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7KH�GHYHORSPHQW�RI�QRYHO��FKHDS�DQG�HI�ILFLHQW�PHWKRGV�IRU�ZDVWH�ZDWHU�SXULILFDWLRQIURP�KHDY\�PHWDO�LRQV�WDNHV�PRUH�DQG�PRUHLPSRUWDQFH� UHFHQWO\� LQ� FRQQHFWLRQ�ZLWK� WKHHQYLURQPHQW� SROOXWLRQ�� 6R�� WKH� KH[DYDOHQWFKURPLXP� FRPSRXQGV� �FKURPLF� DFLG� DQGVDOWV� WKHUHRI�� DUH� XVHG� LQ� FKHPLFDO� WUHDW�PHQW��HWFKLQJ��SDVVLYDWLRQ��RI�VWHHO�DQG�FRS�SHU� DOOR\� VXUIDFH�� ]LQF�FRDWHG�DQG�FDGPLXPFRDWHG� VWHHO�� LQ� HOHFWURFKHPLFDO� SURFHVVLQJ�DQRGL]DWLRQ��RI�DOXPLQXP��LQ�HOHFWULFDO�SRO�LVKLQJ�RI�VWHHO�DV�ZHOO�DV� LQ�JDOYDQLF�ZRUNVZKHUH� PRVW� RI� SURWHFWLYH� FRDWLQJV� DUH� WKHFKURPLXP� RQHV� >�@�� &KURPLXP� FRQWHQW� LQZDVKLQJ�VHZDJHV�RI�PDFKLQH�EXLOGLQJ�SODQWVDPRXQWV� XS� WR� ���� PJ�/� �DV�&U�2��±�� >�@�,Q� WKH� SURGXFWLRQ� RI� EXLOGLQJ� PDWHULDOVZKHUH� SRUWODQG� FHPHQW� LV� XVHG� �H�J�� RI� DV�EHVWRV��FRQFUHWH��DQG�UHLQIRUFHG�FRQFUHWH�DU�WLFOHV��� WKH� ZDVWHZDWHU� LQ� DOVR� VDWXUDWHG

ZLWK�&U�9,��LRQV�>�@��7KH�ZDVWH�ZDWHUV�RI�DOOWKHVH�ZRUNV�PD\�FRQWDLQ�ERWK�D�VLQJOH�FRP�SRQHQW�� H�J��� FKURPLXP�� DQG�PXOWLSOH� FRP�SRQHQWV�� H�J��� FKURPLXP��FRSSHU�� ]LQF�� FDG�PLXP�� QLFNHO�� LURQ�� HWF�� >�@�� 7KHVH� ZDVWHVPDNH� D� FRQVLGHUDEOH� HFRORJLFDO� GDQJHU�� LQSDUWLFXODU��GXH� WR�&U�9,��� VLQFH� LW� LV�KLJKO\WR[LF� DQG� LV� NQRZQ� DV� D� FDUFLQRJHQLF� DQGPXWDJHQLF� WR[LQ� IRU� KXPDQV� >�@�� 7R� GDWH�WKHUH� DUH� QXPHURXV� PHWKRGV� WR� SXULI\� WKHZDVWH�ZDWHU�IURP�KHDY\�PHWDO� LRQV��LQFOXG�LQJ� FKHPLFDO�� PHFKDQLFDO�� SK\VLFRFKHPLFDO�ELRORJLFDO� RQHV�� HWF�� 