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���%DFNJURXQG�RI�$SSHDUDQFH�RI�0LFUR�*DV�7XUELQHV7KH�GHYHORSPHQW�RI�VPDOO�JDV�WXUELQHV�LQ�WKH�8�6��GDWHV�EDFN�WR�WKH�JDV�WXUELQHYHKLFXODU�HQJLQH�SURJUDPPHV�LQ�WKH�����©V�ZKHUH�WKH�GHVLUH�WR� LPSURYH�HIILFLHQF\ZDV�EHLQJ�GULYHQ�E\�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\��$W� WKDW� WLPH��*HQHUDO�0RWRUV�'HWURLW� 'LHVHO� DQG� $OOLVRQ� 'LYLVLRQV��� *DUUHWW� $L5HVHDUFK�� DQG� )RUG� 0RWRU&RPSDQ\�KDG�GHYHORSPHQW� DQG� WHVW� SURJUDPV�ZKLFK� HYDOXDWHG� UHJHQHUDWLYH� DQGUHFXSHUDWLYH� JDV� WXUELQH� HQJLQH� GHVLJQV� DQG� VL]HV� �IHZ� KXQGUHG� KRUVHSRZHU�� LQYHKLFOHV� �WUXFNV� DQG� EXVHV��� � 8QIRUWXQDWHO\�� DV� WKH� SHUIRUPDQFH� RI� WKHVH� JDVWXUELQHV� LPSURYHG� WKURXJK� WKH� XVH� RI� FHUDPLF� FRPSRQHQWV�� WKH� SHUIRUPDQFH� RIFRPSHWLQJ�UHFLSURFDWLQJ�HQJLQHV�LPSURYHG�PRUH�VXFK�WKDW�WKHVH�JDV�WXUELQH�HQJLQHHIIRUWV�ZHUH�DEDQGRQHG���6XEVHTXHQWO\�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\�VSRQVRUHGJDV� WXUELQH�GHYHORSPHQW�HIIRUWV� IRU�D�����KRUVHSRZHU�DXWRPRWLYH� HQJLQH�XWLOL]LQJFHUDPLFV�EXW�WKDW�ZDV�DOVR�VXEVHTXHQWO\�DEDQGRQHG�%HFDXVH�WKH�UDWLR�RI�]HUR�HPLVVLRQ�YHKLFOHV�DQG�SDUWLDO�HPLVVLRQ�YHKLFOHV�ZDVPDGH�FRPSXOVRU\�E\�WKH�HQYLURQPHQWDO�FRQWURO�ODZV�RI�WKH�6WDWH�RI�&DOLIRUQLD�6WDWHLQ� ������ JDV� WXUELQHV� ZKLFK� KDYH� RXWVWDQGLQJ� FKDUDFWHULVWLFV� DV� FRPSDUHG� WRJDVROLQH� HQJLQHV� IURP� WKH� YLHZSRLQW� RI� HQYLURQPHQW� DQG� FRPSDFWQHVV� WKDWDFFRPPRGDWH� WKHP� WR� OLPLWHG� LQVWDOODWLRQ� VSDFHV� DWWUDFWHG� DWWHQWLRQ� DQGGHYHORSPHQW� RI� VPDOO�VL]H� WXUELQHV� WRRN� SODFH DQG� WKHVH IRUPHG� WKH� EDVLV� RISUHVHQW�PLFUR�JDV�WXUELQH�WHFKQRORJLHV�,Q� WKH� HDUO\� ����©V�� 9ROYR� HYDOXDWHG� YHKLFXODU� JDV� WXUELQH� K\EULGV� IRU� WUXFNV�EXVHV�� DQG� FDUV�� $ERXW� WKH� VDPH� WLPH�� &DSVWRQH� EHJDQ� GHYHORSPHQW� RIPLFURWXUELQHV� IRU� FRPPHUFLDO� DSSOLFDWLRQV� E\� XVLQJ� WXUERFKDUJHU� FRPSRQHQWV�FRPSUHVVRUV�DQG�WXUELQHV��FRXSOHG�ZLWK�D�VPDOO�FRPEXVWRU��UHFXSHUDWRU��DQG�KLJKVSHHG�SHUPDQHQW�PDJQHW�JHQHUDWRU�GHVLJQV��VLPLODU�WR�WKDW�XVHG�LQ�DLUFUDIW�DX[LOLDU\SRZHU� XQLWV�� � )URP� WKDW� WLPH� SHULRG�� WKH� PLFURWXUELQH� LQGXVWU\� IRU� VWDWLRQDU\FRPPHUFLDO�XVH�ZDV�ODXQFKHG�$V�PHQWLRQHG�DERYH��DW�ILUVW�SHRSOH�WULHG�WR�HQODUJH�JDV�WXUELQHV�FDSDFLW\�WR�JHWKLJK�HIILFLHQF\�IURP�WKH�SRZHU�JHQHUDWLRQ��+RZHYHU��IURP�WKH�YLHZSRLQW�RI�HIIHFWLYHXWLOL]DWLRQ� RI� HQHUJ\�� LQ� UHFHQW� \HDUV� WKH LPSRUWDQFH� RI� GHFHQWUDOL]HG� HQHUJ\V\VWHPV�KDV�EHHQ�LQFUHDVHG���8QGHU�WKHVH�FLUFXPVWDQFHV��PLFUR�JDV�WXUELQHV�ZHUHGHYHORSHG� DQG� SXW� LQWR� SUDFWLFDO� XVH� ZLWK� NQRZ�KRZ� DFFXPXODWHG� LQ� GHYHORSLQJVPDOO�VL]H� DLUFUDIW� HQJLQHV� DQG� DXWRPRELOH� HQJLQHV� EHVW� DGRSWHG� SULPDULO\� E\$PHULFDQ� FRPSDQLHV�� DQG� QRZDGD\V�� VWLOO�PRUH� LQWHQVH� GHYHORSPHQW� FRPSHWLWLRQKDV�EHHQ�WDNLQJ�SODFH�ZLWK�(XURSHDQ�DQG�-DSDQHVH�PDQXIDFWXUHUV�� $OWKRXJK�WKHUHDUH�PDQ\�W\SHV�RI�RWKHU�GLVWULEXWHG�SRZHU�JHQHUDWLRQ�V\VWHPV�VXFK�DV�JDV�HQJLQHV�
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GLHVHO� HQJLQHV�� IXHO� FHOOV�� VRODU� WKHUPDO� SRZHU� JHQHUDWLRQ� DQG�ZLQG� WXUELQHV�� � DVPLFUR�JDV�WXUELQHV�KDYH�PDQ\�DGYDQWDJHV� OLNH�VPDOO�VL]H��KLJK�WKHUPDO�HIILFLHQF\�KLJK�SRZHU�JHQHUDWLRQ�HIILFLHQF\�DQG� ORZ�HQYLURQPHQWDO� ORDG�DQG� LI LW�FRQWLQXHV�WRVKRZ� VWDEOH� SHUIRUPDQFH�� WKH\� DUH� � H[SHFWHG� WR� LQFUHDVH� WKHLU� PDUNHW� VKDUH� LQIXWXUH�
,,��0DUNHW�6LWXDWLRQ�RI�0LFUR�*DV�7XUELQHV���1HFHVVLW\�RI�'LVWULEXWHG *HQHUDWLRQ(OHFWULF� SRZHU� FRPSDQLHV� KDYH� WULHG� WR� HQODUJH� SRZHU� JHQHUDWLRQ� XQLWV� WRUHGXFH� WKHLU� FRVW� SULFH�� $V� D� UHVXOW�� DW� SUHVHQW� WKH� HOHFWULF� SRZHU� VXSSO\� V\VWHPXVLQJ� ODUJH�VL]H� SRZHU� FRXSOH� RI� SODQWV� DQG� ODUJH�VFDOH� SRZHU� WUDQVPLVVLRQ� OLQHVSUHYDLOV�� �+RZHYHU�� LQ�FRQVWUXFWLQJ�QHZ�SRZHU�SODQWV�� LW�EHFRPHV�PRUH�DQG�PRUHGLIILFXOW�WR�ILQG�QHZ�VLWHV�EHFDXVH�RI�SHRSOHV�LQFUHDVHG�DZDUHQHVV�RI�HQYLURQPHQW�UHODWHG� LVVXHV�� DQG� SRZHU� SODQWV� PXVW� QRZ� EH� ORFDWHG� GHQVHO\� LQ� UHPRWH� DUHDVVRPH�KXQGUHGV�RI�NLORPHWHUV�DZD\�IURP�WKH�XUEDQ�FRUH���$V�D�UHVXOW��HQRUPRXV�ORVVRI� HOHFWULF� SRZHU� LQ� WUDQVPLVVLRQ� DQG� GLVWULEXWLRQ� RFFXUV�� DQG� VLQFH� LW� LV� DFWXDOO\GLIILFXOW� WR� XWLOL]H� ZDVWH� KHDW� RI� SRZHU� SODQWV�� WKH� SUHVHQW� HOHFWULF� SRZHU� VXSSO\V\VWHP�KDV�D�ELJ�SUREOHP�IURP�WKH�DVSHFW�RI�HIIHFWLYH�XWLOL]DWLRQ�RI�HQHUJ\�%DVHG� RQ� WKH� DERYH� XQGHUVWDQGLQJ�� WKH� LPSRUWDQFH� RI� GLVWULEXWHG� JHQHUDWLRQKDV� LQFUHDVHG�� 7KH� GLVWULEXWHG� JHQHUDWLRQ� LV� D� SRZHU� JHQHUDWLRQ� V\VWHP� XVLQJVPDOO�VFDOH�SRZHU�VXSSO\�RI�DERXW�������NZ�RU�OHVV�RXWSXW��ZKLFK�LV�LQVWDOOHG�LQ�WKHYLFLQLW\� RI� FRQVXPHUV�� DQG� LV� FDOOHG� RQ�VLWH� SRZHU� JHQHUDWLRQ�� 7KHUH� DUH� DDGYDQWDJHV�DV�IROORZV�����%HFDXVH�SRZHU�LV�JHQHUDWHG�LQ�WKH�YLFLQLW\�RI�HQHUJ\�FRQVXPHUV��LW�LV�SRVVLEOH�WRHIIHFWLYHO\�XWLOL]H�ZDVWH�KHDW�RI�HQJLQHV�DQG�WXUELQHV�LQ�WKH�IRUP�RI�VWHDP�DQG�KRWZDWHU� IRU�KRW�ZDWHU�VXSSO\�DQG�DLU�FRQGLWLRQLQJ��DQG�WR� LPSURYH� WKH�RYHUDOO�KHDWHIILFLHQF\�����/RVV�RI�HOHFWULF�SRZHU�LQ�WUDQVPLVVLRQ�LV�DOPRVW�QRQH�DV�LW�GRHV�QRW�XVH�SRZHUOLQHV����� ,QVWDOOHUV�FDQ� UHGXFH� WKH�FRQWUDFW�GHPDQG�ZLWK�DQ�HOHFWULF�SRZHU�FRPSDQ\�E\FDUU\LQJ� RXW� SHDN�FXW� RSHUDWLRQ� WKDW� PHHWV� WKH� SRZHU� SHDN� DQG� FDQ� HQMR\HFRQRPLF�DGYDQWDJHV����� %HFDXVH� RI� XWLOL]DWLRQ� RI� QDWXUDO� HQHUJ\� OLNH� VRODU� SRZHU� DQG� ZLQG� RU� WKDW� RIFOHDQ�HQHUJ\� OLNH�QDWXUDO�JDV�RU�FLW\�JDV��HQYLURQPHQWDO� ORDGV�FDQ�EH� UHGXFHG�UHVXOWLQJ�LQ�FRQWULEXWLRQ�WR�WKH�JOREDO�HQYLURQPHQW�
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���2XWOLQH�RI�RWKHU�W\SHV�RI�GLVWULEXWHG�JHQHUDWLRQ
*DV�(QJLQH>�@�:RUNLQJ�SULQFLSOH*DV� HQJLQHV� DUH� UHFLSURFDWLQJ� LQWHUQDO� FRPEXVWLRQ� HQJLQHV� ZKLFKUHFLSURFDWH�SLVWRQV�E\�PL[LQJ�JDV�IXHO�VXFK�DV�QDWXUDO�JDV� RU�SURSDQH�JDV��ZLWKDLU��FRPSUHVVLQJ�WKH�PL[WXUH�LQ�WKH�F\OLQGHU��DQG�FRPEXVWLQJ�DQG�H[SDQGLQJ�LW�E\VSDUN�LJQLWLRQ��FRQYHUW�WKLV�UHFLSURFDWLQJ�PRWLRQ�LQWR�URWDWLQJ�IRUFH��DQG�JHQHUDWHHOHFWULF�SRZHU�>�@�$GYDQWDJHVD��%HFDXVH� WKH�H[KDXVW�JDV�WHPSHUDWXUH� LV�FRPSDUDWLYHO\�KLJK��KHDW� UHFRYHU\� LVHDV\�DQG�KLJK�WRWDO�KHDW�HIILFLHQF\�FDQ�EH�H[SHFWHG�DV�FRJHQHUDWLRQ�E��%HFDXVH�FRPSDUDWLYHO\�FOHDQ�IXHO�VXFK�DV�FLW\�JDV�LV�XVHG��VXOSKXU�R[LGH��62[�RU�QLWURJHQ�R[LGH� �12[��FRQFHQWUDWLRQ� LV� ORZ��DQG� WKH�V\VWHP�SURYLGHV�VXSHUEHQYLURQPHQWDO�FKDUDFWHULVWLFV�>�@�'LVDGYDQWDJHV%HFDXVH� JDV� HQJLQHV� DUH� UHFLSURFDWLQJ� LQWHUQDO� FRPEXVWLRQ� HQJLQHV�� WKH\KDYH�PDQ\�VOLGLQJ�VHFWLRQV��JHQHUDWLQJ�FRPSDUDWLYHO\�ODUJH�YLEUDWLRQV�DQG QRLVH�DQG�UHTXLULQJ�PHDVXUHV�IRU�YLEUDWLRQ�LVRODWLRQ�DQG�VRXQG�LQVXODWLRQ��� ,Q�DGGLWLRQ�JDV�HQJLQHV�SURYLGH�SRRU�PDLQWDLQDELOLW\�
'LHVHO�(QJLQH>�@�:RUNLQJ�SULQFLSOH/LNH� JDV� HQJLQHV�� GLHVHO� HQJLQHV� DUH� UHFLSURFDWLQJ� LQWHUQDO� FRPEXVWLRQHQJLQHV��EXW�WKH\�GLIIHU�IURP�JDV�HQJLQHV�LQ�VXFNLQJ�DLU�RQO\�LQWR�WKH�F\OLQGHU�DQGQDWXUDOO\�LJQLWLQJ�JDV�E\�DWRPL]LQJ�IXHO�RYHU�FRPSUHVVHG�DLU�>�@�$GYDQWDJHVD��5HOLDELOLW\�LV�YHU\�KLJK�EHFDXVH�WKH�WHFKQRORJ\�LV�PDWXUH�E��3RZHU�JHQHUDWLQJ�FRVW�LV�ORZ�EHFDXVH�ORZ�JUDGH�IXHO�VXFK�DV�KHDY\�RLO�LV�XVHG�>�@�'LVDGYDQWDJHVD��%HFDXVH�GLHVHO�HQJLQHV�XVH� ORZ�JUDGH� IXHO�� XQLIRUP�FRPEXVWLRQ� LV�GLIILFXOW� DVIXHO� LV� DWRPL]HG�� DQG� WKH� GLVFKDUJH� FRQFHQWUDWLRQ� RI� VXOSKXU� R[LGH� �62[��QLWURJHQ� R[LGH� �12[��� DQG� VRRW� DQG� GXVW� LV� H[WUHPHO\� KLJK� GXH� WR� KLJKFRPEXVWLRQ� WHPSHUDWXUH�� GLHVHO� HQJLQHV� DUH� DOVR� LQIHULRU� LQ� WHUPV� RIHQYLURQPHQWDO�FKDUDFWHULVWLFV�
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E�� ,W� KDV� ODUJH� YLEUDWLRQ� DQG� QRLVH� EHFDXVH� GLHVHO� HQJLQHV� DUH� UHFLSURFDWLQJLQWHUQDO�FRPEXVWLRQ�HQJLQHV��$OVR�SURSHU�PDLQWHQDQFH�LV�UHODWLYHO\�GLIILFXOW�
)XHO�&HOOV>�@�:RUNLQJ�SULQFLSOH)XHO� FHOOV� JHQHUDWH� HOHFWULF� SRZHU� E\� DOORZLQJ� K\GURJHQ� WR� UHDFW� ZLWKR[\JHQ� 6SHFLILFDOO\�� IXHO� FHOOV� DOORZ� R[\JHQ� WR� UHDFW� ZLWK� K\GURJHQ� LQK\GURFDUERQ�EDVHG�IXHOV��VXFK�DV�QDWXUDO�JDV�DQG�PHWKDQRO�>�@�$GYDQWDJHVD��+LJK�SRZHU�JHQHUDWLRQ�HIILFLHQF\�HTXDO�WR�GLHVHO�HQJLQHV�E��7KH�GLVFKDUJH�FRQFHQWUDWLRQ�RI�VXOSKXU�R[LGH��62[���QLWURJHQ�R[LGH��12[���DQGVRRW�DQG�GXVW�LV�H[WUHPHO\�ORZ��IXHO�FHOOV�DUH�VXSHULRU�LQ�WHUPV�RI�HQYLURQPHQWDOFKDUDFWHULVWLFV�F��/RZ�YLEUDWLRQ�DQG�ORZ�QRLVH�>�@�'LVDGYDQWDJHVD��)XHO�FHOOV�DUH�VWLOO�DW�WKH�UHVHDUFK�DQG�GHYHORSPHQW�VWDJH�DQG�KDYH�SUREOHPV�LQGXUDELOLW\�DQG�V\VWHP�GHSHQGDELOLW\�E��$V�FRPSDUHG�WR�RWKHU�SRZHU�JHQHUDWLQJ�DSSDUDWXV��IXHO�FHOOV�DUH�H[SHQVLYH�DQGIDOO�EHKLQG�LQ�WHUPV�RI�HFRQRP\�
6RODU�7KHUPDO�3RZHU�*HQHUDWLRQ>�@�:RUNLQJ�SULQFLSOH6RODU� WKHUPDO� SRZHU�JHQHUDWLRQ�GLUHFWO\� FRQYHUWV� VRODU� HQHUJ\� LQWR� HOHFWULFSRZHU� E\� XWLOL]LQJ� WKH� SKHQRPHQRQ� LQ�ZKLFK� HOHFWULF� SRZHU� LV� JHQHUDWHG�ZKHQOLJKW� LV�VWUXFN�DJDLQVW�VLOLFRQ�VHPLFRQGXFWRUV�� �6SHFLILFDOO\��ZKHQ� OLJKW�FRPHV� LQFRQWDFW� ZLWK� D� VRODU� EDWWHU\� ZLWK� 3�W\SH� VHPLFRQGXFWRU� FRQQHFWHG� WR� 1�W\SHVHPLFRQGXFWRU������SRVLWLYH�KROH�DQG�����HOHFWURQ�DUH�JHQHUDWHG���7KH�����SRVLWLYHKROH� PRYHV� WR� WKH� 3�W\SH� VHPLFRQGXFWRU� DQG� WKH� ���� HOHFWURQ� WR� WKH� 1�W\SHVHPLFRQGXFWRU�� UHVSHFWLYHO\��YROWDJH� LV�JHQHUDWHG�EHWZHHQ�HOHFWULF�SRZHUV��DQGHOHFWULFLW\�LV�JHQHUDWHG�>�@�$GYDQWDJHVD��6LQFH�QR�IRVVLO�IXHO�LV�XVHG��QR�H[KDXVW�JDV�LV�JHQHUDWHG��DFKLHYLQJ�RXWVWDQGLQJHQYLURQPHQWDO�FKDUDFWHULVWLFV�E��%HFDXVH�WKH�V\VWHP�LV�VLPSOH��PDLQWHQDQFH�LV�HDV\�

