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*DV�WXUELQHV�DUH�URXWLQHO\�XVHG�IRU�JHQHUDWLQJ�SRZHU�DQG�KHDW���&+3���DQG�LQFUHDVLQJO\��D�SURSRUWLRQ�RI�WKH�KHDW�IURP�WKH�JDV�WXUELQH�H[KDXVW�LV�XVHG�WR�SURYLGH�UHIULJHUDWLRQ�RU�DLU�FRQGLWLRQLQJ�� FRPELQHG�KHDW��SRZHU�DQG�FRROLQJ���2QH�PD\�DGG�DQRWKHU�XVHIXO�RXWSXW�� FKHPLFDOV���%\�XWLOLVLQJ�RQH�RU�PRUH�RI�WKH�FRPSRQHQWV�ZLWKLQ�D�JDV�WXUELQH�F\FOH�DV�D�UHDFWRU��ZH PD\�SRWHQWLDOO\�XVH�D�UDQJH�RI�IHHGVWRFN�WR�SURGXFH�FKHPLFDOV�� WKH�*DV�7XUELQH�5HDFWRU�
7KH� FRPSRQHQWV� ZH� PLJKW� FRQVLGHU� LQFOXGH� WKH� FRPEXVWLRQ� FKDPEHU� DV� D� UHIRUPLQJ� UHDFWRU�� EODGHV� DV� UHDFWRUV��SURYLGLQJ�FRROLQJ�RI�WKH�PHWDO�DV�ZHOO��UHFXSHUDWRUV�DV�KHDW�H[FKDQJHU�UHFWRUV�DQG�LQWHUFRROHUV�KDYLQJ�WKH�VDPH�UROH���7KH�FKHPLFDO�RU�JDV�WXUELQH�HQJLQHHU�PD\�ZHOO�WKLQN�RI�RWKHU�RSSRUWXQLWLHV�LQ�HLWKHU�RSHQ�RU�FORVHG�F\FOH�PDFKLQHV�
7KLV�SDSHU�GLVFXVVHV�VRPH�RI�WKH�DERYH�RSWLRQV��GUDZLQJ�LQ�SDUW�XSRQ�JDV�WXUELQH�EODGH�FRROLQJ�WHFKQRORJLHV�DQG�XSRQUHFHQW�GHYHORSPHQWV�LQ�WKH�8.�DQG�HOVHZKHUH�LQ�+(;�5HDFWRUV�� XQLWV�FRPELQLQJ�UHDFWLRQV�DQG�KHDW�H[FKDQJH�RQ�RQH�RU�PRUH�VLGHV�RI�D�FRPSDFW�KHDW�H[FKDQJHU�
.(<:25'6
*DV�WXUELQHV��UHDFWRUV��EODGH�FRROLQJ��KHDW�H[FKDQJHU�UHDFWRUV�
����,1752'8&7,21
3ULPH�PRYHUV�RI�DOO�W\SHV��UDQJLQJ�IURP�6WLUOLQJ�HQJLQHV�DQG�PLFUR�WXUELQHV� WR�0XOWL�0:� UHFLSURFDWLQJ� HQJLQHV�DQG� DHUR�GHULYDWLYH� JDV� WXUELQHV�� DUH� EHFRPLQJ�LQFUHDVLQJO\� XVHG� IRU� SURYLGLQJ� KHDW� DQG� SRZHU� ±FRPELQHG� KHDW� 	� SRZHU�� � ,Q� D� QXPEHU� RI� LQVWDQFHV��ZKHUH�DLU�FRQGLWLRQLQJ�DQG�RU�UHIULJHUDWLRQ�LV�D�SULRULW\��VXFK� PDFKLQHV� FDQ� DOVR� SURYLGH� FRROLQJ�� HLWKHU� YLD� D�KHDW�GULYHQ�DEVRUSWLRQ�PDFKLQH��RU�LQGLUHFWO\��SURYLGLQJ�HOHFWULFLW\� WR� SRZHU� YDSRXU� FRPSUHVVLRQ� F\FOHV�� � 6XFK�FRPELQDWLRQV�DUH�URXWLQH�LQ�ODUJH�VFDOH�DSSOLFDWLRQV���$Q�DGGLWLRQDO� FKDUDFWHULVWLF� RI� SULPH�PRYHUV�� LQ� SDUWLFXODU�JDV�WXUELQHV��LV�WKH�RSSRUWXQLW\�WR�XVH�WKHP�DV�FKHPLFDO�UHDFWRUV���7KXV�WKH�SULPH�PRYHU�DGGLWLRQDOO\�EHFRPHV�D�FKHPLFDOV�IDFWRU\�
7ZR� H[DPSOHV� DUH� LQWHUFRROHUV� DQG� WXUELQH� EODGH�WKHUPDO� FRQWURO�� � 7KH� LQWHUFRROHU� RQ� D� PXOWL�VWDJH�FRPSUHVVRU�RI�D�JDV�WXUELQH�LV�D�KHDW�H[FKDQJHU�XVHG�WR�FRRO� WKH� ZRUNLQJ� IOXLG� �H�J�� DLU�� EHWZHHQ� FRPSUHVVLRQ�VWDJHV�� LQFUHDVLQJ� WKH� HIILFLHQF\�� � ,QWHUFRROHUV� DUH� KHDW�H[FKDQJHUV��DQG�LQ�PRUH�UHFHQW�WLPHV�KDYH�EHHQ�VHOHFWHG�IURP� D� UDQJH� RI� FRPSDFW� W\SHV�� � &RPSDFW� KHDW�H[FKDQJHUV� DUH� DOVR� XVHG� DV� KHDW� H[FKDQJHU�UHDFWRUV��+(;�UHDFWRUV���ZKHUH�RQH�RU�PRUH�VLGHV�PD\�EH�FRDWHG�ZLWK� D� FDWDO\VW�� WR� DOORZ� D� UHDFWLRQ� WR� WDNH