7KH� SK\VLFRFKHPLFDOPHWKRGV� RI� ZDVWH� ZDWHU� SXULILFDWLRQ� GUDZPRUH�DQG�PRUH�WKH�DWWHQWLRQ�RI�UHVHDUFKHUV�7KH�H[LVWLQJ�SK\VLFRFKHPLFDO�PHWKRGV��KRZ�HYHU��LQFOXGH�PXOWLSOH�VWDJHV�DQG�DUH�H[SHQ�VLYH��DV�UHTXLULQJ�ODUJH�DPRXQWV�RI�UHDJHQWV>�@�� ,Q� WKLV� FRQQHFWLRQ�� WKH� KLJK�JUDGLHQWPDJQHWLF� VHSDUDWLRQ�XVLQJ�VRUEHQWV�� LQFOXG�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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LQJ� ELRVRUEHQWV�� EHFRPH� PRUH� DQG� PRUHSRSXODU�>�@��:KHQ�GHYHORSLQJ�ELRVRUEHQWV��DVSHFLDO� DWWHQWLRQ� LV� JLYHQ� WR� WKH� \HDVWELRPDVV�WKDW� LV�D�VRUEHQW�RI�JRRG�SURVSHFWVUHODWLYH� WR� KHDY\� PHWDOV� >�@�� 7KH� \HDVWJURZV�UDSLGO\��WKH�FHOOV�WKHUHRI�DUH�FRQYHQ�LHQW�WR�RSHUDWH�ZLWK�DW�JHQHWLF�DQG�PRUSKRO�RJ\�OHYHOV��LW�LV�DEOH�WR�JURZ�DW�KLJK�FRQFHQ�WUDWLRQV� RI� KHDY\� PHWDOV� DQG� DFFXPXODWHWKRVH�LQ�WKH�ELRPDVV��7KH�\HDVW�ELRPDVV�FDQEH� SURGXFHG� HDVLO\� LQ� VXIILFLHQWO\� ODUJHDPRXQWV� DV� D� E\�SURGXFW� RI� QXPHURXV� IHU�PHQWDWLRQ�SURFHVVHV�>����@��6R��WKH�FRPPHU�FLDO� LRQ� H[FKDQJH� UHVLQV� EHLQJ� XVHG� LQ� WKHZDVWH� ZDWHU� SXULILFDWLRQ� DUH� ��� WLPHV� VRH[SHQVLYH� DV� WKH�ELRVRUEHQWV�� WKXV�� WKH� ODW�WHU�DUH�TXLWH�FRPSHWLWLYH�>�@�,Q�WKLV�ZRUN��ZH�KDYH�VWXGLHG�WKH�&U�9,�UHPRYDO�SURFHVV�IURP�D�VROXWLRQ�LQ�PDJQHWLFILHOG��0)��XVLQJ�WKH�PDJQHWR�K\GURG\QDPLFPL[LQJ� �0+'0�� RI� HOHFWURO\WHV� QHDU� WKHVWHHO� HOHPHQWV� LQ� D� 0)�� :H� KDYH� VWXGLHGDOVR� WKH� FRPELQHG� &U�9,�� DQG� FRSSHU� UH�PRYDO�PHWKRG�IURP�D�VROXWLRQ�XVLQJ�FHPHQ�WDWLRQ� RQWR� D� VWHHO� HOHPHQW� DQG� WKH� FKUR�PLXP� DQG� FRSSHU� VRUSWLRQ�ZLWK� ELRPDVV� RI\HDVW� �6DFFKDURP\FHV� FHUHYLVLDH� ������ LQFRPELQDWLRQ�ZLWK�0+'0�7R�VWXG\�WKH�&U�9,��UHPRYDO�HIILFLHQF\��D.�&U2� VROXWLRQ� RI� S+� �� ZLWK� WKH� LQLWLDO&U�9,�� FRQFHQWUDWLRQ� ���� PJ�/� ZDV� XVHG�7KH�VROXWLRQ�ZDV�SODFHG�LQ�D�JODVV�FHOO�SUR�YLGHG�ZLWK�D�FKHFNHUZRUN��7KH�FKHFNHU�FRQ�VLVWHG� RI� ��� LGHQWLFDO� HOHPHQWV� VKDSHG� DVFDUERQ�VWHHO��*267����������URGV�RI�����µPGLDPHWHU�DQG������µP�OHQJWK�DUUDQJHG�XQL�IRUPO\� LQ� WKH� FHOO� YROXPH� DQG� IL[HG� E\� DQRQ�PDJQHWLF� KROGHU� LQHUW� WR� WKH� VROXWLRQ�7KH�HOHPHQW�VSDFLQJ�ZDV�HTXDO�WR�WKUHHIROGHOHPHQW�GLDPHWHU�� WKXV� WDNLQJ� LQWR�DFFRXQWWKDW� DW� ODUJHU� GLVWDQFHV�� WKH� IORZ� UDWH� DQG

