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��'HSDUWPHQW�RI�(QHUJ\�7HFKQRORJ\��5R\DO�,QVWLWXWH�RI�7HFKQRORJ\��6(�������6WRFNKROP��6ZHGHQ��'HSDUWPHQW�RI�(QHUJ\ 7HFKQRORJ\��/DSSHHQUDQWD�8QLYHUVLW\�RI�7HFKQRORJ\��),1�������/DSSHHQUDQWD��)LQODQG$%675$&77ZR� ERWWRPLQJ� F\FOHV� DUH� DQDO\VHG� LQ� WKLV� SDSHU�� WKH� $LU� %RWWRPLQJ� &\FOH� �$%&�� DQG� WKH� 2UJDQLF� 5DQNLQH� &\FOH��25&���$�FRPSDULVRQ�RI�WKHUPRG\QDPLF�SHUIRUPDQFH�EHWZHHQ�WKH�F\FOHV�LV�JLYHQ��6SHFLDO�DWWHQWLRQ�LV�SDLG�WR�FKRRVLQJ�WKH�FRPSRQHQW�VSHFLILFDWLRQV�RQ�D�UHDOLVWLF�EDVLV�DQG�WKH�FRQILJXUDWLRQV�VR�WKDW�DQ�HFRQRPLF�RSWLPXP�IRU�WKH�F\FOHV�FDQ�EH�DQWLFLSDWHG��7ZR�FDVHV�IRU� WRSSLQJ�HQJLQHV�DUH�LQYHVWLJDWHG��D�VPDOO�VFDOH������0:H��JDV�WXUELQH�ZLWK�WKH�H[KDXVW�WHPSHUDWXUH�RI�����q&��DQG�D�ODUJH�VFDOH�������0:H��GLHVHO�HQJLQH�ZLWK�����q&�H[KDXVW�WHPSHUDWXUH��)RU�ERWK�FDVHV��WZR�DSSOLFDWLRQV� DUH� FRQVLGHUHG�� SRZHU� JHQHUDWLRQ� RQO\�� DQG� FRJHQHUDWLRQ�RI� KHDW�DQG�SRZHU�� 7KH� VHQVLWLYLW\� RI� WKH�SHUIRUPDQFH�DJDLQVW�WKH�PDLQ�F\FOH�SDUDPHWHUV�LV�DOVR�SUHVHQWHG�IRU�ERWK�F\FOHV��&RQVLGHUDWLRQV�RI�DSSO\LQJ�KLJK�VSHHG�WHFKQRORJ\�WR�ERWK�F\FOHV�DUH�JLYHQ��7KH�WHUP�KLJK�VSHHG�WHFKQRORJ\�UHIHUV�KHUH�WR�D�GHVLJQ�ZKHUH�WKH�WXUERPDFKLQH�V��DQG�WKH�HOHFWULF�PDFKLQH��JHQHUDWRU�LQ�WKLV�FDVH��KDYH�D�FRPPRQ�VKDIW�WKDW�LV�URWDWLQJ�DW�DQ�RSWLPXP�VSHHG�GHWHUPLQHG�E\�WKH�WXUERPDFKLQH�V��.(<:25'6$LU�ERWWRPLQJ�F\FOH��2UJDQLF�5DQNLQH�F\FOH��*DV�WXUELQH��'LHVHO�HQJLQH��+LJK�VSHHG�WHFKQRORJ\
���,1752'8&7,21
,Q� WKH� TXHVW� IRU� KLJKHU� HQHUJ\� FRQYHUVLRQ� HIILFLHQFLHV��FRPELQHG�F\FOH�WHFKQRORJ\�RIIHUV�DQ�XQEHDWHQ�FRQFHSW��$V� D� IRUPXODWLRQ� RI� WKH� 6HFRQG� /DZ� RI�7KHUPRG\QDPLFV�� WKH� RSHUDWLRQ� RI� DOO� KHDW� HQJLQHV� LV�EDVHG� RQ� KLJKHU�WHPSHUDWXUH� KHDW� DGGLWLRQ� DQG� ORZHU�WHPSHUDWXUH� KHDW� UHMHFWLRQ�� &RQVHTXHQWO\�� WKH� UHMHFWHG�KHDW� IURP� WKH� WRSSLQJ� F\FOH� FDQ� EH� LPSOHPHQWHG� DV� D�VRXUFH�IRU�WKH�ERWWRPLQJ�RQH�7KH� FRQYHQWLRQDO� JDV� WXUELQH� FRPELQHG� F\FOH� XWLOLVLQJ�WKH� JDV� WXUELQH� DV� WKH� WRSSLQJ� �F\FOH�� DQG� WKH� VWHDP�5DQNLQH� F\FOH� DV� WKH� ERWWRPLQJ� RQH� KDV� EHFRPH�HVWDEOLVKHG� WHFKQRORJ\� QRZDGD\V�� :LWK� DGYDQFHG� JDV�WXUELQHV�DQG�PXOWLSOH�SUHVVXUH�OHYHOV�LQ�WKH�VWHDP�F\FOH��SRZHU�JHQHUDWLQJ�HIILFLHQFLHV�XS�WR������DUH�TXRWHG�>�@��+RZHYHU�� WKLV� FRQFHSW� LV� QRW� EHLQJ� RIIHUHG� LQ� VPDOO�VFDOH� DSSOLFDWLRQV�� ZKLFK� JLYHV� WKH� IORRU� WR� DOWHUQDWLYH�WHFKQRORJLHV�� 7KLV� SDSHU� FRQVLGHUV� WKH� XVH� RI� D� JDV�WXUELQH� DQG� D� GLHVHO� HQJLQH� DV� WKH� WRSSLQJ� HQJLQHV� IRU�WKH� $LU� %RWWRPLQJ� &\FOH� �$%&�� DQG� WKH� 2UJDQLF�5DQNLQH� &\FOH� �25&��� 7KH� $%&� LV� JHQHUDOO\�FRQVLGHUHG�WKH�PRVW�FRPSHWLWLYH�IRU�VPDOO�DQG�PHGLXP�VFDOH�SRZHU�JHQHUDWLRQ�DW� VXIILFLHQWO\� KLJK� WHPSHUDWXUH�OHYHOV��ZKHUHDV� WKH�25&�LV�FRQVLGHUHG�DW� LWV�EHVW�ZKHQ�XWLOLVLQJ�ZDVWH�KHDW�WKDW�LV�UHOHDVHG�DW�D�ORZ�WHPSHUDWXUH��&RQVHTXHQWO\�� WKH� VHOHFWLRQ� RI� WKH KLJKHU� H[KDXVW� JDV�WHPSHUDWXUH�OHYHO� JDV� WXUELQH� DQG� ORZHU� WHPSHUDWXUH�OHYHO� GLHVHO� HQJLQH� DV� WRSSLQJ� HQJLQHV� LV� H[SHFWHG� WR�JLYH�LQIRUPDWLRQ�DERXW�WKH�FRPSHWLWLYHQHVV�EHWZHHQ�WKH�$%&� DQG� WKH� 25&� DW� FRQGLWLRQV� FORVH� WR� WKHLU� W\SLFDO�DSSOLFDWLRQ�DUHDV�
����$LU�%RWWRPLQJ�&\FOH7KH� DLU� ERWWRPLQJ� F\FOH� LV� D� %UD\WRQ� F\FOH� ZKHUH� WKH�ZRUNLQJ� IOXLG� LV� DLU�� 'LIIHUHQWO\� IURP� WKH� H[WHUQDOO\�ILUHG�JDV�WXUELQHV�ZLWK�DQ�H[RWKHUPLF�UHDFWLRQ�DV�D�KHDW�

VRXUFH��WKH�$%&�XWLOLVHV�KHDW�WKDW�LV�WUDQVIHUUHG�IURP�WKH�WRSSLQJ�F\FOH�H[KDXVW�IORZ�WR�WKH�FRPSUHVVRU�GLVFKDUJH�DLU� RI� WKH� $%&�� 7R� PD[LPLVH� WKH� KHDW� UHFRYHU\�� LW� LV�IDYRXUDEOH� WR� KDYH� D� KLJK� WHPSHUDWXUH� GLIIHUHQFH�EHWZHHQ�WKHVH�IORZV��DQG�WKXV�WKH�RSWLPXP�FRPSUHVVLRQ�ZRXOG�EH� LVRWKHUPDO�� ,Q�SUDFWLFH� WKLV� FRQWULEXWHV� WR� WKHXVH� RI� LQWHUFRROLQJ� EHWZHHQ� WKH� FRPSUHVVRU� VHFWLRQV��)LJXUH���VKRZV�DV�DQ�H[DPSOH�D�VFKHPDWLF�OD\RXW�RI�DQ�$%&�ZLWK�RQH�LQWHUFRROHU�7KH�ZRUNLQJ�IOXLG� LQ� WKH�$%&�LV�DLU�DQG� WKXV� LW�FDQ�EH�XWLOLVHG� IRU� H[WHUQDO� SXUSRVHV� DW� GLIIHUHQW� WHPSHUDWXUH�OHYHOV�� KDYLQJ� WKH� H[WUDFWLRQ� EHIRUH� RU� DIWHU� WKH�UHFXSHUDWRU� IRU� LQVWDQFH��+DYLQJ� EHHQ� H[SRVHG� WR� KLJK�WHPSHUDWXUH��XS�WR�����q&��LQ�WKH�UHFXSHUDWRU��WKH�DLU�LV�VWHULOLVHG�� ZKLFK� PDNHV� LW� VXLWDEOH� IRU� VHQVLWLYH�SURFHVVHV�� DV�ZHOO��3XUH�DLU� DV� WKH�ZRUNLQJ� IOXLG� LQ� WKH�$%&� HQDEOHV� ORZHU� WHPSHUDWXUHV� ZLWKRXW� D� ULVN� RI�FRQGHQVDWLRQ�� FRPSDUHG� WR� WKH� WRSSLQJ� F\FOH� H[KDXVW�JDVHV��/HWWLQJ� D� IUDFWLRQ�RI� WKH� FRPSUHVVHG� DQG� FRROHG�DLU�H[SDQG� LQ�D�VHSDUDWH� WXUELQH�\LHOGV� ORZ�WHPSHUDWXUH�DLU��ZKLFK�PDNHV�LW�SRVVLEOH�WR�FRQILJXUH�WKH�$%&�DOVR�IRU�FRROLQJ�SXUSRVHV�,Q� FRJHQHUDWLRQ�� KHDW� IURP� WKH� H[KDXVW� DLU� DIWHU� WKH�ERWWRPLQJ� F\FOH� DV� ZHOO� DV� KLJK� HQRXJK� WHPSHUDWXUH�OHYHO� KHDW� IURP� LQWHUFRROLQJ� FDQ�EH� XWLOLVHG� IRU� KHDWLQJ�ZDWHU��IRU�LQVWDQFH��7KLV�LV�WKH�FDVH�IRU�WKH�KHDW�IURP�WKH�WRSSLQJ� F\FOH� H[KDXVW� JDVHV� DIWHU� WKH� UHFXSHUDWRU�� DV�ZHOO�7KH� $%&� KDV� EHHQ� GHVFULEHG� DQG� SDWHQWHG� E\� )DUUHOO�>�@��:LFNV�>�@�KDV�GHULYHG�WKH�FRQFHSW�RI�WKH�$%&�IURP�WKH�WKHRU\�RI�DQ�LGHDO�IXHO�EXUQLQJ�HQJLQH�E\�FRPSDULQJ�LW�ZLWK�WKH�&DUQRW�F\FOH��'XULQJ�WKH�ODVW�GHFDGH��VHYHUDO�SHUIRUPDQFH�DQDO\VHV�RQ�WKH�F\FOH�KDYH�EHHQ�SUHVHQWHG��IRU�H[DPSOH�E\�:HVWRQ�>�@��+LUV�HW�DO��>�@�DQG�$UULDJDGD�HW� DO�� >�@�� .DLNNR� HW� DO�� >�@� KDYH� SUHVHQWHG� D�WKHUPRG\QDPLF� DQDO\VLV� IRU� D� WULJHQHUDWLYH� $%&� �IRU�SRZHU�� KHDWLQJ� DQG� FRROLQJ��ZKHUH� D� UHYHUVHG�%UD\WRQ�
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F\FOH� LV� LQWHJUDWHG� LQWR� DQ� LQWHUFRROHG�$%&� WR� SURYLGH�FROG� DLUIORZ��$� VWXG\� E\�.DLNNR� >�@� KDV� GHPRQVWUDWHG�WKH�FRPSHWLWLYHQHVV�RI� WKH�$%&�DJDLQVW�VWHDP�5DQNLQH�F\FOH�LQ�VPDOO�DQG�PHGLXP�VFDOH�DSSOLFDWLRQV�7KH�$%&�KDV�EHHQ�SURSRVHG� WR� LQFUHDVH� WKH�HIILFLHQF\�RI� WKH� VLPSOH�F\FOH�JDV� WXUELQH� XQLWV�RQ�1RUZHJLDQ�RLO�SODWIRUPV��PRWLYDWHG�E\�&2��WD[�LQWURGXFWLRQ�>�@��6LQFH������� WKLV� FRQFHSW� KDV� EHHQ� GHYHORSHG� E\� .Y UQHU�(QHUJ\�LQ�1RUZD\�>��@��7KH�DSSOLFDWLRQ�RI�WKH�$%&�RQ�WKH�SODWIRUP�LV�H[SHFWHG�WR�JLYH������UHGXFWLRQ�LQ�&2�DQG� 12[ HPLVVLRQV� DQG� IXHO� FRQVXPSWLRQ� IRU� D� JLYHQ�SODQW� RXWSXW�� ,Q� WKH� 1HWKHUODQGV�� WKH� $%&� LV� EHLQJ�FRQVLGHUHG� IRU� LQGXVWULDO� LPSOHPHQWDWLRQ� LQ� WZR�SURMHFWV�� DV� D� KRW�DLU� FRJHQHUDWLRQ� SODQW� DQG� DV� D� KHDW�UHFRYHU\� XQLW� RI� DQ� LQGXVWULDO� IXUQDFH��2Q� WKH� EDVLV� RI�WKH�UHVXOWV��WZR�GHPRQVWUDWLRQ�SURMHFWV�DUH�VFKHGXOHG�IRU�UHDOLVDWLRQ�>��@�

)LJXUH� �� �� /D\RXW� RI� DQ� RSHQ� DLU� ERWWRPLQJ�F\FOH�ZLWK�RQH�LQWHUFRROHU�
�����2UJDQLF�5DQNLQH�&\FOH$Q�RUJDQLF�5DQNLQH�F\FOH� LV� D�5DQNLQH�F\FOH� LQ�ZKLFK�DQ� RUJDQLF� IOXLG�� VXFK� DV� WROXHQH�� LV� XVHG� LQVWHDG� RI�ZDWHU��)LJXUH���VKRZV�WKH�VNHWFK�RI�WKH�F\FOH�LQ�D�7�V��GLDJUDP�� 7KH� VKDSH� RI� WKH� VDWXUDWLRQ� FXUYH� RI� WROXHQH�GLIIHUV� JUHDWO\� IURP� WKDW� RI�ZDWHU��7KH� VWDWH� RI� WROXHQH�YDSRXU� PRYHV� IXUWKHU� DZD\� IURP� WKH� VDWXUDWLRQ� FXUYH�GXULQJ�WKH�H[SDQVLRQ�LQ�WKH�WXUELQH��)RU�WKLV�UHDVRQ�RQO\�VPDOO� VXSHUKHDW� LV� UHTXLUHG� VLQFH� QR� GURSOHWV� FDQ�FRQGHQVH� LQ� WKH� ORZ�SUHVVXUH� SDUW� RI� WKH� WXUELQH�� 7KH�F\FOH�FDQ�DOVR�EH�RSHUDWHG�FORVH�WR�WKH�FULWLFDO�SUHVVXUH�HYHQ�DW�PRGHVW�WHPSHUDWXUHV��7KHUHIRUH��WKH�KHDW�QHHGHG�IRU� HYDSRUDWLRQ� LV� VPDOO� LQ� UHODWLRQ� WR� WKH� KHDW� QHHGHG�IRU� SUHKHDWLQJ� DQG� VXSHUKHDWLQJ�� 7KLV� DOORZV� HIILFLHQW�KHDW� UHFRYHU\� DQG� KLJK� WXUELQH� HQWU\� WHPSHUDWXUH� HYHQ�ZLWK�RQO\�RQH�SUHVVXUH�OHYHO�YDSRULVHU��7KLV�LV�VKRZQ�LQ�)LJXUH� ���7KH� FRUUHVSRQGLQJ� FXUYH� IRU�ZDWHU� YDSRXU� LV�VKRZQ� IRU� FRPSDULVRQ�� ,Q� DGGLWLRQ�� UHDVRQDEO\� KLJK�HIILFLHQF\� FDQ� EH� DFKLHYHG� LQ� WKH� 25&� HYHQ� ZLWK� D�FRPSDFW�VLQJOH�VWDJH�WXUELQH��VLQFH�WKH�VSHFLILF�HQWKDOS\�GURS�RI�WROXHQH�LQ�WKH�WXUELQH�LV�ORZHU�WKDQ�WKDW�RI�ZDWHU�VWHDP�� )RU� WKH� UHDVRQV� VWDWHG� DERYH�25&� LV� HVSHFLDOO\�ZHOO�VXLWHG� IRU� VPDOO� VFDOH� SRZHU� SODQWV� DQG� IRU� WKH�XWLOLVDWLRQ�RI�ZDVWH�KHDW�UHOHDVHG�DW�D�ORZ�WHPSHUDWXUH�7KH�PDLQ�SURFHVV�FRPSRQHQWV�RI�WKH�25&�DUH�VKRZQ�LQ�)LJXUH� ��� 7KH\� LQFOXGH� D� RQFH�WKURXJK� YDSRULVHU��FRQGHQVHU�� SUH�IHHG� SXPS� DQG� D� KLJK� VSHHG�WXUERJHQHUDWRU�� LQ� ZKLFK� WXUELQH�� JHQHUDWRU� DQG� PDLQ�IHHG�SXPS�DUH�FRPELQHG�WR�IRUP�D�VLQJOH�VKDIW�KHUPHWLF�

XQLW�� 6LQFH� WKH� WROXHQH� YDSRXU� LV� KLJKO\� VXSHUKHDWHG�DIWHU�WKH�WXUELQH��)LJXUH�����D�UHFXSHUDWRU�FDQ�EH�XVHG�WR�SUHKHDW� WKH� WROXHQH� ZKLFK� LV� IHG� WR� WKH� YDSRULVHU��LQFUHDVLQJ�WKH�WKHUPDO�HIILFLHQF\�RI� WKH�F\FOH��7KH�KHDW�UHOHDVHG�IURP�WKH�F\FOH�LQ�WKH�FRQGHQVHU�FDQ�EH�XWLOLVHG�DV�GLVWULFW�RU�SURFHVV�KHDW��

)LJXUH��� ��6NHWFK�RI� WKH�RUJDQLF�5DQNLQH�F\FOH� LQ�7�V� GLDJUDP���oo��H[SDQVLRQ� LQ� WKH� WXUELQH�� �oo��GHVXSHUKHDWLQJ���oo��FRQGHQVDWLRQ���oo��SUHVVXUH�LQFUHDVH� LQ�WKH�IHHG�SXPS���oo��SUHKHDWLQJ���oo��HYDSRUDWLRQ���oo��VXSHUKHDWLQJ�

)LJXUH� �� �� 7HPSHUDWXUH� GLDJUDP� RI� WKH� YDSRULVHU��7KH�WHPSHUDWXUH�RI�WKH�RUJDQLF�IOXLG�IROORZV�ZHOO�WKH�WHPSHUDWXUH�RI�WKH�IOXH�JDV��VLQFH�WKH�KHDW�QHHGHG�IRU�YDSRULVDWLRQ� LV� VPDOO�� 7KH� FRUUHVSRQGLQJ� FXUYH� IRU�ZDWHU�LV�VKRZQ�IRU�FRPSDULVRQ�

)LJXUH�����7KH�PDLQ�FRPSRQHQWV�RI�25&�
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�����+LJK�6SHHG�7HFKQRORJ\7KH�WHUP�KLJK�VSHHG�WHFKQRORJ\�LV�KHUH�XVHG�WR�UHIHU�WR�D� V\VWHP� ZKHUH� WKH� WXUERPDFKLQH� DQG� WKH� HOHFWULF�PDFKLQH� �PRWRU� RU� JHQHUDWRU�� KDYH� D� FRPPRQ� URWRU�URWDWLQJ� IDVWHU� WKDQ� WKH� V\QFKURQRXV� VSHHG�� 0DQ\�DSSOLFDWLRQV�� VXFK� DV� NLQHWLF� FRPSUHVVRUV�� VPDOO� JDV�WXUELQHV� DQG� VPDOO� H[SDQVLRQ� WXUELQHV� UHTXLUH� KLJK�VSHHGV�� 8VXDOO\� VXFK� VSHHGV� DUH� SURGXFHG� E\� XVLQJ� D�JHDUER[� DQG� D� FRQYHQWLRQDO� HOHFWULF� PDFKLQH�� +LJK�VSHHG� WHFKQRORJ\� LV�D� VROXWLRQ� WKDW�GRHV�DZD\�ZLWK� WKH�JHDUER[�� $� KLJK� VSHHG� HOHFWULF� PDFKLQH� LV� GLUHFWO\�FRXSOHG�WR�WKH�URWRU�RI�WKH�WXUELQH��FRPSUHVVRU�RU�SXPS��$Q� LQYHUWHU� LV� XVHG� WR� FRQQHFW� WKH� HOHFWULF� PDFKLQH� WR�WKH� QHWZRUN�� %\� XVLQJ� SURFHVV�IOXLG� OXEULFDWHG� JDV� RU�K\GURG\QDPLF� EHDULQJV� RU� PDJQHWLF� EHDULQJV� LW� LV�SRVVLEOH�WR PDNH�WKH�KLJK�VSHHG�DSSOLFDWLRQ�FRPSOHWHO\�RLO�IUHH�DQG�KHUPHWLF��7KH�UHVHDUFK�RQ�KLJK�VSHHG� WHFKQRORJ\�ZDV� LQLWLDWHG�DW�/DSSHHQUDQWD� 8QLYHUVLW\� RI� 7HFKQRORJ\� LQ� ������ 7KH�GHYHORSHG� WHFKQRORJ\�KDV� VR� IDU�EHHQ�DSSOLHG� WR�D� ORZ�SUHVVXUH�UDWLR�FRPSUHVVRU�>��@�� WR�DQ�25&�SRZHU�SODQW�>��@�� WR� KLJK� SUHVVXUH� SXPSV� >��@�� WR� D� UHIULJHUDWLRQ�SURFHVV�>��@�DQG�WR�D�UHYHUVHG�%UD\WRQ�SURFHVV�>��@��7KH�URWDWLRQDO� VSHHG� IRU� WKHVH� DSSOLFDWLRQV� YDULHV� EHWZHHQ��������DQG���������USP�7KH� WXUERJHQHUDWRUV� RI� WKH� 25&� SRZHU� SODQW�LQYHVWLJDWHG�LQ�WKLV�VWXG\�DUH�SURSRVHG�WR�EH�EXLOW�XVLQJ�KLJK� VSHHG� WHFKQRORJ\�� 7ROXHQH� OXEULFDWHG� K\GUR�G\QDPLF� WLOWLQJ�SDG�EHDULQJV�ZHUH� VHOHFWHG�� DV�ZDV� WKH�FDVH�LQ� WKH�HDUOLHU�25&�SODQWV�>��@��7KHUH�LV�QR�ULVN�RI�FRQWDPLQDWLRQ� RI� WKH� F\FOH� IOXLG� ZLWK� RLO�� ZKLFK� LV�LPSRUWDQW��VLQFH�RLO�ZRXOG�GHFUHDVH�WKH�WKHUPDO�VWDELOLW\�DQG� KHDW� WUDQVIHU� SURSHUWLHV� RI� WROXHQH�� +HUPHWLF�RSHUDWLRQ�HQVXUHV�WKDW�WKH�SURFHVV�IOXLG�ZLOO�QRW�OHDN�RXW�DQG�FDXVH�DQ\�ILUH�RU�HQYLURQPHQWDO�ULVN��,Q�ODUJHU�SODQWV�VHYHUDO�VWDQGDUG�VL]H�WXUERJHQHUDWRU�XQLWV�DUH�FRQQHFWHG�LQ�SDUDOOHO�WR�JHW�WKH�GHVLUHG�RXWSXW�7KH� VDPH� WHFKQRORJ\� FRXOG� EH� DSSOLHG� WR� WKH� $%&� DV�ZHOO��7KH�VL]H�DQG�FRVW�RI�WKH�$%&�FRXOG�EH�UHGXFHG�E\�LQWHJUDWLQJ�WKH�FRPSUHVVRU��WXUELQH�DQG�JHQHUDWRU�LQWR�D�VLQJOH�VKDIW� KLJK� VSHHG� XQLW�� VLQFH� WKH� KLJK� VSHHG�JHQHUDWRU� LV�FRPSDFW�DQG�QR�JHDUER[�ZRXOG�EH�QHHGHG��,Q� WKH�$%&�PDJQHWLF� DQG�RU� JDV� EHDULQJV�ZRXOG� FRPH�LQWR�TXHVWLRQ������&$6(6�7+$7�+$9(�%((1�678',('
,Q�WKH�DQDO\VLV��WZR�FDVHV�IRU�WRSSLQJ�HQJLQHV�KDYH�EHHQ�LQYHVWLJDWHG�� D� VPDOO�VFDOH� JDV� WXUELQH� �$OVWRP�7HPSHVW�� ZLWK� WKH� SRZHU� RI� � ���� 0:H DQG� H[KDXVW�WHPSHUDWXUH� RI� ���� q&�� DQG� D� ODUJH�VFDOH� LQWHUFRROHG�WXUERFKDUJHG�GLHVHO�HQJLQH� �:lUWVLOl���9����ZLWK������0:H SRZHU�DQG�����q&�H[KDXVW� WHPSHUDWXUH��)RU�HDFK�WRSSLQJ� HQJLQH�� ERWK� WKH� $%&� DQG� 25&� KDYH� EHHQ�VWXGLHG�DV�ERWWRPLQJ�F\FOH�DOWHUQDWLYHV��$OWRJHWKHU��WKLV�PDNHV� IRXU� EDVLF� FRQILJXUDWLRQV�� 6LQFH� IRU� HDFK�FRQILJXUDWLRQ� WZR� DSSOLFDWLRQV� KDYH� EHHQ� FRQVLGHUHG��SRZHU�JHQHUDWLRQ�DQG�FRJHQHUDWLRQ�RI��GLVWULFW��KHDW�DQG�SRZHU��WKH�WRWDO�QXPEHU�RI�FDVHV�DPRXQWV�WR�HLJKW��7KLV�LV� LOOXVWUDWHG� LQ� )LJXUH� ��� 7KH� VSHFLILFDWLRQV� IRU� WKH�VHOHFWHG�HTXLSPHQW�DUH�JLYHQ�LQ�WKH�IROORZLQJ�FKDSWHU�

)RU�WKH�VHOHFWHG�FDVHV��WKHUPRG\QDPLFV�DQG�VWHDG\�VWDWH�SHUIRUPDQFH� KDYH� EHHQ� VWXGLHG� DW� GHVLJQ�SRLQW�RSHUDWLRQ�� 7KH� VHQVLWLYLW\� RI� WKH� SHUIRUPDQFH� DJDLQVW�PDLQ� F\FOH� SDUDPHWHUV� LV� DOVR� SUHVHQWHG� IRU� ERWK�ERWWRPLQJ� F\FOHV�� &RPSDULVRQV� DUH� PDGH� EHWZHHQ� WKH�ERWWRPLQJ�F\FOH�YDULDQWV�

)LJXUH� �� �&DVHV� WKDW� KDYH� EHHQ� VWXGLHG� LQ� WKH�DQDO\VLV��� 02'(//,1*�$1'�237,0,6$7,21�
$OO� FDOFXODWLRQV� DUH� EDVHG� RQ� WKH� ,62� RSHUDWLQJ�FRQGLWLRQV� ���� q&�� �������� N3D�� ��� ��� DQG� QRPLQDO�SHUIRUPDQFH�� +HQFH�� QR� LQOHW� ILOWHU� RU� H[KDXVW� GXFW�SUHVVXUH�ORVVHV�DUH�WDNHQ�LQWR�DFFRXQW�IRU�WKH�WRSSLQJ�RU�WKH�ERWWRPLQJ�F\FOH�6SHFLILFDWLRQV� IRU� WKH� WRSSLQJ� HQJLQHV� DUH� JLYHQ� LQ�7DEOH ���)RU�WKH�GLHVHO�HQJLQH��WKHVH�YDOXHV�DUH�YDOLG�IRU�SUHVVXUH� ORVVHV�XS� WR����PEDU�RQ� WKH�H[KDXVW� JDV� VLGH��)RU�WKH�JDV�WXUELQH��WKH�YDOXHV�DVVXPH�]HUR�RXWOHW�ORVVHV�DQG�� FRQVHTXHQWO\�� DQ\� H[FHVV� SUHVVXUH� ORVV� �IURP� WKH�$%&� UHFXSHUDWRU�� 25&� YDSRULVHU�� RU� GLVWULFW� KHDW�H[FKDQJHU�� KDV� D� GHWHULRUDWLQJ� LPSDFW� RQ� WKH�SHUIRUPDQFH�RI�WKH�WRSSLQJ�HQJLQH�7DEOH� �� �� 3HUIRUPDQFH� VSHFLILFDWLRQV� IRU� WKH�WRSSLQJ� HQJLQHV�� 7KH� JDV� WXUELQH� �$OVWRP�7HPSHVW�� GDWD� IURP� *DWH&\FOH� >��@�� WKH� GLHVHO�HQJLQH� �:lUWVLOl� ��9���� GDWD� IURP� WKH�PDQXIDFWXUHU�� 7KH� &2� HPLVVLRQ� GDWD� LV�FDOFXODWHG� $OVWRP�7HPSHVW :lUWVLOl���9��1HW�SRZHU�RXWSXW 0: ���� ����1HW�HO��HIILFLHQF\ � ���� ����([KDXVW�JDV�IORZ NJ�V ���� ����([KDXVW�JDV�WHPS� q& ��� ���6SHF�&2� HPLVVLRQ J�N:K ��� ���
$V�IXHO��WKH�GLHVHO�HQJLQH�XVHV�OLJKW�IXHO�RLO��,W�FRQWDLQV�VXOSKXU� DQG�� FRQVHTXHQWO\�� WKH� FRQGHQVDWLRQ�ULVN� RI�VXOSKXULF�DFLGV�LQ�WKH�H[KDXVW�JDVHV�KDV�EHHQ�WDNHQ�LQWR�DFFRXQW� E\� OLPLWLQJ� WKH� PLQLPXP� WHPSHUDWXUH� WR� ����q&��7KH�JDV� WXUELQH�XVHV�QDWXUDO�JDV��ZKLFK� LV�YLUWXDOO\�VXOSKXU�IUHH�DQG��WKHUHIRUH��WKH�PLQLPXP�WHPSHUDWXUH�RI�WKH� H[KDXVW� JDVHV� LQ� WKLV� FDVH� KDV� EHHQ� VHOHFWHG� WR� EH�ORZHU�����q&��$OWKRXJK�WKH�H[KDXVW�JDV�WHPSHUDWXUHV�DUH�ZHOO� EH\RQG� WKHVH� OLPLWV� LQ� SRZHU� JHQHUDWLRQ�� WKHVH�YDOXHV�OLPLW�WKH�DPRXQW�RI�KHDW�WR�EH�UHFRYHUHG�IURP�WKH�H[KDXVW�JDVHV�LQ�FRJHQHUDWLYH�RSHUDWLRQ�7KH�SHUIRUPDQFH�RI�WKH��JDV�OLTXLG��KHDW�H[FKDQJHUV�IRU�GLVWULFW� KHDWLQJ� LV� GHWHUPLQHG� E\� WKH� PLQLPXP�

mailto:juha.kaikko@lut.fi
mailto:juha.kaikko@lut.fi


-��.DLNNR��MXKD�NDLNNR#OXW�IL ���

WHPSHUDWXUH� GLIIHUHQFHV�� )RU� WKHVH� QRQ�FRQWDFW� KHDW�H[FKDQJHUV� RI� WKH� FRXQWHUIORZ� W\SH�� WKH� GLIIHUHQFH� KDV�EHHQ� VHOHFWHG� WR� EH� ��� q&�� 7KH� UHWXUQ� DQG� VXSSO\�WHPSHUDWXUH�IRU�GLVWULFW�KHDWLQJ�ZDWHU�KDV�EHHQ�DVVXPHG�WR� EH� ��� q&� DQG� ��� q&�� UHVSHFWLYHO\�� 7KH� UHWXUQ�WHPSHUDWXUH� DQG� WKH� PLQLPXP� WHPSHUDWXUH� GLIIHUHQFH�DOORZ� WKH� XWLOLVDWLRQ� RI� WKH� KHDW� IURP� WKH� JDV� WXUELQH�H[KDXVW�JDVHV�GRZQ�WR����q&��ZKLFK�LV�DOVR�WKH�VHOHFWHG�PLQLPXP� IRU� WKH� JDV� WXUELQH�� )RU� WKH� GLHVHO� H[KDXVW�JDVHV��WKH�WHPSHUDWXUH�GLIIHUHQFH�KDV�QR�UHOHYDQFH�VLQFH�WKH� PLQLPXP� DOORZDEOH� WHPSHUDWXUH� UHPDLQV� VR� PXFK�KLJKHU�)RU� WKH� GLHVHO� HQJLQH�� LQWHUFRROLQJ� �IURP����� q&� WR� ���q&��DV�ZHOO�DV�FRROLQJ�ZDWHU�FRROLQJ��IURP����q&�WR����q&��FRQVWLWXWH�DQ�DGGLWLRQDO�VRXUFH�IRU�GLVWULFW�KHDW�,Q� WKH� SRZHU� JHQHUDWLRQ�PRGH�� ��� q&� FRROLQJ�ZDWHU� LV�DSSOLHG� WR� WKH� $%&� LQWHUFRROLQJ� DQG� WKH� 25&�FRQGHQVHU�
����$LU�%RWWRPLQJ�&\FOH7KH� VSHFLILFDWLRQV� IRU� WKH� $%&� KDYH� EHHQ� VHOHFWHG� WR�UHIOHFW�WKH�FXUUHQW�VWDWH�IRU�DGYDQFHG�WXUERPDFKLQHU\�LQ�VPDOO�DQG�PHGLXP�FODVV�XVLQJ�D[LDO�HTXLSPHQW��7KLV� LV�DOVR� WKH�FDVH� IRU� WKH�FRPSDFW�SODWH�ILQ� UHFXSHUDWRU� WKDW�KDV�EHHQ�VHOHFWHG�IRU�WUDQVIHUULQJ�KHDW�IURP�WKH�WRSSLQJ�F\FOH� WR� WKH� ERWWRPLQJ� RQH�� 7KHVH� VSHFLILFDWLRQV� DUH�SUHVHQWHG�LQ�7DEOH���7DEOH� �� �� &RPSXWDWLRQDO� SDUDPHWHUV� IRU� $%&�FDOFXODWLRQV�&RPSUHVVRU��XQLW��SRO\WURSLF�HIILFLHQF\ ����7XUELQH�SRO\WURSLF�HIILFLHQF\ ����5HFXSHUDWRU�HIIHFWLYHQHVV ����5HFXSHUDWRU�DLU�VLGH�SUHVVXUH�ORVV ���5HFXSHUDWRU�H[KDXVW�JDV�VLGH�SUHVVXUH�ORVV ���,QWHUFRROHU�DLU�VLGH�SUHVVXUH�ORVV ���'LVWULFW�KHDW�H[FK��DLU�JDV�VLGH�SUHVVXUH�ORVV ���0HFKDQLFDO�HIILFLHQF\ ������*HDUER[�HIILFLHQF\ ������*HQHUDWRU�HIILFLHQF\ ����$X[LOLDU\�SRZHU�RI�$%&�QHW�SRZHU ���
,Q�SRZHU�JHQHUDWLRQ�� LQWHUFRROLQJ�LV� LPSOHPHQWHG�XVLQJ�FRROLQJ�ZDWHU��7KH�FRQGHQVDWLRQ� ULVN LQ� WKH� LQWHUFRROHU�DW� HOHYDWHG�SUHVVXUHV� KDV� EHHQ� WDNHQ� LQWR� FRQVLGHUDWLRQ�E\�GHWHUPLQLQJ�WKH�PLQLPXP�DOORZDEOH�DLU� WHPSHUDWXUH�LQ� WKH� LQWHUFRROHU� DFFRUGLQJ� WR� WKH� VDWXUDWLQJ�WHPSHUDWXUH� LQFUHDVHG� E\� D� WHPSHUDWXUH� PDUJLQ� RI� ���q&��7KH� XOWLPDWH� ORZHU� OLPLW IRU� WKH� WHPSHUDWXUH� LV� VHW�E\� WKH�FRROLQJ�ZDWHU� WHPSHUDWXUH� ����q&��DGGHG�E\� WKH�VHOHFWHG� WHPSHUDWXUH�GLIIHUHQFH�RI����q&��UHVXOWLQJ� WR�D�YDOXH� RI� ��� q&�� ,Q� FRJHQHUDWLRQ�� WKH� KHDW� IURP�LQWHUFRROLQJ� LV� XWLOLVHG� DV� GLVWULFW� KHDW�� ,Q� WKLV� FDVH� WKH�LQWHUFRROLQJ� WHPSHUDWXUH�OHYHO� LV� UHVWULFWHG� WR� ��� q&��$OWKRXJK�WKH�DLU�FRXOG�EH�IXUWKHU�FRROHG�GRZQ�E\�XVLQJ�D� VHFRQG�OHYHO� LQWHUFRROHU� DQG� FRROLQJ� ZDWHU�� WKLV� ZDV�QRW� FRQVLGHUHG� IHDVLEOH� GXH� WR� WKH� VPDOO� WHPSHUDWXUH�GHFUHDVH�DYDLODEOH�IRU�IXUWKHU�FRROLQJ�,Q� WKH� PRGHOOLQJ�� WKH� ERWWRPLQJ�F\FOH� IORZ� UDWH� KDV�EHHQ�GHWHUPLQHG�E\�VHWWLQJ�WKH�KHDW�FDSDFLW\�IORZV�HTXDO�DW� ERWK� VLGHV� RI� WKH� UHFXSHUDWRU�� 7KLV� FRQWULEXWHV� WR� D�PLQLPLVHG� KHDW�WUDQVIHU� DUHD� IRU� D� JLYHQ� KHDW�WUDQVIHU�

UDWH�� )RU� WKH� FRQILJXUDWLRQV� ZLWK� PXOWLSOH� FRPSUHVVRU�XQLWV��WKH�SUHVVXUH�UDWLRV�RI�WKH�XQLWV�KDYH�EHHQ�DVVXPHG�HTXDO�IRU�VLPSOLFLW\�&KDUDFWHULVWLF� IRU� %UD\WRQ� F\FOHV�� RSWLPXP� YDOXHV� IRU�WKH� ZRUN� DQG� HIILFLHQF\� RI� WKH� $%&� DUH� DWWDLQHG� DW�GLIIHUHQW� SUHVVXUH� UDWLRV�� 7KH� HIILFLHQF\� DW� ZKLFK� WKH�UHFXSHUDWHG� KHDW� LV� FRQYHUWHG� LQWR�ZRUN� LQ� WKH�$%&� LV�FRQVLGHUHG�LUUHOHYDQW��ZKLOH�SRZHU�JHQHUDWLRQ��ZRUN��LV�SULRULWLVHG�WR�JDLQ�KLJKHVW�SRVVLEOH�JHQHUDWLQJ�HIILFLHQF\�IRU�WKH�FRPELQHG�F\FOH��&RQVHTXHQWO\��SRZHU�JHQHUDWLRQ�IURP� WKH� $%&� KDV� EHHQ� VHOHFWHG� DV� WKH� RSWLPLVDWLRQ�FULWHULRQ� LQVWHDG� RI� $%&� F\FOH� HIILFLHQF\� IRU� IXUWKHU�DQDO\VLV�LQ�WKLV�VWXG\�7KH� PRGHOOLQJ� VRIWZDUH� *DWH&\FOH� >��@� KDV� EHHQ�LPSOHPHQWHG� WR� VLPXODWH� WKH� SHUIRUPDQFH� RI� GLIIHUHQW�$%&� FRQILJXUDWLRQV�� 3HUIRUPDQFH� GDWD� IRU� WKH� WRSSLQJ�JDV�WXUELQH�KDV�EHHQ�JDLQHG�IURP�WKH�VRIWZDUH�GDWDEDVH��)RU�WKH�FDVHV�ZLWK�WKH�GLHVHO�HQJLQH��DFWXDO�H[KDXVW�JDV�GDWD�KDV�EHHQ�VLPXODWHG�LQ�WKH�VRIWZDUH�
����2UJDQLF�5DQNLQH�&\FOH7KH� PRGHOOLQJ� RI� 25&� KDV� EHHQ� SHUIRUPHG� XVLQJ�SURFHVV� FDOFXODWLRQ� SURJUDPV� GHYHORSHG� DW/DSSHHQUDQWD�8QLYHUVLW\�RI�7HFKQRORJ\��7KH�SURSHUWLHV�RI� RUJDQLF� IOXLGV� KDYH�EHHQ� FDOFXODWHG�XVLQJ� H[DFW� UHDO�JDV�IXQFWLRQV�>��@�&RPPRQ�RUJDQLF� IOXLGV�WKDW�KDYH�SUHYLRXVO\�EHHQ�XVHG�LQ�25&�SRZHU� SODQWV� LQFOXGH�YDULRXV�&)&�FRPSRXQGV��IRU�H[DPSOH�5����5��� DQG�5������IOXRULQRO��LVREXWDQH�DQG�WROXHQH�>��@��&)&�FRPSRXQGV�ZHUH�QRW�FRQVLGHUHG�DW� DOO� LQ� WKLV� VWXG\� GXH� WR� WKHLU� KDUPIXO� HIIHFW� RQ� WKH�R]RQH�OD\HU��7ROXHQH��&�+�&+���KDV�EHHQ�VHOHFWHG�DV�D�F\FOH� IOXLG� VLQFH� LWV� SURSHUWLHV� VXLW� ZHOO� WKH� UHTXLUHG�WHPSHUDWXUH� UDQJH�� ,Q� DGGLWLRQ� LWV� WKHUPDO� VWDELOLW\� LV�KLJK�DQG� LW� LV�TXLWH� LQH[SHQVLYH��7ROXHQH�KDV�DOVR�EHHQ�VXFFHVVIXOO\�XVHG�LQ�25&�SRZHU�SODQWV�HDUOLHU�>��@�$� VXEFULWLFDO� F\FOH� KDV� EHHQ� VHOHFWHG� IRU� VLPSOLFLW\��7ROXHQH� HDVLO\� ZLWKVWDQGV� WHPSHUDWXUHV� XS� WR� ���� q&��EXW� WR� DGG� VDIHW\� DQG� DV� WKHUH� LV� QR� QHHG� IRU� JUHDW�VXSHUKHDW�� D� ORZHU� WHPSHUDWXUH� FDQ� EH� XVHG�� 7KHUHIRUH�WKH� WHPSHUDWXUH� DQG� SUHVVXUH� RI� WROXHQH� YDSRXU� DW� WKH�WXUELQH� LQOHW� KDV�EHHQ� VHOHFWHG� WR�EH����q&�DQG����EDU�UHVSHFWLYHO\�� 7KH� SHUIRUPDQFH� RI� WKH� FRPSRQHQWV� IRU�WKH� 25&� KDV� EHHQ� FKRVHQ� NHHSLQJ� WKH� UHDOLVWLF� DQG�HFRQRPLF� SODQW� FRQILJXUDWLRQ� LQ� PLQG�� 3UHOLPLQDU\�FRPSRQHQW� GHVLJQ� KDV� EHHQ� PDGH� E\� FRPSRQHQW�VXSSOLHUV� DQG� VXEFRQWUDFWRUV� IRU� WKH� YDSRULVHU�� KHDW�H[FKDQJHUV�� SUH�IHHG� SXPS�� KLJK� VSHHG� WXUERJHQHUDWRU�DQG� LQYHUWHU�� 8VLQJ� WKLV� LQIRUPDWLRQ� WKH� FRPSRQHQW�SHUIRUPDQFH�IRU� WKH�25&�FDOFXODWLRQ�KDV�EHHQ�VHOHFWHG�DFFRUGLQJ�WR�7DEOH���
7DEOH� �� �&RPSRQHQW� SHUIRUPDQFH� IRU� 25&�FDOFXODWLRQV�7XUELQH�LVHQWURSLF�HIILFLHQF\� ���)HHG�SXPS�HIILFLHQF\ ���([KDXVW�JDV�VLGH�SUHVVXUH�ORVV��LQ�WRWDO ��N3D3LSH�V\VWHP�DQG�YDSRULVHU�WROXHQH�VLGH�SUHVVXUH�ORVV��LQ�WRWDO ����N3D

5HFXSHUDWRU�YDSRXU�VLGH�SU��ORVV��LI�XVHG� ��N3D&RQGHQVHU�YDSRXU�VLGH�SUHVVXUH�ORVV ��N3D&RQGHQVHU�WHPSHUDWXUH�GLIIHUHQFH ����q&
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,Q� DGGLWLRQ� WKH� IROORZLQJ� ORVVHV� DUH� FDOFXODWHG� DQG�DFFRXQWHG�IRU�x EHDULQJ�IULFWLRQ�ORVVx KLJK�VSHHG�JHQHUDWRU�JDV�JDS�IULFWLRQ�ORVVx JHQHUDWRU�DQG�LQYHUWHU�HIILFLHQF\x LQWHUQDO�FRQVXPSWLRQ5HFXSHUDWRU� LQFUHDVHV� WKH� F\FOH� HIILFLHQF\�� EXW� DGGV�H[WUD� FRVW� DQG�SURGXFHV� XQGHVLUDEOH� SUHVVXUH� ORVV�� ,W� LV�WKHUPRG\QDPLFDOO\� IHDVLEOH� WR�XVH� WKH� UHFXSHUDWRU�RQO\�ZKHQ� WKH� SUHKHDWLQJ�SDUW� RI� WKH� YDSRULVHU� EHFRPHV� WKH�OLPLWLQJ� IDFWRU� LQ� WKH�YDSRULVHU�GHVLJQ��7KLV� LV� WKH�FDVH�ZKHQ�WKH�KHDW�VRXUFH�HQWHUV�WKH�YDSRULVHU�DW�D�UHODWLYHO\�KLJK� WHPSHUDWXUH��ZKLFK� LV� VKRZQ�ZLWK� WKH�GDVKHG� OLQH�LQ� )LJXUH� ��� ,I� WKH� SLQFK� SRLQW� LV� WKH� OLPLWLQJ� IDFWRU� LQ�WKH� GHVLJQ� RI� WKH� YDSRULVHU�� WKHQ� WKH� UHFXSHUDWRU� LV� IRU�OLWWOH� XVH�� VLQFH� LW� ZRXOG� RQO\� VXEVWLWXWH� WKH� ORZ�WHPSHUDWXUH�SDUW�RI�WKH�YDSRULVHU��ZKHUH�WKH�WHPSHUDWXUH�GLIIHUHQFH� LV� DOUHDG\� KLJK�� 7KLV� RFFXUV� ZKHQ� WKH� KHDW�VRXUFH� HQWHUV� WKH� YDSRULVHU� DW� D� ORZ� RU� PRGHVW�WHPSHUDWXUH��ZKLFK�LV�VKRZQ�ZLWK�WKH�FRQWLQXRXV�OLQH�LQ�)LJXUH����,I�D�UHFXSHUDWRU�ZDV�XVHG�LQ�WKLV�FDVH��WKH�KHDW�VRXUFH� ZRXOG� OHDYH� WKH� YDSRULVHU� DW� D� KLJKHU�WHPSHUDWXUH�� 2Q� WKH� RWKHU� KDQG�� WKH� UHFXSHUDWRU� FDQ�HDVLO\� EH� XVHG� WR� LQFUHDVH� WKH� IOXH� JDV� PLQLPXP�WHPSHUDWXUH��VKRXOG�WKLV�OLPLW�WKH�YDSRULVHU�GHVLJQ��7KH�FKRLFH� WR� XVH� RU� QRW� WR� XVH� WKH� UHFXSHUDWRU� LV� IXUWKHU�DIIHFWHG�E\�HFRQRPLFDO�FRQVLGHUDWLRQV�

)LJXUH� �� �� 7HPSHUDWXUH� GLDJUDP� RI� WKH� 25&�YDSRULVHU�� :KHQ� WKH� KHDW� VRXUFH� LV� DW� D� KLJK�WHPSHUDWXUH� �GDVKHG� OLQH�� WKH� UHFXSHUDWRU� FDQ�EH�XVHG�WR�LQFUHDVH�WKH�RXWSXW�RI�WKH�25&��EXW�ZKHQ� WKH�KHDW� VRXUFH� HQWHUV� WKH� YDSRULVHU� DW� D�ORZ� WHPSHUDWXUH� �VROLG� OLQH��� WKH�UHFXSHUDWRU� LV�RI�OLWWOH�XVH�
,Q� WKH� IROORZLQJ� FDOFXODWLRQV� WKH� ZKROH� 25&� SRZHU�SODQW� KDV� EHHQ� RSWLPLVHG� IRU� HDFK� FDVH�� VR� WKH� PDLQ�SURFHVV� YDULDEOHV� YDU\� VOLJKWO\�� 7KH� UHFXSHUDWRU� KDV�EHHQ� XVHG� LQ� FDVHV� ZKHUH� LW� ZDV� WKHUPRG\QDPLFDOO\�IHDVLEOH�� 7KH� PLQLPXP� WHPSHUDWXUH� GLIIHUHQFH� LQ� WKH�YDSRULVHU� �DW�SLQFK�SRLQW�RU� LQ� WKH�SUHKHDWHU�GHSHQGLQJ�RQ�WKH�FDVH��KDV�EHHQ�VHOHFWHG�WR�EH�DV�KLJK�DV�DERXW����� ��� q&� LQ� RUGHU� WR� NHHS� WKH� YDSRULVHU� FRPSDFW� DQG�FKHDS�� ,Q� VRPH�FDVHV� WKH� WXUELQH�HQWU\� WHPSHUDWXUH�KDV�EHHQ�ORZHUHG�WR�����q&�WR�HQDEOH�WKLV�

����6(16,7,9,7<�678',(6�����$%&7KH� LPSOHPHQWDWLRQ� RI� LQWHUFRROLQJ� EHWZHHQ� WKH�FRPSUHVVRU�XQLWV�KHOSV�WR�LQFUHDVH�WKH�DPRXQW�RI�KHDW�WR�EH� UHFRYHUHG� LQ� WKH� $%&�� )XUWKHUPRUH�� LQWHUFRROLQJ�UHGXFHV� FRPSUHVVRU� ZRUN� DQG� LQFUHDVHV� WKH� DYDLODEOH�ZRUN� IURP� WKH� WXUELQH�� 7KH� RSWLPXP� QXPEHU� RI�LQWHUFRROHUV� LV� D� FDVH� IRU� RSWLPLVDWLRQ� ZLWK� UHVSHFW� WR�LQFUHDVHG�KHDW�UHFRYHU\�LQ�WKH�UHFXSHUDWRU��H[HUJ\�ORVVHV�LQ�WKH�LQWHUFRROHUV��DQG�FRVWV�$V�D�UHVXOW�IURP�VLPXODWLRQV�ZLWK�WKH�JDV�WXUELQH�DQG�WKH�GLHVHO�HQJLQH�DV�WKH�WRSSLQJ�HQJLQH�LQ�SRZHU�JHQHUDWLRQ��)LJXUH� �� SUHVHQWV� WKH� QHW� SRZHU� RXWSXW� RI� WKH� $%&�DJDLQVW� WKH� SUHVVXUH� UDWLR� IRU� D� GLIIHUHQW� QXPEHU� RI�LQWHUFRROHUV�� )RU� WKH� FDVHV� ZLWK� WKH� GLHVHO� HQJLQH� WKH�PLQLPXP� SUHVVXUH� UDWLRV� DUH� OLPLWHG� E\� WKH� VHOHFWHG�PLQLPXP� WHPSHUDWXUH� ����� q&�� IRU� WKH� WRSSLQJ� F\FOH�H[KDXVW� JDVHV�� 7KH� VXSHULRU� SHUIRUPDQFH� RI� WKH� $%&�ZKHQ� XVLQJ� WKH� JDV� WXUELQH� DV� WKH� WRSSLQJ� HQJLQH� LV�PDLQO\� GXH� WR� WKH� KLJKHU� H[KDXVW� JDV� WHPSHUDWXUH��7KH�RSWLPXP� SUHVVXUH� UDWLRV� IRU� SRZHU� JHQHUDWLRQ� LQFUHDVH�ZLWK� WKH� LQFUHDVLQJ� QXPEHU� RI� LQWHUFRROHUV� IRU� ERWK�WRSSLQJ�FDVHV��)RU�WKH�FDVH�ZLWK�JDV�WXUELQH��IRU�LQVWDQFH�WKH�RSWLPXP�SUHVVXUH� UDWLR� LV�����ZKHQ�QR� LQWHUFRROLQJ�LV� LPSOHPHQWHG������ IRU� WKH FDVH�ZLWK��� LQWHUFRROHU�DQG����� ZLWK� WZR� LQWHUFRROHUV�� 7KH� FXUYHV� EHFRPH� DOVR�IODWWHU�� ZKLFK� GHFUHDVHV� WKH� HIIHFW� RI� WKH� SUHVVXUH� UDWLR�RQ�WKH�SRZHU�RXWSXW�DURXQG�WKH�RSWLPXP��)LJXUH���DOVR�SRLQWV�RXW�WKH�UDSLGO\�GDPSLQJ�HIIHFW�RI�LQWHUFRROLQJ�GXH�WR� SUHVVXUH� ORVVHV� LQ� WKH� LQWHUFRROHU�� ,PSOHPHQWLQJ� WKH�QRQ�LQWHUFRROHG� $%&� LQFUHDVHV� WKH� SRZHU� RXWSXW� E\��������LQ�WKH�JDV�WXUELQH�FDVH��7KH�ILUVW�LQWHUFRROHU�DGGV�������SRLQWV�PRUH�EXW�WKH�VHFRQG�RQH�RQO\�������SRLQWV��%DVHG�RQ� WKLV�� WKH�FRQILJXUDWLRQ�ZLWK��� LQWHUFRROHU�ZDV�VHOHFWHG�IRU�IXUWKHU�VWXGLHV��

)LJXUH����7KH�LPSDFW�RI� LQWHUFRROLQJ�RQ�WKH�QHW�$%&� SRZHU� RXWSXW�� 7KH� ILJXUHV� UHSUHVHQW� WKH�SHUIRUPDQFH� UDWLQJV� RI� WKH� ERWWRPLQJ� F\FOH�RQO\�
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7KH� VHQVLWLYLW\� RI� WKH� $%&� SHUIRUPDQFH� LQ� SRZHU�JHQHUDWLRQ�DJDLQVW� WXUERPDFKLQHU\�HIILFLHQFLHV�� WRSSLQJ�F\FOH� H[KDXVW� JDV� WHPSHUDWXUH� DQG� UHFXSHUDWRU�HIIHFWLYHQHVV� ZDV� H[DPLQHG� IRU� WKH� FRQILJXUDWLRQ� ZLWK�RQH� LQWHUFRROHU� DQG� WKH� JDV� WXUELQH� DV� WKH� WRSSLQJ�HQJLQH�� 7KH� UHVXOWV� RI� WKH� VLPXODWLRQV� DUH� SUHVHQWHG� LQ�)LJXUH���7KH� WXUELQH� LQOHW� WHPSHUDWXUH� WR� WKH� $%&� DQG��FRQVHTXHQWO\��WKH�WRSSLQJ�F\FOH�H[KDXVW�JDV�WHPSHUDWXUH�KDV� D� GRPLQDWLQJ� LPSDFW� RQ� WKH� $%&� SHUIRUPDQFH� �DV�DOVR� LQGLFDWHG� LQ� )LJXUH� ���� 7KLV� VXJJHVWV� IDYRXULQJ�WRSSLQJ� HQJLQHV� RU� F\FOHV� ZLWK� D� KLJK� H[KDXVW� JDV�WHPSHUDWXUH��$QRWKHU�LPSOLFDWLRQ�LV�WKDW�WKH�XVH�RI�ORZ�WHPSHUDWXUH� KHDW� ZLOO� LQHYLWDEO\� OHDG� WR� ORZ� F\FOH�SHUIRUPDQFH��VRPHWLPHV�WRR�ORZ�WR�MXVWLI\�WKH�XWLOLVDWLRQ�RI�WKH�DLU�ERWWRPLQJ�WHFKQRORJ\�7XUERPDFKLQHU\� HIILFLHQFLHV� KDYH� DOVR� D� VWURQJ� LPSDFW�RQ� WKH F\FOH� SHUIRUPDQFH�� DV� D� FRQVHTXHQFH� RI� ORZ�WHPSHUDWXUH� UDWLRV� LQ� WKH� $%&�� 7KHUHIRUH�� WKH� QHHG� WR�XVH� KLJK�HIILFLHQF\� WXUERPDFKLQHU\� LQ� $%&�DSSOLFDWLRQV�LV�DSSDUHQW�7KH� RSWLPXP� SUHVVXUH� UDWLR� LQFUHDVHV� ZLWK� LQFUHDVLQJ�FRPSRQHQW� HIILFLHQFLHV� DQG� H[KDXVW� JDV� WHPSHUDWXUH��ZKLOH� WKH�SRZHU�RXWSXW�EHFRPHV� OHVV� VHQVLWLYH� WRZDUGV�WKH�SUHVVXUH� UDWLR�DURXQG� WKH� RSWLPXP��)RU� UHFXSHUDWRU�HIIHFWLYHQHVV��WKH�LQFUHDVH�LQ�WKH�RSWLPXP�SUHVVXUH�UDWLR�DQG�WKH�LPSDFW�RQ�F\FOH�SHUIRUPDQFH�DUH�OHVV�HYLGHQW�

)LJXUH� ��� 6HQVLWLYLW\�RI� WKH�SHUIRUPDQFH� RI� WKH�$%&�ZLWK�RQH� LQWHUFRROHU�DJDLQVW�D��SRO\WURSLF�HIILFLHQF\� RI� WKH� FRPSUHVVRU� XQLWV� E�� WXUELQH�XQLWV� F�� WRSSLQJ� F\FOH� H[KDXVW� JDV� WHPSHUDWXUH�G��UHFXSHUDWRU�HIIHFWLYHQHVV��7KH�WRSSLQJ�HQJLQH�LV�WKH�JDV�WXUELQH�
�����25&7KH�VHQVLWLYLW\�RI�25&�SHUIRUPDQFH�DJDLQVW�FRQGHQVLQJ�ZDWHU� RXWOHW� WHPSHUDWXUH� �)LJXUH� �D�� DQG� WXUELQH�LVHQWURSLF� HIILFLHQF\� �)LJXUH� �E�� ZDV� VWXGLHG�� ,Q� WKHVH�DQDO\VHV� WKH� KHDW� VRXUFH� DQG� WKH� VWDWH� RI� WKH� WROXHQH�

YDSRXU� DW� WKH� WXUELQH� LQOHW� ZHUH� NHSW� XQFKDQJHG�� 7KH�F\FOH� PDVV� IORZ� ZDV� DGMXVWHG� WR� NHHS� WKH� ORJDULWKPLF�PHDQ� WHPSHUDWXUH� GLIIHUHQFH� LQ� WKH� YDSRULVHU� QHDUO\�FRQVWDQW��7KLV�OHDGV�WR�DQ�DSSUR[LPDWHO\�HTXDOO\�WLJKWO\�GLPHQVLRQHG� YDSRULVHU�� $� UHFXSHUDWRU� ZDV� XVHG� LQ� WKH�FDVH�RI�WKH�JDV�WXUELQH��EXW�LW�ZDV�RPLWWHG�IRU�WKH�GLHVHO�HQJLQH�GXH�WR�WKH�ORZHU�KHDW�VRXUFH�WHPSHUDWXUH��)LJXUH� �� VKRZV� KRZ� WKH� RXWSXW� RI� WKH� 25&� GHFUHDVHV�ZLWK� LQFUHDVLQJ� FRQGHQVLQJ� ZDWHU� WHPSHUDWXUH� GXH� WR�LQFUHDVLQJ� FRQGHQVHU� SUHVVXUH�� 7KH� WHQGHQF\� LV� W\SLFDO�IRU� DQ\� 5DQNLQH� F\FOH�� )XUWKHUPRUH�� D� QHDUO\� OLQHDU�GHSHQGHQFH� RQ� WXUELQH� HIILFLHQF\� LV� REVHUYHG�� +LJK�WXUELQH� HIILFLHQF\� LV� QDWXUDOO\� GHVLUHG�� EXW� WXUELQH�SHUIRUPDQFH�LV�FOHDUO\�QRW�DV�FUXFLDO�IRU�WKH�25&�DV�LW�LV�IRU�WKH�$%&��

)LJXUH� ��� 6HQVLWLYLW\� RI� WKH� 25&� SHUIRUPDQFH�DJDLQVW� D�� FRQGHQVLQJ� ZDWHU� H[LW� WHPSHUDWXUH�DQG� E�� WXUELQH� LVHQWURSLF� HIILFLHQF\� IRU� ERWK�WRSSLQJ�HQJLQHV�
����3(5)250$1&(�&203$5,621
)LJXUH� ��� VKRZV� WKH� LPSDFW� RI� WRSSLQJ� HQJLQH� H[KDXVW�JDV� WHPSHUDWXUH� RQ� WKH� QHW� SRZHU� RXWSXW� IURP� WKH�RSWLPLVHG� ERWWRPLQJ� F\FOHV� ERWK� LQ� SRZHU� JHQHUDWLRQ�DQG� FRJHQHUDWLRQ�� 7KH� ILJXUH� KDV� EHHQ� SURGXFHG� XVLQJ�WKH� PDVV� IORZ� DQG� FRPSRVLWLRQ� RI� WKH� H[KDXVW� JDVHV�IURP� WKH� VHOHFWHG� JDV� WXUELQH� DQG� YDU\LQJ� WKH�WHPSHUDWXUH� OHYHO�� $OWKRXJK� WKH� W\SLFDO� UDQJH� IRU� WKH�H[KDXVW� JDV� WHPSHUDWXUHV� LV� XS� WR� ���� q&�� KLJKHU�WHPSHUDWXUHV� DUH� VKRZQ� LQ� )LJXUH� ��� WR� EHWWHU�FKDUDFWHULVH�WKH�QDWXUH�RI�WKH�ERWWRPLQJ�F\FOHV�,Q� WKH� 25&�� WROXHQH� YDSRXU� WHPSHUDWXUH� FDQQRW� EH�LQFUHDVHG� RYHU� ���q&� WR� PDLQWDLQ� WKHUPDO� VWDELOLW\��&RQVHTXHQWO\��DW�KLJK�HQRXJK�H[KDXVW�JDV�WHPSHUDWXUHV��WKH� F\FOH� HIILFLHQF\� UHPDLQV� FRQVWDQW�� 0HDQZKLOH�� WKH�KHDW� LQSXW� WR� WKH� YDSRULVHU� LV� SURSRUWLRQDO� WR� WKH� LQOHW�WHPSHUDWXUH� RI� WKH� H[KDXVW� JDV�� FDXVLQJ� WKH� SRZHU�RXWSXW� IURP�WKH�25&�WR�LQFUHDVH�RQO\� OLQHDUO\�ZLWK�WKH�LQFUHDVLQJ� H[KDXVW� JDV� WHPSHUDWXUH�� )RU� WKH� $%&��LQFUHDVLQJ� WKH� H[KDXVW� JDV� WHPSHUDWXUH� LQFUHDVHV� WKH�KHDW�LQSXW�WR�WKH�F\FOH��EXW�DOVR�WKH�F\FOH�HIILFLHQF\�GXH�WR� LQFUHDVHG� KHDW� LQSXW� WHPSHUDWXUH�� &RQVHTXHQWO\��SRZHU� RXWSXW� IURP� WKH� $%&� LQFUHDVHV� PRUH� DW� KLJK�H[KDXVW� JDV� WHPSHUDWXUHV� WKDQ ZLWK� WKH� 25&�� $V� D�UHVXOW�� WKH� 25&� LV� VXSHULRU� LQ� SRZHU� JHQHUDWLRQ� DW�
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WHPSHUDWXUH� OHYHOV� XS� WR� ���� q&�� ZKLOH� WKH� $%&�GRPLQDWHV�DW�KLJKHU�WHPSHUDWXUHV�&RJHQHUDWLRQ� RI� SRZHU� DQG� KHDW� SHQDOLVHV� WKH� SRZHU�RXWSXW� IURP� WKH� 25&� PRUH� WKDQ� ZLWK� WKH� $%&�� 7KH�UHDVRQ� IRU� WKLV� LV� WKDW� LQ� FRJHQHUDWLRQ�� WKH� WXUELQH�H[SDQVLRQ� LQ� WKH� 25&� HQGV� DW� HVVHQWLDOO\� HOHYDWHG�SUHVVXUH� �ZKHQ� FRPSDUHG� WR� WKH� SRZHU� JHQHUDWLRQ�PRGH�� WR� JDLQ� DQ� DGHTXDWH� WHPSHUDWXUH� OHYHO� IRU� WKH�GLVWULFW�KHDWLQJ�ZDWHU��ZKLOH� IRU� WKH�$%&�WKH� UHGXFWLRQ�LQ WXUELQH�H[SDQVLRQ�ZRUN�LV�FDXVHG�E\�D�PLQRU�SUHVVXUH�ORVV�LQ�WKH�GLVWULFW�KHDWLQJ�KHDW�H[FKDQJHU��$V�D�UHVXOW��LQ�FRJHQHUDWLYH� DSSOLFDWLRQ� SRZHU� RXWSXW� OHYHOV� DUH� YHU\�FORVH�WR�HDFK�RWKHU�LQ�WKH�$%&�DQG�25&�XS�WR�����q&��DIWHU�ZKLFK�WKH�$%&�VKRZV�EHWWHU�SHUIRUPDQFH�7DEOHV� �� DQG� �� SUHVHQW� WKH� SHUIRUPDQFH� RI� WKH� VWXGLHG�HLJKW�FDVHV��FRPELQHG�F\FOHV��ZLWK�RSWLPLVHG�$%&�DQG�25&� DV� ERWWRPLQJ� F\FOHV�� 7KH� UHVXOWV� DUH� ZHOO� LQ� OLQH�ZLWK�)LJXUH����LQ�UHVSHFW�ZLWK�SRZHU�RXWSXW��&RPSDUHG�WR�WKH�$%&��WKH�25&�DSSOLFDWLRQV�IHDWXUH�VOLJKWO\�EHWWHU�HOHFWULF� HIILFLHQFLHV� �XS� WR� ������ SRLQWV�� LQ� WKH� SRZHU�JHQHUDWLRQ� PRGH�� ZKHUHDV� LQ� FRJHQHUDWLRQ� WKH� HOHFWULF�HIILFLHQFLHV�EHWZHHQ�WKH�$%&�DQG�25&�DSSOLFDWLRQV�DUH�YHU\� FORVH� WR� HDFK� RWKHU�� 7KH� LPSOHPHQWDWLRQ� RI�ERWWRPLQJ� F\FOH� WHFKQRORJ\� RIIHUV� D� PHDQV� IRU�LQFUHDVHG� SRZHU� JHQHUDWLRQ� ZLWK� WKH� VDPH� DPRXQW� RI�IXHO�� RU� GHFUHDVHG� IXHO� FRQVXPSWLRQ� ZLWK� WKH� VDPH�SRZHU�RXWSXW��7KLV�FDQ�EH�LQGLFDWHG�E\�WKH�VSHFLILF�&2�HPLVVLRQ� IRU�SRZHU�JHQHUDWLRQ�DV�JLYHQ� LQ� WDEOHV���DQG����7KH�VHOHFWHG�ERWWRPLQJ�F\FOH�FRQFHSWV�RIIHU�XS�WR������UHGXFWLRQ�LQ�&2� HPLVVLRQV��:LWK�UHJDUG�WR�WKH�WRWDO�HIILFLHQF\�RI�KHDW�DQG�SRZHU�JHQHUDWLRQ��PRUH�KHDW�FDQ�EH�UHFRYHUHG�DV�GLVWULFW�KHDW�IURP�D�5DQNLQH�EDVHG�25&�DQG� WKH� UHPDLQLQJ� WRSSLQJ� F\FOH� H[KDXVW� JDVHV� WKDQ�IURP� D� %UD\WRQ�EDVHG� $%&� DQG� WKH� FRUUHVSRQGLQJ�WRSSLQJ� F\FOH� H[KDXVW� JDVHV�� &RQVHTXHQWO\�� 25&�DSSOLFDWLRQV� IHDWXUH� �� WR� �� �� SRLQW� EHWWHU� WRWDO�HIILFLHQFLHV� WKDQ� $%&� DSSOLFDWLRQV� ZLWK� ERWK� WRSSLQJ�HQJLQHV�

)LJXUH� ���� 1HW� SRZHU� RXWSXW� IURP� WKH�ERWWRPLQJ� F\FOH� DJDLQVW� WKH� WRSSLQJ� HQJLQH�H[KDXVW�JDV�WHPSHUDWXUH�

7DEOH� �� �� 6XPPDU\� RI� WKH� WKHUPRG\QDPLF�SHUIRUPDQFH� RI� WKH� FRPELQHG� F\FOH� ZLWK� WKH� JDV�WXUELQH��$OVWRP�7HPSHVW��DV�WKH�WRSSLQJ�F\FOH�DQG�WKH�$%&�DQG�25&�DV�WKHERWWRPLQJ�F\FOH�*DV�WXUELQH��� ERWWRPLQJ�F\FOH $%& 25&3RZHU�JHQHUDWLRQ1HW�SRZHU�RXWSXW 0: ���� �����1HW�HOHFWULF�HIILFLHQF\ � ���� ����&2� HPLVVLRQ�IRU�SRZHU J�N:K ��� ���5HGXFWLRQ�LQ�&2� HP�GXH�WR�ERWWRPLQJ�F\FOH � ���� ����
&RJHQHUDWLRQ�RI�SRZHU�DQG�KHDW1HW�SRZHU�RXWSXW 0: ���� ����'LVWULFW�KHDW�RXWSXW 0:� ����� �����3RZHU�WR�KHDW�UDWLR � ���� ����1HW�HOHFWULF�HIILFLHQF\ � ���� ����7RWDO�HIILFLHQF\ � ���� ����&2� HPLVVLRQ�IRU�SRZHU J�N:K ��� ���&2� HPLVVLRQIRU�SRZHU�DQG�KHDW J�N:K ��� ���

7DEOH� �� �� 6XPPDU\� RI� WKH� WKHUPRG\QDPLF�SHUIRUPDQFH� RI� WKH� FRPELQHG� F\FOH� ZLWK� WKH�GLHVHO� HQJLQH� �:lUWVLOl� ��9���� DV� WKH� WRSSLQJ�F\FOH�DQG� WKH�$%&�DQG�25&�DV� WKH�ERWWRPLQJ�F\FOH�'LHVHO�HQJLQH��� ERWWRPLQJ�F\FOH $%& 25&3RZHU�JHQHUDWLRQ1HW�SRZHU�RXWSXW 0: ����� �����1HW�HOHFWULF�HIILFLHQF\ � ���� ����&2� HPLVVLRQ�IRU�SRZHU J�N:K ��� ���5HGXFWLRQ�LQ�&2� HP�GXH�WR�ERWWRPLQJ�F\FOH � ��� ���
&RJHQHUDWLRQ�RI�SRZHU�DQG�KHDW1HW�SRZHU�RXWSXW 0: ����� �����'LVWULFW�KHDW�RXWSXW 0: ����� �����3RZHU�WR�KHDW�UDWLR � ��� ���1HW�HOHFWULF�HIILFLHQF\ � ���� ����7RWDO�HIILFLHQF\ � ���� ����&2� HPLVVLRQ�IRU�SRZHU J�N:K ��� ���&2� HPLVVLRQIRU�SRZHU�DQG�KHDW J�N:K ��� ���

����&21&/86,216
7KLV�SDSHU�FRPSDUHG�WZR�ERWWRPLQJ�F\FOH�WHFKQRORJLHV�WKDW� DUH� FRQVLGHUHG� WR� EH� FRPSHWLWLYH� IRU� VPDOO�VFDOH�HQHUJ\� FRQYHUVLRQ� RU� IRU� ORZ� WHPSHUDWXUH� OHYHO�DSSOLFDWLRQV�� DQ� $LU� %RWWRPLQJ� &\FOH� �$%&�� DQG� DQ�2UJDQLF�5DQNLQH�&\FOH��25&��8VLQJ�WKH�VHOHFWHG�VSHFLILFDWLRQV��WKH�25&�LV�VXSHULRU�WR�WKH� $%&� LQ� SRZHU� JHQHUDWLRQ� PRGH� ERWK� ZLWK� WKH�VHOHFWHG� JDV� WXUELQH� DQG� WKH� GLHVHO� HQJLQH� DV� WRSSLQJ�HQJLQHV�� $FFRUGLQJO\�� D� FRPELQHG� F\FOH� DSSO\LQJ� WKH�25&� VKRZV� D� EHWWHU� SHUIRUPDQFH� �HOHFWULF� HIILFLHQF\��WKDQ� WKH� $%&� LQ� SRZHU� JHQHUDWLRQ�� &RJHQHUDWLRQ� RI�SRZHU� DQG� KHDW� SHQDOLVHV� WKH� SRZHU� RXWSXW� IURP� WKH�25&� PRUH� WKDQ� ZLWK� WKH� $%&�� &RQVHTXHQWO\�� WKH�FRPELQHG� F\FOH� HOHFWULF� HIILFLHQFLHV� RI�$%&� DQG�25&�
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DSSOLFDWLRQV� FRPH� YHU\� FORVH� WR� HDFK� RWKHU� LQ� WKH�FRJHQHUDWLYH�PRGH��:LWK� UHJDUG� WR� WKH� WRWDO� HIILFLHQF\�RI�KHDW�DQG�SRZHU�JHQHUDWLRQ��25&�DSSOLFDWLRQV�IHDWXUH�EHWWHU� SHUIRUPDQFH� WKDQ� WKH� $%&� ZLWK� ERWK� WRSSLQJ�HQJLQH�DOWHUQDWLYHV�7KH�VHQVLWLYLW\�RI�WKH�SHUIRUPDQFH�RI�WKH�$%&�DQG�25&�LV� YHU\� KLJK� DJDLQVW� WKH� WRSSLQJ� F\FOH� H[KDXVW� JDV�WHPSHUDWXUH�� DQG� WKH\� DUH� FORVH� WR� HDFK� RWKHU� DW� WKH�WHPSHUDWXUH� UDQJH� GHWHUPLQHG� E\� WKH� VHOHFWHG� WRSSLQJ�HQJLQHV�� 7KH� HIILFLHQFLHV� RI� WKH� $%&� WXUERPDFKLQHU\�KDYH� D� VWURQJ� HIIHFW� RQ� WKH� F\FOH� SHUIRUPDQFH��)RU� WKH�25&�� WKH� LPSDFW� RI� WKH� WXUELQH� HIILFLHQF\� RQ� F\FOH�SHUIRUPDQFH�LV�ZHDNHU�$&.12:/('*(0(176
7KH�ZRUN�ZLWK�WKH�DLU�ERWWRPLQJ�F\FOH�KDV�EHHQ�FDUULHG�RXW�ZLWKLQ�WKH�IUDPH�RI�WKH�SURJUDP��7KHUPDO�3URFHVVHV�IRU� (OHFWULFLW\� 3URGXFWLRQ�� DQG� LV� ILQDQFHG� E\� WKH�6ZHGLVK�1DWLRQDO�(QHUJ\�$XWKRULW\��61($��ZLWK�'U��-��+HOG� DV� WKH� WHFKQLFDO� PRQLWRU�� 7KH� UHVXOWV� IRU� WKH�RUJDQLF�5DQNLQH�F\FOH�KDYH�EHHQ�GHULYHG�IURP�UHVHDUFK�SURMHFWV� ILQDQFHG� E\� WKH� 1DWLRQDO� 7HFKQRORJ\� $JHQF\��7HNHV��DQG�+LJK�6SHHG�7HFK�2\�/7'�LQ�)LQODQG��7KH�ILQDQFLDO�VXSSRUW�LV�JUDWHIXOO\�DFNQRZOHGJHG�5()(5(1&(6
>�@ *DV� 7XUELQH� :RUOG� +DQGERRN� ����������� 9RO�����3HTXRW�3XEOLVKLQJ�,QF��)DLUILHOG��&7��86$�������>�@ )DUUHOO� :�0��� $LU� &\FOH� 7KHUPRG\QDPLF�&RQYHUVLRQ� 6\VWHP�� 86� SDWHQW� ���������$�� *HQHUDO�(OHFWULF�&RPSDQ\��1HZ�<RUN��86$�������>�@ :LFNV� )��� 7KH� 7KHUPRG\QDPLF� 7KHRU\� DQG�'HVLJQ�RI�DQ�,GHDO�)XHO�%XUQLQJ�(QJLQH��3URFHHGLQJV�RI�WKH� ��WK� ,QWHUVRFLHW\� (QHUJ\� &RQYHUVLRQ� (QJLQHHULQJ�&RQIHUHQFH�,(&(&
����9RO����SS����������%RVWRQ��86$�������>�@ :HVWRQ� .�&��� 'XDO� *DV� 7XUELQH� &RPELQHG�&\FOHV�� 3URFHHGLQJV� RI� WKH� ��WK� ,QWHUVRFLHW\� (QHUJ\�&RQYHUVLRQ� (QJLQHHULQJ� &RQIHUHQFH� ,(&(&
����9RO� ���SS����������%RVWRQ��86$�������>�@ +LUV� *�*��� :DJHQHU� 0�7�3�$�� DQG� .RURELWV\Q�0�$��� 3HUIRUPDQFH� $QDO\VLV� RI� WKH� 'XDO� *DV� 7XUELQH�&RPELQHG� &\FOH�� $(6�9RO� ���� SS� ���������7KHUPRG\QDPLFV� DQG� WKH� 'HVLJQ�� $QDO\VLV� DQG�,PSURYHPHQW�RI�(QHUJ\�6\VWHPV��$60(������������>�@ $UULDJDGD�-��DQG�$VVDGL�0���$LU�ERWWRPLQJ�F\FOH�IRU�*DV�7XUELQHV��,60(�������7HKUDQ��,UDQ�������>�@ .DLNNR�-��DQG�+XQ\DGL��/���$LU�%RWWRPLQJ�&\FOH�IRU�&RJHQHUDWLRQ�RI�3RZHU��+HDW�DQG�&RROLQJ��$FFHSWHG�IRU� WKH� �QG� ,QWHUQDWLRQDO� +HDW� 3RZHUHG� &\FOHV�&RQIHUHQFH�+3&
����3DULV��)UDQFH�������>�@ .DLNNR� -��� $LU� %RWWRPLQJ�&\FOH�� DQ� $OWHUQDWLYH�WR� &RPELQHG� &\FOHV�� )LQDO� 5HSRUW�� 'HSDUWPHQW� RI�

(QHUJ\� 7HFKQRORJ\�� 5R\DO� ,QVWLWXWH� RI� 7HFKQRORJ\��6WRFNKROP� 6ZHGHQ�������>�@ %ROODQG� 2��� )¡UGH� 0�� DQG� +nQGH� %��� $LU�%RWWRPLQJ�&\FOH��8VH� RI�*DV� 7XUELQH�:DVWH�+HDW� IRU�3RZHU� *HQHUDWLRQ�� -RXUQDO� RI� (QJLQHHULQJ� IRU� *DV�7XUELQHV�DQG�3RZHU��9RO������SS���������������>��@ .Y UQHU� (QHUJ\�� $LU� %RWWRPLQJ� &\FOH�'HYHORSPHQW� 3URMHFW�� .Y UQHU� (QHUJ\�� /\VDNHU��1RUZD\�������>��@ .RURELWV\Q�0�$��� ,QGXVWULDO� $SSOLFDWLRQV� RI� WKH�$LU� %RWWRPLQJ� &\FOH�� (&26
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