SODFH� WKHUH���7KLV� VXJJHVWV� WKDW� RQH�PLJKW� H[DPLQH� WKH� IHDVLELOLW\� RI�XVLQJ�WKH�FRPSDFW�LQWHUFRROHU�DV�DQ�HQGRWKHUPLF�UHDFWRU��ZLWK� WKH� KHDW� UHPRYHG� IURP� WKH�FRPSUHVVHG�DLU�E\� WKLV�UHDFWLRQ�� � $W� WKH� VDPH� WLPH�� D� XVHIXO� FKHPLFDO� SURGXFW�FRXOG� UHVXOW� IURP� WKH� UHDFWRU� VLGH� RI� WKH� LQWHUFRROHU���2QH�PD\�HQYLVDJH�H[RWKHUPLF� UHDFWLRQV� WDNLQJ�SODFH� LQ�

UHKHDWHUV�� WRR�� � 7KRVH� IDPLOLDU� ZLWK� FKHPLFDOO\�UHFXSHUDWHG� DQG� RWKHU� PRUH� H[RWLF� JDV� WXUELQH� F\FOHV�ZLOO�UHFRJQLVH�WKH�EDVLV�IRU�WKHVH�FRQFHSWV�
$QRWKHU�FKDOOHQJH� WR�JDV� WXUELQH�PDQXIDFWXUHUV� LQ� WKHLU�VHDUFK�IRU� LPSURYHG�HIILFLHQF\�FHQWUHV�RQ�WXUELQH�EODGH�OLIH� DW� KLJK� WHPSHUDWXUHV�� � %ODGH� FRROLQJ� E\� DLU�� VWHDP�HWF��LV�DQ�DSSURDFK�ZKLFK�FDQ�RYHUFRPH�WKH�QHHG�WR�XVH�FHUDPLFV� ± EXW� LW� KDV� LWV� OLPLWDWLRQV�� LQ� WHUPV� RI� KHDW�WUDQVIHU�FRHIILFLHQWV���$OWKRXJK�LPSURYHPHQWV�DUH�EHLQJ�PDGH�� DQG�D� VFDQ�RI� UHFHQW�SDWHQWV� FRQILUPV� WKH�HIIRUWV�EHLQJ�PDGH�LQ�WKLV�GLUHFWLRQ��D�PRUH�UDGLFDO�DSSURDFK�WR�EODGH� WKHUPDO� FRQWURO� PD\� EH� QHHGHG�� � 7KH� VHFRQG�H[DPSOH� LV� WKXV� WKH� XVH� RI� D� FDWDO\VW� RQ� RU� LQVLGH� WKH�EODGH�� WR�DJDLQ�FDUU\�RXW�D� UHDFWLRQ�ZKLFK�ZLOO�FRRO� WKH�H[WHUQDO� EODGH� VXUIDFH�� ZLWKRXW� DGYHUVHO\� LQWHUIHULQJ�ZLWK�WKH�EODGH�JHRPHWU\�SHUIRUPDQFH���%ODGH�FRROLQJ�LV�GLVFXVVHG�ILUVW�EHORZ�
����%/$'(�&22/,1*
7KH� FRQFHSW� RI� EODGH� FRROLQJ� XVLQJ� DQ� HQGRWKHUPLF�UHDFWLRQ�� ZKLFK� LQ� WXUQ� PLJKW� EH� XVHG� WR� SURGXFH� D�XVHIXO� E\�SURGXFW�� ZDV� RQH� RI� WKH� ILUVW� SRLQWHUV� WR� WKH�JDV� WXUELQH� UHDFWRU�� � ,W� V� RI� LQWHUHVW� WR� H[DPLQH� RWKHU�EODGH� FRROLQJ� WHFKQLTXHV� EHIRUH� EULHIO\� GLVFXVVLQJ� WKH�UHDFWLRQ�PHWKRG��KRZHYHU�
%ODGH� FRROLQJ� XVLQJ� OLTXLG� RU� FKDQJH�RI�SKDVH� V\VWHPV�LV� QRW� D� QHZ� FRQFHSW�� KDYLQJ� EHHQ� LQWURGXFHG� ZKHQ�
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WXUELQH� LQOHW� WHPSHUDWXUHV�ZHUH� VLJQLILFDQWO\� ORZHU� WKDQ�WKH\�DUH�WRGD\���+RO]ZDUWK�����LQWURGXFHG�WKH�FRQFHSW�RI�XVLQJ� D� WKHUPRV\SKRQ� WR FRRO� EODGHV� DV� ORQJ� DJR� DV������� � ,W� ZDV� UHFRJQLVHG� WKDW� FHQWULIXJDO� DFFHOHUDWLRQV�ZHUH� RI� WKH� RUGHU� RI� ���J� VXJJHVWLQJ� WKDW� GHQVLW\�YDULDWLRQV� LQ� D� URWDWLQJ� IOXLG� PD\� EH� H[SHFWHG� WR� JLYH�ULVH�WR�VXEVWDQWLDO�QDWXUDO�FLUFXODWLRQ�YHORFLWLHV���7KXV��LI�D� WXUELQH� EODGH� LV� ILUVW� KROORZHG� DQG� WKHQ� ILOOHG�ZLWK� D�IOXLG�� DQ\� KHDW� WUDQVIHUUHG� WR� WKH� EODGH� IURP� WKH� KRW�JDVHV� ZLOO� EH� FRQGXFWHG� LQWR� WKH� IOXLG�� WKHUHE\�LQWURGXFLQJ�UDGLDO�EXR\DQF\�IRUFHV�
2QH� V\VWHP� ZDV� WHVWHG� E\� 6FKPLGW� ���� LQ� WKH� ����V���7KLV� LV� DQ� RSHQ� WKHUPRV\SKRQ� LQ� ZKLFK� WKHUPDO�EXR\DQF\� IRUFHV� JLYH� ULVH� WR� D� FRQYHFWLYH� IOX[� WRZDUGV�WKH� EODGH� URRW�� � 7KH� KHDW� LV� WKHQ� UHPRYHG� HLWKHU� E\�UHPRYLQJ� WKH� FRRODQW� ZLWKRXW� SKDVH� FKDQJH�� RU� E\�HYDSRUDWLRQ� DW� WKH� FRRODQW¶V� IUHH� VXUIDFH� �DV� LQ� D� WZR�SKDVH� KHDW� SLSH� RU� WKHUPRV\SKRQ� ± EXW� WKH� V\VWHP�UHPDLQHG�RSHQ����:DWHU�ZDV�XVHG��RSHUDWLQJ�FORVH�WR�LWV�FULWLFDO�SRLQW��DQG�VKRZHG�WKDW�WXUELQH�LQOHW�WHPSHUDWXUHV�RI�DW�OHDVW�����R&�ZHUH�IHDVLEOH�
7KH� RSHQ� V\VWHP� ZDV� IRXQG� DW� WKH� WLPH� WR� KDYH� D�QXPEHU� RI� GLVDGYDQWDJHV� ± ODUJH� LQWHUQDO� K\GURVWDWLF�SUHVVXUHV�� YLEUDWLRQ� IURP� FRRODQW� LQVWDELOLW\� DURXQG� WKH�URRW��DQG�EORFNDJH�GXH�WR�IRXOLQJ��R[LGDWLRQ���
7KH� DOWHUQDWLYH� RSWLRQ� ZDV� WR� XVH� D� FORVHG�WKHUPRV\SKRQ�V\VWHP�± OLNH�D�KHDW�SLSH���7KLV�SHUPLWWHG�FRQWURO� RI� R[LGDWLRQ� �DV� WKH� V\VWHP� ZDV� VHDOHG� DQG�SXUJHG� RI� DLU��� DQG� DOORZHG� VHSDUDWLRQ� RI� WKH� SULPDU\�DQG� VHFRQGDU\� FRRODQWV�� � /LTXLG� PHWDOV� FRXOG� EH� XVHG�KHUH�DV� WKH�SULPDU\�FRRODQW�� DV� LQ� VRGLXP�ILOOHG�YDOYHV���,Q� SUDFWLFH�� D� VRGLXP�SRWDVVLXP� HXWHFWLF� �1D.�� ZDV�XVHG��DQG�JDYH�PXFK�FRROHU�EODGH�WHPSHUDWXUHV�WKDQ�WKH�RSHQ�V\VWHP�RI�6FKPLGW�� �:DWHU�FRROLQJ�ZDV�DSSOLHG�DW�WKH�EODGH�URRW���$�SDWHQW�VXUYH\�UHYHDOV�WKDW�5ROOV�5R\FH�ZDV� UHFHQWO\� LQWHUHVWHG� LQ� KLJK� WHPSHUDWXUH� KHDW� SLSHV�IRU�EODGH�FRROLQJ�
%ODGH� FRROLQJ� DOVR� IHDWXUHG� LQ� WKH� µ$GYDQFHG� 7XUELQH�6\VWHPV� 3URJUDPPH� ± &RQFHSWXDO�'HVLJQ� DQG� 3URGXFW�'HYHORSPHQW¶�� VXSSRUWHG� E\� WKH� 86� 'HSDUWPHQW� RI�(QHUJ\�����������7KH�DLP�RI�WKLV�SURJUDPPH�LV�WR�SURYLGH�D� SURGXFW� GHYHORSPHQW� SODQ� IRU� DQ� µXOWUD� KLJK�HIILFLHQF\�� HQYLURQPHQWDOO\� VXSHULRU� DQG� FRVW�FRPSHWLWLYH�LQGXVWULDO�JDV�WXUELQH«¶
$LU�UHPDLQV�D�SRSXODU�PHWKRG�RI�FRROLQJ�*7�EODGHV��DQG�PDQ\� SDWHQWV� DQG� VWXGLHV� UHODWH� WR� WKH� XVH� RI� WKLV�PHGLXP�� � +HDW� WUDQVIHU� HQKDQFHPHQW� WHFKQLTXHV� DUH�URXWLQHO\� FRQVLGHUHG�� VXFK� DV� GLVFUHWH� ULEV� LQVLGH� WKH�EODGH�SDVVDJHV�� �����ZLWK�DQ� LQFUHDVLQJ�GHPDQG�IRU� WKLV�W\SH�RI�UHVHDUFK�
6R�FDOOHG�YDSRXU�FRROLQJ�RI�*7�EODGHV�LV�WKH�VXEMHFW�RI�D� SDWHQW� DVVLJQHG� WR� +LWDFKL� ����� � 7KH� YDSRXU� XVHG� WR�FRRO� WKH� EODGHV� �ZKLFK� GRHV� QRW� FKDQJH� SKDVH� DV� LW�SDVVHV�WKURXJK�WKH�EODGHV�� LV�VXSSOLHG�WKURXJK�D�FHQWUDO�SDVVDJH� LQ� D� URWRU� DQG� WKH� YDSRXU�� KDYLQJ� SDVVHG�WKURXJK� WKH� EODGHV�� LV� UHWXUQHG� WR� D� VHFRQG� SDVVDJH� LQ�WKH� URWRU�� � 7KH� SDWHQW� VXJJHVWV� WKDW� ILUVW� DQG� VHFRQG�

VWDJH� EODGHV�� DW� OHDVW�� FRXOG� EH� FRROHG� XVLQJ� WKLV�WHFKQLTXH�
,Q�DQ�HDUOLHU�SDWHQW�����+LWDFKL�XVHG�DV�WKH�VRXUFH�RI�WKH�EODGH�FRRODQW�VRPH�RI�WKH�DLU�IURP�WKH�ILQDO�VWDJH�RI�WKH�FRPSUHVVRU���+RZHYHU��WKLV�DLU�ZDV�WUHDWHG�ZLWK�D�ZDWHU�VSUD\�WR�FRRO�LW�EHIRUH�LW�HQWHUHG�WKH�WXUELQH�EODGH�LQQHU�SDVVDJHV�� � 7KH� SUHVHQFH� RI� GURSOHWV� DOVR� HQKDQFHV�FRROLQJ�E\�HYDSRUDWLQJ�
5HFXSHUDWLYH�VWHDP�FRROHG�JDV� WXUELQH��7KH�6FKPLGW�GRXEOH� WXUELQH� FRQFHSW� GLVFXVVHG� HDUOLHU� ZDV� RQH�DSSURDFK� WR� EHQHILFLDOO\� XVLQJ� WKH� HQHUJ\� H[WUDFWHG� E\�WKH�EODGH�FRRODQW�VWUHDP���:HVWLQJKRXVH�(OHFWULF�����KDV�SURSRVHG�WR�XVH�WKH�FRRODQW��ZKLFK�LV�ERWK�GHOLYHUHG�WR��DQG�H[WUDFWHG� IURP�� WKH�EODGHV� LQ� WKH� IRUP�RI�VWHDP�� WR�DLG� FRPEXVWLRQ� DQG� 12[ UHGXFWLRQ� E\� XVLQJ� LW� DV�LQMHFWHG�VWHDP���,W�DOVR�LPSURYHV�SRZHU�RXWSXW��
%ODGH�FRROLQJ�ZLWK�HQGRWKHUPLF�IXHO� 7KH�SDWHQW�ILOHG�LQ� �����E\� WKH�8QLWHG�6WDWHV�$LU�)RUFH�FRPHV�FORVH� WR�WKH� FRQFHSW� ZKLFK� DOORZHG� WKH� VXEMHFW� RI� WKLV� VWXG\� WR�JHUPLQDWH�� �$V� GHVFULEHG� LQ� ����� WKH�86$)� SURSRVHG� D�KROORZ�*7�WXUELQH�URWRU�EODGH�ZLWK�D�FDWDO\VW�FRDWHG�RQ�WKH� LQQHU� VXUIDFH�� � 7KH� FRROLQJ� ZRXOG� EH� HIIHFWHG� E\�YDSRULVDWLRQ� DQG�GHFRPSRVLWLRQ�RI� DQ�HQGRWKHUPLF� IXHO�LQWURGXFHG� LQWR� WKH� KROORZ� EODGH�� � 7KH� VFKHPDWLFV� LQ�)LJ�����D�	�E� WDNHQ�IURP������VKRZ�LQMHFWLRQ�RI�WKH�IXHO�LQWR�WKH�FRUH�RI�WKH�URWRU�EODGH��IURP�ZKHUH�LW�LV�GLUHFWHG�RQWR� D� FDWDO\VW� FRDWLQJ� WKH� LQQHU� VXUIDFH� RI� WKH� EODGH���7KH� HQGRWKHUPLF� IXHO� FDQ� EH�PHWKDQRO�� -3��� Q�KHSWDQH�RU�PHWK\OF\FORKH[DQH�� DOO� OLTXLGV�� �7KH�GHFRPSRVLWLRQ�SURGXFWV�DUH�JDVHV��DQG�PD\�EH�EXUQW�DV�IXHO�

)LJXUH�����([RWKHUPLF�IXHO�LQMHFWHG�LQWR�D�WXUELQH�EODGH�IRU�FRROLQJ
87&� ����� WDNHV� WKH� DERYH� FRQFHSW� D� OLWWOH� IXUWKHU� E\�LQWURGXFLQJ� D� FDWDO\WLF� UHDFWLRQ� WR�FRRO�KHDW� VRXUFHV�RQ�KLJK� VSHHG� YHKLFOHV�� � 7KH� FRQFHSW� LV� HIIHFWLYHO\� EDVHG�RQ� D� SURGXFW� UHDFWRU� WKH� FDWDO\VW� EHLQJ� VHOHFWHG� WR�SURGXFH� K\GURJHQ� DQG� XQVDWXUDWHG� K\GURFDUERQV� WKDW�
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DUH� XVHG� WR� FRRO� WKH� VWUHDP� VHUYLQJ� WKH� KHDW�JDLQLQJ�FRPSRQHQWV�� �7KH�FDWDO\VW� LV�GHVLJQHG� IRU�D�FRQYHUVLRQ�UDWH�RI�JUHDWHU� WKDQ������SURGXFLQJ�D�WRWDO�KHDW�VLQN�RI�DERXW� ���� N:�NJ� IXHO�� � 7KH� IXHO� VWUHDP� FRQWDFWV� WKH�FDWDO\VW�DW�D�UDWH��OLTXLG�KRXUO\�VSDFH�YHORFLW\��RI����K���
$OOLHG�6LJQDO�,QF�������ODWHU�ILOHG�D�GHULYDWLYH�RI�WKLV��LQ�ZKLFK� D� VHULHV� RI� KHDW� H[FKDQJHUV�� HDFK� FRQWDLQLQJ� D�UHDFWLRQ� SRUWLRQ�� DUH� OLQNHG�� RQ� WKH RWKHU� VLGH� EHLQJ� D�KHDW�VRXUFH�VWUHDP�� �7KLV�VWUHDP�LV�RI�FRXUVH�FRROHG�E\�WKH�HQGRWKHUPLF�UHDFWLRQ��DQG�WKH�FRROHG�VWUHDP�LV�XVHG�WR� UHPRYH� KHDW� IURP� FULWLFDO� FRPSRQHQWV� LQ� K\SHUVRQLF�YHKLFOHV�� �$IWHU� UHKHDWLQJ�� WKH�FRROHG� IOXLG� LV�SDVVHG� WR�WKH�FRPEXVWRU�
1RQH� RI� WKHVH� FRROLQJ� V\VWHPV� PDNH� WUXH� XVH� RI� WKH�UHDFWDQW� DV� D� FKHPLFDO� SURGXFW�� DOWKRXJK� WKH� 86� $LU�)RUFH�FRQFHSW�FRPHV�FORVH���:KDW�PLJKW�EH�HQYLVDJHG�LV�DQ� HQGRWKHUPLF� UHDFWLRQ�� VXFK� DV� RQH� RI� WKH� FDWDO\WLF�GHK\GURJHQDWLRQV��DOWKRXJK�WKHVH�WDNH�SODFH�JHQHUDOO\�DW�ORZHU� WHPSHUDWXUHV��PRUH�DSSURSULDWH� WR� WKH� LQWHUFRROHU�KHDW� H[FKDQJHU�UHDFWRU�� DV� GLVFXVVHG� EHORZ�� 7KHUH�KDYH�EHHQ�FRQFHSWV�VWXGLHG�IRU�FDWDO\WLF�UHDFWLRQV�RQ�WKH�RXWVLGH� RI� WKH� WXUELQH� EODGH� WR� HIIHFW� FRROLQJ�� EXW�FKHPLFDO�UHFRYHU\�ZRXOG�EH�GLIILFXOW�
����,17(5&22/,1*
,Q� JDV� WXUELQHV� LQ� ZKLFK� FRPSUHVVLRQ� LV� VWDJHG�� LW� LV�SRVVLEOH�WR�LQFRUSRUDWH�LQWHUFRROHUV�± KHDW�H[FKDQJHUV�±EHWZHHQ� WKH� FRPSUHVVLRQ� VWDJHV� WR� UHPRYH� WKH� KHDW� RI�FRPSUHVVLRQ� IURP� WKH� SDUWLDOO\� FRPSUHVVHG� DLU�� � 7KH�HIIHFW� RI� LQWHUFRROLQJ� LV� SDUWLFXODUO\� EHQHILFLDO� RQ� JDV�WXUELQHV� ZLWK� KLJK� FRPSUHVVRU� SUHVVXUH� UDWLRV�� � 7KH�F\FOH� VKRZQ� LQ� )LJ�� � LQFRUSRUDWHV� DQ� LQWHUFRROHU� DQG�RWKHU�HIILFLHQF\�ERRVWLQJ�KHDW�H[FKDQJHUV�
7KH� KHDW� UHMHFWHG� LQ� DQ� LQWHUFRROHU� LV� RIWHQ� WDNHQ� WR� D�FRROLQJ�WRZHU��DGGLQJ�WR�SODQW�FDSLWDO�FRVWV��EXW�OHDGLQJ�WR�QR�XVHIXO�GXW\�IRU�WKH�UHMHFWHG�KHDW���

)LJXUH� ��� $Q� LQWHUFRROHU� ZLWK� DQ�HQGRWKHUPLF� UHDFWLRQ� LQ� D� KHDW� H[FKDQJHU �UHDFWRU

$Q� LQYHQWLRQ� DVVLJQHG� WR� WKH� &DOLIRUQLD� (QHUJ\�&RPPLVVLRQ� LQ� WKH� 86$�� ������ SURSRVHV� DW� OHDVW� RQH�ZD\�LQ�ZKLFK�WKH�UHMHFWHG�KHDW�LQ�WKH�LQWHUFRROHU�FDQ�EH�XVHIXOO\� HPSOR\HG�� � 2QH� UROH� LV� WR� XVH� WKH� KHDW�H[FKDQJHU� DV� SDUW� RI� D� UHKHDW� F\FOH�� �$OWHUQDWLYHO\�� WKH�LQWHUFRROHU�KHDW�FDQ�EH�XVHG�YLD�D VHFRQG�KLJK�SUHVVXUH�KHDW� H[FKDQJHU� WR� KHDW� PHWKDQH�IXHO��ZDWHU� PL[WXUHV��JHQHUDWLQJ�D� IXHO�VWHDP�PL[WXUH� IRU� LQMHFWLRQ�LQWR�D� ORZ�12[�FRPEXVWRU�6RPH� ZRUN� KDV� EHHQ� SURSRVHG� RQ� LVRWKHUPDO�LQWHUFRROLQJ� ������ � 7KLV� LQYROYHV� UHPRYLQJ� WKH� KHDW� DW�HDFK�VWDJH�RI�FRPSUHVVLRQ�YLD�WKH�VWDWRU�EODGHV���$�VWXG\�KDV� EHHQ� FDUULHG� RXW� DW� WKH� 8QLYHUVLW\� RI� *HQRYD� LQ�,WDO\�� � $� UHIULJHUDQW� ZDV� XVHG� LQVLGH� WKH� VWDWRU� EODGHV��DQG������LQWHUFRROLQJ�ZDV�DVVXPHG�LQ�HDFK�VWDJH���7KH�UHVXOWV�ZHUH�QRW�SDUWLFXODUO\�HQFRXUDJLQJ�� IRU D�QXPEHU�RI�UHDVRQV�
x 7KH�DLU�VLGH�KHDW�WUDQVIHU�FRHIILFLHQW�ZDV�ORZx 7KH� DLU� VLGH� �VWDWRU�� VXUIDFH� DUHD� ZDV�LQDGHTXDWHx 7KH� VWDWRUV� LQ� WKH� VHOHFWHG� *7� ZHUH� VR� WKLQ�WKDW� LQWHUQDO� SDVVDJHV� ZHUH� GLIILFXOW� WR�LQFRUSRUDWH� �FRPSDUHG� WR� WKDW� IHDVLEOH� LQ�WXUELQH�EODGHV��

7KH� PDLQ� EHQHILW� ZDV� LQ� D� VLJQLILFDQW� GHFUHDVH� LQ�FRPSUHVVRU� SRZHU�� JLYLQJ� D� YHU\� KLJK� VSHFLILF� SRZHU�RXWSXW��N:�NJ�V��
7KH� XVH� RI� KHDW� H[FKDQJHU�UHDFWRUV� �+(;�UHDFWRUV��LQVWHDG� RI� VROHO\� DQ� LQWHUFRROHU� KHDW� H[FKDQJHU� PD\�PDNH�WKH�UHTXLUHG�EUHDNWKURXJK�WR�FKHPLFDOV�SURGXFWLRQ�LQ� WKLV�DUHD�RI� WKH�*7�� �(PSOR\LQJ�SODWHV�VXFK�DV� WKRVH�LOOXVWUDWHG�LQ�)LJ�����XVHG�E\�&KDUW�+HDW�([FKDQJHUV�/WG��LQ� WKHLU� +(;�UHDFWRUV�� D� KHDW� H[FKDQJHU� VWUXFWXUH� PD\�KDYH� D� UHDFWLRQ� WDNLQJ� SODFH� RQ� RQH� RU� ERWK� VLGHV��GHSHQGLQJ� XSRQ� WKH� ORFDWLRQ� RI� FDWDO\WLFDOO\�FRDWHG�VXUIDFHV�

)LJXUH� �� �� 3ODWHV� XVHG� LQ� WKH� &KDUW� +HDW�([FKDQJHU�5HDFWRU
,QWHUFRROLQJ� GXWLHV� VXJJHVW� WKDW� XVHIXO� FRROLQJ� RI� WKH�FRPSUHVVRU� JDV� FRXOG� EH� XQGHUWDNHQ� ZLWK� FDWDO\WLF�GHK\GURJHQDWLRQV� �HQGRWKHUPLF� UHDFWLRQV�� WDNLQJ� SODFH�DW�WHPSHUDWXUHV�LQ�WKH�UDQJH���������.���$OWKRXJK�WKHUH�PXVW� EH� DQ� H[DPLQDWLRQ� RI� WKH� HTXLOLEULXP�WKHUPRG\QDPLFV� YHUVXV� WKH� NLQHWLF� OLPLWDWLRQV� IRU� HDFK�
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UHDFWLRQ�� WKH� W\SHV� RI� FKHPLFDOV� LQYROYHG� PLJKW� UDQJH�IURP� WKH� SURGXFWLRQ� RI� EHQ]HQH� IURP� DURPDWLF�FRPSRXQGV� WR� WKH� GHK\GURJHQDWLRQ� RI� �2+� JURXSV� WR�IRUP�NHWRQHV�
����620(�27+(5�&21&(376
7KHUH� DUH� D� QXPEHU�RI�RWKHU� FRQFHSWV�ZKLFK� VKRXOG�EH�PHQWLRQHG��ZKLFK�PD\�KDYH� VRPH� IXWXUH� LPSDFW�RQ� WKH�JDV�WXUELQH�UHDFWRU�
*DV� WXUELQH� �� IXHO� FHOO�� 86� SDWHQW� �������� �����GHVFULEHV� D� WXUELQH� V\VWHP� ZLWK� D� IXHO� FHOO� ORFDWHG�EHWZHHQ� WKH� FRPSUHVVRU� DQG� WXUELQH�� �'DWD�REWDLQHG� WR�GDWH� VXJJHVW� WKDW� WKH� FRPSUHVVRU� LV� XVHG� WR� UDLVH� WKH�SUHVVXUH�RI�RQH�PHGLXP�ZKLFK�LV�IHG�WR�WKH IXHO�FHOO��WKH�VHFRQG� PHGLXP� EHLQJ� IHG� GLUHFWO\� LQWR� WKH� FHOO�� � 7KH�HOHFWURFKHPLFDO� UHDFWLRQ�� DV� ZHOO� DV� SURGXFLQJ�HOHFWULFLW\�� JLYHV� D� VXIILFLHQWO\� KLJK� H[KDXVW� JDV�WHPSHUDWXUH� WR� DOORZ� WKH� UHMHFW� JDVHV� WR� EH� H[SDQGHG�WKURXJK�D�WXUELQH��GULYLQJ�WKH�FRPSUHVVRU���7KH�FRQFHSW�LV� YDULRXVO\� GHVFULEHG� DV� DQ� µHOHFWURFKHPLFDO�FRPEXVWRU�UHSODFHPHQW� �(&&5�� RU� DV� D� IXHO� FHOO� IRU�FRPEXVWRU�UHSODFHPHQW��)&&5��
$Q� HDUOLHU� SDWHQW� IURP� WKH� 86� 'HSDUWPHQW� RI� (QHUJ\�GHVFULEHV� D� GLIIHUHQW� DSSURDFK� WR� OLQNLQJ� IXHO� FHOOV� DQG�JDV�WXUELQH�F\FOHV���������$Q�LQGLUHFW�KHDWHG�*7�F\FOH�LV�ERWWRPHG�ZLWK�D� IXHO�FHOO�F\FOH�� WKH�KHDWHG�DLU�IURP�WKH�WXUELQH�EHLQJ�XVHG�WR�GLUHFWO\�KHDW�WKH�IXHO�FHOO�FDWKRGH���7KH� KRW� FDWKRGH� UHF\FOHG� JDVHV� SURYLGH� D� VXEVWDQWLDO�SDUW� RI� WKH� KHDW� UHTXLUHG� IRU� LQGLUHFW� KHDWLQJ� RI� WKH�FRPSUHVVHG� DLU� XVHG� LQ� WKH�*7�� �$� VHSDUDWH�FRPEXVWRU�SURYLGHV�WKH�EDODQFH�RI�WKH�KHDW�QHHGV���+RW�JDVHV�IURP�WKH�IXHO�FHOO�UHGXFH�WKH�*7�IXHO�QHHGV�DQG�DOVR�WKH�12[HPLVVLRQV���5HVLGXDO�KHDW�IURP�WKH�IXHO�FHOO�PD\�EH�XVHG�LQ�D�VWHDP�F\FOH�RU�IRU�DEVRUSWLRQ�FRROLQJ�
)XHO� FHOO�JDV� WXUELQH� FRPELQDWLRQV� DUH� EHFRPLQJ� RI�LQFUHDVLQJ� LQWHUHVW� LQ� ������ EXW� DUH� OHVV� UHOHYDQW� WR�FKHPLFDOV�SURGXFWLRQ�
5HIRUPLQJ� DQG� UHKHDW� FRPEXVWLQJ� LQ� D� *7�� ,Q� WKLV�V\VWHP� ����� D� PL[WXUH� RI� VWHDP� DQG� D� FRPEXVWLEOH�µHIIOXHQW¶� VXFK� DV� PHWKDQH� LV� UHIRUPHG� RU� SDUWLDOO\�R[LGLVHG� WR� SURGXFH� D� K\GURJHQ�ULFK� IXHO�� � 7KLV� IXHO� LV�WKHQ� XVHG� IRU� SULPDU\� FRPEXVWLRQ� DQG� DOVR� IRU� UHKHDW�XSVWUHDP� RI� WKH� ILQDO� WXUELQH� VWDJH�� � 7KH� UHKHDW� LV�HIIHFWHG� E\� LQMHFWLRQ� RI� WKH� K\GURJHQ� WKURXJK� FRROLQJ�RULILFHV�RI�WKH�ILUVW�WXUELQH�XSVWUHDP�RI�WKH�ILQDO�WXUELQH�VWDJH�� DQG�RU� IURP� WKH� WUDLOLQJ� HGJHV� RI� WKH� VWDWLRQDU\�YDQHV�RU�URWDWLQJ�EODGHV���7KLV�DOORZV�DXWR�LJQLWLRQ�
7KH�SDWHQW�DOVR�SURSRVHV�WKDW�WKH�K\GURJHQ�ULFK�IXHO�FDQ�EH�XVHG�IRU�EODGH�FRROLQJ�EHIRUH�UH�LQMHFWLRQ�
5HIRUPLQJ� XVLQJ� H[KDXVW� KHDW�� 3HUKDSV� WKH� PRVW�REYLRXV�DQG�OHDVW�H[FLWLQJ�ZD\�RI�XVLQJ�D�JDV�WXUELQH�DV�D�UHIRUPHU�LV�WR�XVH�WKH�H[KDXVW�KHDW�GRZQVWUHDP�RI�WKH�SRZHU� WXUELQH�� � 7KH�*(� SURSRVDO� FRYHUV� WKLV� ������ WKH�UHIRUPHU� SURGXFLQJ� IXHO� IRU� WKH� FRPEXVWLRQ� FKDPEHU���

$GGLWLRQDOO\�� RWKHU�PHDQV� IRU� KHDWLQJ� WKH� UHIRUPHU� DUH�SURSRVHG�
����&21&/86,216
7KH� JDV� WXUELQH� PD\� EH� FRPELQHG� ZLWK� D� QXPEHU� RI�XVHIXO�UHDFWLRQV�ZKLFK�FDQ�EHQHILW�WKH�WXUELQH�F\FOH�DQG�SRWHQWLDOO\�SURGXFH�XVHIXO�FKHPLFDOV���
,W� LV�SRVVLEOH�WKDW� WKH�SURGXFWLRQ�RI�FKHPLFDOV��KHDW�DQG�SRZHU�ZLWKLQ� WKH� VDPH�XQLW� � D�JDV� WXUELQH� � FDQ�ILQG�D�QLFKH� PDUNHW� ZLWKLQ� WKH� SHWURFKHPLFDOV� VHFWRU� RI�LQGXVWU\�
5HIHUHQFHV