WKXV�WKH�PL[LQJ� LQWHQVLW\� LV� ORZHUHG�DW�WKHVSHFLILHG�V\VWHP�SDUDPHWHUV��)LJ�����7KH�VROXWLRQ�S+�ZDV�DGMXVWHG�DW���XVLQJQLWULF�DFLG��$W�WKDW�S+�YDOXH��WKH�\HDVW�GRHVQRW� ORVV� LWV� YLDELOLW\� >�@� ZKLOH� WKH� OLTXLGIORZ�UDWH�LQ�WKH�YLFLQLW\�RI�WKH�FKHFNHU�HOH�PHQWV�LV�VXIILFLHQW�IRU�LQWHQVH�PL[LQJ��)LJ�����7KH� FHOO� ZLWK� WKH� FKHFNHU� ZDV� SODFHG� LQ� DFRQVWDQW�0)�RI�����N$�P�DQG�NHSW�IRU���WR��� PLQ�� 7KH� VWXGLHV� ZHUH� GRQH� LQ� 0)� GL�UHFWHG�ERWK�LQ�SDUDOOHO�DQG�SHUSHQGLFXODU�WRWKH�D[HV�RI�WKH�FKHFNHU�URGV�7KH�FRQWURO�H[SHULPHQWV�ZHUH�PDGH�ZLWKWKH� VDPH� .�&U2� VROXWLRQ� DQG� WKH� FKHFNHUEXW�ZLWKRXW�0)��7KH�UHVLGXDO�&U�9,�� LQ�WKHVROXWLRQ�ZDV�GHWHUPLQHG�E\�GLSKHQ\O�FDUED]�LGH�PHWKRG�>�@�7KH� VWXG\� RI� FKURPLXP� LRQ� FHPHQWDWLRQKDV�VKRZQ�WKDW�������RI�WKH�LRQV�ZHUH�UH�PRYHG� IURP� WKH� VROXWLRQ� LQ� WKH�0)�GXULQJ��PLQ��,Q�FRQWURO�H[SHULPHQWV�����PLQ�ZHUHUHTXLUHG�WR�DWWDLQ�������UHPRYDO�RI�&U�9,�E\�FHPHQWDWLRQ�ZLWKRXW�0)�� ,Q�)LJ�����SUH�VHQWHG� LV� WKH� &U�9,�� FHPHQWDWLRQ� SURFHVVIURP�WKH�VROXWLRQ�RQWR�WKH�VWHHO�HOHPHQW� LQ0)� DQG�ZLWKRXW� LW�� ,W� LV� VHHQ� WKDW� WKH�0)LQWHQVLILHV� FRQVLGHUDEO\� WKH� FKURPLXP� LRQ

)LJ�����7LPH�GHSHQGHQFHV�RI�WKH�VROXWLRQ�IORZUDWH�9 LQ�WKH�YLFLQLW\�RI�D�FKHFNHU�HOHPHQW�DWWKH�VROXWLRQ�S+�YDOXHV������������������������������������

)LJ�����0DJQHWLF�ILHOG�HIIHFW�RQ�WKH�&U�9,��FHPHQ�WDWLRQ��WKH�SURFHVV�ZLWKRXW�����DQG�ZLWK�0)�����

)LJ�����'HSHQGHQFHV�RI�WKH�VROXWLRQ�IORZ�UDWH9 LQ�WKH�YLFLQLW\�RI�D�FKHFNHU�HOHPHQW�RQ�WKHGLVWDQFH�U IURP�WKH�FKHFNHU�VXUIDFH�LQ�WKH��VW����� �UG� ���� DQG� �WK� PLQXWH� DIWHU� WKH� PDJ�QHWLF�ILHOG�VZLWFKLQJ�RQ�
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FHPHQWDWLRQ� GXULQJ� WKH� LQLWLDO� IHZ�PLQXWHVRI�WKH�H[SHULPHQW�:H� KDYH� VWXGLHG� DOVR� WKH� ELRVRUSWLRQ� RI&U�9,�� DQG�&X�,,��ZLWK�6DFFKDURP\FHV� FHUH�YLVLDH� ���� \HDVW� XVLQJ� VWHHO� HOHPHQWV�FKHFNHUZRUN�� LQ� WKH� FRQVWDQW� 0)�� ,Q� WELVFDVH�� WKH� ELRVRUSWLRQ� SURFHVV� LV� LQWHQVLILHGDOVR� GXH� WR� WKH� XVH� RI� PDJQHWR�K\GURG\�QDPLF�PL[LQJ� RI� HOHFWURO\WHV�QHDU� WKH� VWHHOURGV� LQ� WKH�03� LQVWHDG� RI�PHFKDQLFDO� VWLU�ULQJ�>�����@�7R� REWDLQ� WKH� ELRPDVV�� WKH�6�� FHUHYLVLDH���� \HDVW� ZDV� JURZQ� RQ� PLQHUDO� 5LGGHUPHGLXP�RI�WKH�IROORZLQJ�FRPSRVLWLRQ��J�/���1+���62��� ����� 0J62��� ����� 1D&O�� ����.�+32��� ����� .+�32��� ����� JOXFRVH�� �����\HDVW� DXWRO\VDWH�� ����� ZLWKRXW� FRSSHU� LRQDGPL[WXUH�� LQ� DHURELF� FRQGLWLRQV�� DW� ���&�7KH�\HDVW�ZDV� FXOWLYDWHG� LQ�����PO� FRQLFDOIODFNV�RQ�VKDNHUV��WKH�URWDWLRQ�IUHTXHQF\�RIVWLUUHU�EHLQJ�����USP��7KH�RQH�GD\�FXOWXUH�WKH� VWDWLRQDU\� JURZWK� SKDVH� RQVHW�� ZDVFHQWULIXJHG� DQG� ZDVKHG� WZLFH� ZLWK� VWHULOHVDOLQH�7R� VWXG\� WKH� FRSSHU� UHPRYDO� HIILFLHQF\�&X62� VROXWLRQ� ZDV� SUHSDUHG� DW� S+� �� DQGWKHZ� LQLWLDO� FRSSHU� LRQ� FRQFHQWUDWLRQ� RI���PJ�/��7KDW�VROXWLRQ�ZDV�ORDGHG�ZLWK�WKH6�� FHUHYLVLDH� ���� \HDVW� ����� J� GU\� VXE�VWDQFH�SHU�����PO���7KH�FRQWURO�H[SHULPHQWVZHUH� GRQH� ZLWK� WKH� VDPH� &X62� VROXWLRQEXW� \HDVW�IUHH�� ZLWK� WKH� FKHFNHUZRUN�� LQDQG�ZLWKRXW�WKH�0)��$IWHU�WKH�H[SHULPHQWV�WKH� \HDVW� ZDV� ILOWHUHG� RII� DQG� WKH� UHVLGXDOFRSSHU� DPRXQW� LQ� WKH� VROXWLRQ� ZDV� GHWHU�PLQHG� XVLQJ� D� &�����0�� DWRPLF� DGVRUSWLRQVSHFWURSKRWRPHWHU�� 7KH� VWXGLHV� ZHUH� GRQHLQ�0)�GLUHFWHG�ERWK�LQ�SDUDOOHO�DQG�SHUSHQ�GLFXODU� WR� WKH� D[HV� RI� WKH� FKHFNHU� URGV� �LQSDUDOOHO�DQG�SHUSHQGLFXODU�V\VWHP�JHRPHWU\�UHVSHFWLYHO\��,Q�)LJ�����FRPSDUHG�DUH�WKH�&X LRQ�IUDF�WLRQV� �&����� UHPRYHG� IURP� WKH� VROXWLRQ� DW