>�@�'LVDGYDQWDJHV
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D��%HFDXVH�RI� ORZ�HQHUJ\�GHQVLW\��D�YDVW�DUHD� LV�UHTXLUHG�IRU�FDUU\LQJ�RXW�SRZHUJHQHUDWLRQ�RI�D�VSHFLILHG�VFDOH�E�� 6RODU� WKHUPDO� SRZHU� JHQHUDWLRQ� LV� XQDEOH� WR� JHQHUDWH� HOHFWULF� SRZHU� LQ� WKHQLJKWWLPH�RU� LQ�EDG�ZHDWKHU�DQG� LV�DQ�XQVWDEOH�SRZHU�VXSSO\� WKDW�GHSHQGV�RQZHDWKHU�F��&RVW�LV�VWLOO�KLJK�
:LQG�3RZHU�*HQHUDWLRQ>�@�:RUNLQJ�SULQFLSOH3RZHU� LV� JHQHUDWHG� E\� WUDQVPLWWLQJ� WKH� HQHUJ\� RI� ZLQGPLOO� EODGHV� ZKLFKUHFHLYH�ZLQG�DQG�URWDWH�WR�D�SRZHU�JHQHUDWRU�>�@�$GYDQWDJHV6LQFH� QR� IRVVLO� IXHO� LV� XVHG�� QR� H[KDXVW� JDV� LV� JHQHUDWHG�� DFKLHYLQJRXWVWDQGLQJ�HQYLURQPHQWDO�FKDUDFWHULVWLFV�>�@�'LVDGYDQWDJHVD��%HFDXVH�RI� ORZ�HQHUJ\�GHQVLW\��D�YDVW�DUHD� LV� UHTXLUHG�IRU�FDUU\LQJ�RXW�SRZHUJHQHUDWLRQ�RI�D�VSHFLILHG�VFDOH�E��6LWHV�ZKHUH�VWDEOH�ZLQG�SRZHU� FDQ�EH�REWDLQHG�DUH� IUHTXHQWO\� UHPRWH�SODFHVGLVWDQW� IURP� LQQHU�FLW\� GLVWULFWV�� DQG� ODUJH�VFDOH� FRQVWUXFWLRQ� RI� SRZHUWUDQVPLVVLRQ�OLQHV�PXVW�VRPHWLPHV�EH�UHTXLUHG�F�� :LQG� YHORFLW\� YDULHV� YLROHQWO\� EHWZHHQ� VHDVRQV� DQG� WLPH� ]RQHV�� RXWSXW� LVXQVWDEOH��DQG�VWRUDJH�SRZHU� VXSSO\� VXFK�DV� EDWWHULHV� DQG�GLHVHO� HQJLQHV DUHUHTXLUHG�G��&RVW�LV�VWLOO�KLJK�



�

���*HQHUDO�,QIRUPDWLRQ�RQ�0LFUR�*DV�7XUELQHV>�@�:RUNLQJ�SULQFLSOH,Q� PRVW� GHVLJQV�� WKH� PLFURWXUELQHV� XWLOL]H� D� VLQJOH� VKDIW� GHVLJQ� ZLWK� WKHJHQHUDWRU�URWRU�VKDIW�GLUHFWO\�FRQQHFWHG�DQG�RU�LQWHJUDO�ZLWK�WKH�FRPSUHVVRU�DQGWXUELQH�URWRU�RI�WKH�JDV�WXUELQH��6RPH�PRGHOV�XWLOL]H�D�WZR�VKDIW�GHVLJQ�ZKHUH�WKHWXUELQH�LV�VSOLW� LQWR�WZR�VHFWLRQV��RQH GULYHV�WKH�FRPSUHVVRU��DQG�RQH GULYHV�WKHJHQHUDWRU�� � $� W\SLFDO� VLQJOH� VKDIW�PLFURWXUELQH� FURVV� VHFWLRQ� LV� VKRZQ� EHORZ� LQ)LJXUH���$V�FDQ�EH�VHHQ� LQ� WKH�FURVV�VHFWLRQ��DLU� WR� WKLV�PRGHO�PLFURWXUELQH�SDVVHVWKURXJK� WKH� JHQHUDWRU� IRU� FRROLQJ� DQG� LV� GLUHFWHG� WR� D� FHQWULIXJDO� FRPSUHVVRU�ZKLFK�UDLVHV�WKH�SUHVVXUH�DSSUR[���������0SD�DQG�WHPSHUDWXUH�RI� WKH� LQFRPLQJDLU�� 7KLV� DLU� LV� IXUWKHU� KHDWHG� DV� LW� SDVVHV� WKURXJK� WKH� FROG� VLGH� RI� D� KHDWH[FKDQJHU�FDOOHG�D�UHFXSHUDWRU��7KLV�DLU�WKHQ�LV�GLUHFWHG�WR�D�UHYHUVH�IORZ�DQQXODUFRPEXVWLRQ� FKDPEHU� ZKHUH� IXHO� LV� LQMHFWHG� WKURXJK� IXHO� LQMHFWRUV� WR� UDLVH� WKHWHPSHUDWXUH� RI� WKLV� SUHVVXUL]HG�DQG�KHDWHG�DLU� WR� D� UDGLDO� WXUELQH� WR� �������&����������)����3RZHU�LV�SURGXFHG�DV�WKLV�KRW�DLU�H[SDQGV�DFURVV�WKH�WXUELQH�7KH�KRW�H[KDXVW�DLU�RI�WKH�WXUELQH�LV�GXFWHG�WR�WKH�KRW�VLGH�RI�WKH�UHFXSHUDWRUZKLFK�SURYLGHV�WKH�HQHUJ\�WR�KHDW�WKH�FRPSUHVVRU�DLU�SULRU�WR�FRPEXVWLRQ�� �7KHUHFXSHUDWRUV� DUH� XVXDOO\� IDEULFDWHG� PHWDO� DQG� DUH� RI� D� SULPDU\�VXUIDFH� W\SHGHVLJQ���7KH�FHQWULIXJDO�FRPSUHVVRU�DQG�UDGLDO�WXUELQH�DUH�FRQQHFWHG�WRJHWKHU�WRWKH�JHQHUDWRU�URWRU�VKDIW���7KHVH�W\SH�V\VWHPV�RSHUDWH�IURP��������530�WR�QHDU��������530�GHSHQGLQJ�RQ�WKH�PDQXIDFWXUHU�DQG�PRGHO��6RPH�PRGHOV�ZLOO�XVHDLU�EHDULQJV�WR�VXSSRUW�WKH�JHQHUDWRU��FRPSUHVVRU�DQG�WXUELQH�URWRU�V\VWHP�ZKLOHRWKHUV�ZLOO�XVH�RLO�OXEULFDWHG��DQWL�IULFWLRQ�EHDULQJ�V\VWHPV�7KH� JHQHUDWRU�� JDV� WXUELQH� �FRPSUHVVRU�� FRPEXVWRU�� DQG� WXUELQH��� DQGUHFXSHUDWRU�DUH�W\SLFDOO\�DVVHPEOHG�DV�DQ�LQWHJUDO�XQLW�RU�FRUH�DQG�DUH�LQVWDOOHG�LQDQ�HQFORVXUH�DV�VKRZQ�EHORZ� LQ�)LJXUH��� LQ� WKH�XSSHU� ULJKW�KDQG�FRPSDUWPHQW�VLOYHU� FRORXUHG� DVVHPEO\��� � ,Q� WKH� XSSHU� OHIW� KDQG� FRPSDUWPHQW�� DLU� WR� WKHJHQHUDWRU�DQG�JDV�WXUELQH�LV�ILOWHUHG�DQG�D�IDQ�LV�SURYLGHG�IRU�HQFORVXUH�FRROLQJ�%HFDXVH� WKH� JHQHUDWRU� LV� WXUQLQJ� DW� ��������������� 530�� LW� LV� QHFHVVDU\� WRFRQYHUW� WKH� JHQHUDWRU� SRZHU� WR� ��� +]�� � 7KLV� LV� DFFRPSOLVKHG� E\� PHDQV� RILQYHUWHUV�RU�SRZHU�HOHFWURQLFV�WKDW�DUH�ORFDWHG�LQ�WKH�ERWWRP�RI�WKH�HQFORVXUH�6LQFH� H[KDXVW� JDV� IURP� WKH� WXUELQH� KDV� KLJK� KHDW� HQHUJ\�� DSSUR[�� ��������� WKH� UHFXSHUDWRU� ZRUNV� WR� HQKDQFH� WKHUPDO� HIILFLHQF\� E\� GRLQJ� KHDWH[FKDQJH�EHWZHHQ�WKH�H[KDXVW�JDV�DQG�WKH�DLU�IRU�FRPEXVWLRQ� 7KH�H[KDXVW�IURP