�� +RO]ZDUWK�� +�� � 'LH� (QWLZLFNOXQJ� GHU� +RO]ZDUWK�*DVWXUELQH�� +RO]ZDUWK� *DVWXELQHQ� *PE+��0XHOOKHLP�5XKU��������� 6FKPLGW�� (�� � +HDW� WUDQVPLVVLRQ� E\� QDWXUDO�FRQYHFWLRQ� DW� KLJK� FHQWULIXJDO� DFFHOHUDWLRQ� LQ�ZDWHU�FRROHG� JDV� WXUELQH� EODGHV�� � *HQHUDO�'LVFXVVLRQ� RQ� +HDW� 7UDQVIHU�� 3URF�� ,0HFK(��/RQGRQ��,9���������� ������� .DUVWHQVHQ�� .�:�� � $GYDQFHG� 7XUELQH� 6\VWHPV�3URJUDP� &RQFHSWXDO� 'HVLJQ� DQG� 3URGXFW�'HYHORSPHQW�� � 4XDUWHUO\� 5HSRUW�� )HEUXDU\�$SULO��������6RODU�7XUELQHV��,QF��-XO\�������� $QRQ�� � ,ELG�� 4XDUWHUO\� 5HSRUW�� $XJXVW�2FWREHU��������6RODU�7XUELQHV��,QF��-DQXDU\�������� 5HD\��'�$��DQG�5DPVKDZ��&���$Q�LQYHVWLJDWLRQ�LQWR�FDWDO\WLF� FRPEXVWLRQ�� � &RQWUDFWRUV¶� 5HSRUW��VXEPLWWHG�WR�(768��+DUZHOO��$XJXVW�������� 86� 3DWHQW� ��������� � *DV� WXUELQH�� � $VVLJQHG� WR�+LWDFKL��-DSDQ��LVVXHG���'HFHPEHU�������� 86� 3DWHQW� ��������� � 0HWKRG� RI FRROLQJ� D� JDV�WXUELQH� EODGH� DQG� DSSDUDWXV� WKHUHIRU�� �$VVLJQHG� WR�+LWDFKL��7RN\R��ILOHG����1RYHPEHU�������� 86� 3DWHQW� ��������� � 5HFXSHUDWLYH� VWHDP� FRROHG�JDV� WXUELQH� PHWKRG� DQG� DSSDUDWXV�� � $VVLJQHG� WR�:HVWLQJKRXVH�(OHFWULF�&RUSRUDWLRQ��3LWWVEXUJK��3D������-XQH�������� 86� 3DWHQW� ��������� � 7XUELQH� EODGH� FRROLQJ� ZLWK�HQGRWKHUPLF� IXHO�� � $VVLJQHG� WR� WKH� 86$� DV�UHSUHVHQWHG�E\�WKH�6HFUHWDU\�RI�WKH�$LU�)RUFH��ILOHG���-XO\��������� 86� 3DWHQW� ��������� � 0HWKRG� RI� FRROLQJ� ZLWK� DQ�HQGRWKHUPLF� IXHO�� � $VVLJQHG� WR� 8QLWHG�7HFKQRORJLHV� &RUSRUDWLRQ�� +DUWIRUG�� &7�� ILOHG� ���0D\��������� 86� 3DWHQW� ��������� � (QGRWKHUPLF� IXHO� SRZHU�JHQHUDWRU� DQG� PHWKRG�� � $VVLJQHG� WR� $OOLHG�6LJQDO�,QF���0RUULV�&RXQW\��1-��ILOHG���'HFHPEHU��������� 86� 3DWHQW� ��������� � 3HUIRUPDQFH� HQKDQFHG� JDV�WXUELQH� SRZHUSODQWV� $VVLJQHG� WR� &DOLIRUQLD�(QHUJ\�&RPPLVVLRQ�� 6DFUDPHQWR�� &$�� ���2FWREHU��������� &ROLQ�0F'RQDOG���3ULYDWH�FRPPXQLFDWLRQ���� 86� 3DWHQW� ��������� � 8OWUD�KLJK� HIILFLHQF\� WXUELQH�DQG� IXHO� FHOO� FRPELQDWLRQ�� � $VVLJQHG� WR� =WHF�
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&RUSRUDWLRQ�� :DOWKDP�� 0DVVDFKXVVHWWV�� LVVXHG ��'HFHPEHU��������� 86� 3DWHQW� ��������� � ,QGLUHFW�ILUHG� JDV� WXUELQH�ERWWRPHG� ZLWK� IXHO� FHOO�� � $VVLJQHG� WR� 86�'HSDUWPHQW�RI�(QHUJ\��ILOHG����2FWREHU��������� 86� 3DWHQW� ��������� � +\GURJHQ�ULFK� IXHO�� FORVHG�ORRS�FRROHG��DQG�UHKHDW�HQKDQFHG�JDV�WXUELQH�SRZHU�SODQW�� $VVLJQHG�WR�&DOLIRUQLD�(QHUJ\�&RPPLVVLRQ��6DFUDPHQWR��&$��LVVXHG���-DQXDU\��������� 86� 3DWHQW� ��������� � &KHPLFDOO\� UHFXSHUDWHG� JDV�WXUELQH�� � $VVLJQHG� WR� *HQHUDO� (OHFWULF� &RPSDQ\��&LQFLQQDWL��2+��ILOHG����'HFHPEHU������
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