WKH� SDUDOOHO� DQG� SHUSHQGLFXODU� V\VWHP� JH�RPHWU\�� ,W� LV� VHHQ� WKDW� DW� WKH� SDUDOOHO� JH�RPHWU\�� DERXW������RI� WKH�FRSSHU� LRQV�DUHUHPRYHG� GXULQJ� WKH� ILUVW� �� PLQ� GXH� WRELRVRUSWLRQ�DQG�FRSSHU�FHPHQWDWLRQ�RQWR�WKHFKHFNHUZRUN� ZKLOH� DIWHU� �� K�� WKH� UHPRYHGFRSSHU�IUDFWLRQ�LV�������$W�WKH�SHUSHQGLFX�ODU� V\VWHP� JHRPHWU\�� WKH� UHPRYHG� FRSSHUDPRXQWV� DUH� ����� DQG� ��� ��� UHVSHFWLYHO\�7KXV��WKH�FRSSHU�UHPRYDO�FKDUDFWHULVWLFV�GH�SHQG�RQO\�VOLJKWO\�RQ�WKH�V\VWHP�JHRPHWU\�)LJ����LOOXVWUDWHV�WKH�&X LRQ�IUDFWLRQV��&����UHPRYHG� IURP� WKH� VROXWLRQ�DW�GLIIHUHQW�0)GLUHFWLRQV� GXH� RQO\� WR� FHPHQWDWLRQ�� $W� WKHSDUDOOHO�JHRPHWU\�������RI�WKH�FRSSHU� LRQVDUH� UHPRYHG� GXULQJ� WKH� ILUVW� �� PLQ� DQG�����GXULQJ� �� K�� DW� WKH� SHUSHQGLFXODU� JH�RPHWU\��WKH�UHPRYHG�FRSSHU�DPRXQWV�DUH���DQG� ������ZKLOH�ZLWKRXW�0)�� ������� DQG�����DUH�UHPRYHG��UHVSHFWLYHO\��)URP�WKRVHUHVXOWV��WDNLQJ�LQWR�DFFRXQW�WKH�FRSSHU�IUDF�WLRQ� UHPRYHG� GXH� WR� FHPHQWDWLRQ�� FXUYHVKDYH� EHHQ� REWDLQHG� �)LJ����� FKDUDFWHUL]LQJWKH� ELRVRUSWLRQ� FRQWULEXWLRQ� WR� WKH� FRSSHUUHPRYDO�SURFHVV�IURP�WKH�VROXWLRQ�

)LJ�����&RSSHU�LRQ�UHPRYDO�DW�SDUDOOHO�����DQGSHUSHQGLFXODU�����V\VWHP�JHRPHWU\�LQ�0)�DQGZLWKRXW�0)�����GXH�WR�FHPHQWDWLRQ�

)LJ�����&RQWULEXWLRQ�RI�FRSSHU�LRQ�ELRVRUSWLRQIURP� D� VROXWLRQ� DW� SDUDOOHO� ���� DQG� SHUSHQ�GLFXODU�����V\VWHP�JHRPHWU\�

)LJ�����&RSSHU�LRQ�UHPRYDO�DW�SDUDOOHO�����DQGSHUSHQGLFXODU� ���� V\VWHP� JHRPHWU\� GXH� WRELRVRUSWLRQ�FHPHQWDWLRQ�SURFHVV�
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6LPLODU� H[SHULPHQWV�ZHUH� FDUULHG� RXW� WRVWXG\�WKH�VRUSWLRQ�RI�&U�9,��LRQV�ZLWK�\HDVWELRPDVV� LQ� 0)�� 7KH� .�&U2� VROXWLRQ� ZDVORDGHG� ZLWK� WKH� 6�� FHUHYLVLDH� ���� \HDVW����� J� GU\� VXEVWDQFH� SHU� ���� PO��� 7KH� UH�VXOWV� REWDLQHG� VKRZ� WKDW� DW� DQ\� V\VWHP�JH�RPHWU\�� DERXW� ���� �� RI�&U LRQV� ZHUH� UH�PRYHG� IURP� WKH� VROXWLRQ�GXULQJ���PLQ�GXHWR� FRPELQHG� FHPHQWDWLRQ�VRUSWLRQ� SURFHVV�,Q�FRQWURO�H[SHULPHQWV�ZLWKRXW�0)��WKH�FH�PHQWDWLRQ�DQG�ELRVSUWLRQ�KDYH�SURYLGHG�WKHUHPRYDO� RI� DERXW� ��� �� FKURPLXP� GXULQJWKH�ILUVW�PLQXWH�DQG�DERXW�������LQ���PLQ�7KH�UHVXOWV�REWDLQHG�DUH�FRPSDUHG�LQ�)LJ����)URP�WKRVH�UHVXOWV��WDNLQJ�LQWR�DFFRXQW�WKHFKURPLXP�IUDFWLRQ�UHPRYHG�GXH�WR�FHPHQWD�WLRQ�RQO\��D�FXUYH�KDV�EHHQ�REWDLQHG��)LJ����FKDUDFWHUL]LQJ� WKH� ELRVRUSWLRQ� FRQWULEXWLRQWR�WKH�&U�9,��UHPRYDO�SURFHVV�IURP�WKH�VROX�WLRQ�� ,Q� FRQWURO� H[SHULPHQWV�PDGH� DW� ,QVWL�WXWH� IRU� 0LFURELRORJ\� DQG� 9LURORJ\�� 1D�WLRQDO� $FDGHP\� RI� 6FLHQFHV� RI� 8NUDLQH�XVLQJ� WUDGLWLRQDO� PHFKDQLFDO� VWLUULQJ�� WKHLQLWLDO� FKURPLXP� FRQFHQWUDWLRQ� EHLQJ� WKHVDPH��WKH�6��FHUHYLVLDH����� \HDVW�KDYH�VRU�EHG�XS� WR� �����RI�&U�9,�� DQG������RI�&XLRQV�IRU���K�7KHUHIRUH�� IRU� ZDVWH� ZDWHU� FRQWDLQLQJRQO\�&U�9,�� LRQV�� LW� LV� H[SHGLHQW� WR� UHPRYHWKH� LPSXULW\�E\�FHPHQWDWLRQ�RQWR�VWHHO� HOH�PHQWV� LQ� D� FRQVWDQW�PDJQHWLF� ILHOG��%XW� LQSXULILFDWLRQ� RI� PXOWLFRPSRQHQW� ZDVWHZDWHU�� MXVWLILHG� LV� WKH� XVH� RI� FRPELQHG&U�9,�� DQG�&X�,,�� UHPRYDO�PHWKRG�� L�H��� WKHVRUSWLRQ�ZLWK� \HDVW� XQGHU� VLPXOWDQHRXV� FH�PHQWDWLRQ� RQWR� VWHHO� LQ� 0)�� VLQFH� WKH� 0)LQWHQVLILHV�ERWK�FHPHQWDWLRQ�DQG�ELRVRUSWLRQSURFHVVHV�� 7KH� ELRVRUSWLRQ� LQ� 0)� KDV� EHHQ
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