��

WKH� PLFURWXUELQH� UHFXSHUDWRU� LV� VKRZQ� DW� WKH� SLSH� DW� WKH� WRS�� � 7KHVH� DUHFRQQHFWHG� WR� VPDOO� KHDW� JHQHUDWRUV� �KRW� ZDWHU� KHDWHUV�� RU� DLU� FRQGLWLRQLQJDEVRUSWLRQ�FKLOOHUV� LQ�PDQ\�DSSOLFDWLRQV�� �'HSHQGLQJ�RQ� WKH�SUHVVXUH�RI�QDWXUDOJDV�WR� WKH�PLFURWXUELQH�� LW�PD\�EH�QHFHVVDU\� WR�KDYH�D�JDV�FRPSUHVVRU�VNLG� WRLQFUHDVH�JDV�VXSSO\�SUHVVXUH�WR�WKH�IXHO�LQMHFWRUV�
)LJXUH�����0RGHO�&���6LQJOH�6KDIW�0LFURWXUELQH�&RXUWHV\�RI�&DSVWRQH�7XUELQHV�
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)LJXUH� �� �� 0RGHO� ��� 0LFURWXUELQH� (QFORVXUH� �&RXUWHV\� RI� &DSVWRQH7XUELQHV�

>�@ $GYDQWDJHVD��6PDOO�QXPEHU�RI�SDUWV�DQG�FRPSDFW�VL]H0LFUR�JDV�WXUELQHV�KDYH�DFKLHYHG�VXSHU�KLJK�VSHHG�URWDWLRQV�RI��������USPZKLFK� KDYH� QHYHU� EHHQ� DFKLHYHG� E\� FRQYHQWLRQDO� JDV� WXUELQHV�� DQG� WKLV� LVJUHDWO\� DWWULEXWHG� WR� WKH� GHYHORSPHQW� DQG� WKH� DGRSWLRQ� RI� DQ� DLU� EHDULQJ�� DV\VWHP�IRU�DOORZLQJ�D�VKDIW�WR�IORDW�XS�E\�WKH�XVH�RI�DLU�SUHVVXUH�JHQHUDWHG�E\URWDWLRQV�0DMRU� GLIIHUHQFH� EHWZHHQ� FRQYHQWLRQDO� EHDULQJV� XVLQJ OXEULFDQWV� DQG� DLUEHDULQJV�LV�ZKHWKHU�WKHUH�LV IULFWLRQ��$LU�EHDULQJV�KDYH�QR�IULFWLRQ��&RQYHQWLRQDOEHDULQJV� DUH� XVHG� IRU� FRQYHQWLRQDO� JDV� WXUELQHV� DQG� DXWRPRELOH� HQJLQHV� DVWKHLU�URWDWLRQ�VSHHG�LV�UHODWLYHO\�ORZ�+RZHYHU�� DV�0*7V� UHTXLUH� YHU\�KLJK� VSHHG� URWDWLRQ� OLNH� ������� USP�FRQYHQWLRQDO� EHDULQJV� DUH� QRW� VXLWDEOH�� 7KH\� LQHYLWDEO\� VXIIHU VRPHIULFWLRQ� 6R� WKH� PRUH� URWDWLRQ� VSHHG� LQFUHDVHV�� WKH� PRUH� IULFWLRQ� LQFRQYHQWLRQDO�EHDULQJV�LQFUHDVH� DQG�DV�D�UHVXOW��WKH�HIILFLHQF\�RI�HOHFWULFSRZHU JHQHUDWLRQ�EHFRPHV�ORZHU�$OVR�IULFWLRQ�UDLVHV GXUDELOLW\ DQG�PDLQWDLQDELOLW\�LVVXHV�IRU�FRQYHQWLRQDOEHDULQJV�2Q�WKH�RWKHU�KDQG�� LQ�WKH�FDVH�RI�DLU�EHDULQJV��WKH�VKDIW�DQG�WKH�EHDULQJ�GRQRW� FRPH� LQWR� FRQWDFW� ZLWK� HDFK� RWKHU� DQG� IULFWLRQDO� UHVLVWDQFH� JUHDWO\



