWLYH��7KH�FRQWDFW�DQJOH�GHFUHDVHV�EHORZ�����DQG�ZDWHU�FDQ�LPELEH�VSRQWDQHRXVO\�
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7KH�UHVXOWV�LQ�WKH�SUHYLRXV�VXEVHFWLRQ�VKRZHG�WKDW�UDLVLQJ�WKH�WHPSHUDWXUH�KDG�ODUJH�HIIHFW�RQ� WKH� 6,� UDWH� LQWR� RLO�ZHW� FKDON�� 7KH� LQFUHDVH� LQ� WHPSHUDWXUH� LV� H[SHFWHG� WR� LQFUHDVH� WKH�NLQHWLFV� RI� WKH� ZHWWDELOLW\� DOWHUDWLRQ� SURFHVV�� HVSHFLDOO\� WKH� GHVRUSWLRQ� SURFHVV�� DQG� WKH�HIILFLHQF\� RI� WKH� VXUIDFWDQW� LV� WKHUHIRUH� H[SHFWHG� WR� LQFUHDVH� VLJQLILFDQWO\� ZLWK� LQFUHDVLQJ�WHPSHUDWXUH� RI� WKH� DFWXDO� &2%5� V\VWHP� XQGHU� WUHDWPHQW�� +RZHYHU�� WKH� WHPSHUDWXUH� ZLOO�XVXDOO\� VWD\� FRQVWDQW� RU� GHFUHDVH� ZKHQ� LQMHFWLQJ� ZDWHU LQWR� D� UHVHUYRLU�� 7KH� IROORZLQJ�VXUIDFWDQW�SDUDPHWHUV�DUH�WKHUHIRUH�DVVXPHG�WR�EH�PRVW�LPSRUWDQW�UHJDUGLQJ�WKH�NLQHWLFV�RI�WKH�6,�UDWH�DW�FRQVWDQW�WHPSHUDWXUH�x 7KH�VL]H�RI�WKH�K\GURFDUERQ�FKDLQV�DWWDFKHG�WR�WKH�1�DWRP�LQ�WKH�VXUIDFWDQW��.KDQ�DQG�0DUTXHV���������7RR�ODUJH�FDUERQ�JURXSV�DWWDFKHG�LV�EHOLHYHG�WR�ORZHU�WKH�LQWHUDFWLRQ�EHWZHHQ� WKH� FKDUJHG� FHQWHUV� RI� WKH� VXUIDFWDQWV� DQG� WKH� QHJDWLYHO\� FKDUJHG� RUJDQLF�PROHFXOHV� GXH� WR� VWHULF� UHSXOVLRQ� �+\DPLQH� DQG� $'0%$&O� YV�� &��7$%� DQG�&��7$%��x +\GURSKRELF� LQWHUDFWLRQ� EHWZHHQ� WKH� K\GURFDUERQ� FKDLQ� RI� WKH� VXUIDFWDQW� DQG� WKH�RUJDQLF�PDWHULDO� DWWDFKHG� WR� WKH�PLQHUDO� VXUIDFH��7KH� VXUIDFWDQW�FDUERQ�FKDLQ� VKRXOG�FRQWDLQ�DW�OHDVW����FDUERQ�DWRPV�WR�LQWHUDFW�HIILFLHQWO\�ZLWK�WKH�RUJDQLF�PDWWHU�RQ�WKH�PLQHUDO�VXUIDFH��&�7$%�YV��&��7$%�DQG�&��7$%�x 6LQFH�RQO\�VXUIDFWDQW�PRQRPHUV�ZHUH�DVVXPHG�WR�WDNH�SDUW�LQ�WKH�GHVRUSWLRQ�SURFHVV��WKH�&0&�RI�WKH�VXUIDFWDQW�VKRXOG�EH�KLJK�DQG�WKH�VXUIDFWDQW�FRQFHQWUDWLRQ�VKRXOG�EH�NHSW�DERYH�WKH�&0&�WR�HQVXUH�KLJK�GHVRUSWLRQ�UDWH�DQG�IDVW�LPELELWLRQ�RI�ZDWHU�DV�WKLV�VWHS�LV�DVVXPHG�WR�EH�WKH�UDWH�GHWHUPLQH�VWHS�LQ� WKH�ZHWWDELOLW\�DOWHUDWLRQ�PHFKDQLVP��&��7$%�YV��&��7$%�x 7KH�VXUIDFWDQW�VKRXOG�RQO\�ORZHU�WKH�RLO�ZDWHU�,)7�PRGHUDWHO\��HQVXULQJ�IDVW�FDSLOODU\�GULYHQ�LPELELWLRQ�RI�ZDWHU�DIWHU�WKH�GHVRUSWLRQ�SURFHVV��2WKHUZLVH��JUDYLW\�IRUFHV�PD\�EHFRPH�DFWLYH�DV�GLVFXVVHG�LQ�WKH�QH[W�FKDSWHU
�����$SSOLFDWLRQ�RI�ZHWWDELOLW\�PRGLI\LQJ�DJHQWV�IRU�(25(DUOLHU� UHSRUWHG� ZRUN� LQYROYLQJ�ZHWWDELOLW\� DOWHUDWLRQ� RI� UHVHUYRLU� URFN�ZLWK� WKH� DLP� RI�(25� LQFOXGHV� PRVWO\� DGGLWLRQ� RI� FDXVWLF� WR� WKH� LQMHFWLRQ� ZDWHU� GXULQJ� ZDWHUIORRGLQJ�� 7KH�DONDOLQH�ZDWHU�ZDV�DVVXPHG�WR�DOWHU�WKH�ZHWWDELOLW\�RI�WKH�RLO�ZHW�UHVHUYRLU�URFN�WR�ZDWHU�ZHW�DQG�WKHUHE\�LPSURYH�WKH�GLVSODFHPHQW�HIILFLHQF\��$UWHDJD�&DUGRQD�HW�DO���������(PHU\�HW�DO���������)URQLQJ� DQG�/HDFK�� ������*UDXH� DQG� -RKQVRQ��������/HDFK�HW� DO��� ������6SLQOHU� DQG�%DOGZLQ�� ������� ,Q� DGGLWLRQ�� %ODLU� DQG� 6WRXW� ������� DQG� 'RZQV� DQG� +RRYHU� ������� DQG�UHSRUWHG�SURPLVLQJ�UHVXOWV�IURP�SLORW�WHVWV�LQMHFWLQJ�WKLQ�ILOP�VSUHDGLQJ�DJHQWV��%ODLU���������
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ZKLFK�ZDV�DVVXPHG�WR�DOWHU�WKH�ZHWWDELOLW\�RI�WKH�UHVHUYRLU�URFN�WRZDUGV�ZDWHU�ZHW��,W�VKRXOG�EH�QRWLFHG�WKDW�DOO�WKH�WHVWV�LQ�WKH�FLWHG�DUWLFOHV�ZHUH�SHUIRUPHG�XVLQJ�VDQGVWRQH�URFNV�7KH�(25�LQ�WKH�DERYH�FLWHG�ZRUNV�ZDV�GXH�WR�WKH�IDFW�WKDW�VHYHUDO�DXWKRUV�KDYH�UHSRUWHG�WKDW� RSWLPDO� RLO� UHFRYHU\� GXULQJ�ZDWHUIORRGLQJ� XVXDOO\� DSSHDUV� ZKHQ� WKH�ZHWWDELOLW\� RI� WKH�SRURXV�PHGLXP�LV�ZHDNO\�ZDWHU�ZHW��$OYHVNRJ�HW�DO���������$QGHUVRQ������F��-DGKXQDQGDQ�DQG�0RUURZ��������/RUHQ]�HW�DO���������0RUURZ��������0RUURZ�HW�DO���������5DWKPHOO�HW�DO���������7RUV WHU�HW�DO���������7ZHKH\R�HW�DO���������=KRX�HW�DO�������E���7KLV�NQRZOHGJH�KDV�IXUWKHUPRUH� JLYHQ� ULVH� WR� ODERUDWRU\� LQYHVWLJDWLRQV� ZLWK� WKH� SXUSRVH� RI� UHYHUVLQJ� WKH�ZHWWDELOLW\�RI�VWURQJO\�ZDWHU�ZHW�VDQGVWRQH�URFN� WRZDUGV�QHXWUDO�ZHW��0LFKDHOV�HW�DO���������0LFKDHOV�DQG�3RUWHU��������0LFKDHOV�DQG�7LPPLQV������� .RZDOHZVNL�HW�DO���������7ZHKH\R�HW�DO���������:DJQHU�DQG�/HDFK��������� ,W� LV� LPSRUWDQW� WR�QRWLFH� WKDW�DOO� WKH�FLWHG�ZRUNV�DUH�DLPLQJ� WR� WDNH� DGYDQWDJH� RI� D�ZHWWDELOLW\� DOWHUDWLRQ� LQ� SUHYLRXVO\� ZDWHUIORRGHG� ]RQHV�� 7KH�LQMHFWHG�FKHPLFDOV�ZHUH�RQO\�DVVXPHG�WR�EH�HIILFLHQW�LQ�DUHDV�UHDFKHG�E\�WKH�LQMHFWHG�ZDWHU��+RZHYHU��D�ZHWWDELOLW\�DOWHUDWLRQ�SURFHVV�DOORZLQJ�6,�RI�ZDWHU� LQWR�RLO�ZHW�FDUERQDWH�PHGLD�KDV��ZLWK� WKH�H[FHSWLRQ�RI� WKH�DUWLFOH�E\�$XVWDG�DQG�0LOWHU� �������� WR� WKH�NQRZOHGJH�RI� WKH�DXWKRU�QRW�EHHQ�UHSRUWHG�LQ�WKH�OLWHUDWXUH��7KH�UHVXOWV�SUHVHQWHG�LQ�WKLV�WKHVLV�VKRXOG�WKHUHIRUH�EH�FRQVLGHUHG�DV�DQ�LQWHUHVWLQJ�PHWKRG�WR�HQKDQFHG�WKH�GLVSODFHPHQW�HIILFLHQF\�LQ�IUDFWXUHG�RLO�ZHW�FDUERQDWH�UHVHUYRLUV�SURGXFLQJ�LQ�WKH�VHFRQGDU\� RU�WHUWLDU\�VWDJH�
&KDSWHU�����7KH�UHODWLYH�LQIOXHQFH�RI�FDSLOODU\� YV��JUDYLW\�IRUFHV�GXULQJ�LPELELWLRQ�LQWR�ORZ�SHUPHDEOH�RLO�ZHW�FKDON

,W� LV� LPSRUWDQW� WR� JDLQ� LQIRUPDWLRQ� DERXW� WKH� UHODWLYH� LQIOXHQFH� RI� JUDYLW\� WR� FDSLOODU\�IRUFHV�DFWLQJ�RQ�WKH�IOXLGV�GXULQJ�WKH�6,�WHVWV�LQ�WKH�ODERUDWRU\��7KH�UHDVRQ�LV�WKDW�WKH�KHLJKW�RI�WKH� PDWUL[� EORFNV� LQ� IUDFWXUHG� FDUERQDWH� UHVHUYRLUV� PD\� YDU\� VLJQLILFDQWO\� �7KRPDV� HW� DO���������� 7HVWV� KDYH� VKRZQ� WKDW� 6,� UDWH� LV� OLNHO\� WR� VORZ� GRZQ� XQGHU� LQFUHDVHG� LQIOXHQFH� RI�JUDYLW\� IRUFHV�� HVSHFLDOO\� IRU� ORZ�SHUPHDEOH� SRURXV� PHGLD� �&XLHF� HW� DO��� ������0LOWHU� DQG�$XVWDG�� ����D�� 6� ������� ,QFRUUHFW� FRQFOXVLRQV� DERXW� GLVSODFHPHQW� HIILFLHQF\� IRU� ILHOG�DSSOLFDWLRQ� FDQ� EH� WKH� RXWFRPH�� LI� WHVWV� RQO\� DUH� SHUIRUPHG� RQ� VKRUW� FRUHV� ZKHQ� DGGLQJ�VXUIDFWDQWV�WR�WKH�LQMHFWLRQ�ZDWHU�
������,QIOXHQFH�RI�FDSLOODU\� YV��JUDYLW\�IRUFHV�GXULQJ�&��7$%�LPELELWLRQ7KH� LQIOXHQFH� RI� JUDYLW\� DQG� FDSLOODU\� IRUFHV� GXULQJ� 6,� LQWR� ORZ�SHUPHDELOLW\� RLO�ZHW�FKDON�ZDV�LQYHVWLJDWHG�E\�YDU\LQJ�WKH�KHLJKW�RI�WKH�FRUHV��WKH�WHPSHUDWXUH��WKH�RLO�ZDWHU�,)7�
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DQG�WKH�LQLWLDO�ZDWHU�VDWXUDWLRQ��3�9���)LJXUH����� VKRZV�6,�RI�&��7$%�LQWR�ORQJ�FRUHV�ZLWK�DQG�ZLWKRXW�6ZL DW����DQG�����&��UHVSHFWLYHO\��7KH�VKDSHV�RI�WKH�LPELELWLRQ�FXUYHV�DW�����&�DUH�TXLWH�VLPLODU�IRU�FRUHV�ZLWK�DQG�ZLWKRXW�6ZL��7KHUH�ZDV�D�EUHDN�RQ�WKH�FXUYHV��ZKLFK�ZHUH�LQWHUSUHWHG� DV� D� FURVVRYHU� LQ� LPELELWLRQ� PHFKDQLVP� IURP� DQ� LPELELWLRQ� PDLQO\� GULYHQ� E\�FDSLOODU\� IRUFHV� WR� DQ� LPELELWLRQ� PDLQO\� GRPLQDWHG� E\� JUDYLW\� IRUFHV� �6� ������� &DOFXODWHG�YDOXHV�RI�1%�� DOVR�LQGLFDWHG�WKDW�JUDYLW\�IRUFHV�VKRXOG�EH�DFWLYH�LQ�WKH�RLO�H[SXOVLRQ�SURFHVV��7KH�FRUH�ZLWKRXW�6ZL SURGXFHG�RLO�ZLWK�D�VOLJKWO\�KLJKHU�UDWH�WKDQ�WKH�FRUH�ZLWK�6ZL��+RZHYHU��WKH� LPELELWLRQ� UDWH� LQFUHDVHG�VLJQLILFDQWO\� IRU�ERWK�FRUHV�ZLWK�DQG�ZLWKRXW�6ZL ZKHQ� UDLVLQJ�WKH�WHPSHUDWXUH�WR�����&��&RQWUDU\�WR�WKH�FXUYHV�DW�����&��QR�EUHDN�RQ�WKH�LPELELWLRQ�FXUYHV�VLPLODU� WR� WKH� FXUYHV� DW� ��� �&� ZDV� REVHUYHG�� LQGLFDWLQJ� WKDW� FDSLOODU\� IRUFHV� ZHUH� PRUH�SURQRXQFHG� DW� ��� �&�� 7KLV� DVVXPSWLRQ� ZDV� FRQILUPHG� ZKHQ� VWXG\LQJ� WKH� UHVLGXDO� RLO�VDWXUDWLRQ�LQVLGH�WKH�FRUHV��

)LJXUH�������6,�RI&��7$%�LQWR�ORQJ�RLO�ZHW�FKDON�ZLWK�DQGZLWKRXW�6ZL�DW����DQG�����&�
7KHUH�ZDV�QR�VLJQ�RI�JUDYLW\�VHJUHJDWLRQ�LQ� WKH�FRUHV� LPELEHG�DW�����&��)LJXUH�������$�IDVWHU�ZHWWDELOLW\�DOWHUDWLRQ�SURFHVV�DQG�KLJKHU�RLO�ZDWHU�,)7�DUH�SUREDEO\�WKH�PDLQ�UHDVRQV�IRU�WKH�FKDQJH�LQ�LPELELWLRQ�PHFKDQLVP�ZKHQ�LQFUHDVLQJ�WKH�WHPSHUDWXUH�IURP����WR�����&�
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)LJXUH�������3LFWXUHV�RI�FOHDYHG�ORQJ�FRPSRVLWH�FKDON�FRUHV��D� &��7$%�����&�DQG�6ZL  �����E� &��7$%�����&�DQG6ZL  ���

7HVWV�ZHUH�DOVR�SHUIRUPHG�RQ�ORQJ�FKDON�FRUHV�ZKHUH�FUXGH�RLO�ZDV�H[FKDQJHG�ZLWK�KHSWDQH�SULRU�WR�&��7$%�LPELELWLRQ��7KH�,)7�EHWZHHQ�&��7$%�VROXWLRQ�DQG�KHSWDQH�ZDV�����P1�P�DW�����&��ZKLFK� UHVXOWHG� LQ�DQ� LPELELWLRQ�PHFKDQLVP�GRPLQDWHG�PDLQO\�E\� FDSLOODU\�IRUFHV� DV� FRQILUPHG� E\� WKH� VKDSH� RI� WKH� LPELELWLRQ� FXUYH� LQ� )LJXUH� ������ 7KH� FXUYH� IRU�&��7$%�LPELELWLRQ� LQWR� ORQJ�FRUH�VDWXUDWHG�ZLWK�RLO�)� LV� LQFOXGHG�IRU�FRPSDULVRQ��6ZL ZDV�]HUR�LQ�ERWK�FDVHV�

)LJXUH�������6,�RI�&��7$%VXUIDFWDQW�LQWR�ORQJ�RLO�FKDON�FRUHV������VDWXUDWHG�ZLWK�KHSWDQH�DQGFUXGH�RLO�)�DV�RLO�SKDVHV��7KHWHPSHUDWXUH�ZDV������
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)LJXUH� ������ &OHDYHG� ORQJ� FRPSRVLWH� FKDON� FRUH� VDWXUDWHG�ZLWK� KHSWDQH� EHIRUH� LPELELWLRQ�ZLWK�&��7$%���E��8SSHU�SDUW�RI�WKH�VDPH�FRUH�DV�LQ��D���
)LJXUH�������D��VKRZV�D�SLFWXUH�RI�WKH�FOHDYHG�ORQJ�FRPSRVLWH�FKDON�FRUH�ZKHUH�FUXGH�RLOZDV� H[FKDQJHG ZLWK�KHSWDQH�EHIRUH� LQLWLDWLQJ� WKH�6,� WHVW� 7KH� UHVLGXDO� RLO� VDWXUDWLRQ�SURILOH�SRLQWV� WR� DQ� LPELELWLRQ� GRPLQDWHG� E\� FDSLOODU\� IRUFHV�� 7KH� SLFWXUH� JLYHV� LQWHUHVWLQJ�LQIRUPDWLRQ�DERXW�IORZ�EHKDYLRU�LQ�SRURXV�PHGLXP�GXULQJ�D�6,�SURFHVV��ZKHUH�RLO�DQG�ZDWHU�DUH�IORZLQJ�FRXQWHU�FXUUHQWO\��:DWHU�WHQGV�WR�LPELEH�LQWR�WKH�FRUH�LQ�FHUWDLQ�]RQHV�DQG�RLO�LV�H[SHOOHG�LQ�RWKHU�]RQHV�ZLWK�KLJKHU�RLO�VDWXUDWLRQ��7KHVH�SDWWHUQV�DUH�VKRZHG�LQ�PRUH�GHWDLO�LQ�WKH�XSSHU�SDUW�RI�WKH�FRUH��E���:KHWKHU�VXFK�SDWWHUQV�DUH�FUHDWHG LQ�JHQHUDO�RU�DUH�D�UHVXOW�RI�VPDOO�KHWHURJHQHLWLHV�LQ�WKH�FKDON�PDWHULDO�LV�QRW�FOHDU�

&KDSWHU���� &RPSDULVRQ�RI�&��7$% YV� D�QRQ�LRQLF�VXUIDFWDQW�IRU�WKHLU� DELOLW\� WR� LPELEH� LQWR� VKRUW� DQG� ORQJ RLO�ZHW� GRORPLWH�UHVHUYRLU�FRUHV
$W� WKLV� SRLQW� LQ� WKH� SURMHFW�� WKH� &��7$%� VXUIDFWDQW� V\VWHP� KDG� RQO\� EHHQ� WHVWHG� RQ�RXWFURS� FKDON� FRUHV�� ,W�ZDV� WKHUHIRUH� LQWHUHVWLQJ� WR� VHH� LI� WKH� VXUIDFWDQW� V\VWHP�ZDV� DEOH� WR�EHQHILW�RLO�SURGXFWLRQ�IURP�UHVWRUHG�UHVHUYRLU�FRUHV��7KLV�VHFWLRQ�ZLOO�SUHVHQW�UHVXOWV�IURP�6,�WHVWV�SHUIRUPHG�RQ�UHVWRUHG�GRORPLWH�UHVHUYRLU�FRUHV�IURP�D�ILHOG�LQ�ZHVW�7H[DV��$�FRPSDULVRQ�EHWZHHQ�&��7$%�DQG�DQ�HWKR[\ODWHG�DOFRKRO��&�����(2��2+��WHUPHG�($���IRU�WKHLU�DELOLW\�WR�
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HQKDQFH�RLO�SURGXFWLRQ�IURP�VKRUW�DQG�ORQJ�RLO�ZHW�GRORPLWH�UHVHUYRLU�FRUHV�LV�DOVR�UHSRUWHG��3�,9��
������6, RI�&��7$%�YV� ($� LQWR� VKRUW�DQG� ORQJ RLO�ZHW�GRORPLWH� UHVHUYRLU�FRUHV��������6KRUW�FRUH�WHVWV)LJXUHV������DQG����� VKRZ�LPELELWLRQ�RI�&��7$%�DQG�($�LQWR���PROGLF�DQG���VXFURVLFGRORPLWH�FRUHV��66����������&��7$%�ZDV�LQ�JHQHUDO�PRUH�HIILFLHQW�WR�H[SHO�RLO�IURP�WKH�RLO�ZHW�FRUHV�FRPSDUHG�WR�($��$SSUR[LPDWHO\���������RI�22,3�ZDV�SURGXFHG�XVLQJ�&��7$%��URXJKO\� ���� WLPHV� PRUH� WKDQ� IRU� ($�� 1R� FRUUHODWLRQ� FRXOG� EH� HVWDEOLVKHG� EHWZHHQ� RLO�SURGXFWLRQ�DQG�PROGLF�DQG�VXFURVLF�W\SH�RI�FRUH��+RZHYHU��WKH�UHODWLYH�HIILFLHQF\�RI�&��7$%�DQG�($�WR�GLVSODFH�RLO�GHFUHDVHG�ZLWK�LQFUHDVLQJ�SHUPHDELOLW\�IRU�WKH�PROGLF�FRUHV��,QFUHDVHG�LQIOXHQFH�RI�JUDYLW\�IRUFHV�ZLWK�LQFUHDVLQJ�SHUPHDELOLW\�ZDV�DVVXPHG�WR�EH�WKH�UHDVRQ�IRU�WKLV�WHQGHQF\��3�,9��

)LJXUH�������6,�RI�&��7$%�DQG�($�LQWR�RLO�ZHW�GRORPLWH�UHVHUYRLU�FRUHV�FODVVLILHG�DV�PROGLF�
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)LJXUH� ������ 6,� RI� &��7$%� DQG� ($� LQWR� RLO�ZHW� GRORPLWH� UHVHUYRLU� FRUHV� FODVVLILHG� DV�VXFURVLF�
7KH�FXUYHV� FRQILUPHG� WKDW�&��7$%�ZDV� DEOH� WR�H[SHO�RLO� LQ� DQ� HIILFLHQW�ZD\� IURP� UHDO�UHVHUYRLU� FRUH� PDWHULDO� UHVWRUHG� WR� PLPLF� UHVHUYRLU� ZHWWDELOLW\�� &��7$%� ZDV� H[SHFWHG� WR�LQFUHDVH�WKH�ZDWHU�ZHWQHVV�RI�WKH�GRORPLWH�FRUHV�LQ�D�VLPLODU�ZD\�DV�IRU�FKDON�FRUHV��ZKHUHDV�($�ZDV�EHOLHYHG WR�HQKDQFH�RLO�UHFRYHU\�E\�RLO�ZDWHU�,)7�UHGXFWLRQ�DQG�FUHDWLRQ�RI�D�ZDWHU�ZHW�ELOD\HU�VLPLODU�WR�WKH�PHFKDQLVP�SUHYLRXVO\�GHVFULEHG�IRU�DQLRQLF�(2�VXUIDFWDQWV��+HQFH��WKH GLIIHUHQFH�LQ�RLO�UHFRYHU\�HIILFLHQF\�ZDV�DVVXPHG�WR�EH�D�UHVXOW�RI�WKH�GLIIHUHQW�LPELELWLRQ�PHFKDQLVPV� LQYROYHG� IRU� WKH� WZR� W\SHV� RI� VXUIDFWDQWV�� ,W� VKRXOG� EH� QRWLFHG� WKDW� WKH� ,)7�EHWZHHQ�&��7$%�DQG�($�VROXWLRQV�WRZDUGV�RLO�ZHUH�DSSUR[LPDWHO\�WKH�VDPH�&RQWDFW�DQJOH�PHDVXUHPHQWV�ZHUH�SHUIRUPHG�RQ�FDOFLWH�FU\VWDOV�SUH�H[SRVHG�WR�FUXGH�RLO�*�IROORZHG�E\�%ULQH����&��7$%�DQG�($�VROXWLRQ��7KH�DQJOHV�ZHUH�PHDVXUHG�WR��������DQG������ UHVSHFWLYHO\�� VKRZLQJ� WKDW� &��7$%� ZDV� PXFK� PRUH� HIILFLHQW� WKDQ� ($� WR� DOWHU� WKH�ZHWWDELOLW\�RI�WKH�FDOFLWH�FU\VWDOV�WRZDUGV�D�PRUH�ZDWHU�ZHW�VWDWH��)LJXUH������
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)LJXUH�������&RQWDFW�DQJOHV�PHDVXUHG�RQ�FDOFLWHFU\VWDOV�SUH�H[SRVHG�WR�FUXGH�RLO�*�IROORZHG�E\�%ULQH���&��7$%�RU�($�VROXWLRQ�

��������/RQJ�FRUH�WHVWV7HVWV�ZHUH�SHUIRUPHG�RQ�WZR�ORQJ�GRORPLWH�UHVHUYRLU�FRUHV�ZLWK�SHUPHDELOLW\�RI�����DQG����P'��)LJXUH� ����� VKRZV� WKDW�&��7$%� LPELEHG� TXLFNO\� LQWR� WKH� ����P'�</�� FRUH� DQG�PRUH� WKDQ� ��� �� RI� 22,3� ZDV� SURGXFHG� GXULQJ� ��� GD\V�� 7KH� ���P'� </�� FRUH� ZDV� ILUVW�VXUURXQGHG�ZLWK�($�DQG�RQO\�����22,3�ZDV�SURGXFHG�GXULQJ����GD\V�� WKHUHDIWHU�($�ZDV�H[FKDQJHG� ZLWK� &��7$%�� 2LO� SURGXFWLRQ� ZDV� LPPHGLDWHO\� LQLWLDWHG�� EXW� WKH� UDWH� ZDV�VLJQLILFDQW� ORZHU� WKDQ� IRU� WKH�����P'�FRUH��/RZHU�SHUPHDELOLW\�RI� WKH� FRUH�DQG�V\QHUJLVWLF�HIIHFWV� �5RVHQ��������EHWZHHQ�SUHYLRXVO\� LPELEHG�($�DQG�&��7$%�ZDV�EHOLHYHG� WR�EH� WKH�PDLQ�UHDVRQV�IRU�WKH�VORZHU�RLO�H[SXOVLRQ�UDWH�IURP�</��FRPSDUHG�WR�</���3�,9��

)LJXUH�������6,�RI&��7$%�LQWR�ORQJRLO�ZHW�GRORPLWHUHVHUYRLU�FRUHV�DW����&�
��������6SRQWDQHRXV�XSWDNH�RI�RLO6SRQWDQHRXV�XSWDNH�RI�RLO�ZDV�REVHUYHG�IRU�GRORPLWH�FRUHV�SUHYLRXVO\�LPELEHG�E\�($�DQG�&��7$%��)LJXUH����� VKRZV�XSWDNH�RI�RLO� LQ�D�FRUH�SUHYLRXVO\� LPELEHG�E\�&��7$%��/RZ�RLO�ZDWHU� ,)7�DQG� JUDYLW\� VHJUHJDWLRQ�ZHUH� DVVXPHG� WR�EH� WKH� UHDVRQV� IRU� WKH�RLO� XSWDNH� �3�,9��� ,W� LV� WKHUHIRUH� LPSRUWDQW� WR� DYRLG� FRQWDFW� EHWZHHQ� RLO� DQG UHVHUYRLU� DUHDV� SUHYLRXVO\�IORRGHG�E\�VXUIDFWDQW�LQ�WKH�ILHOG��EHFDXVH�WKH�RLO�VDWXUDWLRQ�LV�WKHQ�OLNHO\�WR�LQFUHDVH�DJDLQ�
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3DUW���0DLQ�UHVXOWV�DQG�GLVFXVVLRQV ��

��

)LJXUH� ������6,� RI�&��7$%�LQWR� GRORPLWH� UHVHUYRLU� FRUH�IROORZHG� E\� VSRQWDQHRXV�XSWDNH�RI�RLO�DW�����&�

&KDSWHU���� $PLQHV�DV�ZHWWDELOLW\�PRGLILHUV�IRU�RLO�ZHW�FDUERQDWH
7KLV� FKDSWHU� SUHVHQWV� UHVXOWV� IURP�6,� WHVWV� LQWR� RLO�ZHW� FKDON� DQG� GRORPLWH� FRUHV� XVLQJ�DPLQH�VROXWLRQV��$PLQHV�FRQWDLQLQJ�ORQJ�K\GURFDUERQ�FKDLQ�ZLOO�DFW�DV�FDWLRQLF�VXUIDFWDQWV�DW�S+� EHORZ� ����� 7KH� SXUSRVH� RI� DSSO\LQJ� DPLQHV� LQ� 6,� WHVWV�ZDV� WR� HYDOXDWH� WKHLU� DELOLW\� WR�LPELEH� LQWR� RLO�ZHW� FDUERQDWH� DFFRUGLQJ� WR� WKH� VDPH� PHFKDQLVP� DV� &��7$%�� $PLQHV� DUH�PXFK�FKHDSHU�WKDQ�TXDWHUQDU\�DPPRQLXP�VDOWV��ZKLFK�PDNH�WKHP�PRUH�DWWUDFWLYH�WR�EH�XVHG�LQ�DFWXDO�ILHOGV�

������,PELELWLRQ�RI�&���DPLQH�LQWR�RLO�ZHW�FKDON,W� ZDV� QDWXUDO� WR� VWDUW� WKH� VFUHHQLQJ� WHVW� RI� DPLQHV� ZLWK� &���DPLQH�� VLQFH� WKH�FRUUHVSRQGLQJ�TXDWHUQDU\�DPPRQLXP�VDOW��&��7$%��ZDV�WKH�PRVW�HIILFLHQW�VXUIDFWDQW�WR�H[SHO�RLO�XQGHU�RLO�ZHW�FRQGLWLRQV��+RZHYHU� WKH�&���DPLQH�VROXWLRQ�EHFDPH�FORXG\�DQG�VROXELOLW\�GDWD� LQGLFDWHG� WKDW� &���DPLQH� SUHFLSLWDWHG� RXW� RI� VROXWLRQ�� 1HYHUWKHOHVV�� WKH� &���DPLQH�VROXWLRQ�ZDV�DEOH�WR�LPELEH�LQWR�RLO�ZHW�FKDON DQG�6,�SURILOHV�DW����DQG�����&�DUH�VKRZQ�LQ�)LJXUH ����� ,W�VKRXOG�EH�QRWLFHG�WKDW�WKH�DPLQH�ZDV�GLVVROYHG�LQ�GLVWLOOHG�ZDWHU�LQ�WKHVH�WHVWV�WR�HQKDQFH�WKH�ZDWHU�VROXELOLW\�

)LJXUH�������6,�SURILOHVIRU�&���DPLQH�VROXWLRQVGLVVROYHG�LQ�GLVWLOOHGZDWHU�LQWR�RLO�ZHW�FKDONFRUHV�DW����DQG�����&����
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3DUW���0DLQ�UHVXOWV�DQG�GLVFXVVLRQV ��

��

)LJXUH ���� VKRZV�D�SLFWXUH�RI�D�FOHDYHG�FRUH�LPELEHG�E\�&���DPLQH�VROXWLRQ DW�����&��7KH�UHVLGXDO�RLO�VDWXUDWLRQ�SURILOH�LQGLFDWHV WKDW�WKH�RLO�ZDV�H[SHOOHG�LQ�D�FRXQWHU�FXUUHQW�IORZ�PRGH�E\ FDSLOODU\�IRUFHV��+HQFH��WKH�LPELELWLRQ�RI�&���DPLQH�ZDV�EHOLHYHG�WR�SURFHHGV LQ�WKH�VDPH�PDQQHU�DV�IRU�&��7$%� L�H�� WKH�&���1+�� ZDV�WKH�DFWLYH�FDWLRQLF�VXUIDFWDQW�GHVRUELQJ�WKH� RUJDQLF� PDWHULDO� IURP WKH� FKDON� VXUIDFH� +RZHYHU�� WKH� LQVWDELOLW\� RI� WKH� &���DPLQH�VROXWLRQ�PDNHV�LW�LPSURSHU�DV�(25�FKHPLFDO��7KH�SRRU�LPELELWLRQ�EHKDYLRU�DW����FRPSDUHG�WR�����&��ZDV�EHOLHYHG�WR�EH�UHODWHG�WR�GLVVROXWLRQ�RI�FKDON�DV�GLVFXVVHG�LQ�WKH�QH[W�VHFWLRQ��

)LJXUH�������3LFWXUH�RI�D�FOHDYHG�FKDON�FRUH,PELEHG�E\�&���DPLQH�GLVVROYHG�LQ�GLVWLOOHGZDWHU�DW�����&�

������6,�RI�&���DPLQH�LQWR�RLO�ZHW�GRORPLWH�FRUHV�DW�GLIIHUHQW�WHPSHUDWXUHV&���DPLQH�KDV�KLJKHU�VROXELOLW\�WKDQ�&���DPLQH�LQ�ZDWHU��6KHUJROG��������DQG�D�����ZW���VROXWLRQ�RI�&���DPLQH�VWD\HG�FOHDU�DQG�WUDQVSDUHQW��HYHQ�ZKHQ�GLVVROYHG�LQ�WKH�KLJK�VDOLQLW\�%ULQH� �� )LJXUH ����� VKRZV� LPELELWLRQ� RI� &���DPLQH� LQWR� GRORPLWH� FRUHV� DW� ��� �&�� 7KH�DEVHQFH�RI�EULQH�LPELELWLRQ�FRQILUPHG�WKDW�WKH�FRUHV�ZHUH�FRPSOHWHO\�RLO�ZHW��+RZHYHU��&���DPLQH�VROXWLRQ�LPELEHG VSRQWDQHRXVO\�DQG�85 RI������RI�22,3�ZDV�UHDFKHG�ZLWKLQ���ZHHNV�IRU�WKH�KLJK�SHUPHDEOH ����P' FRUH��7KH�����P'�FRUH�DOVR�LPELEHG�TXLWH�HIILFLHQWO\ DQG�WKH�RLO�UHFRYHU\�DSSURDFKHG �����RI�22,3�DIWHU����GD\V��,QLWLDOO\��WKH����P'�FRUH�LPELEHG�YHU\�IDVW�LQLWLDOO\��EXW�85 OHYHOHG RII�DW�DSSUR[LPDWHO\������RI�22,3�DIWHU���ZHHNV� 7KLV�FRUH�ZDV�KLJKO\�PROGLF�DQG�WKH�KLJK�UHVLGXDO�RLO�VDWXUDWLRQ�LQ�WKLV�FRUH�ZDV�H[SHFWHG�WR�EH�GXH�WR�KLJKHU�GHJUHH�RI�VQDS�RII�DQG�E\SDVV�RI�RLO� LQ�VXFK�SRUH�V\VWHPV��6��������7KHVH UHVXOWV�FRQILUPHGWKDW�&���DPLQH�VROXWLRQ�KDV�WKH�DELOLW\�WR�DOWHU�WKH�ZHWWDELOLW\�RI�RLO�ZHW�GRORPLWH�DQG�LQGXFH�6,�LQWR�RLO�ZHW�PDWHULDO DW�S+�YDOXHV�EHORZ�����
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3DUW���0DLQ�UHVXOWV�DQG�GLVFXVVLRQV ��

��

)LJXUH�������6,�RI�&���DPLQHVROXWLRQV�LQWR�RLO�ZHW�GRORPLWHUHVHUYRLU�FRUHV�DW�����&�
+RZHYHU�� UDLVLQJ� WKH� WHPSHUDWXUH� WR� ��� �&� UHVXOWHG� LQ� D� WUHPHQGRXV� GHFUHDVH� LQ RLO�UHFRYHU\� IRU WKH� GRORPLWH� FRUHV ZLWK� KLJKHVW� SHUPHDELOLW\� ����� DQG� ���� P'��� 7KH� ORZ�SHUPHDEOH PROGLF�FRUH�LPELEHG�&���DPLQH�VROXWLRQ�DQG������RI�22,3�ZDV�SURGXFHG�ZLWKLQ���ZHHN��:KHQ�ORZHULQJ�WKH�WHPSHUDWXUH�WR�����&��ERWK�RI�WKH�KLJK�SHUPHDEOH FRUHV�LPELEHG�TXLWH�HIILFLHQWO\�DV�VKRZQ�LQ�)LJXUH ������

)LJXUH�������6,�RI�&���DPLQH�LQWR�RLO�ZHWGRORPLWH�UHVHUYRLU�FRUHVDW����DQG�����&��S+�DERXW����
7KH GHFUHDVH�LQ�LPELELWLRQ�UDWH�DW�����& ZDV�H[SHFWHG�WR�EH�GXH�WR�LQFUHDVHG�GLVVROXWLRQ�RI�GRORPLWH�� ZKLFK� ZLOO� GHFUHDVH� WKH� DPRXQW� RI� DFWLYH� &��1+�� VXUIDFWDQW DFFRUGLQJ� WR� WKH�IROORZLQJ�UHDFWLRQ�

����������� 1+&�+&2�0J&D1+&��V��&2�&D0J ����� ���� >����@
7KLV�LQWHUSUHWDWLRQ�ZDV�VXSSRUWHG�E\�D�GLVVROXWLRQ�WHVWV�SHUIRUPHG�RQ�FKDON�SRZGHU�DGGHG�WR�GLVWLOOHG ZDWHU�DQG�WR�&���DPLQH�GLVVROYHG�LQ�GLVWLOOHG�ZDWHU��7DEOH������
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3DUW���0DLQ�UHVXOWV�DQG�GLVFXVVLRQV ��

��

7DEOH ������'LVVROXWLRQ�RI�FKDON�SRZGHU�DV�D�IXQFWLRQ�RI�WHPSHUDWXUH�IRU�SRZGHU�VXVSHQGHG�LQ�GLVWLOOHG�ZDWHU�DQG�&���DPLQH�VROXWLRQ�ZLWK�S+�DGMXVWHG�WR�DERXW�����&KDON�SRZGHU�VXVSHQGHG�LQ 7HPS�����&� 0DVV�FKDON�SRZGHU���J� &DOFLXP�FRQF�LQ�WKH�ZDWHU���PJ�O�
0DVV�GLVVROYHG�FDOFXODWHG�DV�PJ�&D&2�

��&D&2�GLVVROYHG'LVWLOOHG�ZDWHU �� ������ ���� ��� ���'LVWLOOHG�ZDWHU �� ������ ���� ��� ��������ZW���&���DPLQH �� ������ �� ���� ����
����ZW���&���DPLQH �� ������ ��� ���� ����
7KH�VROXELOLW\�RI�FDOFLXP�FDUERQDWH� LQ�ZDWHU�GHFUHDVHV�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��7KH�FRQFHQWUDWLRQ�RI�FDOFLXP�LQ�GLVWLOOHG�ZDWHU�DW�����&�ZDV�WKHUHIRUH�KLJKHU� WKDQ�DW�����&��7KH�RSSRVLWH� WUHQG�ZDV��KRZHYHU��REVHUYHG�ZKHQ� WKH�ZDWHU�FRQWDLQHG�&��1+����7KH�DPRXQW�RI�FDOFLXP�ZDV�DSSUR[LPDWHO\���WLPHV�KLJKHU�DW�����&�WKDQ�DW�����&�LQ�WKLV�FDVH��)XUWKHUPRUH��WKH� FRQFHQWUDWLRQ� RI� FDOFLXP� LQ� WKH� &��1+�� VROXWLRQ� ZDV� DSSUR[LPDWHO\� ��� WLPHV� WKH�FRQFHQWUDWLRQ�RI� FDOFLXP� LQ�ZDWHU�DW�����&�� ,QFUHDVHG�GLVVROXWLRQ� UDWH�RI�FDOFLXP�FDUERQDWH�LQGXFHG�E\�&��1+�� ZLWK�LQFUHDVLQJ�WHPSHUDWXUH�ZDV�DVVXPHG�WR�EH�WKH�UHDVRQ�IRU�WKLV��7KH� &��1+�� VXUIDFWDQW ZLOO� GHVRUE� RUJDQLF� PDWHULDO� IURP� WKH� GRORPLWH� VXUIDFH� DQG�WKHUHE\�JLYH�WKH�&��1+�� LRQV�IUHH�DFFHVV�WR�WKH�ZDWHU�ZHW�PLQHUDO�VXUIDFH��7KHUH�ZLOO�EH�D�FRPSHWLWLRQ� EHWZHHQ� &��1+�� LRQV� XVHG� WR� GLVVROYH� GRORPLWH� DQG� &��1+�� LRQV� XVHG� WR�GHVRUE� RUJDQLF�PDWHULDO� IURP� WKH� VXUIDFH��7KH� GLVVROXWLRQ� UHDFWLRQ�ZDV� DVVXPHG� WR� EHFRPH�GRPLQDQW� DW� WHPSHUDWXUHV� DSSURDFKLQJ� ��� �&�� ,Q� WKH� ZDWHU�ZHW� SRUHV�� WKH� FRQFHQWUDWLRQ� RI�DFWLYH�&��1+�� VXUIDFWDQWV�FORVH�WR�WKH�RLO�ZDWHU�LQWHUIDFH�WKHQ�EHFRPHV�YHU\�ORZ�DW�����&��DQG�WKH�6,�SURFHVV�FHDVHG��3�9,��&RQWDFW� DQJOH�PHDVXUHPHQW� FRQILUPHG� WKH� VWURQJ� DELOLW\� IRU DPLQH� VROXWLRQV� WR� LQFUHDVH�WKH� ZDWHU�ZHWQHVV� RI� D� FDOFLWH� VXUIDFH� FRYHUHG� E\� RLO�ZHWWLQJ� FRPSRQHQWV�� $� ���� ZW���VROXWLRQ�RI�&���DPLQH�ORZHUHG�WKH�FRQWDFW�DQJOH�WR�����FRPSDUHG�WR�����IRU�%ULQH���)LJXUH������

)LJXUH�������&RQWDFW�DQJOHV�PHDVXUHG�RQFDOFLWH�SUH�H[SRVHG�WR�FUXGH�RLO�IROORZHG�E\%ULQH���DQG�&���DPLQH�VROXWLRQ��S+�DERXW�������
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3DUW���0DLQ�UHVXOWV�DQG�GLVFXVVLRQV ��

��

&KDSWHU� ���� /RZ�FRVW� ELR�GHULYDWH� SURGXFWV� IURP� FRFRQXW� DV�ZHWWDELOLW\�PRGLILHUV�IRU�RLO�ZHW�FKDON�DQG�GRORPLWH
7KLV� FKDSWHU� LV� DOVR� FRQFHQWUDWHG� RQ� ILQGLQJ� FKHDSHU� VXUIDFWDQWV� IRU� DSSOLFDWLRQ� LQ� WKH�ILHOG�� 6,� UHVXOWV� DUH� SUHVHQWHG� IRU� WZR� FDWLRQLF� VXUIDFWDQW� PL[WXUHV� $UTXDG� 0&���� DQG�'RGLJHQ�������WHUPHG�'RGLJHQ�DQG�$UTXDG��XVLQJ�RLO�ZHW�FKDON�DQG�GRORPLWH DW����DQG�����&�3�9,,���7KH�PL[WXUHV�FRQWDLQ�GLIIHUHQW�DPRXQWV�RI�TXDWHUQDU\�DPPRQLXP�VDOWV�ZLWK�FKORULGH�DV� FRXQWHU�LRQ�� (DFK� LQGLYLGXDO� FRPSRQHQW� ZLOO� EH� UHIHUUHG� WR� DV� &��7$&�� &��7$&��&��7$&� DQG� &��7$&� LQ� DFFRUGDQFH� ZLWK� WKH� DEEUHYLDWLRQ� XVHG� IRU� WKH� FRUUHVSRQGLQJ�EURPLGH�FRPSRXQGV��&��7$%��HWF����$UTXDG�FRQWDLQV����ZW���&��7$&�DQG�&��7$&�PL[HG�ZLWK� ������ ZW��� LVR�SURSDQRO� DQG� ��� ZW��� ZDWHU�� ZKHUHDV� 'RGLJHQ� FRQWDLQV� ��� ZW���&��7$&�����ZW���&��7$&�����ZW���&��7$&�DQG����ZW���&��7$&��+HJQDXHU��������3�9,,���

������6, RI�'RGLJHQ�DQG�$UTXDG�LQWR�RLO�ZHW�FKDON�DW��� DQG ����&)LJXUH������VKRZV�LPELELWLRQ�RI�$UTXDG�DQG�'RGLJHQ�LQWR�FKDON�FRUHV�DW�����&��%RWK�VXUIDFWDQWV�ZHUH�DVVXPHG�WR�LPELEH�DFFRUGLQJ�WR�WKH�VDPH�PHFKDQLVP�DV�&��7$%��$UTXDG�LPELEHG�TXLFNO\�ZLWK�D�UDWH�VOLJKWO\�KLJKHU�FRPSDUHG�WR�SXUH�&��7$%��$SSUR[LPDWHO\�������RI�22,3�ZDV�SURGXFHG�DIWHU����GD\V��7KLV�EHKDYLRU�ZDV�LQ�VWURQJ�FRQWUDVW�WR�'RGLJHQ��ZKLFK�LPELEHG�DW�D�PXFK�ORZHU�UDWH��)RU�'RGLJHQ��WKH�RLO�SURGXFWLRQ�DSSHDUHG�WR�EH�D�QHDUO\�OLQHDU�IXQFWLRQ�RI�WLPH��7KH�GLIIHUHQW�VKDSH�RI�WKH�LPELELWLRQ�FXUYHV�SRLQWV�WR�D�GLIIHUHQW�PHFKDQLVP�IRU�WKH�RLO�H[SXOVLRQ��'LIIHUHQW�YDOXHV�RI�WKH�RLO�ZDWHU�,)7�DQG�WKH�&0&�IRU�WKH�WZR�VXUIDFWDQW�V\VWHPV�DUH�SUREDEO\�WKH�UHDVRQV��7KH�RLO�ZDWHU�,)7�IRU�'RGLJHQ�DQG�$UTXDG�ZHUH������DQG�����P1�P��UHVSHFWLYHO\��3�9,,���

)LJXUH�������6,�RI�$UTXDG�DQG'RGLJHQ�LQWR�RLO�ZHW�FKDON�DW����&��7KH�FXUYH�IRU�&��7$%�LVLQFOXGHG�IRU�FRPSDULVRQ�
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3DUW���0DLQ�UHVXOWV�DQG�GLVFXVVLRQV ��
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/LNHZLVH��WKH�&0&�YDOXH�RI�WKH�'RGLJHQ�V\VWHP�ZDV�DOVR�DVVXPHG�WR�EH�PXFK�ORZHU�WKDQ�IRU� WKH� $UTXDG� V\VWHP�� GXH� WR� WKH� FRQWHQW� RI� &��7$&� DQG� &��7$&��)LJXUH� ����� VKRZV�YDULDWLRQ�LQ�&0&�DV�D�IXQFWLRQ�RI�WKH�QXPEHU�RI�FDUERQ�DWRPV�LQ�WKH�K\GURSKRELF�FKDLQ�IRU�&Q7$&� VXUIDFWDQWV�� 7KH� UHVLGXDO� RLO� VDWXUDWLRQ� SURILOH� LQVLGH� WKH� FRUHV� DOVR� FRQILUPHG� WKDW�JUDYLW\�IRUFHV�ZHUH�PXFK�PRUH�SURQRXQFHG�IRU�WKH�'RGLJHQ�V\VWHP�WKDQ�IRU�$UTXDG��

)LJXUH�������&0&�DV�D�IXQFWLRQ�RI���FDUERQDWRPV�LQ�WKH�K\GURSKRELF�SDUW�RI�&Q7$&VXUIDFWDQWV�

)LJXUH������VKRZV�WKH�W\SLFDO�FRQH�VKDSHG�RLO�ZDWHU�LQWHUIDFH�FUHDWHG�ZKHQ�JUDYLW\�IRUFHV�DUH�GRPLQDWLQJ�WKH IOXLG�IORZ��66����������7KXV��DW�����&��$UTXDG�DSSHDUHG�WR�H[SHO�WKH�RLO�LQ�D� FRXQWHU�FXUUHQW� IORZ� GRPLQDWHG� E\� FDSLOODU\� IRUFHV�� EXW� LQ� WKH� FDVH� RI� 'RGLJHQ�� JUDYLW\�IRUFHV�DSSHDUHG�WR�EH�PRUH�DFWLYH�GHWHUPLQLQJ�WKH�IOXLG�IORZ�

)LJXUH�������&OHDYHG�FRUH�LPELEHG�E\�'RGLJHQ�VROXWLRQDW�����&�

+RZHYHU��ERWK�VXUIDFWDQWV�ZHUH�VKRZQ�WR�ORZHU�WKH�FRQWDFW�DQJOH�PHDVXUHG�RQ�FDOFLWHFU\VWDOV�SUH�H[SRVHG�WR�FUXGH�RLO��)LJXUH������

���(���
���(���
���(���
���(���
���(���

� � �� �� �� �� �� ����&DUERQ�DWRPV

&0&
��PRO

H�O

URN:NBN:no-1285



3DUW���0DLQ�UHVXOWV�DQG�GLVFXVVLRQV ��
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)LJXUH�������&RQWDFW�DQJOHV�PHDVXUHG�RQ�FDOFLWH�FU\VWDOV�SUH�H[SRVHG�WR�FUXGH�RLO�IROORZHG�E\�$UTXDG�DQG�'RGLJHQ�

,W�KDV�EHHQ�VKRZQ�WKDW�RLO�ZDWHU�,)7�LQFUHDVHV�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH�IRU�TXDWHUQDU\�FDWLRQLF�VXUIDFWDQWV��$XVWDG�HW�DO���������3�9���)LJXUH������VKRZV�6,�FXUYHV�IRU�$UTXDG�DQG'RGLJHQ�ZLWK�DQG�ZLWKRXW�6ZL LQWR�FKDON�FRUHV�DW�����&�

)LJXUH�������6,�RI$UTXDG�DQG�'RGLJHQZLWK�DQG�ZLWKRXW�6ZL�LQWR�RLO�ZHW�FKDON�DW����&��7KH�FXUYH�IRU&��7$%�LV�LQFOXGHGIRU�FRPSDULVRQ�

:LWKRXW�6ZL$UTXDG�UHSURGXFHG�WKH�FXUYH�IRU�&��7$%�DOVR�IRU�WKLV�WHPSHUDWXUH��7KH�LPELELWLRQ�ZDV�IDVW�DQG�PD[LPXP�RLO�UHFRYHU\�RI������RI�22,3�ZDV�UHDFKHG�DIWHU����GD\V��7KH�LPELELWLRQ�UDWH� IRU� 'RGLJHQ� ZDV� PXFK� VORZHU�� EXW� WKH� VKDSH� RI� WKH� LPELELWLRQ� FXUYH� LQGLFDWHG� WKDW�FDSLOODU\� IRUFHV� KDG� JUHDWHU� LQIOXHQFH� RQ� WKH� LPELELWLRQ� SURFHVV� FRPSDUHG� WR� ZKDW� ZDV�REVHUYHG�DW�����&��7KLV�DVVXPSWLRQ�ZDV�FRQILUPHG�ZKHQ�FOHDYLQJ�WKH�FRUH��7KH�UHVLGXDO�RLO�VDWXUDWLRQ�LQGLFDWHG�DQ�LPELELWLRQ�PDLQO\�GULYHQ�E\�FDSLOODU\�IRUFHV��ZKLFK�ZDV�DVVXPHG�WR�EH�GXH� WR� KLJKHU� RLO�ZDWHU� ,)7� DQG� KLJKHU� GHVRUSWLRQ� UDWH� RI� RLO�ZHWWLQJ� FRPSRQHQWV� IURP� WKH�FKDON�VXUIDFH�DW����FRPSDUHG�WR�����&��)LJXUH�������D�
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:LWK�6ZL7KH� LPELELWLRQ� UDWHV�ZHUH� VOLJKWO\� ORZHU� IRU� FRUHV� FRQWDLQLQJ� LQLWLDO�ZDWHU� FRPSDUHG� WR�FRUHV�ZLWKRXW�6ZL IRU�ERWK�$UTXDG�DQG�'RGLJHQ��+RZHYHU��85�VHHPV�WR�EH�XQDIIHFWHG�E\�6ZLDQG�WKH�FRUH�LPELELQJ�$UTXDG�UHDFKHG������RI�22,3�DIWHU�DSSUR[LPDWHO\����GD\V��3LFWXUH�RI�WKH�FRUH�LPELEHG�E\�'RGLJHQ�FRQWDLQLQJ�6ZL DUH�VKRZQ�LQ�)LJXUH�������E���,W�LV�FOHDU�IURP�WKH�SLFWXUH� WKDW� FDSLOODU\� IRUFHV�ZHUH�PXFK�PRUH� GRPLQDWH� GXULQJ� WKH� LPELELWLRQ� SURFHVV� DW� ���FRPSDUHG�WR�����&��DQG�QR�LQGLFDWLRQV�RI�JUDYLW\�VHJUHJDWLRQ�FDQ�EH�REVHUYHG�LQ�WKH�IRUPHU�FDVH�� &DSLOODU\� IRUFHV� PDLQO\� JRYHUQHG� WKH� LPELELWLRQ� IRU� ERWK� $UTXDG� DQG� 'RGLJHQ�LPELELWLRQ�DW�����&��EXW�$UTXDG�LPELELWLRQ�ZDV�PXFK�IDVWHU�GXH�WR�KLJKHU�RLO�ZDWHU�,)7�DQG�KLJKHU�PRQRPHU�FRQFHQWUDWLRQ�RI�VXUIDFWDQW�

)LJXUH�������5HVLGXDO�RLO�VDWXUDWLRQ�SURILOHV�LQFKDON�FRUHV�ZLWKRXW��D�DQG�ZLWK��E� 6ZL LPELEHGE\�'RGLJHQ�DW�����&�

�����6, RI�$UTXDG�LQWR�ORQJ�FRPSRVLWH�RLO�ZHW�FKDON�FRUH�DW ����&)LJXUH������VKRZV�LPELELWLRQ�RI�$UTXDG�DQG�&��7$%�LQWR�ORQJ�FRPSRVLWH�FKDON�FRUHV�DW�����&�����DQG����FP��UHVSHFWLYHO\���$UTXDG�LPELEHG�IDVWHU�WKDQ�SXUH�&��7$%�DQG������RI�22,3�ZDV�SURGXFHG�GXULQJ����GD\V�

)LJXUH�������6,�RI�$UTXDG�LQWRORQJ�FRPSRVLWH�RLO�ZHW�FKDON�FRUHDW�����&��7KH�FXUYH�IRU�&��7$%LV�LQFOXGHG�IRU�FRPSDULVRQ�
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3DUW���0DLQ�UHVXOWV�DQG�GLVFXVVLRQV ��
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3LFWXUH� RI� WKH� FOHDYHG� FRUH� LPELEHG� E\� $UTXDG��)LJXUH� ������ FRQILUPHG� WKDW� FDSLOODU\�IRUFHV�PDLQO\�GHWHUPLQHG�WKH�IOXLG�IORZ��HYHQ�WKRXJK�WKH�PDJQLWXGH�RI�WKH�JUDYLW\�IRUFHV�ZHUH�LQFUHDVHG�DERXW���WLPHV�FRPSDUHG�WR�WKH�VKRUW�FRUH�H[SHULPHQWV�

)LJXUH�������&OHDYHG�ORQJ�FRPSRVLWH�FKDON�FRUH�LPELEHG�E\�$UTXDGDW�����&��7KH�UHVLGXDO�RLO�VDWXUDWLRQ�SURILOH�SRLQWV�WRZDUGV�DQLPELELWLRQ�PHFKDQLVP�PDLQO\�GULYHQ�E\�FDSLOODU\�IRUFHV�

������6, RI�'RGLJHQ�DQG�$UTXDG�LQWR�RLO�ZHW�GRORPLWH�DW�����&)LJXUH����� VKRZV�6,�RI�$UTXDG�DQG�'RGLJHQ�LQWR�WZR�GRORPLWH�UHVHUYRLU�FRUHV�ZLWKSHUPHDELOLW\�RI�����DQG�����P'��1R�6,�RI�ZDWHU�GXULQJ���GD\V�FRQILUPHG�WKH�RLO�ZHWQHVV�RI�WKH�FRUHV��$UTXDG� LPELEHG�YHU\�IDVW� LQWR�ERWK�FRUHV�DQG�85�RI������RI�22,3�ZDV�UHDFKHG�ZLWKLQ����DQG����GD\V�IRU�WKH�����DQG�WKH�����P'�FRUH��UHVSHFWLYHO\��7KH�VKDSH�RI�WKH�FXUYHV�LQGLFDWHG�DQ�LPELELWLRQ�SURFHVV�GULYHQ�E\�FDSLOODU\�IRUFHV��7KH�FXUYHV�IRU�'RGLJHQ�LPELELWLRQ�ZDV�TXLWH�IDVW�LQLWLDOO\��EXW�ODWHU�RQ�WKH\�WXUQHG�DOPRVW�LQWR�VWUDLJKW�OLQHV�LQGLFDWLQJ�LQFUHDVHG�LQIOXHQFH� RI� JUDYLW\� IRUFHV� RQ� WKH� LPELELWLRQ� PHFKDQLVP�� HVSHFLDOO\� IRU� WKH� ����P'� FRUH��7KHVH� REVHUYDWLRQV� SRLQW� WRZDUGV� WKH� LPSRUWDQFH� RI� NHHSLQJ� FDSLOODU\� IRUFHV� DV� WKH� PDLQ�GULYLQJ� IRUFHV� IRU� LPELELWLRQ�� ,QFUHDVHG� LQIOXHQFH� RI� JUDYLW\� IRUFHV� LV�� HYHQ� IRU� WKHVH� KLJK�SHUPHDEOH�FRUHV��OLNHO\�WR�GHFUHDVH�WKH�LPELELWLRQ�UDWH��ZKLFK�LV�D�PDMRU�SDUDPHWHU�UHJDUGLQJ�RLO�UHFRYHU\�IURP�WKH�ILHOG�
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)LJXUH�������6,�RI$UTXDG�DQG�'RGLJHQLQWR�RLO�ZHWGRORPLWH�UHVHUYRLUFRUHV�DW�����&�

������6XPPDU\�RQ�6,�E\�$UTXDG�DQG�'RGLJHQ7KH�UHVXOWV�SUHVHQWHG�LQ� WKLV�VHFWLRQ�VKRZ�SURPLVLQJ�6,�EHKDYLRU� LQWR�RLO�ZHW�FDUERQDWHV�ZKHQ� XVLQJ� FKHDS� EOHQGV� RI� FRPPHUFLDOO\� VXUIDFWDQWV��$UTXDG� UHVSRQGHG�PXFK� EHWWHU� WKDQ�'RGLJHQ��ZKLFK�ZDV� DWWULEXWHG� WR� GLIIHUHQFHV� LQ� &0&�YDOXH� DQG� RLO�ZDWHU� ,)7� IRU� WKH� WZR�V\VWHPV��,W�LV�DOVR�LQWHUHVWLQJ�WR�QRWH�WKDW�$UTXDG�LQ�VRPH�FDVHV SHUIRUPHG�EHWWHU�WKDQ�WKH�SXUH�&��7$%�VXUIDFWDQW��:KHQ�DSSO\LQJ�VXUIDFWDQWV�IRU�FOHDQLQJ��LW�KDV�EHHQ�REVHUYHG�WKDW�EOHQGV�RI� VXUIDFWDQWV� XVXDOO\� SHUIRUP� EHWWHU� WKDQ� D� VLQJOH� FRPSRQHQW� VXUIDFWDQW� �%lFNVWU|P� HW� DO���������.KDQ�DQG�0DUTXHV��������0DOPVWHQ�DQG�/LQGPDQ���������7KLV�ZDV�H[SODLQHG�E\� WKH�FRPSOH[LW\�RI� WKH�GHWHUJHQF\�SURFHVV��6LQFH� WKH� SURFHVV� FRQVLVWV� RI�PDQ\� VWHSV�� LW� LV� OLNHO\�WKDW� GLIIHUHQW� VWHSV� UHTXLUH� VXUIDFWDQWV�ZLWK� GLIIHUHQW� SURSHUWLHV� WR�ZRUN� RSWLPDO�� 7KH� VDPH�UHDVRQLQJ� FDQ� SUREDEO\� EH DSSOLHG� WR� WKH� SUHVHQW� SUREOHP�� ZKHUH� WKH� ³FOHDQLQJ´� SURFHVV�LQYROYHV�GHVRUSWLRQ�DQG�UHPRYDO�RI�FRPSOH[�RUJDQLF�PROHFXOHV��ZKLFK�DUH�DVVXPHG�WR�GLIIHU�ODUJHO\�LQ�VL]H�DQG�VKDSH����
&KDSWHU�����7KHUPDOO\�LQGXFHG�ZHWWDELOLW\�DOWHUDWLRQ�LQ�FKDON

0DQ\ DXWKRUV�KDYH�REVHUYHG� LQFUHDVHG�ZDWHU�ZHWQHVV�RI� FDUERQDWH� URFN�ZLWK� LQFUHDVLQJ�WHPSHUDWXUH� �$O�+DGKUDPL� DQG� %OXQW�� ������ $QGHUVRQ�� ����E�� +MHOPHODQG� DQG� /DUURQGR��������.\WH�DQG�0DWWD[��������0DFDXOD\�HW�DO���������5DR��������:DQJ�DQG�*XSWD���������$O�+DGKUDPL DQG�%OXQW��������VXJJHVWHG�DQ�LPSURYHG�RLO�UHFRYHU\�PHWKRG�IRU�WKH�*KDED�1RUWK�ILHOG�LQ�2PDQ��EDVHG�RQ�D�WKHUPDOO\�LQGXFHG�ZHWWDELOLW\�DOWHUDWLRQ�IURP�RLO�ZHW�WR�ZDWHU�ZHW�FRQGLWLRQV��3UHOLPLQDU\�H[SHULPHQWDO�UHVXOWV�FRQILUPLQJ�$O�+DGKUDPL�DQG�%OXQW¶V�REVHUYDWLRQ�
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DUH� SUHVHQWHG� LQ� WKLV� FKDSWHU� DQG� D� ZHWWDELOLW\� DOWHUDWLRQ� PHFKDQLVP� LV� VXJJHVWHG� DQG�GLVFXVVHG�LQ�OLJKW�RI�WKHVH�GDWD�DQG�UHSRUWHG�GDWD�LQ�WKH�OLWHUDWXUH�
������+LJK�WHPSHUDWXUH�6,�RI�EULQH�LQWR�RLO�ZHW�FKDON6,�FXUYHV�IRU� LPELELWLRQ�RI�SXUH�EULQH�LQWR�RLO�ZHW�FKDON�DUH�VKRZQ�LQ�)LJXUH�������7KH�ILJXUH�VKRZV�WKDW�ZDWHU�LPELELWLRQ�LQFUHDVHG�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��$W������&��WKH�RLO�UHFRYHU\� OHYHO� UHDFKHG� ����� RI�22,3� DIWHU� ��� GD\V�� %HVLGHV�ZHWWDELOLW\� DOWHUDWLRQ�� VHYHUDO�RWKHU� IDFWRUV� FDQ� FRQWULEXWH� WR� LQFUHDVHG� RLO� SURGXFWLRQ� DW� KLJK� WHPSHUDWXUH� OLNH� WKHUPDO�H[SDQVLRQ�RI�WKH�IOXLGV��JHQHUDWLRQ�RI�IUHH�JDV�LQVLGH�WKH�SRUHV�DQG�UHGXFWLRQ�RI�IOXLGYLVFRVLWLHV�� 7KH� ODWWHU� HIIHFW� ZDV� H[SHFWHG� WR� RQO\� JLYH� D� PLQRU� FRQWULEXWLRQ�� GXH� WR� ORZ�YLVFRVLW\� RI� WKH� RLO� SKDVH� DW� ��� �&� ����� F3��� ,Q� WKH� SUHVHQW� FDVH�� KRZHYHU�� D� ZHWWDELOLW\�DOWHUDWLRQ�RI�WKH�FKDON�PDWHULDO�IURP�RLO�ZHW�WR�ZDWHU�ZHW�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH�VHHPV�WR�EH�WKH�PRVW�OLNHO\�H[SODQDWLRQ�WR�DFFRXQW�IRU�WKH�REVHUYHG�RLO�UHFRYHU\�FXUYHV�

)LJXUH�������6,�RI�EULQHLQWR�RLO�ZHW�FKDON�DWGLIIHUHQW�WHPSHUDWXUHV�
)LJXUH����� VKRZV�SLFWXUHV�RI�WZR�FRUHV�LPELEHG�DW����DQG������&��7KH�SLFWXUHV�LQGLFDWH�WKDW�ZDWHU� KDV� LPELEHG� LQWR� FHUWDLQ� ]RQHV�� GXH� WR�ZHDN� FDSLOODU\� IRUFHV�� ,W� LV� LQWHUHVWLQJ� WR�QRWLFH�WKDW�WKH�LPELELWLRQ�SURILOHV�DUH�TXLWH�VLPLODU�WR�WKH�SURILOHV�REVHUYHG�IRU�LPELELWLRQ�RI�DQLRQLF�(2�VXUIDFWDQWV�LQWR�RLO�ZHW�FKDON�DW�����&�VKRZQ�LQ�)LJXUH�����

)LJXUH�������5HVLGXDO�RLO�VDWXUDWLRQ�SURILOH�LQVLGHFOHDYHG�RLO�ZHW�FKDON�FRUHVLPELEHG�E\�SXUH�EULQH���D�&RUH�WHVWHG�DW�����&��DQG��E�&RUH�WHVWHG�DW������&�
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��

������7KHUPDO�HIIHFWV�XSRQ�KHDWLQJ�FDUERQDWH�UHVHUYRLUV��������$GVRUSWLRQ�RI�EHQ]RLF�DFLG�RQ�FDOFLXP�FDUERQDWH&DUERQDWH� UHVHUYRLUV� EHFRPH� RLO�ZHW� ZKHQ� RUJDQLF� FRPSRQHQWV�� PDLQO\� QHJDWLYHO\�FKDUJHG� FRPSRQHQWV�� DUH� DGVRUEHG� WR� WKH�PLQHUDO� VXUIDFH� IURP� WKH� FUXGH� RLO�� /HJHQV� HW� DO������E��FDOFXODWHG�WKH�ELQGLQJ�HQHUJ\�IRU�EHQ]RLF�DFLG�DQG�ZDWHU�PROHFXOHV�WRZDUGV�FOXVWHUV�RI� FDOFLXP� FDUERQDWH�� 7KH� HQHUJLHV� ZHUH� FDOFXODWHG� WR� EH� ±������ DQG� ±������ N-�PRO� IRU�EHQ]RLF�DFLG�DQG�ZDWHU��UHVSHFWLYHO\��)XUWKHUPRUH��FDOFXODWLRQV�VKRZHG�WKDW�WKH�FKDQJH�LQ�IUHH�HQHUJ\�IRU� WKH�VDSRQLILFDWLRQ�UHDFWLRQ�LQ�(T��������/HJHQV�HW�DO�������E��ZDV�DSSUR[LPDWHO\�]HUR��

>����@

7KLV� PHDQV� WKDW� WKH� HTXLOLEULXP� LV� VHQVLWLYH� WR� UHVSHFWLYH� FRQFHQWUDWLRQ� RI� IUHH� ZDWHU� DQG�EHQ]RLF�DFLG�PROHFXOHV��0RVW�RI�WKH�FDUERQDWH�VXUIDFH�ZLOO�EH�K\GUDWHG�LQ�H[FHVV�RI�ZDWHU�DQG�WKH� HTXLOLEULXP� LV� GLVSODFHG� WR� WKH� OHIW�� ,Q� H[FHVV� RI� EHQ]RLF DFLG�� WKH� HTXLOLEULXP�ZLOO� EH�GLVSODFHG� WR� WKH� ULJKW�DQG� WKH�VDSRQLILFDWLRQ UHDFWLRQ�ZLOO� WDNH�SODFH��$GVRUSWLRQ�RI�EHQ]RLF�DFLG�ZLOO�WKHUHIRUH�SUHIHUHQWLDOO\�WDNH�SODFH�IURP�DQ�RLO�SKDVH�ZKHUH�WKH�ZDWHU�DFWLYLW\�LV�ORZ�FRPSDUHG�WR�DQ�DTXHRXV�SKDVH�
��������'LVVROXWLRQ�RI�ZDWHU�LQ�RLO6HYHUDO� DXWKRUV� KDYH� UHSRUWHG� LQFUHDVHG� GLVVROXWLRQ� RI� ZDWHU� LQ� WKH� RLO� SKDVH� ZLWK�LQFUHDVLQJ� WHPSHUDWXUH� �*ODQGW� DQG� &KDSPDQ�� ������ *ULVZROG� DQG� .DVFK�� ������ /LX� DQG�%XFNOH\���������)LJXUH����� VKRZV�GLVVROXWLRQ�RI�ZDWHU�LQ PROH���LQWR�GLIIHUHQW�RLOV�DV�WKH�WHPSHUDWXUH�LQFUHDVHV�
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)LJXUH�������6ROXELOLW\�FXUYHV�IRU�ZDWHU�LQWRGLIIHUHQW�RLOV��PROH����DV�D�IXQFWLRQ�RIWHPSHUDWXUH��$IWHU�*ODQGW�DQG�&KDSPDQ�������
$SSUR[LPDWHO\� ���� PROH� �� ZDWHU� FDQ� EH� GLVVROYHG� LQ� FUXGH� RLO� DW� ��� �&� DQG� WKH� DPRXQW�LQFUHDVHV� WR� DSSUR[LPDWHO\� ��PROH��� DW� ���� �&�� 7KHVH� YDOXHV� LQGLFDWH� WKDW� WKH� DFWLYLW\� RI�ZDWHU�LQ�WKH�RLO�SKDVH�FDQ�EH�VLJQLILFDQW�DV�WKH�WHPSHUDWXUH�LQFUHDVHV��7KH�ZDWHU�PROHFXOHV�DUH�H[SHFWHG�WR�H[LVW�DV�FOXVWHUV�LQ�WKH�RLO�SKDVH��(DFK�FOXVWHU�FRQWDLQHG�����ZDWHU�PROHFXOHV��DQG�WKH�FOXVWHU�VL]H�DQG�WKH�FOXVWHU�VL]H�LQFUHDVHG�ZLWK�LQFUHDVHG�SRODULW\�RI�WKH�FUXGH��*ODQGW�DQG�&KDSPDQ���������)XUWKHUPRUH�� WKH� UHDFWLYLW\� RI� ZDWHU� PROHFXOHV� LQ� WKH� RLO� SKDVH� LQFUHDVHV� VLJQLILFDQWO\�FRPSDUHG�WR�ZDWHU�SUHVHQW�LQ�WKH�DTXHRXV�SKDVH��GXH�WR�GLIIHUHQFH�LQ�VROXELOL]DWLRQ�HQHUJLHV�IRU�ZDWHU�PROHFXOHV� LQ� WKH� RLO� SKDVH� DQG� WKH� DTXHRXV� SKDVH� �3DUNHU�� ������� 7KRPDV� HW� DO������D��REVHUYHG�WKDW�IDWW\�DFLGV�DGVRUEHG�LUUHYHUVLEOH�LQWR�D�FDUERQDWH�VXUIDFH��2QO\�ZDWHU�VDWXUDWHG� WROXHQH� DQG� ��� �� LVR�SURSDQRO� LQ� ZDWHU� ZHUH� DEOH� WR� GHVRUE� WKH� DFLGV� IURP� WKH�PLQHUDO�VXUIDFH��:DWHU�PROHFXOHV�GLVVROYHG�LQ�WKH�RLO�SKDVH�ZHUH�WKHUHIRUH�DVVXPHG�WR�KDYH�WKH�DELOLW\�WR�GLVSODFH�RUJDQLF�PDWHULDO�DGVRUEHG�WR�WKH�FKDON�DQG�DOWHU�WKH�ZHWWDELOLW\�RI�WKH�PLQHUDO�VXUIDFH��ZKHQ�WKH�ZDWHU�FRQFHQWUDWLRQ�H[FHHGV�VRPH�FULWLFDO�FRQFHQWUDWLRQ�
��������0HFKDQLVP�IRU�LQFUHDVHG�ZDWHU �ZHWQHVV�RI�FDUERQDWH�DW�HOHYDWHG�WHPSHUDWXUHV%DVHG� RQ� WKHVH� REVHUYDWLRQV�� WKH� IROORZLQJ� VFHQDULR� FDQ� SRVVLEO\� WDNH� SODFH� LQ� D� FUXGH�RLO�EULQH�RLO�ZHW� FDUERQDWH� V\VWHP� ZKHQ� UDLVLQJ� WKH� WHPSHUDWXUH�� 7KHUH� ZLOO� H[LVW� D�FRPSHWLWLRQ� EHWZHHQ� SRODU� RLO� FRPSRQHQWV� DQG� ZDWHU� PROHFXOHV� WR� DGVRUE� WR� WKH� PLQHUDO�
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VXUIDFH� IURP� WKH� RLO� SKDVH�� 7KH� RXWFRPH� LV� JRYHUQHG� E\� WKH� DFWLYLW\� RI� WKH� UHVSHFWLYH�FRPSRQHQWV�JLYHQ�E\�WKH�HTXLOLEULXP�UHDFWLRQ�LQ�)LJXUH�������

)LJXUH�������3URSRVHG�PHFKDQLVP�IRULQFUHDVHG�ZDWHU�ZHWQHVV�LQ�RLO�ZHW�FDUERQDWH�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��7KHGLVVROXWLRQ�RI�ZDWHU�LQWR�WKH�RLO�SKDVHLQFUHDVHG�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH��7KH�KLJK�ZDWHU�DFWLYLW\�LQ�WKH�RLO�SKDVH�FDXVHV�ZDWHU�WR�GLVSODFH�RLO�ZHWWLQJ�RUJDQLFFRPSRQHQWV�IURP�WKH�PLQHUDO�VXUIDFH�DQGWKH�ZDWHU�ZHWQHVV�LQFUHDVHV��
$W� ORZ� WHPSHUDWXUHV�� WKH� ZDWHU� DFWLYLW\ LQ� WKH� RLO� SKDVH� LV� ORZ� DQG� WKH� SRODU� RLO�FRPSRQHQWV�ZLOO�FRYHU�PRVW�RI�WKH�PLQHUDO�VXUIDFH��+HQFH��WKH�VXUIDFH�ZLOO�DFW�RLO�ZHW�XQGHU�WKHVH� FRQGLWLRQV��:KHQ� WKH� WHPSHUDWXUH� LQFUHDVHV�� WKH� GLVVROXWLRQ� RI�ZDWHU� LQ� WKH� RLO� SKDVH�LQFUHDVHV�DQG�ZDWHU�PROHFXOHV�FDQ�VWDUW�WR�FRPSHWH�ZLWK�WKH�SRODU�RLO�FRPSRQHQWV��HVSHFLDOO\�WKH� FDUER[\ODWHV�� IRU� VLWHV� RQ� WKH� FDOFLXP� FDUERQDWH� VXUIDFH�� :DWHU� ZLOO� GLVSODFH� SRODU�FRPSRQHQWV� IURP� WKH� PLQHUDO� VXUIDFH� ZLWK� LQFUHDVLQJ� ZDWHU� DFWLYLW\� DQG� WKH� VXUIDFH� ZLOO�EHFRPH�PRUH�ZDWHU�ZHW��7KH� FULWLFDO� WHPSHUDWXUH�ZKHUH� WKH�RULJLQDO�RLO�ZHW�FDUERQDWH� URFN�VWDUWV�WR�DFW�ZDWHU�ZHW��ZLOO�GHSHQG�RQ�WKH�RULJLQDO�FRQFHQWUDWLRQ�RI�SRODU�RLO�FRPSRQHQWV��WKH�$1�RI�WKH�RLO��WKH�DELOLW\�IRU�WKH�FUXGH�WR�GLVVROYH�ZDWHU�DQG�WKH�FKHPLFDO�QDWXUH�RI WKH�SRODU�FRPSRQHQWV�RULJLQDOO\�DGVRUEHG�WR�WKH�PLQHUDO�VXUIDFH����$QRWKHU�FRQWULEXWLRQ�WR�LQFUHDVHG�ZDWHU�ZHWQHVV�ZLWK�LQFUHDVLQJ�WHPSHUDWXUH�LV�EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW�WKH�IROORZLQJ�UHDFWLRQ�LV�H[RWKHUPLF��ZKLFK�ZLOO�GLVSODFH�WKH�HTXLOLEULXP�RI�WKH�IROORZLQJ�UHDFWLRQ�WR�WKH�ULJKW�

>����@
7KH� DVVXPSWLRQ� VHHPV� UHDVRQDEOH� GXH� WR� UHSRUWHG� YDOXHV� IRU�'*��0DGVHQ� DQG�/LQG� �������FDOFXODWHG�'*�| ����N-�PRO�IURP�DGVRUSWLRQ�GDWD�IRU�DGVRUSWLRQ�RI�EHQ]RLF�DFLG�IURP�RUJDQLF�VROXWLRQ� LQWR� 6WHYQV� .OLQW� FKDON�� -RKQVRQ� DQG� 'HWWUH� ������� VXJJHVWHG� WKDW� LQFUHDVH� LQ�WHPSHUDWXUH�FRXOG�KDYH�ODUJH�HIIHFW�RQ�ZHWWDELOLW\�GXH�WR�GHVRUSWLRQ�RI�PRQROD\HUV��7KXV��WKH�

Polar components (oil phase) + carbonate surface

Polar components (carbonate surface) + Heat
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QXPEHU� RI� SRODU� RLO� FRPSRQHQWV� DGVRUEHG� WR� DQ� RLO�ZHW�PLQHUDO� VXUIDFH�ZLOO� GHFUHDVH� LQ� D�&2%5�V\VWHP�ZKHUH�WKH�RLO�SKDVH�LV�WRWDOO\�IUHH�IRU�ZDWHU�XSRQ�LQFUHDVLQJ�WKH�WHPSHUDWXUH�
������6XPPDU\�RQ�WKHUPDOO\�LQGXFHG�ZHWWDELOLW\�DOWHUDWLRQ7KH�SUHVHQWHG�UHVXOWV�VKRZ�WKDW�(25�GXH�WR�D�ZHWWDELOLW\�DOWHUDWLRQ�WRZDUGV�PRUH ZDWHU�ZHW�FRQGLWLRQV�FDQ�EH�D�VLJQLILFDQW�HIIHFW�ZKHQ�VXSSO\LQJ�KHDW�WR�RLO�ZHW�FDUERQDWH�UHVHUYRLUV��7KH�PHFKDQLVP�XQGHUO\LQJ� WKH�ZHWWDELOLW\�DOWHUDWLRQ�ZDV�GLVFXVVHG�E\� LQFUHDVHG�GLVVROXWLRQ�RI� ZDWHU� LQ� WKH� RLO� SKDVH� DW� HOHYDWHG� WHPSHUDWXUH�� 7KH� ZDWHU� ZLOO� GLVSODFH� WKH� RLO�ZHWWLQJ�FRPSRQHQWV�IURP�WKH�FDUERQDWH�VXUIDFH�ZKHQ�WKH�ZDWHU�DFWLYLW\�LQ�WKH�RLO�SKDVH�H[FHHGV�VRPH�FULWLFDO�YDOXH�7KH�UHVXOWV�SUHVHQWHG�KHUH�VKRXOG��KRZHYHU��QRW�EH�UHJDUGHG�DV�FRQFOXVLYH��EXW�UDWKHU�DV�SUHOLPLQDU\�VXJJHVWLRQV�DQG�D�VWDUWLQJ�SRLQW�IRU�IXUWKHU�LQYHVWLJDWLRQ��ERWK�H[SHULPHQWDOO\�DV�ZHOO�DV�WKHRUHWLFDOO\��
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3DUW���&RQFOXGLQJ�UHPDUNV
7KLV�SDUW�RI�WKH�WKHVLV�SUHVHQWV�WKH�FRQFOXVLRQV��ZKLFK�FDQ�EH�GUDZQ�IURP�WKH�ZRUN��$OVR�UHFRPPHQGDWLRQV�IRU�IXWXUH�ZRUN�DUH�VXJJHVWHG�

&KDSWHU�����&RQFOXVLRQV DQG�IXWXUH�ZRUN������&RQFOXVLRQV7KH�ILUVW�REMHFWLYH�RI�WKLV�ZRUN�ZDV�WR�SXW�IRUZDUG�D�K\SRWKHVLV�DERXW�WKH�PHFKDQLVP�IRU�6,� RI� DTXHRXV� VXUIDFWDQW� VROXWLRQ�� &��7$%�� LQWR� RLO�ZHW� FKDON� PDWHULDO�� $� PHFKDQLVP�H[SODLQLQJ� WKH� LPELELWLRQ� SURFHVV� EDVHG� RQ� VHYHUDO� H[SHULPHQWDO� DSSURDFKHV� DQG� WHVWV� LV�SUHVHQWHG�.QRZLQJ�WKH�PHFKDQLVP��WKH�VHFRQG�REMHFWLYH�ZDV�WR�VFUHHQ�GLIIHUHQW�FKHDSHU�VXUIDFWDQWV�V\VWHPV� IRU� WKHLU� DELOLW\� WR� GLVSODFH� RLO� LQ� WKH� VDPH� PDQQHU� DV� IRU� &��7$%� VXUIDFWDQW��.QRZOHGJH�DERXW�WKH�PHFKDQLVP�XQGHUO\LQJ�WKH�6,�SURFHVV�VLPSOLILHG�WKLV�ZRUN��DQG�VHYHUDO�GLIIHUHQW FKHDSHU� VXUIDFWDQWV��ZKLFK� DUH� EHOLHYHG� WR� DFW� LQ� WKH� VDPH�ZD\� DV�&��7$%�� KDYH�EHHQ� VFUHHQHG� DQG� WHVWHG� IRU� WKHLU� DELOLW\� WR� VSRQWDQHRXVO\� LPELEH� ZDWHU� LQWR� RLO�ZHW�FDUERQDWHV��7KH�IROORZLQJ�FRQFOXVLRQV�FDQ�EH�GUDZQ�IURP�WKH�H[SHULPHQWDO�UHVXOWV�
6DWXUDWLRQ�SURFHGXUHV DQG�UHVWRUDWLRQ�RI�RLO �ZHW�FDUERQDWH�FRUHVx 6WURQJO\�ZDWHU�ZHW�RXWFURS�FKDON�FRUHV�KDYH�WR�EH�IORRGHG�LQ�HDFK�GLUHFWLRQ�ZLWK�WKH�DFWXDO�RLO�LQ�RUGHU�WR�REWDLQ�KRPRJHQHRXV�ZHWWDELOLW\�ZKHQ�XVLQJ�FUXGH�RLO�WR�DOWHU�WKH�ZHWWDELOLW\�WRZDUGV�PRUH�RLO�ZHW�FRQGLWLRQVx 6WURQJO\�ZDWHU�ZHW�RXWFURS�FKDON�FRUHV�DQG�GRORPLWH�UHVHUYRLU�FRUHV�FDQ�EH�UHQGHUHG�RLO�ZHW�E\�DJLQJ�WKH�FRUHV�LQ�FUXGH�RLOV�KDYLQJ�DQ�$1�RI�DERXW���PJ�.2+�J�RLO
,PLELWLRQ�PHFKDQLVPV�IRU�FDWLRQLF � DQG�DQLRQLF�VXUIDFWDQWV�LQWR�RLO �ZHW�FKDONx 2LO�ZHWWLQJ� FRPSRQHQWV� FRQWDLQLQJ� FDUER[\ODWH� JURXSV� DGVRUELQJ VWURQJO\� RQWR� WKH�FKDON�VXUIDFH�FDQ�EH�GHVRUEHG�E\�FDWLRQLF�VXUIDFWDQWV�XQGHU�WKH�IRUPDWLRQ�RI�LRQ�SDLUV��(OHFWURVWDWLF� DQG�K\GURSKRELF�LQWHUDFWLRQ�EHWZHHQ�WKH�WZR�VSHFLHV�DSSHDUHG�WR�GULYH�WKH�GHVRUSWLRQ�SURFHVVx &RQWDFW� DQJOH�PHDVXUHPHQWV� RQ� FDOFLWH� FU\VWDOV� SUH�H[SRVHG� WR FUXGH� RLO� DQG�PRGHO�RLOV�FRQWDLQLQJ�IDWW\�DFLGV�DQG�WKHQ�H[SRVHG�WR�FDWLRQLF�VXUIDFWDQW�VROXWLRQV�FRQILUPHG�WKH� DELOLW\� IRU� FDWLRQLF� VXUIDFWDQWV� WR� DOWHU� WKH�ZHWWDELOLW\ WRZDUGV� D�PRUH�ZDWHU�ZHW�FRQGLWLRQ
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x 7KH� GHVRUEHG�PDWHULDO� FDQ� HLWKHU� VWD\� LQ� WKH�ZDWHU�SKDVH� XQGHU� IRUPDWLRQ� RI�PL[HG�PLFHOOHV�RU�EH�WUDQVIHUUHG WR�WKH�RLO�SKDVH�DV�RLO�SDLUV�RU�FOXVWHUV�RI�LRQ�SDLUVx 7KH� VXUIDFWDQW� FRQFHQWUDWLRQ� VKRXOG� VWD\� DERYH� &0&� WR� HQVXUH� D� PD[LPXP�FRQFHQWUDWLRQ�RI�VXUIDFWDQW�PRQRPHUV�GXULQJ� WKH�GHVRUSWLRQ�SURFHVV� ,Q�DGGLWLRQ�� WKH�PLFHOOHV�ZLOO�VROXELOL]H�WKH GHVRUEHG�PDWHULDO�x 7KH� VXUIDFWDQW� VKRXOG� QRW� ORZHU� WKH� RLO�ZDWHU� ,)7� WRR�PXFK� LQ� RUGHU� WR�PDLQWDLQ� DVWURQJ FDSLOODU\� GULYHQ� LPELELWLRQ� RI� ZDWHU� ZKHQ� WKH� RLO�ZHWWLQJ� FRPSRQHQWV� KDYH�EHHQ�GHVRUEHGx $QLRQLF�(2�VXUIDFWDQWV�DUH�DEOH�WR�UHQGHU�RLO�ZHW�FKDON�ZHDNO\�ZDWHU�ZHW�E\�FUHDWLQJ�D� ELOD\HU� VWUXFWXUH� ZKHUH� K\GURSKLOLF� (2�JURXSV� DUH� SRLQWLQJ� RXW� IURP� WKH� RUJDQLF�FRDWLQJ��:DWHU�FDQ�WKHQ�LPELEH�VORZO\�GXH�WR�ZHDN�FDSLOODU\�IRUFHV�
7KH� UHODWLYH� LQIOXHQFH� RI� FDSLOODU\ � WR� JUDYLW\� IRUFHV� GXULQJ� 6,� LQWR� RLO �ZHW� ORZ�SHUPHDEOH�FKDON�x ,QFUHDVLQJ�WKH�OHQJWK�RI�WKH�FRUH�VDPSOHV�DQG�ORZHULQJ�WKH�RLO�ZDWHU�,)7�ZLOO�LQFUHDVH�WKH� LQIOXHQFH� RI� WKH� JUDYLW\� IRUFHV� FRPSDUHG� WR� WKH� FDSLOODU\� IRUFHV�� ,QFUHDVHG�LQIOXHQFH� RI� JUDYLW\� IRUFHV� LV� OLNHO\� WR� LPSO\� D� GHFUHDVH� LQ� WKH� LPELELWLRQ� UDWH� DV�GHPRQVWUDWHG�IRU�&��7$%�DW�����&x 2LO�ZDWHU� ,)7� LQFUHDVHV� ZLWK� LQFUHDVLQJ� WHPSHUDWXUH� IRU� FDWLRQLF� VXUIDFWDQWV� RI� WKH�W\SH�&Q7$%��/RQJ�FRUH�H[SHULPHQWV�XVLQJ�&��7$%�DW�����&�FRQILUPHG�WKDW�FDSLOODU\�IRUFHV�GRPLQDWHG� WKH�6,�SURFHVV� DW� WKLV� WHPSHUDWXUH��7KH�RLO� SURGXFWLRQ� UDWH�GLG�QRW�GHFUHDVHG�VLJQLILFDQWO\�FRPSDUHG�WR�VKRUW�FRUH�H[SHULPHQWV�DW�����&
6,�LQWR�VKRUW� DQG�ORQJ�RLO�ZHW�GRORPLWH�UHVHUYRLU�FRUHVx &��7$%� VROXWLRQ� LV� DEOH� WR� DOWHU� WKH� ZHWWDELOLW\� IURP� RLO�ZHW� WR� PRUH� ZDWHU�ZHW�FRQGLWLRQV�DQG�WKHUHE\�VSRQWDQHRXVO\�LPELEH�LQWR�UHVWRUHG�GRORPLWH�UHVHUYRLU�FRUHVx 7KH� RLO� SURGXFWLRQ� UDWH� DQG� WKH� XOWLPDWH� RLO� UHFRYHU\ OHYHO� DUH� GHSHQGLQJ� RQ� HDFK�LQGLYLGXDO� FRUH�� EXW� &��7$%� LV� LQ� JHQHUDO� ���� WLPHV� PRUH� HIILFLHQW� WR� SURGXFH� RLO�FRPSDUHG�WR�WKH�HWKR[\ODWHG�DOFRKRO��&�����&�+�2��2+��IURP�WKH�VKRUW�FRUHVx &��7$%�LV�DEOH�WR�H[SHO�RLO�HIILFLHQWO\�LQ�D�FRXQWHU�FXUUHQW�IORZ�PRGH IURP�ORQJ�RLO�ZHW�GRORPLWH�UHVHUYRLU�FRUHV�DW�����&x 'RORPLWH� UHVHUYRLU� FRUHV� SUHYLRXVO\� LPELEHG� E\� &��7$%� DUH� DEOH� WR� WDNH� XS� RLO�VSRQWDQHRXVO\�ZKHQ�WKH�FRUH�LV�VXUURXQGHG�E\�RLO
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$PLQHV�DV�ZHWWDELOLW\�DOWHUDWLRQ�PRGLILHUV�IRU�RLO �ZHW�FDUERQDWHx &���DPLQH�VROXWLRQV��ZKLFK�DUH�VWDEOH�DW�KLJK�VDOLQLWLHV�DQG�S+�RI�DERXW������DOWHUHG�WKH�ZHWWDELOLW\�RI�RLO�ZHW�FDUERQDWH WRZDUGV�D�PRUH�ZDWHU�ZHW�VWDWH�LQ�WKH�VDPH�ZD\�DV�&��7$%x &���DPLQH� VROXWLRQV� LPELEH� IDVW� LQWR� RLO�ZHW� GRORPLWH� UHVHUYRLU� FRUHV� DW� ��� �&��+RZHYHU��WKH�LPELELWLRQ�SURFHVV�DOPRVW�FHDVHG�ZKHQ�UDLVLQJ�WKH�WHPSHUDWXUH�WR�����&��SUREDEO\� EHFDXVH� RI� GHFUHDVH� LQ� WKH� FRQFHQWUDWLRQ� RI� WKH� DFWLYH�&��1+�� VXUIDFWDQW�GXH�WR�UHDFWLRQ�ZLWK�WKH�GRORPLWH�VXUIDFH��7KXV��DPLQHV�FDQ�SUREDEO\�RQO\�EH�DSSOLHG�DV�ZHWWDELOLW\�PRGLILHUV�LQ�ORZ�WHPSHUDWXUH�FDUERQDWH�UHVHUYRLUVx &RQWDFW� DQJOH� PHDVXUHPHQWV� RQ� FDOFLWH� FU\VWDOV� FRQILUP� WKH� DELOLW\� IRU� &���DPLQH�VROXWLRQV�WR�UHQGHU�FDOFLWH�VXUIDFHV�SUH�H[SRVHG�WR�FUXGH�RLO�PRUH�ZDWHU�ZHW
/RZ�FRVW� ELR�GHULYDWH� SURGXFWV� IURP� FRFRQ XW� DV� ZHWWDELOLW\� PRGLILHU� IRU� RLO �ZHW�FDUERQDWHx $UTXDG�DQG�'RGLJHQ� FRQWDLQLQJ�FDWLRQLF�VXUIDFWDQWV�RI�WKH�W\SH�&Q7$&��Q� ����DQG����IRU�$UTXDG�DQG�Q� ������������DQG����IRU�'RGLJHQ�� DUH�DEOH�WR�DOWHU�WKH�ZHWWDELOLW\�RI�RLO�ZHW�FKDON� DQG�GRORPLWH�FRUHV�WRZDUGV�D�PRUH�ZDWHU�ZHW�VWDWH�LQ�WKH�VDPH�ZD\�DV�&��7$%x $UTXDG�ZDV�PXFK�PRUH�HIILFLHQW�WKDQ�'RGLJHQ�WR�SURGXFH�RLO�IURP�ERWK�RLO�ZHW�FKDON�FRUHV�DQG�RLO�ZHW�GRORPLWH�UHVHUYRLU�FRUHV��7KH�UHDVRQV�ZHUH�GLVFXVVHG�LQ�UHODWLRQVKLS�WR�ERWK�ORZHU�&0&�DQG�RLO�ZDWHU�,)7�IRU�'RGLJHQ�FRPSDUHG�WR�$UTXDGx &RQWDFW� DQJOH� PHDVXUHPHQWV� RQ� FDOFLWH� FU\VWDOV� FRQILUP� WKH� DELOLW\� IRU� $UTXDG� DQG�'RGLJHQ�VROXWLRQV�WR�DOWHU� WKH�ZHWWDELOLW\�RI�FDOFLWH�VXUIDFHV�SUH�H[SRVHG�WR�FUXGH�RLO�WRZDUGV�D�PRUH�ZDWHU�ZHW�VWDWHx ([SHULPHQWDO�UHVXOWV�VR�IDU�SRLQW� WRZDUGV�$UTXDG�WR�EH�WKH�PRVW�SURPLVLQJ�FKHPLFDO�IRU�ILHOG�DSSOLFDWLRQ�LQ�IUDFWXUHG�RLO�ZHW�FDUERQDWH�UHVHUYRLUV��GXH�WR�KLJK�GLVSODFHPHQW�HIILFLHQF\�LQ�WKH�ODERUDWRU\�WHVWV�DQG�ORZ�SULFH�
7KHUPDOO\�LQGXFHG�ZHWWDELOLW\�DOWHUDWLRQ�LQ�FKDONx :DWHU�LPELEHV LQWR�RLO�ZHW�FKDON�DW�HOHYDWHG�WHPSHUDWXUH�� ,QFUHDVHG�ZDWHU�ZHWQHVV�DW�HOHYDWHG�WHPSHUDWXUH�IRU�FDUERQDWHV�UHSRUWHG�LQ�VHYHUDO�DUWLFOHV�ZDV�DVVXPHG�WR�EH�WKH�UHDVRQ�IRU�WKLV�REVHUYDWLRQx 7KH� LQFUHDVH� LQ� ZDWHU�ZHWQHVV� DW� HOHYDWHG� WHPSHUDWXUH� LV� VXJJHVWHG� WR� EH� GXH� WR�LQFUHDVHG�GLVVROXWLRQ�RI�ZDWHU�LQ�WKH�RLO�SKDVH�DV�WKH�WHPSHUDWXUH�LQFUHDVHV��7KH�ZDWHU�PROHFXOHV�DUH�EHOLHYHG�WR�FRPSHWH�ZLWK�WKH�RUJDQLF�RLO�ZHWWLQJ�FRPSRQHQWV�LQ�WKH�RLO�
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SKDVH�IRU�VLWHV�RQ�WKH�FDUERQDWH�VXUIDFH��:DWHU�PROHFXOHV�DUH�EHOLHYHG�WR�GLVSODFH�RLO�ZHWWLQJ�FRPSRQHQWV�OLNH�FDUER[\ODWHV�IURP�WKH�FDUERQDWH�VXUIDFH�DV�WKH�FRQFHQWUDWLRQ�RI�ZDWHU� LQFUHDVHV� �HOHYDWHG� WHPSHUDWXUH�� DQG�ZDWHU� FDQ� WKHQ� LPELEH� VSRQWDQHRXVO\�LQWR�WKH SRURXV�PHGLXP
7KH�RYHUDOO�QHZ�VFLHQWLILF�FRQWULEXWLRQ�SUHVHQWHG�LQ�WKLV�ZRUN�LV�WKH�GHPRQVWUDWLRQ�RI�YHU\�KLJK�RLO� UHFRYHULHV�E\�6,�RI�DTXHRXV�VROXWLRQV� LQWR�RLO�ZHW�SRURXV�FDUERQDWHV��%DVHG�RQ� WKH�H[SHULPHQWDO�REVHUYDWLRQV��D�UHDVRQDEOH�FKHPLFDO�PHFKDQLVP�IRU�WKH�ZHWWDELOLW\�DOWHUDWLRQ�LVDOVR VXJJHVWHG� ZKLFK�PXVW�EH�UHJDUGHG�DV�DQ�LPSRUWDQW�FRQWULEXWLRQ�WR�WKH�WRSLF��ZHWWDELOLW\�DQG�VXUIDFH�SKHQRPHQD�LQ�HQKDQFHG�RLO�UHFRYHU\�SURFHVVHV���

������)XWXUH�ZRUN5HVHDUFK�UHODWHG�WR�WKH�PHFKDQLVP�IRU�6,�RI�VXUIDFWDQW�VROXWLRQV�RQWR�RLO�ZHW�PDWHULDO�LV�RI�FRXUVH�IDU�IURP�FORVHG�ZLWK�WKLV�WKHVLV��)XUWKHU�ZRUN�RQ�WKH�VXEMHFW�FDQ�EH�GLYLGHG�LQWR�WZRPDLQ� DUHDV�� L�H��� PRUH� IXQGDPHQWDO� ZRUN� LV� QHHGHG�� DQG� WKHQ�� PRUH� ILHOG�UHODWHG� SUREOHPV�PXVW�EH�KDQGOHG��([DPSOHV�RI�PRUH�IXQGDPHQWDO�ZRUN�DUH�x &KDUDFWHUL]DWLRQ�RI� WKH RUJDQLF�FRPSRQHQWV�IXQFWLRQDO�JURXSV� LQ� WKH�FUXGH�RLO�ZKLFK�DGVRUEHG�WR�WKH�FDUERQDWH�VXUIDFHx $� FORVHU� ORRN� DW� WKH� URFN�DPLQH� VROXWLRQ� LQWHUDFWLRQ� WR� LPSURYH� WKH� XQGHUVWDQGLQJ�DERXW�WKH�GHFUHDVH�LQ�LPELELWLRQ�UDWH�IRU�DPLQHV�DW�HOHYDWHG�WHPSHUDWXUHx 0RUH�GHWDLOHG�LQYHVWLJDWLRQV�RI�SK\VLFR�FKHPLFDO�SURFHVVHV�UHODWHG�WR� WKH�6,�RI�EULQH�LQWR�RLO�ZHW�FKDON�DW�HOHYDWHG�WHPSHUDWXUHx 'HYHORS�VFDOLQJ�ODZV�IRU�6,�LQWR�RLO�ZHW�PDWHULDO�
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-DGKXQDQGDQ��3��3��DQG�0RUURZ��1��5���������(IIHFW�RI�ZHWWDELOLW\�RQ�ZDWHUIORRGLQJUHFRYHU\�IRU�&UXGH�RLO�%ULQH�5RFN�V\VWHPV��63(�5HVHUYRLU�(QJLQHHULQJ��)HEUXDU\�SS��������-HQQLQJV��-U���+��<���-RKQVRQ��-U���&��(���DQG�0F$XOLIIH��&��'���������$�FDXVWLFZDWHUIORRGLQJ�SURFHVV�IRU�KHDY\�RLOV��-RXUQDO�RI�3HWUROHXP�7HFKQRORJ\��'HFHPEHU�SS������������-LD��'���%XFNOH\��-��6���0RUURZ��1��5���������&RQWURO�RI�FRUH�ZHWWDELOLW\�ZLWK�FUXGH RLO��3DSHU�63(�������SUHVHQWHG�DW�WKH�63(�,QWHUQDWLRQDO�6\PSRVLXP�RQ�2LOILHOG�&KHPLVWU\�KHOG�LQ�$QDKHLP��&$��86$��)HEUXDU\�������-RKQVRQ��-U���&��(���������6WDWXV�RI�FDXVWLF�DQG�HPXOVLRQ�PHWKRGV��-RXUQDO�RI�3HWUROHXP7HFKQRORJ\��-DQXDU\��SS��������-RKQVRQ��5��(��DQG�'HWWUH��5��+���������:HWWDELOLW\�DQG�FRQWDFW�DQJOHV��,Q��6XUIDFH�DQG&ROORLG�6FLHQFH��(G��0DWLMHYLF��(��:LOH\�,QWHUVFLHQFH��1HZ�<RUN�&LW\�����SS���������-RNHOD��3���-|QVVRQ��%���DQG�.KDQ��$���������3KDVH�HTXLOLEULXP�RI�FDWDQLRQLF�VXUIDFWDQW�ZDWHU�V\VWHPV��-RXUQDO�RI�3K\VLFDO�&KHPLVWU\��9RO������1R������SS������������.DPLQVN\��5��DQG�5DGNH��&��-���������:DWHU�ILOPV��DVSKDOWHQHV��DQG�ZHWWDELOLW\�DOWHUDWLRQ�3DSHU�63(�������SUHVHQWHG�DW�WKH�63(�'2(�,PSURYHG�2LO�5HFRYHU\�6\PSRVLXP�KHOGLQ�7XOVD��2.��86$��$SULO�������.DUOVVRQ��-��6���������$ONDQRLF�DFLG�DON\ODPLQH�FRPSOH[DWLRQ�DQG�VXUIDFWDQW�SKDVHEHKDYLRXU��'U��7KHVLV��'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��)DFXOW\�RI�0DWKHPDWLFVDQG�1DWXUDO�6FLHQFHV��cER�$NDGHPL�8QLYHUVLW\��)LQODQG�.D]HPL��+���*LOPDQ��-��5���DQG�(LVKDUNDZ\��$��0���������$QDO\WLFDO�DQG�QXPHULFDO�VROXWLRQ�RI�RLO�UHFRYHU\�IURP�IUDFWXUHG�UHVHUYRLUV�ZLWK�HPSLULFDO�WUDQVIHU�IXQFWLRQV��63(�5HVHUYRLU�(QJLQHHULQJ��0D\��SS����������.HQQHG\��:��-���������6HGLPHQWRORJ\�RI�WKH�ODWH�FUHWDFHRXV�DQG�HDUO\�SDODHRFHQH�FKDONJURXS��1RUWK�6HD�&HQWUDO�*UDEHQ��3DSHU�SUHVHQWHG�DW�WKH�1RUZHJLDQ�3HWUROHXP'LUHFWRUDWH�'DQLVK�(QHUJ\�$JHQF\�&KDON�5HVHDUFK�3URJUDP�6\PSRVLXP�6HPLQDU�KHOG�LQ�6WDYDQJHU��1RUZD\��0D\�������.KDQ��$��DQG�0DUTXHV��(���������&DWDQLRQLF�VXUIDFWDQWV��,Q��6SHFLDOLVW�VXUIDFWDQWV��(G�5REE��,��'��%ODNLH�$FDGHPLF�	�3URIHVVLRQDO��/RQGRQ��&KDSWHU���.LQJ��5��/���6WLOHV�-U���-��+���DQG�:DJJRQHU��-��0���������$�UHVHUYRLU�VWXG\�RI�WKH�+DZNLQV:RRGELQH�ILHOG��3DSHU�63(������SUHVHQWHG�DW�WKH���WK $QQXDO�)DOO�0HHWLQJ�RI�WKH63(�RI�$,0(�KHOG�LQ�+RXVWRQ��7;��86$��2FWREHU�����
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.QLJKW��5��.��DQG�%DHU��3��-���������$�ILHOG�WHVW�RI�VROXEOH�RLO�IORRGLQJ�DW�+LJJV�8QLW�-RXUQDO�RI�3HWUROHXP�7HFKQRORJ\��-DQXDU\��SS�������.RZDOHZVNL��(���+ROW��7���DQG�7RUVDHWHU��2���������:HWWDELOLW\�DOWHUDWLRQV�GXH�WR�DQ�RLO�VROXEOH�DGGLWLYH��3DSHU�SUHVHQWHG�DW�WKH��WK ,QWHUQDWLRQDO�6\PSRVLXP�RQ�5HVHUYRLU:HWWDELOLW\�DQG�,WV�(IIHFW�RQ�2LO�5HFRYHU\�KHOG�LQ�6RFFRUR��10��86$��6HSWHPEHU��������.UHPHVHF��9��-��DQG�7UHLEHU� /��(���������(IIHFW�RI�V\VWHP�ZHWWDELOLW\�RQ�RLO�GLVSODFHPHQW�E\�PLFHOODU�IORRGLQJ��-RXUQDO�RI�3HWUROHXP�7HFKQRORJ\��-DQXDU\��SS��������.\WH��-��5��DQG�0DWWD[��&��&���������(IIHFW�RI�UHVHUYRLU�HQYLURQPHQW�RQ�ZDWHU�RLO�GLVSODFHPHQWV��-RXUQDO�RI�3HWUROHXP�7HFKQRORJ\��-XQH��SS����������/DSODFH��3��6���������0HFKDQLTXH�&HOHVWH��6XSSOHPHQW�WR�%RRN�����'XSUDW��-��%��0���3DULV�/DXH��7��DQG�3ODJHQV��$���������1DPHG�RUJDQLF�UHDFWLRQV��-RKQ�:LOH\�	�6RQV�/WG��%DIILQV/DQH��&KLFKHVWHU��:HVW�6XVVH[�32����8'��(QJODQG�/HDFK��5��2���:DJQHU��2��5���:RRG��+��:���DQG�+DUSNH��&��)���������$�ODERUDWRU\�ILHOGVWXG\�RI�ZHWWDELOLW\�DGMXVWPHQW�LQ�ZDWHU�IORRGLQJ��-RXUQDO�RI�3HWUROHXP�7HFKQRORJ\�)HEUXDU\��SS����������/HJHQV��&���3DOHUPR��7���7RXOKRDW��+���)DIHW��$���DQG�.RXWVRXNRV��3�������D��&DUERQDWHURFN�ZHWWDELOLW\�FKDQJHV�LQGXFHG�E\�RUJDQLF�FRPSRXQG�DGVRUSWLRQ��-RXUQDO�RI3HWUROHXP�6FLHQFH�DQG�(QJLQHHULQJ�����SS�����������/HJHQV�&���7RXOKRDW��+���&XLHF��/���9LOOLpUDV��)���DQG�3DOHUPR��7�������E��:HWWDELOLW\�FKDQJH�UHODWHG�WR�WKH�DGVRUSWLRQ�RI�RUJDQLF�DFLGV�RQ�FDOFLWH��H[SHULPHQWDO�DQG�DE�LQLWLR�FRPSXWDWLRQDO�VWXGLHV��3DSHU�63(�������SUHVHQWHG�DW�WKH�63(�$QQXDO�7HFKQLFDO&RQIHUHQFH�DQG�([KLELWLRQ�KHOG�LQ�1HZ�2UOHDQV��/$��86$��6HSWHPEHU��������/HQRUPDQG��5��DQG�=DUFRQH��&���������5ROH�RI�URXJKQHVV�DQG�HGJHV�GXULQJ�LPELELWLRQ�LQVTXDUH�FDSLOODULHV��3DSHU�63(�������SUHVHQWHG�DW�WKH�63(���WK $QQXDO�7HFKQLFDO&RQIHUHQFH�DQG�([KLELWLRQ�KHOG�LQ�+RXVWRQ��7;��86$��6HSWHPEHU�������/LX��<��DQG�%XFNOH\��-��6���������(YROXWLRQ�RI�ZHWWLQJ�DOWHUDWLRQ�E\�DGVRUSWLRQ�IURP�FUXGHRLO��3DSHU�63(�������SUHVHQWHG�DW�WKH�,QWHUQDWLRQDO�6\PSRVLXP�RQ�2LOILHOG�&KHPLVWU\�KHOG�LQ�6DQ�$QWRQLR��7;��86$��)HEUXDU\�������/RUHQ]��3��%���'RQDOGVRQ��(��&���DQG�7KRPDV��5��'���������8VH�RI�FHQWULIXJDOPHDVXUHPHQWV�RI�ZHWWDELOLW\�WR�SUHGLFW�RLO�UHFRYHU\��5HSRUW�������8��6��%XUHDX�RI0LQHV��%DUWOHVYLOOH�(QHUJ\�7HFKQRORJ\�&HQWHU��%DUWOHVYLOOH��2.��86$��
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/XQG��7��$��7���%HUJH��+��,���(VSHGDO��6���.ULVWHQVHQ��5���5ROIVYnJ��7��$���DQG�6WU¡PVYLN�*���������7KH�WHFKQLFDO�SHUIRUPDQFH�DQG�UHVXOWV�IURP�D�ODUJH�VFDOH�1D�VLOLFDWH�JHOWUHDWPHQW�RI�D�SURGXFWLRQ�ZHOO�DW�WKH�*XOOIDNV�ILHOG��3DSHU�SUHVHQWHG�DW�WKH��WK(XURSHDQ�6\PSRVLXP�RQ�,PSURYHG�2LO�5HFRYHU\�KHOG�LQ�9LHQQD��$XVWULD��0D\�������/\IRUG��3��$���3UDWW��+��5��&���*ULHVHU��)���DQG�6KDOOFURVV��'��&�������D��7KH�0DUDQJRQL�HIIHFW�DQG�HQKDQFHG�RLO�UHFRYHU\�SDUW����3RURXV�PHGLD�VWXGLHV��7KH�&DQDGLDQ�-RXUQDORI�&KHPLFDO�(QJLQHHULQJ��9RO������$SULO��SS����������/\IRUG��3��$���6KDOOFURVV��'��&���*ULHVHU��)���DQG�3UDWW� +��5��&�������E��7KH�0DUDQJRQLHIIHFW�DQG�HQKDQFHG�RLO�UHFRYHU\�SDUW����,QWHUIDFLDO�WHQVLRQ�DQG�GURS�LQVWDELOLW\��7KH&DQDGLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ��9ROXPH�����$SULO��SS����������0D��6���0RUURZ��1��5���DQG�=KDQJ��;���������*HQHUDOL]HG�VFDOLQJ�RI�VSRQWDQHRXV,PELELWLRQ�GDWD IRU�VWURQJO\�ZDWHU�ZHW�V\VWHPV��-RXUQDO�RI�3HWUROHXP�6FLHQFH�DQG(QJLQHHULQJ������SS����������0D��6���=KDQJ��;���DQG�0RUURZ��1��5���������,QIOXHQFH�RI�IOXLG�YLVFRVLW\�RQ�PDVV�WUDQVIHUEHWZHHQ�IUDFWXUHV�DQG�PDWUL[��3DSHU�&,0�������SUHVHQWHG�DW�WKH�3HWUROHXP�6RFLHW\�RI�&,0�$QQXDO�7HFKQLFDO�0HHWLQJ�KHOG�LQ�%DQII��$OEHUWD��&DQDGD��0D\��������0DFDXOD\��5��&���.UDIIW��-��0���+DUWHPLQN��0���DQG�(VFRYHGR��%���������'HVLJQ�RI�D�VWHDP�SLORW�LQ�D�IUDFWXUHG�FDUERQDWH�UHVHUYRLU�4DUQ�$ODP�)LHOG��2PDQ��3DSHU�63(������SUHVHQWHG�DW�WKH�,QWHUQDWLRQDO�+HDY\�2LO�6\PSRVLXP�KHOG�LQ�&DOJDU\��&DQDGD�-XQH�������0DGVHQ��/���*UDKO�0DGVHQ��/���*U¡Q��&���/LQG��,���DQG�(QJHOO��-���������$GVRUSWLRQ�RISRODU�DURPDWLF�K\GURFDUERQV�RQ�V\QWKHWLF�FDOFLWH��2UJDQLF�*HRFKHPLVWU\��9RO������1R������SS������������0DGVHQ��/��DQG�/LQG��,���������$GVRUSWLRQ�RI�FDUER[\OLF�DFLGV�RQ�UHVHUYRLU�PLQHUDOV�IURP�RUJDQLF�DQG�DTXHRXV�SKDVH��63(�5HVHUYRLU�(YDOXDWLRQ�DQG�(QJLQHHULQJ��)HEUXDU\�SS��������0DOPVWHQ��0��DQG�/LQGPDQ��%���������(OOLSVRPHWU\�VWXGLHV�RI�FOHDQLQJ�RI�KDUG�VXUIDFHV�5HODWHG�WR�WKH�VSRQWDQHRXV�FXUYDWXUH�RI�WKH�VXUIDFWDQW�PRQROD\HU��/DQJPXLU��9RO����1R�����SS������������0DUVGHQ��6��6��DQG�1LNLDV��3��$���������7KH�ZHWWDELOLW\�RI�WKH�%UDGIRUG�VDQG��,��3URGXFHUV�0RQWKO\�����1R�����SS������
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0DUOH��&��0���������2LO�HQWUDSPHQW�DQG�PRELOL]DWLRQ��,Q��&ULWLFDO�5HSRUWV�RQ�$SSOLHG&KHPLVWU\�9ROXPH�����%DVLF�&RQFHSWV�LQ�(QKDQFHG�2LO�5HFRYHU\�3URFHVVHV��(G�%DYLqUH��0��3XEOLVKHG�IRU�6&,�E\�(OVHYLHU $SSOLHG�6FLHQFH��/RQGRQ�DQG�1HZ�<RUN��SS�������0DWWD[��&��&��DQG�.\WH��-��5�� ������,PELELWLRQ�RLO�UHFRYHU\�IURP�IUDFWXUHG��ZDWHU�GULYHUHVHUYRLU� 63(�-RXUQDO��-XQH��SS����������0D]]XOOR��6��-���&KLOLQJDULDQ��*��9���DQG�%LVVHOO��+��-���������&DUERQDWH�URFN�FODVVLILFDWLRQV��,Q��'HYHORSPHQW�LQ�3HWUROHXP�6FLHQFH������&DUERQDWH�UHVHUYRLUFKDUDFWHUL]DWLRQ��$�*HRORJLF�(QJLQHHULQJ�$QDO\VLV��3DUW�,��(GV��&KLOLQJDULDQ��*��9��0D]]XOOR��6��-���DQG�5LHNH��+��+��(OVHYLHU�6FLHQFH�3XEOLVKHUV�%��9���SS���������0HOURVH��-��&���������,QWHUSUHWDWLRQ�RI�PL[HG�ZHWWDELOLW\�VWDWHV�LQ�UHVHUYRLU�URFNV��3DSHU�63(������SUHVHQWHG�DW�WKH�63(���WK $QQXDO�)DOO�7HFKQLFDO�&RQIHUHQFH�DQG�([KLELWLRQKHOG�LQ�1HZ�2UOHDQV��/$��86$��6HSWHPEHU��������0HQH]HV��-��/���<DQ��-���DQG�6KDUPD��0��0���������7KH�PHFKDQLVP�RI�ZHWWDELOLW\DOWHUDWLRQ�GXH�WR�VXUIDFWDQWV�LQ�RLO�EDVHG�PXGV��3DSHU�63(�������SUHVHQWHG�DW�WKH�63(�,QWHUQDWLRQDO�6\PSRVLXP�RQ�2LOILHOG�&KHPLVWU\�KHOG�LQ�+RXVWRQ��7;��86$��)HEUXDU\�������0LFKDHOV��$��6��DQG�3RUWHU��0��&�� ������:DWHU�RLO�GLVSODFHPHQWV�IURP�SRURXV�PHGLD�XWLOL]LQJ�WUDQVLHQW�DGKHVLRQ�WHQVLRQ�DOWHUDWLRQV��$��,��&K��(��-RXUQDO��9RO������1R�����-XO\�0LFKDHOV��$��6��DQG�7LPPLQV��5��6���������&KURPDWRJUDSKLF�WUDQVSRUW�RI�UHYHUVH�ZHWWLQJDJHQWV�DQG� LWV� HIIHFW� RQ RLO� GLVSODFHPHQW� LQ�SRURXV�PHGLD��3HWUROHXP�7UDQVDFWLRQV��$,0(�������SS����������0LFKDHOV��$��6���6WDQFHOO��$���DQG�3RUWHU��0��&���������(IIHFW�RI�FKURPDWRJUDSKLF�WUDQVSRUW�LQ�KH[\ODPLQH�RQ�GLVSODFHPHQW�RI�RLO�E\�ZDWHU�LQ�SRURXV�PHGLD��63(�-RXUQDO��6HSWHPEHU��SS����������0LFKHOV��$��0���'MRMRVRHSDUWR��5��6���+DDV��+���0DWWHUQ��5��%���YDQ�GHU�:HJ��3��%���DQG6FKXOWH��:��0���������(QKDQFHG�ZDWHU�IORRGLQJ�GHVLJQ�XVLQJ�GLOXWH�VXUIDFWDQWFRQFHQWUDWLRQV�IRU�1RUWK�6HD�FRQGLWLRQV��3DSHU�63(�'2(�������SUHVHQWHG�DW�WKH���WK6\PSRVLXP�RQ�,PSURYHG�2LO�5HFRYHU\�KHOG�LQ�7XOVD��2.��86$��$SULO�������0LOWHU��-���������,PSURYHG�2LO�5HFRYHU\�LQ�&KDON��6SRQWDQHRXV�LPELELWLRQ� DIIHFWHG�E\ZHWWDELOLW\�� URFN� IUDPHZRUN� DQG� LQWHUIDFLDO� WHQVLRQ��'U�� 6F�� 7KHVLV�� 'HSDUWPHQW RI�&KHPLVWU\��8QLYHUVLW\�RI�%HUJHQ��1RUZD\�
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0LOWHU��-��DQG�$XVWDG��7�������D��&KHPLFDO�IORRGLQJ�RI�RLO�UHVHUYRLUV����(YDOXDWLRQ�RI�WKHPHFKDQLVP�IRU�RLO�H[SXOVLRQ�E\�VSRQWDQHRXV�LPELELWLRQ�RI�EULQH�ZLWK�DQG�ZLWKRXWVXUIDFWDQW�LQ�ZDWHU�ZHW��ORZ�SHUPHDEOH�FKDON�PDWHULDO��&ROORLGV�DQG�6XUIDFHV�$�3K\VLFRFKHPLFDO�DQG�(QJLQHHULQJ�$VSHFWV������SS����������0LOWHU��-��DQG�$XVWDG��7�������E��&KHPLFDO�IORRGLQJ�RI�RLO�UHVHUYRLUV����2LO�H[SXOVLRQ�E\�VSRQWDQHRXV� LPELELWLRQ� RI� EULQH� ZLWK� DQG� ZLWKRXW� VXUIDFWDQW� LQ PL[HG�ZHW�� ORZ�SHUPHDEOH� FKDON� PDWHULDO�� &ROORLGV� DQG� 6XUIDFHV� $�� 3K\VLFRFKHPLFDO� DQG�(QJLQHHULQJ�$VSHFWV������SS����������0LOWHU��-��DQG��[QHYDG��,��(��,���������6SRQWDQHRXV�LPELELWLRQ�LQ�WZR�GLIIHUHQW�FKDON�IDFLHV� 3HWUROHXP�*HRVFLHQFH����SS����������0RKDQW\��.��.���'DYLV��+��7���DQG�6FULYHQ��/��(���������3K\VLFV�RI�RLO�HQWUDSPHQW�LQ�ZDWHU�ZHW�URFN��63(�5HVHUYRLU�(QJLQHHULQJ��)HEUXDU\��SS����������0RUULV��(��(��DQG�:LHODQG��'��5���������$�PLFURVFRSLF�VWXG\�RI�WKH�HIIHFW�RI�YDULDEOHZHWWDELOLW\�FRQGLWLRQV�RQ�LPPLVFLEOH�IOXLG�GLVSODFHPHQW��3DSHU�63(�����SUHVHQWHG�DW�WKH���WK $QQXDO�)DOO�0HHWLQJ�RI�WKH�63(�RI�$,0(�LQ�1HZ�2UOHDQV��/$��86$��2FWREHU����0RUURZ��1��5���������3K\VLFV�DQG�WKHUPRG\QDPLFV�RI�FDSLOODU\��,QGXVWULDO�DQG�(QJLQHHULQJ�&KHPLVWU\��9RO������1R�����-XQH��SS��������0RUURZ��1��5���������7KH�HIIHFWV�RI�VXUIDFH�URXJKQHVV�RQ�FRQWDFW�DQJOH�ZLWK�VSHFLDO�UHIHUHQFH�WR�SHWUROHXP�UHFRYHU\��7KH�-RXUQDO�RI�&DQDGLDQ�3HWUROHXP�7HFKQRORJ\�2FWREHU�'HFHPEHU��SS��������0RUURZ��1��5���������&DSLOODU\�SUHVVXUH�FRUUHODWLRQV�IRU�XQLIRUPO\�ZHWWHG�SRURXV�PHGLD��-RXUQDO�RI�&DQDGLDQ�3HWUROHXP�7HFKQRORJ\��2FWREHU�'HFHPEHU������1R�����SS��������0RUURZ��1��5���������,QWHUSOD\�RI�FDSLOODU\��YLVFRXV�DQG�EXR\DQF\�IRUFHV�LQ�WKH�PRELOL]DWLRQ�RI�UHVLGXDO�RLO��-RXUQDO�&DQDGLDQ�3HWUROHXP�7HFKQRORJ\��6HSWHPEHU��SS�������0RUURZ��1��5���������$�UHYLHZ�RI�WKH�HIIHFWV�RI�LQLWLDO�VDWXUDWLRQ��SRUH�VWUXFWXUH�DQG�ZHWWDELOLW\�RQ�RLO�UHFRYHU\�E\�ZDWHUIORRGLQJ��1RUWK�6HD�2LO�DQG�*DV�5HVHUYRLUV��7KH1RUZHJLDQ�,QVWLWXWH�RI�7HFKQRORJ\��*UDKDP�DQG�7URWPDQ��SS����������0RUURZ��1��5���������:HWWDELOLW\�DQG�LWV�HIIHFW�RQ�RLO�UHFRYHU\��-RXUQDO�RI�3HWUROHXP7HFKQRORJ\��'HFHPEHU��SS������������0RUURZ��1��5���������,QWURGXFWLRQ�WR�LQWHUIDFLDO�SKHQRPHQD�LQ�RLO�UHFRYHU\��,Q� 6XUIDFWDQW�VFLHQFH�VHULHV�YROXPH�����,QWHUIDFLDO�3KHQRPHQD�LQ�3HWUROHXP�5HFRYHU\��(G��0RUURZ��1��5��0DUFHO�'HNNHU��,QF���1HZ�<RUN��SS�������
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0RUURZ��1��5��DQG�0F&DIIHU\��)��*���������'LVSODFHPHQW�VWXGLHV�LQ�XQLIRUPO\�ZHWWHGSRURXV�PHGLD��,Q��:HWWLQJ��6SUHDGLQJ��DQG�$GKHVLRQ��(G��3DGGD\��*��)��$FDGHPLF3UHVV��1HZ<RUN�&LW\��SS����������0RUURZ��1��5���&UDP��3��-���DQG�0F&DIIHU\��)��*���������'LVSODFHPHQW�VWXGLHV�LQ�GRORPLWH�ZLWK�ZHWWDELOLW\�FRQWURO�E\�RFWDQRLF�DFLG��63(�-RXUQDO��$XJXVW��SS����������0RUURZ��1��5���/LP��+��7���DQG�:DUG��-��6���������(IIHFW�RI�FUXGH�RLO�LQGXFHG�ZHWWDELOLW\FKDQJHV�RQ�RLO�UHFRYHU\��63(�)RUPDWLRQ�(YDOXDWLRQ��)HEUXDU\��SS���������0RUURZ��1��5���0D��6���=KRX��;���DQG�=KDQJ��;���������&KDUDFWHUL]DWLRQ�RI�ZHWWDELOLW\�IURP�VSRQWDQHRXV�LPELELWLRQ�PHDVXUHPHQWV��-RXUQDO�RI�&DQDGLDQ�3HWUROHXP�7HFKQRORJ\��6SHFLDO�(GLWLRQ��9ROXPH�����1R������3DSHU��������0RUURZ��1��5��DQG�6RQJNUDQ��%���������(IIHFW�RI�YLVFRXV�DQG�EXR\DQF\�IRUFHV�RQ�QRQZHWWLQJ�SKDVH�WUDSSLQJ�LQ�SRURXV�PHGLD��,Q� 6XUIDFH�3KHQRPHQD�LQ�(QKDQFHG�2LO5HFRYHU\��(G��6KDK��'��'��3OHQXP�3UHVV��1HZ�<RUN��SS������±����0RUURZ��1��5���7DQJ��*���9DODW��0���DQG�;LH��;���������3URVSHFWV�RI�LPSURYHG�RLO�UHFRYHU\UHODWHG�WR�ZHWWDELOLW\�DQG�EULQH�FRPSRVLWLRQ��-RXUQDO�RI�3HWUROHXP 6FLHQFH�DQG(QJLQHHULQJ������SS����������0XNKD\HU��*��,��DQG�'DYLV��6��6���������,QWHUDFWLRQV�EHWZHHQ�ODUJH�RUJDQLF�LRQV�RI�RSSRVLWH�FKDUJH����6WRLFKLRPHWU\�RI�WKH�LQWHUDFWLRQV�RI�VRGLXP�GRGHF\O�VXOIDWH�ZLWK�EHQ]\OWULSKHQ\OSKRVSKRQLXP�FKORULGH��-RXUQDO�RI�&ROORLG�DQG�,QWHUIDFH�6FLHQFH��9RO�����1R�����1RYHPEHU��SS����������0XQNHUMHH��3��DQG�0\VHOV��.��-���������&ULWLFDO�PLFHOOH�FRQFHQWUDWLRQ�RI�DTXHRXVVXUIDFWDQW�V\VWHPV��165'6�1%6�����1DWLRQDO�%XUHDX�RI�6WDQGDUGV��:DVKLQJWRQ��'��&��0XUW\��&��5��.���$O�6DOHK��1���DQG�'DNHVVLDQ��%��$���������)RUW\�VHYHQ�\HDUV¶�JDV�LQMHFWLRQ�LQ�D�SUHIHUHQWLDOO\�RLO�ZHW��ORZ�GLS�UHVHUYRLU��-RXUQDO�RI�3HWUROHXP�7HFKQRORJ\��0DUFK��SS�����������0¡UN��3��&���������2YHUIODWH�RJ�NROORLGNMHPL��*UXQQOHJJHQGH�SULQVLSSHU�RJ�WHRULHU����XWJDYH��,QVWLWXWW�IRU�,QGXVWULHOO�NMHPL��)DNXOWHW�IRU�.MHPL�RJ�%LRORJL��1718�1HXPDQQ��$��:��DQG�*RRG��5��-���������7HFKQLTXHV�RI�PHDVXULQJ�FRQWDFW�DQJOHV��,Q�6XUIDFH�DQG�&ROORLG�6FLHQFH��(GV��*RRG��5��-��DQG�6WURPEHUJ��5��5��3OHQXP�3UHVV�1HZ�<RUN�&LW\�����SS���������1RJDUHW��/��$��'���������3HUVRQDO�FRPPXQLFDWLRQ��0DUDWKRQ�2LO�&RPSDQ\��3HWUROHXP7HFKQRORJ\�&HQWHU��/LWWOHWRQ��&2��86$��0D\�
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7DXJE¡O��.���������&KHPLFDO�IORRGLQJ�RI�RLO�UHVHUYRLUV��/RZ�WHQVLRQ�SRO\PHU�ZDWHU�IORRG�'U��6F��7KHVLV��'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%HUJHQ��1RUZD\��7KLHERW��%���%DUURX[��&���%RXYLHU�/���+HXJDV��2���DQG�3OD]DQHW��9���������,PSURYHPHQW�RILPELELWLRQ�RLO�UHFRYHU\�IURP�FKDON\�IUDFWXUHG�UHVHUYRLUV�E\�DGGLWLYHV��3UHVHQWHG�DWWKH��WK 1RUWK�6HD�&KDON�6\PSRVLXP�KHOG�LQ�&RSHQKDJHQ��'HQPDUN�7KRPDV��/��.���'L[RQ��7��1���(YDQV��&��(���9LHQRW��0��(���������(NRILVN�ZDWHUIORRG�SLORW��-��3HWUROHXP�7HFKQRORJ\��7UDQV���$,0(������SS����������7KRPDV��0��0���&ORXVH��-��$��DQG�/RQJR��-��0�������D� $GVRUSWLRQ�RI�RUJDQLF�FRPSRXQGVRQ�FDUERQDWH�PLQHUDOV����0RGHO�FRPSRXQGV�DQG�WKHLU�LQIOXHQFH�RQ PLQHUDO�ZHWWDELOLW\��&KHPLFDO�*HRORJ\������SS����������7KRPDV��0��0���&ORXVH��-��$��DQG�/RQJR��-��0�������E� $GVRUSWLRQ�RI�RUJDQLF�FRPSRXQGVRQ�FDUERQDWH�PLQHUDOV����,QIOXHQFH�RQ�GLVVROXWLRQ�UDWHV��&KHPLFDO�*HRORJ\������SS���������7RUVDHWHU��2�������� $Q�H[SHULPHQWDO�VWXG\�RI�ZDWHU�LPELELWLRQ�LQ�FKDON�IURP�WKH (NRILVNILHOG� 3DSHU�63(�'2(�������SUHVHQWHG�DW� WKH��WK 6\PSRVLXP�RQ�(25�KHOG�LQ�7XOVD��2.��86$��$SULO�������7RUVDHWHU��2���������$�FRPSDUDWLYH�VWXG\�RI�ZHWWDELOLW\�WHVW�PHWKRGV�EDVHG�RQ�H[SHULPHQWDOUHVXOWV�IURP�1RUWK�6HD�UHVHUYRLU�URFNV��3DSHU�63(�������SUHVHQWHG�DW�WKH�63(���WK$QQXDO 7HFKQLFDO�&RQIHUHQFH�DQG�([KLELWLRQ�KHOG�LQ�+RXVWRQ��7;��86$��2FWREHU����7RUV WHU��2���%¡H��5���DQG�+ROW��7���������$Q�H[SHULPHQWDO�VWXG\�RI�WKH�UHODWLRQVKLS�EHWZHHQ�URFN�VXUIDFH�SURSHUWLHV��ZHWWDELOLW\�DQG�RLO�SURGXFWLRQ�FKDUDFWHULVWLFV��3DSHU�6&$�������3URFHHGLQJV�WR�WKH�,QWHUQDWLRQDO�6\PSRVLXP�RI�WKH�6RFLHW\�RI�&RUH$QDO\VWV�KHOG�LQ�&DOJDU\��&DQDGD��6HSWHPEHU������7RUV WHU��2��DQG�6LOVHWK��-��.���������7KH�HIIHFWV�RI�VDPSOH�VKDSH�DQG�ERXQGDU\FRQGLWLRQV�RQ�FDSLOODU\�LPELELWLRQ��1RUWK�6HD�&KDON�6\PSRVLXP��3DSHU����SUHVHQWHGDW�WKH�1RUZHJLDQ�3HWUROHXP�'LUHFWRUDWH�'DQLVK�(QHUJ\�$JHQF\�&KDON�UHVHDUFK�SURJUDP�6\PSRVLXP�6HPLQDU�KHOG�LQ�6WDYDQJHU��1RUZD\��0D\�������7RUYXQG��7��DQG�1LSHQ��2���������7KH�2VHEHUJ�ILHOG��SRWHQWLDO�IRU�LQFUHDVHG�RLO�UHFRYHU\�E\�JDV�LQMHFWLRQ�LQ�D�KLJK�SHUPHDELOLW\�HQYLURQPHQW��1RUWK�6HD�2LO�DQG�*DV5HVHUYRLUV��1,7��*UDKDP�DQG�7URWPDQ��SS��������7UHLEHU��/��(���$UFKHU��'��/���DQG�2ZHQV��:��:�������� $�ODERUDWRU\�HYDOXDWLRQ�RI�WKHZHWWDELOLW\�RI�ILIW\�RLO�SURGXFLQJ�UHVHUYRLUV��63(�-RXUQDO��'HFHPEHU��7UDQV���$,0(������SS����������
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7ZHKH\R��0��7���+ROW��7���DQG�7RUV WHU��2���������$Q�H[SHULPHQWDO�VWXG\�RI�WKH�UHODWLRQVKLS�EHWZHHQ�ZHWWDELOLW\�DQG�RLO�SURGXFWLRQ�FKDUDFWHULVWLFV��-RXUQDO�RI�3HWUROHXP�6FLHQFH�DQG�(QJLQHHULQJ������SS����������9DUDGDUDM��5���%RFN��-���%URQV��1���DQG�=XVKPD��6���������,QIOXHQFH�RI�VXUIDFWDQWVWUXFWXUH�RQ�ZHWWDELOLW\�PRGLILFDWLRQ�RI�K\GURSKRELF�JUDQXODU�VXUIDFHV��-RXUQDO�RI&ROORLG�DQG�,QWHUIDFH�6FLHQFH������SS����������9HJJHODQG��.��DQG�/RKQH��$���������3KDVH�EHKDYLRU��,Q��6325�0RQRJUDSK��5HFHQW$GYDQFHV�LQ�,PSURYHG�2LO�5HFRYHU\�0HWKRGV�IRU�1RUWK�6HD�6DQGVWRQH�5HVHUYRLUV�(GV��6NM YHODQG��6��0��DQG�.OHSSH��-��1RUZHJLDQ�3HWUROHXP�'LUHFWRUDWH��6WDYDQJHU�1RUZD\��SS����������9LNVXQG��%��*���0RUURZ��1��5���0D��6���:DQJ��:���DQG�*UDXH��$�������� ,QLWLDO�ZDWHUVDWXUDWLRQ�DQG�RLO�UHFRYHU\�IURP�FKDON�DQG�VDQGVWRQH�E\�VSRQWDQHRXV�LPELELWLRQ�3DSHU�6&$������SUHVHQWHG DW�WKH�6RFLHW\�RI�&RUH�$QDO\VWV�,QWHUQDWLRQDO�6\PSRVLXPKHOG�LQ�+DJXH��7KH�1HWKHUODQGV��6HSWHPEHU�������:DJQHU��2��5��DQG�/HDFK��5��2���������,PSURYHG�RLO�GLVSODFHPHQW�HIILFLHQF\�E\�ZHWWDELOLW\�DGMXVWPHQW��3HWUROHXP�7UDQVDFWLRQV��$,0(��9RO�������SS��������:DQJ��:��DQG�*XSWD��$���������,QYHVWLJDWLRQ�RI�WKH�HIIHFW�RI�WHPSHUDWXUH�DQG�SUHVVXUH�RQZHWWDELOLW\�XVLQJ�PRGLILHG�SHQGDQW�GURS�PHWKRG��3DSHU�63(�������SUHVHQWHG�DW�WKH63(�$QQXDO�7HFKQLFDO�&RQIHUHQFH�DQG�([KLELWLRQ�KHOG�LQ�'DOODV��7;��86$��2FWREHU�������:DUGODZ��1��&����������7KH�HIIHFWV�RI�SRUH�VWUXFWXUH�RQ�GLVSODFHPHQW�HIILFLHQF\�LQ�UHVHUYRLU�URFNV�DQG�LQ�JODVV�PLFURPRGHOV��3DSHU�63(������SUHVHQWHG�DW�WKH�ILUVW�MRLQW�63(�'2(�6\PSRVLXP�RQ�(25�KHOG�LQ�7XOVD��2.��86$��$SULO�������:DUGODZ��1��&���������7KH�HIIHFWV�RI�JHRPHWU\��ZHWWDELOLW\��YLVFRVLW\�DQG�LQWHUIDFLDO�WHQVLRQRQ�WUDSSLQJ�LQ�VLQJOH�SRUH�WKURDW�SDLUV��7KH�-RXUQDO�RI�&DQDGLDQ�3HWUROHXP�7HFKQRORJ\��0D\�-XQH��SS��������:HQGHO��'��-���$QGHUVRQ��:��*���DQG�0H\HUV��-��'���������5HVWRUHG�VWDWH�FRUH�DQDO\VLV�IRUWKH�+XWWRQ�UHVHUYRLU��3DSHU�63(�������SUHVHQWHG�DW�WKH�63(���WK $QQXDO�7HFKQLFDO&RQIHUHQFH�DQG�([KLELWLRQ�KHOG�LQ�/DV�9HJDV��19��86$��6HSWHPEHU��������:HOOLQJWRQ��6��/��DQG�5LFKDUGVRQ��(��$���������/RZ�VXUIDFWDQW�FRQFHQWUDWLRQ�HQKDQFHG�ZDWHUIORRGLQJ��63(��-RXUQDO��9ROXPH����'HFHPEHU��SS���������:HVVRQ��/��/��DQG�+DUZHOO��-��+���������6XUIDFWDQW�DGVRUSWLRQ�LQ�SRURXV�PHGLD��,Q�6XUIDFWDQWV��)XQGDPHQWDOV�DQG�$SSOLFDWLRQ�LQ�WKH�3HWUROHXP�,QGXVWU\��(G��6FUDPP��/�/��&DPEULGJH�8QLYHUVLW\�3UHVV��
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:LOVRQ��3��0��'��DQG�%UDQGHU��&��)���������$TXHRXV�VXUIDFWDQW�VROXWLRQV�ZKLFK�H[KLELWXOWUD�ORZ�WHQVLRQV�DW�WKH�RLO�ZDWHU�LQWHUIDFH���-RXUQDO�RI�&ROORLG�DQG�,QWHUIDFH6FLHQFH��9RO������1R�����-XO\��SS�����������:ROFRWW��-��0���*URYHV��-U���)��5���DQG�/HH��+�*���������,QYHVWLJDWLRQ�RI�FUXGH�RLO�PLQHUDOLQWHUDFWLRQV��,QIOXHQFH�RI�RLO�FKHPLVWU\�RQ�ZHWWDELOLW\�DOWHUDWLRQ��3DSHU�63(������SUHVHQWHG�DW�WKH�63(�,QWHUQDWLRQDO�6\PSRVLXP�RQ�2LOILHOG�&KHPLVWU\�KHOG�LQ�1HZ2UOHDQV��/$��86$��0DUFK�����:XQGHUOLFK��5��:���������2EWDLQLQJ�VDPSOHV�ZLWK�SUHVHUYHG�ZHWWDELOLW\��,Q��6XUIDFWDQWVFLHQFH�VHULHV�YRO������,QWHUIDFLDO�3KHQRPHQD�LQ�3HWUROHXP�5HFRYHU\��(G��0RUURZ��1�5��0DUFHO�'HNNHU��,QF���1HZ�<RUN�DQG�%DVHO�;LH��;��DQG�0RUURZ��1��5���������&RQWDFW�DQJOHV�RQ TXDUW]�LQGXFHG�E\�DGVRUSWLRQ�RIKHWHURSRODU�K\GURFDUERQV��-��$GKHVLRQ�6FL��7HFKQRO��9RO������1R�����SS������������;LH��;��DQG�0RUURZ��1��5���������2LO�UHFRYHU\�E\�VSRQWDQHRXV�LPELELWLRQ�IURP�ZHDNO\�ZDWHU�ZHW�URFNV��3DSHU����SUHVHQWHG�DW�WKH�$QQXDO�0HHWLQJ�RI�WKH�6RFLHW\�RI�&RUH�$QDO\VWV�KHOG�LQ�$EX�'KDEL��8QLWHG�$UDELDQ�(PLUDWHV��2FWREHU�;LH��;���0RUURZ��1��5���DQG�%XFNOH\��-��6���������&RQWDFW�DQJOH�K\VWHUHVLV�DQG�WKH�VWDELOLW\RI�ZHWWLQJ�FKDQJHV�LQGXFHG�E\�DGVRUSWLRQ�IURP�FUXGH�RLO��3DSHU�SUHVHQWHG�DW�WKH��WK,QWHUQDWLRQDO�6\PSRVLXP�RQ�5HVHUYRLU�:HWWDELOLW\�DQG�,WV�(IIHFW�RQ�2LO�5HFRYHU\�KHOGLQ�6RFRUUR��10��86$��6HSWHPEHU�������<DQJ��+��'��DQG�:DGOHLJK��(��(���������'LOXWH�VXUIDFWDQW�,25�'HVLJQ�LPSURYHPHQWV�IRU�PDVVLYH��IUDFWXUHG�FDUERQDWH�DSSOLFDWLRQV��3DSHU�63(�������SUHVHQWHG�DW�WKH�63(,QWHUQDWLRQDO�3HWUROHXP�&RQIHUHQFH�DQG�([KLELWLRQ�KHOG�LQ�9LOODKHUPRVD��0H[LFR�)HEUXDU\�����<RXQJ��7���������3KLORVRSKLFDO�7UDQVDFWLRQV��5R\DO�6RFLHW\�/RQGRQ������S����<X��/��DQG�:DUGODZ��1��&���������0HFKDQLVPV�RI�QRQZHWWLQJ�SKDVH�WUDSSLQJ�GXULQJ�LPELELWLRQ�DW�VORZ�UDWHV��-RXUQDO�RI�&ROORLG�DQG�,QWHUIDFH�6FLHQFH��9RO�������1R����)HEUXDU\��SS����������<X��/��DQG�:DUGODZ��1��&���������4XDQWLWDWLYH�GHWHUPLQDWLRQ�RI�SRUH�VWUXFWXUH�IURP�PHUFXU\�FDSLOODU\�SUHVVXUH�FXUYHV��,Q��6XUIDFWDQW�VFLHQFH�VHULHV�YROXPH�����,QWHUIDFLDO3KHQRPHQD�LQ�3HWUROHXP�5HFRYHU\��(G��0RUURZ��1��5��0DUFHO�'HNNHU��,QF���1HZ<RUN��SS����������=DQD��5��������0LFHOOL]DWLRQ�RI�FDWLRQLF�VXUIDFWDQWV��,Q��6XUIDFWDQW�VFLHQFH�VHULHV�YRO�����&DWLRQLF�6XUIDFWDQWV��3K\VLFDO &KHPLVWU\� (GV��'��1��5XELQJK�DQG�3��0��+ROODQG��0DUFHO�'HNNHU��,QF��1HZ�<RUN�DQG�%DVHO��SS��������
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