��

GHFUHDVHV�DQG�QR�OXEULFDQW�V\VWHP�LV�UHTXLUHG�,Q�DGGLWLRQ��VLQFH�SHUPDQHQW�PDJQHW� LV�XVHG� IRU�D�JHQHUDWRU�� QR�H[FLWHU� LVUHTXLUHG�� DQG� QR� FRROLQJ� ZDWHU� LV� UHTXLUHG�� HLWKHU�� EHFDXVH� WKH� JHQHUDWRU� LVFRROHG�E\�WKH�FRPEXVWLRQ�DLU�$OVR��EHFDXVH� WKH�JHQHUDWHG�KLJK�IUHTXHQF\�D��F��FXUUHQW� LV�FRQYHUWHG� LQWRG��F��FXUUHQW�DQG�WKH�FXUUHQW� LV�FRQYHUWHG�LQWR�WKH�FRPPHUFLDO�IUHTXHQF\�E\�DQLQYHUWHU��WKHUH�LV�QR�QHHG�WR�NHHS�WKH�JHQHUDWRU�WR�D�V\QFKURQL]LQJ�VSHHG�DQG�WKHUHIRUH��VSHHG�JRYHUQRUV�DQG�VSHHG�UHGXFHUV�DUH�QR�ORQJHU�UHTXLUHG�)XUWKHUPRUH�� WKH� JHQHUDWRU� DOVR� ZRUNV� DV� D� VWDUWLQJ� PRWRU�� VWDUWHU� LV� QRWUHTXLUHG�� $V� PHQWLRQHG� DERYH� WKH� VPDOO� VL]H�� VLPSOH� VWUXFWXUH� DQG� VPDOOQXPEHU� RI� WKH�SDUWV� DUH� WKH� IHDWXUH� RI�PLFUR� JDV� WXUELQHV� LQ� FRPSDULVRQ�ZLWKFRQYHQWLRQDO�ODUJH�JDV�WXUELQHV�E��+LJK�SRZHU�JHQHUDWLQJ�HIILFLHQF\�DQG�WKHUPDO�HIILFLHQF\7KH� DGRSWLRQ� RI� D� UHJHQHUDWLYH� F\FOH� KDV� DFKLHYHG� WKH� SRZHU� JHQHUDWLRQHIILFLHQF\� DV� KLJK� DV� DURXQG� ����� � ,Q� DGGLWLRQ�� VLQFH� WKH� H[KDXVW� JDVWHPSHUDWXUH�LV�DV�KLJK�DV�DERXW�����&��LW�EHFRPHV�SRVVLEOH�WR�LQFUHDVH�WKH�WRWDOWKHUPDO�HIILFLHQF\�WR��������LI�LW�LV�XVHG�DV�D�FRJHQHUDWLRQ�V\VWHP�F��1R�SRZHU�V\VWHP�RSHUDWLRQ�UHTXLUHG6LQFH� WKH� KLJK�IUHTXHQF\� D�� F�� SRZHU� JHQHUDWHG� LV� FRQYHUWHG� LQWR� G�� F�FXUUHQW��ZKLFK�LV�FRQYHUWHG�LQWR�FRPPHUFLDO�IUHTXHQF\�E\�DQ�LQYHUWHU��RSHUDWLRQVXFK� DV� DGMXVWPHQW� RI� V\VWHP� IUHTXHQF\� RU� V\QFKURQRXV� SDUDOOHO� RSHUDWLRQ� LVFRPSOHWHO\�HOLPLQDWHG�G��2XWVWDQGLQJ�HQYLURQPHQWDO�FKDUDFWHULVWLFV&OHDQ�IXHOV�VXFK�DV�QDWXUDO�JDV��SURSDQH�JDV��NHURVHQH� DQG�OLJKW�RLO�FDQ�EHXVHG�� VXOSKXU� R[LGH� �62[�� DQG� QLWURJHQ� R[LGH� �12[�� FRQFHQWUDWLRQV� DUH� ORZ�SURYLQJ�LWV�H[FHOOHQW�FKDUDFWHULVWLFV�IURP�WKH�YLHZSRLQW�RI�HQYLURQPHQW�>�@�'LVDGYDQWDJHVD��%HFDXVH�KLJK�IUHTXHQF\�QRLVH�RI�D�VSHFLILHG� OHYHO� LV�JHQHUDWHG��PHDVXUHV� IRUVKLHOGLQJ� QRLVHV� DUH� UHTXLUHG� ZKHQ�PLFUR� JDV� WXUELQHV� DUH� XVHG� LQ� LQQHU�FLW\GLVWULFWV�E��7KH�FRVW�LV�VWLOO�KLJK�
�� $FTXLVLWLRQ�DQG�0DLQWHQDQFH�&RVWV7KH� DFTXLVLWLRQ� FRVW� IRU� PLFURWXUELQH� JHQHUDWRU� VHWV� UDQJH� IURP� ������������86'��SHU�N:�UHJDUGOHVV�RI�PDQXIDFWXUHU�IRU�JULG�FRQQHFWHG�XQLWV��7KH�VPDOOHU�FRVWSHU�N:�DSSOLHV�WR�ODUJHU�VL]H�XQLWV�ZKLOH�WKH�ODUJH�FRVW�SHU�N:�DSSOLHV�WR�WKH�VPDOOHU
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VL]H�XQLWV���7KH�FRVWV�IRU�WKH�JDV�FRPSUHVVRU�DQG�VWDQG�DORQH�FDSDELOLW\�DUH�H[WUD�,QVWDOODWLRQ� FRVWV� PD\� YDU\� IURP� ���� RI� WKH� DFTXLVLWLRQ� FRVW� WR� ����� IRU� KLJKO\FXVWRPL]HG� LQVWDOODWLRQV�� � 7KLV� LQFOXGHV� HOHFWULFDO� JULG� FRQQHFWLRQV� DQG� WKHDVVRFLDWHG�EXLOGLQJ�PRGLILFDWLRQV� IRU� LQGRRU�XQLWV�RU�SDGV� IRU�RXWVLGH� LQVWDOODWLRQV�([KDXVW�KHDW�H[FKDQJHU�FRVWV�IRU�KHDWLQJ��KRW�ZDWHU�ERLOHU��RU�FRROLQJ��DEVRUSWLRQFKLOOHU�KHDWHU��DUH�LQ�DGGLWLRQ�WR�WKH�SUHYLRXVO\�GLVFXVVHG�FRVWV�7KH� PDLQWHQDQFH� RQ� WKH� XQLWV� DUH� PLQLPDO� GXULQJ� WKH� ILUVW� \HDU�� W\SLFDOO\FRQVLVWLQJ� RI� ������������ KRXU� VHUYLFH� ZKLFK� LQFOXGHV� DLU� ILOWHU� DQG� IXHO� ILOWHUFOHDQLQJ�UHSODFHPHQW�DV�ZHOO�DV� IXHO� LQMHFWRU�DQG� LJQLWHU�VHUYLFH�� �7KH�JDV� WXUELQHRYHUKDXO� LQWHUYDO� YDULHV� E\� PDQXIDFWXUHU� IURP� ������� KRXUV� WR� ������� KRXUV� RIRSHUDWLRQ�� � 'HVLJQ� OLYHV� RI� WKH� XQLWV� UDQJH� IURP� ������� KRXUV� WR� ������� KRXUV�0DLQWHQDQFH�FRQWUDFWV�DUH�DYDLODEOH�DQG�XVXDOO\� UHFRPPHQGHG� WR�PLQLPL]H�GRZQWLPH��0RVW�JHQHUDWRU��JDV�WXUELQH�DQG�UHFXSHUDWRU�PRGXOHV�FDQ�EH�UHSODFHG�ZLWKLQ�����KRXUV��QRW�LQFOXGLQJ�VKLSPHQW�WLPH���$�VLPLODU�WLPH�DSSOLHV�WR�WURXEOHVKRRWLQJ�UHSODFHPHQW�� DQG� LQVWDOODWLRQ� RI� WKH� SRZHU� HOHFWURQLFV� DQG� FRQWURO� V\VWHPFRPSRQHQWV�� � 7KH� RSHUDWLRQDO� DQG� PDLQWHQDQFH� FRVWV� KDYH� EHHQ� W\SLFDOO\HVWLPDWHG� WR� UDQJH� IURP� ������� WR� ������� SHU� N:K� LQ� 86'�� � 6XEVHTXHQWH[SHULHQFH� KDV� UDQJHG� IURP� ������� WR� ������� SHU� N:K� LQ� 86'�� GHSHQGLQJ� RQDSSOLFDWLRQ�DQG�PRGHO�
���0DUNHW�6LWXDWLRQ�LQ�0DMRU�&RXQWULHV>�@ 6HUYLFH�([SHULHQFH7KH� OHDGHU� LQ� PLFURWXUELQH� H[SHULHQFH� LV� &DSVWRQH� 7XUELQHV�� � 2YHU� �����HQJLQHV�KDYH�EHHQ�VROG�ZLWK�RYHU�����������KRXUV�RI�RSHUDWLRQ���6HYHUDO�0RGHO&���XQLWV�UHDFKHG��������KRXUV�RI�RSHUDWLRQ� LQ������� �7KHVH�XQLWV�DUH� ORFDWHGZRUOGZLGH� ZLWK� PRVW� XQLWV� LQ� WKH� 8QLWHG� 6WDWHV�� -DSDQ�� (XURSH�� &DQDGD�� DQG6RXWK� $PHULFD�� LQ� WKDW� RUGHU�� � 7KH� KLJK� WLPH� HQJLQH� LQ� (XURSH� KDV� ������RSHUDWLQJ� KRXUV� DW� 3XWWHQ�� 7KH�1HWKHUODQGV�� 7KHUH� DUH� WZR� VWDQG�DORQH�0RGHO&���XQLWV�LQ�5XVVLD�DW�DQ�DGYDQFHG�RLO�H[WUDFWLRQ�ORFDWLRQ�LQ�6LEHULD�7KHUH� DUH� RYHU� ���� 0RGHO� 7$���� XQLWV� VROG� E\� (OOLRWW� GLUHFWO\� RU� WKURXJK%RZPDQ�3RZHU�6\VWHPV� �8�.���� �0RVW�RI� WKH�XQLWV�DUH� LQ�(XURSH�ZLWK�RQO\���HDFK� LQ� WKH� 8�6��� &DQDGD�� DQG� -DSDQ�� � 7KH� KLJK� WLPH� XQLW� KDV� DSSUR[LPDWHO\������WRWDO�RSHUDWLQJ�KRXUV���7KH�0RGHO�7$�����XQLW�ZDV�UHOHDVHG�LQ��������$���N:�PRGHO�LV�SODQQHG�IRU�UHOHDVH�E\�WKH�HQG�RI������7KHUH�DUH�DSSUR[LPDWHO\����,QJHUVROO�5DQG�XQLWV�RSHUDWLQJ�ZLWK�WKH�KLJK�WLPH0RGHO����XQLW�LQ�RSHUDWLRQ�IRU�DERXW�����\HDUV���7KH�����N:�PRGHO�ZDV�UHOHDVHGLQ�ODWH������
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7XUEHF�KDV�GHOLYHUHG�RYHU�����XQLWV�ZLWK� WKH�KLJK� WLPH�XQLW�KDYLQJ� UHDFKHGRYHU��������RSHUDWLQJ�KRXUV�� �2YHU�����RI� WKH�XQLWV�DUH� LQ�(XURSH�ZLWK�RQO\�DVPDOO�SHUFHQWDJH�LQ�WKH�8�6�7R� GDWH�� WKH� SULPDU\� SUREOHPV� KDYH� EHHQ� ZLWK� WKH� SRZHU� HOHFWURQLFV�� FRUH�EHDULQJV�DQG�UHFXSHUDWRUV��DQG�JDV�FRPSUHVVRUV��ZKHQ�XVHG��
>�@�86$7KH� SULPDU\� DSSOLFDWLRQV� IRU� PLFURWXUELQHV� DUH� FRPELQHG� KHDW� DQG� SRZHU�&+3��� SHDN� VKDYLQJ�� SRZHU�RQO\�� SRZHU� TXDOLW\�SRZHU� LQWHJULW\�� DQG� QLFKHUHVRXUFH�UHFRYHU\��� ,Q�DGGLWLRQ�&DSVWRQH�KDV�HQWHUHG�WKH�K\EULG�HOHFWULF�YHKLFOHPDUNHW�ZLWK�XQLWV�WR�VHUYHU�DV�EDWWHU\�FKDUJHUV�IRU�HOHFWULF�GULYH�EXVHV�,Q�JHQHUDO��WKH�PDUNHW�H[SHFWDWLRQV�LQ�WKHVH�DUHDV�KDYH�EHHQ�TXLWH�KLJK�EXWDFWXDO�VDOHV�KDYH�EHHQ�ORZHU���$W�RQH�WLPH��WKH�SURGXFWLRQ�HVWLPDWHV�UDQJHG�IURP������ WR� ������� XQLWV� SHU� \HDU�� XQIRUWXQDWHO\�� WKH� PDUNHW� GLG� QRW� UHVSRQG�&DSVWRQH� LV� WKH� OHDGHU� DQG� URXJKO\� DFFRXQWV� IRU� RYHU� ���� RI� WKH� PDUNHW�&DSVWRQH�VKLSSHG� LWV� ILUVW���XQLWV� LQ�����������XQLWV� LQ�����������XQLWV� LQ�����UHSUHVHQWLQJ�DERXW����0:��DQG����0:©V�RI�XQLWV� LQ��������7RWDO�VDOHV�IRU�����KDYH�\HW�WR�EH�UHSRUWHG �����0:©V�RI�XQLWV�ZHUH�VKLSSHG�E\�PLG\HDU�ZLWK������0:�HVWLPDWHG� IRU� WKH� WRWDO� \HDU�� �2WKHU�PDQXIDFWXUHUV©� SURGXFWLRQ�SODQV�DUH� LQWKH���������XQLWV�SHU�\HDU�UDQJH�3KHQRPHQDO� JURZWK� KDV� QRW� EHHQ� H[SHULHQFHG� HYHQ� WKRXJK� 'LVWULEXWHG*HQHUDWLRQ� LV� EHLQJ� WRXWHG� LQ� PDQ\� DUHDV� DV� D� ZD\� RI� LQFUHDVLQJ� HOHFWULFDOFDSDFLW\�ZKLOH�QRW�KDYLQJ�WR�PDNH�PDMRU�LQIUDVWUXFWXUH�FKDQJHV�WR�IXHO�VXSSOLHV�WUDQVPLVVLRQ�DQG�GLVWULEXWLRQ�V\VWHPV�� �&XUUHQW�PDUNHW� IRUHFDVWV� FRQGXFWHG� IRUWKH�8�6��'HSDUWPHQW�RI�(QHUJ\�DUH�HVWLPDWLQJ��������0:�IRU�&+3���������0:IRU�SHDN�VKDYLQJ��������0:�IRU�SRZHU�RQO\��DQG�������0:�IRU�ZDVWH�IXHOV�DQGRLO�JDV�LQGXVWU\�DSSOLFDWLRQV���7KHVH�UHIOHFW�D�VKDUH�RI�WKH�WRWDO�HFRQRPLF�SRWHQWLDOPDUNHW� IRU� WKHVH� DSSOLFDWLRQV� ZKHUH� WKH� YDOXH� SURSRVLWLRQ� IRU� PLFURWXUELQHV� LVJRRG�(YHQ�VR��WKH�GLIILFXOW\�IRU�PLFURWXUELQHV�LV�WKDW�WKH\�DUH�KLJK�SULFHG�FRPSDUHGWR�VRPH�RWKHU� WHFKQRORJLHV�� �$�FRPSDULVRQ�FRQGXFWHG�E\�WKH�&DOLIRUQLD�(QHUJ\&RPPLVVLRQ� IRU� GLIIHUHQW� 'LVWULEXWHG� *HQHUDWLRQ� HTXLSPHQW� W\SHV� LV� VKRZQ� LQ)LJXUH�����$V�XVXDO��WKH�ODUJHU���N:�FDSLWDO�FRVWV�DSSO\�WR�VPDOOHU�VL]H�XQLWV�DQGZKLOH�WKH�ODUJHU���N:�FDSLWDO�FRVWV DSSO\�WR�VPDOOHU�XQLWV��IXHO�FHOOV�DUH�FXUUHQWO\H[FHSWLRQDOO\� H[SHQVLYH��� � 7KH� QHW� UHVXOW� LV� WKDW� PLFURWXUELQHV� DUH� PRUHH[SHQVLYH�RQ�D���N:�EDVLV�WKDQ�LQWHUQDO�FRPEXVWLRQ�HQJLQHV��GLHVHO�DQG�QDWXUDO
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JDV��1*���DQG�PRVW�JDV�WXUELQHV���)XHO�FHOOV��3$�DQG 3(0�W\SHV���SKRWRYROWDLF�39�� V\VWHPV�� DQG� VPDOO� ZLQG� WXUELQHV� DUH� PXFK� KLJKHU� ,W� LV� QRWHG� WKDW� WKHLQVWDOOHG�FRVW�RI�ODUJH�ZLQG�WXUELQHV���0:�DQG�ODUJHU��LV�DERXW��������86'�N:�)LJXUH�� ¤�&RPSDULVRQ�RI�WKH�&DSLWDO�&RVWV�RI�'LVWULEXWHG�*HQHUDWLRQ�7\SHV�&RXUWHV\�RI�WKH�&DOLIRUQLD�(QHUJ\�&RPPLVVLRQ�
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���N:0LFURWXUELQH ����0:�����1*�*DV7XUELQH
����N:��'LHVHO�(QJLQH ����N:����1*�(QJLQH ����N:�����3$�)XHO�&HOO ����N:������3(0�)XHO�&HOO ����N:�����39��3DQHO ���N:����:LQG�7XUELQH

'LVWULEXWHG�*HQHUDWLRQ�7\SH
>�@�-DSDQ+LWKHUWR�� HYHQ� IRU� WKH� GHFHQWUDOL]HG� HQHUJ\� V\VWHP� RI� OHVV� WKDQ� ���� NZ�� DERLOHU�WXUELQH�HQJLQHHU�PXVW�EH�VWDWLRQHG�ZKHQ�LQVWDOOLQJ�WKH�V\VWHP��FRQVWLWXWLQJRQH� IDFWRU� RI� LQWHUIHULQJ� WKH� SRSXODUL]DWLRQ� RI�PLFUR� JDV� WXUELQHV�� � +RZHYHU�� LQ$SULO�������WKH�UHJXODWLRQ�ZDV�UHOD[HG��DQG�LQ�WKH�FDVH�RI�WKH�V\VWHP�RI�����NZ�RUORZHU�� WKH�ERLOHU�WXUELQH�HQJLQHHU� LV�QR� ORQJHU� UHTXLUHG� WR�EH�VWDWLRQHG��DQG� WKHDGRSWLRQ�E\�FRQYHQLHQFH�VWRUHV��EXLOGLQJV�DQG VPDOO�VL]H�RIILFHV�LV�H[SHFWHG�D��([DPSOHV�RI�DGRSWLRQ�E\�FRQYHQLHQW�VWRUHV��IDVW�IRRG�UHVWDXUDQWV�DQG�KRWHOV,Q�VWRUHV�RI�RQH�RI�WKH�OHDGLQJ�FRQYHQLHQFH�VWRUH�FKDLQV��GHPRQVWUDWLRQ�WHVWVRI�PLFUR�JDV�WXUELQH�FRJHQHUDWLRQ�DLU�FRQGLWLRQLQJ�V\VWHP�KDV�EHHQ�XQGHUZD\DV�SDUW�RI�D�SURPRWLRQ�RI�HQHUJ\�VDYLQJ�7KLV�V\VWHP�LV�DQ�DLU�FRQGLWLRQLQJ�V\VWHP�XWLOL]LQJ�HQHUJ\�JHQHUDWHG�E\�KRPH�JHQHUDWHG� HQHUJ\� DQG� ZDVWH� KHDW� ZLWK� FLW\� JDV� XVHG� DV� IXHO�� DQG� WKH� WRWDOHQHUJ\�HIILFLHQF\�LV�DV�KLJK�DV���������DQG�LW�LV�H[SHFWHG�WR�UHGXFH�WKH�\HDUO\HOHFWULF�SRZHU�FRVW�E\�DERXW�����
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$OVR�RQH�RI� WKH�PDMRU� IDVW� IRRG�FKDLQV�VWDUWHG�GHPRQVWUDWLRQ� WHVWV�RI�PLFURJDV�WXUELQH�FR�JHQHUDWLRQ�V\VWHP�KDV�EHHQ�XQGHUZD\�VHWWLQJ� WKRVH�V\VWHPV�RQWKH�URRI�RI�WKHLU�IDVW�IRRG�UHVWDXUDQWV�)LJXUH���([DPSOH�RI�DGRSWLRQ�E\�IDVW�IRRG�UHVWDXUDQW

E��([DPSOHV�RI�DGRSWLRQ�E\�FRPELQDWLRQ�ZLWK�GHVLFFDQW�DLU�FRQGLWLRQHU$V�VXPPHU� LQ� -DSDQ� LV� YHU\�ZDUP�DQG�KXPLG�� LQ� RUGHU� WR� XWLOL]H� WKH�ZDVWHKHDW�PRUH�D�FR�JHQHUDWLRQ�V\VWHP�FRPELQHG�ZLWK�D�GHVLFFDQW�DLU�FRQGLWLRQHU�KDVEHHQ�GHYHORSHG�DQG�FRPPHUFLDOLVHG���7KH�V\VWHP�DLU�FRQGLWLRQV�E\�DOORZLQJ�WKHDEVRUEHQW�PDWHULDO�WR�DEVRUE�WKH�PRLVWXUH�FRQWHQW�LQ�DPELHQW�DLU�DQG�ORZHULQJ�WKHKXPLGLW\� LQVLGH�WKH�URRP��DQG�ZDVWH�KHDW�RI�WKH�PLFUR�JDV�WXUELQH� LV�XWLOL]HG�IRUGU\LQJ� WKH� DEVRUEHQW� PDWHULDO� ZKLFK� KDV� DEVRUEHG� WKH� PRLVWXUH� FRQWHQW�� � $VLOOXVWUDWHG��D�GHKXPLGLI\LQJ�URWRU�ORFDWHG�DW�WKH�FHQWUH�RI�WKH�DLU�FRQGLWLRQHU�VORZO\URWDWHV�� DEVRUEV� WKH� PRLVWXUH� FRQWHQW� RI� KLJK�WHPSHUDWXUH� KLJK�KXPLGLW\� DLUSUHVHQW�RXWVLGH�WKH�URRP�DQG�GHSULYHV�ODWHQW�KHDW�WR�ORZHU�WKH�WHPSHUDWXUH�



��

)LJXUH���([DPSOHV�RI�DGRSWLRQ�E\�FRPELQDWLRQ�ZLWK�GHVLFFDQW�DLU�FRQGLWLRQHU

,,,� 'HYHORSPHQW�LQ�7HFKQRORJ\��� ,W� LV� VDLG� WKDW� WKH� WXUQLQJ� SRLQW� RI� SXWWLQJ�PLFUR� JDV� WXUELQHV� LQWR� SUDFWLFDO� XVH� LVIRXQG� LQ� WKH� VHYHUH� HQYLURQPHQWDO� UHJXODWLRQ� RI� &DOLIRUQLD� 6WDWH� HVWDEOLVKHG� LQ�������7KLV�LV�D�VHYHUH�FRQWURO�IRU�H[KDXVW�JDV�RI�DXWRPRELOHV��ZKLFK�&DOLIRUQLD�$LU5HVRXUFHV�%RDUG�HVWDEOLVKHG�DV�D�PHDQV�IRU�DWPRVSKHULF�VFDYHQJLQJ��DQG�PDNHVLW�FRPSXOVRU\�IRU�HDFK�DXWRPDNHU�WR�LQFOXGH�]HUR�HPLVVLRQ�YHKLFOHV�LQ�DXWRPRELOHVVROG�DW�D�VSHFLILHG�UDWLR���+RZHYHU��WKLV�UHJXODWLRQ�ZDV�VOLJKWO\�UHOD[HG��DQG�LQ������QRW�RQO\�]HUR�HPLVVLRQ�YHKLFOHV�EXW�DOVR�SDUWLDO�]HUR�HPLVVLRQ�YHKLFOHV��3=(9��ZHUHDFFHSWHG���8QGHU�WKHVH�FRQGLWLRQV��JDV�WXUELQHV�ZLWK�D�ORZ�12[�GLVFKDUJH�OHYHO�DUHUH�H[DPLQHG�LQ�FRPSDULVRQ�ZLWK�WKH�GHYHORSPHQW�RI�HOHFWULF�YHKLFOHV�ZKLFK�KDYH�DELJ� SUREOHP� RI� EDWWHU\� SHUIRUPDQFH�� � 7KH� JDV� WXUELQHV� DUH� UHTXHVWHG� WR� UHGXFHRXWSXW�WR�VFRUHV�RI�NLORZDWWV�DV�ZHOO�DV�WR�UHGXFH�WKH�VL]H��DQG�LW�LV�VDLG�WKDW�WKLV�ODLGWKH�WHFKQLFDO�EDVH�RI�SUHVHQW�PLFUR�JDV�WXUELQHV�



��

���6WUXFWXUDO�DQG�7HFKQLFDO�)HDWXUHV�DQG�$GYDQWDJHV�RI�0LFUR�*DV�7XUELQHV����([WUHPHO\�KLJK�URWDWLQJ�VSHHG%HFDXVH� LQ� JHQHUDO�� HQJLQHV� DQG� WXUELQHV� LQFUHDVH� RXWSXW� DV� WKH� URWDWLQJVSHHG� LQFUHDVHV�� LW� LV� SRVVLEOH� WR� UHGXFH� WKH� VL]H� E\� LQFUHDVLQJ� WKH� URWDWLQJVSHHG���7KH�ELJJHVW�IDFWRU�WKDW�KDV�HQDEOHG�PLFUR�JDV�WXUELQHV�WR�EH�GUDPDWLFDOO\GRZQVL]HG�OLHV�LQ�WKH�DFKLHYHPHQW�RI�VXSHU�KLJK�VSHHG�URWDWLRQV�RI��������USP�ZKLFK� KDYH� QHYHU� EHHQ� DFKLHYHG� ZLWK� FRQYHQWLRQDO� SRZHU� JHQHUDWLRQ� JDVWXUELQHV� �URWDWLQJ� VSHHG� RI� FRQYHQWLRQDO�*7� LV� VXSSOHPHQWHG��� � 7KH� XVH� RI� DLUEHDULQJV�FDQ�EH�PHQWLRQHG�DV�WKH�ELJ�IDFWRU�����&RPSDFW�HQJLQHV%HFDXVH� WKH� UHJHQHUDWRU� LV� ORFDWHG�DV� LI� LW� HQZUDSV� WKH� WXUELQH�� FRPEXVWRU�HWF��� WKH� HQJLQH� SURSHU� LV� PLFURPLQLDWXUL]HG�� )XUWKHUPRUH�� VLQFH� KLJK�WHPSHUDWXUH� SRUWLRQV� RI� WXUELQH� VHFWLRQ DQG FRPEXVWRU� DUH� VHSDUDWHG� IURP� WKHHQJLQH�VXUIDFH�OD\HU�E\�WKH�UHJHQHUDWRU�ZKRVH�WHPSHUDWXUH�LV�ORZHU�WKDQ�WKRVH��LWDFKLHYHV�DQ�DGYDQWDJH�RI�VXSSUHVVLQJ�WKH�ORVV�E\�KHDW�UDGLDWLRQ�IURP�WKH�HQJLQHVXUIDFH�,Q�DGGLWLRQ��VLQFH�LW�LV�D�VLQJOH�VKDIW�VROLG�URWRU��QR�VSHHG�UHGXFHU�LV�UHTXLUHG�,Q� DGGLWLRQ�� EHFDXVH� WKH� JHQHUDWRU� LV� RI� D� SHUPDQHQW� PDJQHW� V\VWHP� DQG� QRH[FLWHU�LV�SUHVHQW��H[WUHPHO\�VLPSOH�DQG�FRPSDFW�GHVLJQ�KDV�EHHQ�DFKLHYHG�����6PDOO�VL]H�DQG�PDLQWHQDQFH�IUHH�EHFDXVH�RI�VPDOO�QXPEHU�RI�DFFHVVRULHV�%HFDXVH� QRW� RQO\� WKH� HQJLQH� LWVHOI� LV� FRPSDFW� EXW� DOVR� OHVV� QXPEHU� RIDFFHVVRULHV� DUH� HTXLSSHG� DV� FRPSDUHG� WR� FRQYHQWLRQDO� LQWHUQDO�FRPEXVWLRQHQJLQHV��DQG�OXEULFDQW�HTXLSPHQW��FRROLQJ�DSSDUDWXV��HWF��DUH�QR�ORQJHU�UHTXLUHGE\�WKH�DGRSWLRQ�RI�DLU�EHDULQJV��WKH�QXPEHU�RI�SDUWV�LV�UHPDUNDEO\�UHGXFHG��DQGWKH�VLPSOH�VWUXFWXUH�DQG�GRZQVL]LQJ�DV�ZHOO�DV�PDLQWHQDQFH�IUHH�RSHUDWLRQ�KDYHEHHQ�DFKLHYHG�����7XUELQH�LQOHW�WHPSHUDWXUH,Q� PLFUR� JDV� WXUELQHV�� LW� LV� QRW� VXLWHG� WR� DGRSW� H[SHQVLYH� KHDW�UHVLVWDQWPDWHULDO�IURP�WKH�YLHZSRLQW�RI�HFRQRP\��DQG�LW� LV�GLIILFXOW� WR�SURYLGH�FRPSOLFDWHGFRROLQJ�FKDQQHOV� LQVLGH� WKH�EODGH�EHFDXVH� WKH�EODGH� LWVHOI� LV�VPDOO�� �7KHUHIRUH�WXUELQH�EODGHV�DUH� GHVLJQHG�XVLQJ�PHWDO�EDVHG� WXUELQH�PDWHULDO� WR� VWDQG� DERXW��������&�� ZKLFK� LV� WKH� OLPLW� DW� ZKLFK� WXUELQH� EODGHV� FDQ� EH� XVHG� ZLWKRXWFRROLQJ�
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����&RPSUHVVRU$�FHQWULIXJDO�W\SH�VLQJOH�VWDJH�FRPSUHVVRU�ZLWK�D�VLPSOH�VWUXFWXUH�LV�XVHG��LQZKLFK�WKH�SUHVVXUH�UDWLR�LV�VHW�WR�DERXW���WR�����7KLV�LV�DVVXPHG�WR�EH�EHVW�VXLWHGIRU� PLFUR� JDV� WXUELQHV� EHFDXVH� LW� KDV� DGYDQWDJHV� RI� KLJK� SUHVVXUH� UDWLR� SHUVWDJH�� VPDOO� ORVV� RI� HIILFLHQF\� GXH� WR� GRZQVL]LQJ�� VLPSOH� FRQVWUXFWLRQ�� DQG� ORZSULFH���� +LJK�SRZHU�JHQHUDWLQJ�HIILFLHQF\�E\�DGRSWLQJ�UHJHQHUDWLQJ�F\FOH7KH� HIILFLHQF\� RI� PLFURWXUELQHV� LV� TXLWH� ORZ� DV� FRPSDUHG� WR� RWKHUWHFKQRORJLHV� DQG� FRPSRQHQWV�� � 7KLV� LV� H[HPSOLILHG� LQ� WKH� JUDSK� RI� HIILFLHQF\YHUVXV� VL]H� LQ� )LJXUH� ��� 7\SLFDOO\��PLFURWXUELQHV� HIILFLHQFLHV� DUH� LQ� WKH� �������QHW��ZKHQ� WKH�SRZHU� UHTXLUHG�IRU�GULYLQJ�JDV�FRPSUHVVRUV� LV�FRQVLGHUHG�� �7KHORZHU� HIILFLHQFLHV� DUH� WKH� UHVXOW� RI� PLFURWXUELQHV� RSHUDWLQJ� DW� ORZ� FRPSUHVVRUSUHVVXUH�UDWLRV��QRPLQDOO\������DQG�ORZ�ILULQJ�WHPSHUDWXUHV��������&�������)��DVFRPSDUHG� WR� LQGXVWULDO� DQG�XWLOLW\�JDV� WXUELQHV�ZKLFK�RSHUDWH�DW�SUHVVXUH� UDWLRVIURP������ WR� ������ XWLOL]H� ILULQJ� WHPSHUDWXUHV� IURP������&� ������)�� WR� ����� �&������)��� DQG� DFKLHYH� QHW� F\FOH� HIILFLHQFLHV� RI� ���� WR� ����� � :LWKRXW� WKHUHFXSHUDWRU� WR� KHDW� WKH� FRPSUHVVRU� DLU�� WKH�PLFURWXUELQH� HIILFLHQFLHV� ZRXOG� EHUHGXFHG�E\�������GHSHQGLQJ�RQ�WKH�PRGHO�
)LJXUH� � ¤� &RPSDULVRQ� RI� 0LFURWXUELQHV� ZLWK� 'LIIHUHQW7HFKQRORJLHV�&RPSRQHQWV �&RXUWHV\� RI� WKH� 1DWLRQDO� (QHUJ\� 7HFKQRORJ\/DERUDWRU\��8�6��'HSDUWPHQW�RI�(QHUJ\�
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����2XWVWDQGLQJ�HQYLURQPHQWDO�FKDUDFWHULVWLFV1HYHUWKHOHVV�� PLFURWXUELQHV� KDYH� IRXQG� DSSOLFDWLRQV� LQ� VHYHUDO� LQGXVWU\VHJPHQWV� ¤� FRPELQHG� KHDW� DQG� SRZHU� �&+3��� SHDN� VKDYLQJ� ����������� KRXUVSHU�\HDU���SRZHU�RQO\� LQ�KLJK�HOHFWULF�SULFH�DUHDV��SRZHU�TXDOLW\�SRZHU� LQWHJULW\�DQG�QLFKH�DSSOLFDWLRQV�LQ�UHVRXUFH�UHFRYHU\��ODQGILOOV��PXQLFLSDO�ZDVWH�ORFDWLRQV�VPDOO�JDV�ZHOOV��RLO�H[WUDFWLRQ��HWF��7KH�HFRQRPLF�EHQHILWV�RI�PLFURWXUELQHV�DUH�VXEVWDQWLDOO\�LPSURYHG�ZKHQ�WKHWXUELQH� LV� XVHG� LQ� FRPELQHG� KHDW� DQG� SRZHU� DSSOLFDWLRQV�� � 7KLV� UHVXOWV� LQHIILFLHQFLHV� IURP� ���� WR� ����� 6LPLODUO\�� ZKHUH� WKH� FRVW� RI� IXHO� LV� IUHH� �L�H��ODQGILOOV��ZHOOV��� WKH� HFRQRPLFV� DUH� JRRG� DOWKRXJK� IXHO� FRQWHQW� DQG� TXDOLW\� FDQKDYH� DQ� HIIHFW� RQ� WKH� UHOLDELOLW\�� RSHUDWLRQV� DQG�PDLQWHQDQFH� FRVWV�� )RU� RWKHUDSSOLFDWLRQV�� LW� LV�KLJKO\�GHSHQGHQW�RQ� WKH�HFRQRPLF�GLIIHUHQFH�EHWZHHQ�FXUUHQWV\VWHPV�HQHUJ\�FRVWV�DQG�WKH�FRVW�RI�XVLQJ�D�PLFURWXUELQH�ZLWK�&+3�7KH� RWKHU� DGYDQWDJH� RI� PLFURWXUELQHV� LV� ORZ� HPLVVLRQV�� � 7KH� HPLVVLRQVSHUIRUPDQFH� RI� WKH� YDULRXV� PRGHO� PLFURWXUELQHV�� EDVHG� RQ� WKHLU� SXEOLVKHGOLWHUDWXUH�� LV� LQGLFDWHG� LQ� 7DEOH� ��� :KLOH� WKH� FRQFHQWUDWLRQ� RI� HPLVVLRQVSURGXFWLRQ��L�H���SDUWV�SHU�PLOOLRQ�YROXPHWULF��3309���� LV�QRW�PXFK�GLIIHUHQW�WKDQLQGXVWULDO� DQG� XWLOLW\� JDV� WXUELQHV�� WKH� WRWDO�PDVV� SURGXFHG� SHU� PHJDZDWW� KRXU�OEP�0:K��LV�TXLWH�VPDOO���$V�VXFK��LW�LV�DQ�HQYLURQPHQWDOO\�IULHQGO\�DSSOLFDWLRQ�DVFRPSDUHG�WR�ODUJHU�JDV�WXUELQHV�DQG�UHFLSURFDWLQJ�HQJLQHV��UHJDUGOHVV�RI�WKH�IXHOW\SH��DQG�KDV�IRXQG�DSSOLFDWLRQV� LQ�KRWHOV��DSDUWPHQW�EXLOGLQJV��RIILFH�EXLOGLQJV�KRVSLWDOV�� QXUVLQJ� KRPHV�� ODXQGULHV�� UHWDLO� VWRUHV�� JUHHQKRXVHV�� DQG� VPDOOLQGXVWULDO�PDQXIDFWXUHUV�
7DEOH�� ¤�&RPSDULVRQ�RI�(PLVVLRQV�3HUIRUPDQFH�RI�0LFURWXUELQHV12[�(PLVVLRQV &2�(PLVVLRQV0IU 0RGHO 5DWLQJ 3309 /%0�0:K 3309 /%0�0:K&DSVWRQH &�� ���N: ��� ������ ���� 1RW�$YDLODEOH&�� ���N: ��� ������ ���� 1RW�$YDLODEOH(OOLRWW�(QHUJ\6\VWHPV 7$��� ���N: ���� 1RW�$YDLODEOH ���� 1RW�$YDLODEOH7$���� ����N: ���� 1RW�$YDLODEOH ���� 1RW�$YDLODEOH,QJHUVROO�5DQG3RZHU�:RUNV ���60���/0 ���N: ��� ������� ��� �����������60 ����N: �� ������� ��� �������7XUEHF 7���&+3 ����N: ���� 1RW�$YDLODEOH ���� 1RW�$YDLODEOH�,62�'D\��&RUUHFWHG�WR�����2[\JHQ
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���&RQVWUXFWLRQ�RI�D�0LFUR�*DV�7XUELQH����2YHUDOO�FRQVWUXFWLRQ$�PLFUR�JDV�WXUELQH�LV�JHQHUDOO\�GLYLGHG�LQWR�D�FRUH�HQJLQH�VHFWLRQ�FRPSULVLQJD�JHQHUDWRU�� FRPSUHVVRU�� WXUELQH�� FRPEXVWRU�� DQG� UHJHQHUDWRU�� SRZHU� FRQWUROOHUZKLFK�WDNHV�FKDUJH�RI�SRZHU�FRQYHUVLRQ��FRQYHUWLQJ�KLJK�IUHTXHQF\�D��F��SRZHUJHQHUDWHG� LQ� WKH� JHQHUDWRU� WR� FRPPHUFLDO� SRZHU� IUHTXHQF\�� DQG� DXWRPDWLFFRQWURO�RI�WKH�PLFUR�JDV�WXUELQH��IXHO�IHHGHU��DQG�DLU�ILOWHU�IRU�FRPEXVWLRQ�
)LJXUH�����&RQILJXUDWLRQ�RI�0LFUR�*DV�7XUELQH

$V�FOHDU�IURP�WKH�ILJXUH�DERYH��DQ�DLU�LQWDNH�SRUW�DQG�ILOWHU�DUH�DUUDQJHG�LQ�WKHD[LDO� GLUHFWLRQ� RI� FRUH� HQJLQH� VHFWLRQ�� DQG� H[KDXVW� JDV� GLVFKDUJHG� IURP� WKHWXUELQH�SDVVHV�WKH�UHJHQHUDWRU�DUUDQJHG� LQ�D� IRUP�WR�FRQFHQWULFDOO\�ZUDS� LQ� WKHWXUELQH�� FRPEXVWRU�� HWF��DQG� LV�GLVFKDUJHG� IURP� WKH� WRS�RI� WKH�HQFORVXUH� WR� WKHRXWVLGH� RI� WKH� DSSDUDWXV�� � $W� WKH� ERWWRP� RI� WKH� DSSDUDWXV�� D� GLJLWDO� SRZHUFRQWUROOHU� DQG� IXHO� IHHGHU� DUH� ORFDWHG�� � 6LQFH� DOO� WKH� FRPSRQHQWV� DUH� KRXVHGLQVLGH� WKH�HQFORVXUH�DV� GHVFULEHG�DERYH�� WKH�DSSDUDWXV� LV� GHVLJQHG� FRPSDFWO\DQG�FRQYHQLHQWO\�WR�EH�RSHUDWHG�RQO\�E\�FRQQHFWLQJ�IXHO�SLSLQJ��SRZHU�FDEOH��DQGH[KDXVW�JDV�WXEH�



��
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