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ZRUN�EHFDXVH�RI�D�GHVLJQ�UHVWULFWLRQ�RQ�WKH�FRQGHQVDWLRQ�SURFHVV�LQ�KHDW�VWRUDJH���7R�DYRLG�XQHFRQRPLFDO�HQHUJ\�FRQVXPSWLRQ�� WKH� PHFKDQLFDO� ZRUN� PXVW� EH� GLVSHUVHG�ZLWK�� � 0RUHRYHU�� D� KHDW� RXWSXW� RSHUDWLRQ� VWXG\� XQGHU�KLJKHU� SUHVVXUH� ZDV� DOVR� UHTXLUHG� WR� H[SDQG� WKH�DSSOLFDELOLW\�RI�WKH�KHDW�SXPS��EHFDXVH�D�KLJKHU�SUHVVXUH�UHDFWLRQ� ZDV� DGYDQWDJHRXV� IRU� WKH� HQKDQFHPHQW� RI� WKH�KHDW� SXPS� RXWSXW� SHUIRUPDQFH�� � 7KHUHIRUH�� LQ� WKH�SUHVHQW�ZRUN�D�QHZ�KHDW�SXPS�V\VWHP�WKDW�ZDV�WKHUPDOO\�GULYHQ� DQG� FDSDEOH� RI� EHLQJ� RSHUDWHG� XQGHU� KLJK�SUHVVXUH�ZDV�H[DPLQHG���� +($7� 6725$*(� )25 &2*(1(5$�7,217KH�FKHPLFDO�KHDW�SXPS� LV�EHLQJ�GHYHORSHG�IRU�HQHUJ\�HIILFLHQF\� HQKDQFHPHQW� RI� D� FRJHQHUDWLRQ� E\� XVLQJ� LWV�FKHPLFDO� KHDW� VWRUDJH� DELOLW\�� $� FRQYHQWLRQDOFRJHQHUDWLRQ�V\VWHP�VKRZQ� LQ�)LJXUH��� �D��XVHV D VKDIW�ZRUN�DQG�H[KDXVW�KHDW�RI� D�JDV��GLHVHO HQJLQH RU�PLFUR�JDV� WXUELQH IRU� HOHFWULFDO� DQG� KHDW� RXWSXW�� UHVSHFWLYHO\���7KH� KLJK� WHPSHUDWXUH� H[KDXVW� JDV� RI� WKH� HQJLQH� LV�JHQHUDOO\� XVHG� WR� JHQHUDWH� VWHDP� DW� DQ H[KDXVW� JDVERLOHU�� +RZHYHU�� VLQFH� WKH� GHPDQG� IRU� WKH� HOHFWULFDO�RXWSXW� LV� JHQHUDOO\ LQFRQVLVWHQW� ZLWK� WKDW� IRU� WKH� KHDW�RXWSXW�� D� ODUJH� DPRXQW� RI� VXUSOXV� KHDW� RXWSXW� LV�RFFDVLRQDOO\ GLVFKDUJHG� LQWR� WKH� DWPRVSKHUH� DV� VKRZQ�&KHPLFDO� KHDW� VWRUDJH� KDV� D� SRVVLELOLW\� WR� HQKDQFH� WKH�HQHUJ\�XVH�HIILFLHQF\�RI�D�FRJHQHUDWLRQ�� �7KH�SURSRVHG�V\VWHP LV�VKRZQ�LQ�)LJXUH���E����7KH�V\VWHP�FRQVLVWV�RI�D� FRJHQHUDWLRQ HQJLQH� DQG� D� FKHPLFDO� KHDW� VWRUDJH�V\VWHP�� � 7KH� KHDW� VWRUDJH� V\VWHP LV� RSHUDWHG� LQ� EDWFK�PRGH� EHWZHHQ� D� KHDW� VWRUDJH� PRGH� DQG� D� KHDW� RXWSXW�PRGH�� � ,Q� WKH� KHDW� VWRUDJH� PRGH�� DQ HQGRWKHUPLFUHDFWLRQ� SURFHVV� RI� WKH� FKHPLFDO� KHDW� VWRUDJH� V\VWHP�SURFHHGV� E\� FRQVXPLQJ� VXUSOXV� ZDVWH� KHDW� JHQHUDWHG�IURP�WKH�HQJLQH�� ,Q�WKH�KHDW�RXWSXW�PRGH��DQ�H[RWKHUPLF�UHDFWLRQ� SURFHVV� RI� WKH� VWRUDJH� V\VWHP� SURFHHGV�JHQHUDWLQJ� D� UHDFWLRQ� KHDW� RXWSXW�� � %HFDXVH� WKH� KHDW�VWRUDJH� V\VWHP� FRXOG� VWRUH� KHDW� IRU� ORQJHU� SHULRG� DV�FKHPLFDO� UHDFWDQWV�� DQG� WKH� KHDW� RXWSXW� WHPSHUDWXUH�FRXOG�EH�YDULDEOH�E\�FKRRVLQJ�UHDFWLRQ�FRQGLWLRQV�� WKHQ�WKH� KHDW� RXWSXW� ZRXOG� EH� VXSSOLHG� DW� YDULRXV�WHPSHUDWXUHV��ZKHQ� LW� LV� UHTXLUHG�� � ,Q� FRQVHTXHQFH�� WKH�VXUSOXV� KHDW� LV� XWLOL]HG� PRUH� HIILFLHQWO\� WKDQ� D�FRQYHQWLRQDO�KHDW�VWRUDJH�V\VWHP������+HDW�VWRUDJH�XVLQJ�UHYHUVLEOH�FKHPLFDO�UHDFWLRQ$OWKRXJK� WKHUH� DUH� D� ORW� RI� ZD\V� IRU� KHDW� VWRUDJH�� WKH�WKHUPDO� SHUIRUPDQFH� RI� D� KHDW� VWRUDJH� V\VWHP� GHSHQGV�RQ WKHUPRG\QDPLF� SURSHUWLHV� RI� WKH� XVHG� KHDW� VWRUDJH�PDWHULDOV�� � +LJKHU�KHDW� VWRUDJH� GHQVLW\� DQG� UHDFWLRQ�UHYHUVLELOLW\� DUH� UHTXLUHG� RQ� WKH� PDWHULDOV� IRU� KHDW�VWRUDJH�� � )LJXUH� �� VKRZV� HQHUJ\� GHQVLWLHV� RI� SK\VLFDO�DQG�FKHPLFDO�FKDQJHV�IRU�KHDW�VWRUDJH���+HDW�GHQVLW\�RI�FKHPLFDO� FKDQJHV� LV� UHODWLYHO\� KLJKHU� WKDQ� RQH� RI�SK\VLFDO� FKDQJHV�� � 6HQVLEOH� KHDW� DQG� SKDVH� FKDQJHV� LQ�SK\VLFDO� FKDQJHV� DUH� SRSXODU� V\VWHP� IRU� FRQYHQWLRQDO�KHDW�VWRUDJH�WHFKQRORJLHV�EHFDXVH�RI�ZHOO�UHYHUVLELOLW\�RI�

WKHLU� FKDQJHV�� � 2Q� WKH� RWKHU� KDQG�� FKHPLFDO� FKDQJHV�VXFK�DV�R[LGDWLRQ�DUH� LUUHYHUVLEOH DQG�KDUG� WR�DSSO\� IRU�UHSHWLWLYH� KHDW� VWRUDJH� RSHUDWLRQ�� � 7KHQ�� UHYHUVLEOH�FKHPLFDO�UHDFWLRQ�LV�H[SHFWHG�WR�KDYH SRWHQWLDO� IRU�KHDW�VWRUDJH� DQG� HQHUJ\� XWLOL]DWLRQ� SURFHVV� LQ� WKH� QH[W�JHQHUDWLRQ� EHFDXVH� RI� LWV� UHODWLYH� KLJK�HQHUJ\� GHQVLW\�DQG�UHYHUVLELOLW\�

)LJ��� $SSOLFDWLRQ� RI� D� FKHPLFDO� KHDW�VWRUDJH�V\VWHP�RQ�D�FRJHQHUDWLRQ�V\V WHP��D��WKHUPDO� IORZ� RI� D� FRQYHQWLRQDO�FRJHQHUDWLRQ���E��WKHUPDO�IORZ�RI�FRPELQHG�V\VWHP� RI� D� FKHPLFDO� KHDW� VWRUDJH� DQG�FRJHQHUDWLRQ�

)LJ��� &RPSDULVRQ� RI� KHDW� GHQVLW\� RI�FKHPLFDO� DQG� SK\VLFDO� FKDQJHV� IRU� KHDW�VWRUDJH������0DJQHVLXP�R[LGH�ZDWHU�FKHPLFDO�KHDW�SXPS$�FKHPLFDO�KHDW�SXPS�WKDW�XVHV D�UHYHUVLEOH�PDJQHVLXP�R[LGH�ZDWHU�UHDFWLRQ�V\VWHP�WR�SURPRWH�KHDW�VWRUDJH�DQG�HQHUJ\� XWLOLVDWLRQ� KDV� EHHQ� H[DPLQHG� E\� %KDWWL� DQG�'ROOLPRUH�>�@��(UYLQ >��@�DQG .DWR HW�DO��>�@���7KLV KHDW�SXPS�LV�EDVHG�RQ�WKH�IROORZLQJ�HTXLOLEULD�
0J2�V��+�2�J�l0J�2+���V�� '+q� �� ���� N-�PRO����+�2�J�l+�2�O�� '+q� �� ���� N-�PRO� ���
7KLV�KHDW�SXPS�HQDEOHV�WKHUPDO�HQHUJ\ WR�EH�VWRUHG�YLDWKH� GHK\GUDWLRQ� RI� PDJQHVLXP� K\GUR[LGH� �WKH� ULJKW�
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GLUHFWLRQ�RI�(TXDWLRQ ���DQG� UHOHDVHV� WKH� VWRUHG� HQHUJ\�RQ�GHPDQG�YLD WKH�K\GUDWLRQ�RI�PDJQHVLXP�R[LGH���7KH�SULQFLSOH�RI� WKLV�KHDW� SXPS� LV� VKRZQ� LQ�)LJXUH� ��� �7KH�KHDW�SXPS�FRQVLVWV�RI�D�PDJQHVLXP�R[LGH�UHDFWRU�DQG�D�ZDWHU� UHVHUYRLU�� 7KH� KHDW� SXPS� KDV� WZR� RSHUDWLRQ�PRGHV�� KHDW� VWRUDJH� PRGH� DQG� KHDW� RXWSXW� PRGH�� � ,Q�KHDW� VWRUDJH� PRGH� �)LJ�� �� �D���� PDJQHVLXP� K\GUR[LGH��0J�2+���� LV� GHK\GUDWHG� E\� VXUSOXV� KHDW� DW� 7G���*HQHUDWHG�YDSRU LV�FRQGHQVHG DW�WKH�UHVHUYRLU�DW�7FG���,Q�KHDW�RXWSXW�PRGH� �)LJ�� �� �E����ZDWHU LQ� WKH� UHVHUYRLU LV�UHKHDWHG� E\� KHDW� DW D ORZ� WHPSHUDWXUH�� 7HY�� 7KH�K\GUDWLRQ�RI�PDJQHVLXP�R[LGH�SURFHHGHG� LQ� WKH� UHDFWRU�E\� LQWURGXFLQJ WKH� YDSRU�� DQG� K\GUDWLRQ� KHDW� DW� 7K LV�JHQHUDWHG�7KH�KHDW�SXPS�ZRXOG�EH�D�XQLTXH V\VWHP�WKDW�FDQ�VWRUH�D�KHDW�DW�DURXQG�����R&�DQG�DPSOLI\�WKH�KHDW�LQWR�D�KHDW�DW� DURXQG� ���R&�� � 7KH� DGYDQWDJHRXV� RI� WKH� KHDW� SXPS�DUH� WKDW� H[KDXVW� RU� VXUSOXV� KHDW� JHQHUDWHG� IURP� D�FRJHQHUDWLRQ� SURFHVV FDQ� EH� VWRUHG� E\� WKH� KHDW� SXPS��WKH� UHDFWDQW� PDWHULDOV� DUH� VDIHW\� HFRQRPLFDO DQGHQYLURQPHQWDOO\�IULHQGO\�DQG�ORQJHU�WHUP�KHDW�VWRUDJH�LV�SRVVLEOH�FRPSDUHG�ZLWK�FRQYHQWLRQDO�KHDW�VWRUDJH�

)LJ���� 3ULQFLSOH�RI�WKH�FKHPLFDO�KHDW�SXPS���D��KHDW�VWRUDJH�PRGH���E��KHDW�RXWSXW�PRGH����(;3(5,0(17$� VFKHPDWLF� GLDJUDP� RI� WKH� H[SHULPHQWDO� DSSDUDWXV� RI�WKH� WKHUPDOO\� GULYHQ� FKHPLFDO� KHDW� SXPS� LV� VKRZQ� LQ�)LJXUH�����7KH�KHDW�SXPS�FRQVLVWV�RI�D�UHDFWLRQ�FKDPEHU����� DQG� ZDWHU� UHVHUYRLU� ������ � %RWK� FKDPEHUV� DUH�FRQQHFWHG�E\�D�IOH[LEOH�WXEH�����DQG�VWRS�YDOYH������DQG�WKH� FKDPEHUV¶ WHPSHUDWXUHV� DUH� FRQWUROOHG� E\� MRXOH�KHDWHUV�����DQG�������DQG�D�KHDWLQJ�WXEH������� �5HDFWDQW�YDSRU� ZDV� PRYHG� EHWZHHQ� WKH� FKDPEHUV� WKURXJK� WKH�VWRS�YDOYH�E\�SUHVVXUH�GLIIHUHQFH�DORQH���)LJXUH���VKRZV�GHWDLO� RI� WKH� F\OLQGULFDO� SDFNHG� EHG� UHDFWRU�� ���� ZKLFK�DSSHDUV� LQ� )LJXUH� ��� LQ� WKH� UHDFWLRQ� FKDPEHU�� � 7KH�UHDFWRU�LV�PDGH�RI�VWDLQOHVV�VWHHO�KDYLQJ�LQVLGH�GLDPHWHU�RI����PP�DQG�KHLJKW�RI����PP������J�RI�3DUWLFOH�UHDFWDQW�RI�0J�2+�� �DYJ��GLDPHWHU�RI�����PP��LV FKDUJHG�LQ�WKH�UHDFWRU�� � 7KH� UHDFWRU� WHPSHUDWXUH� ZDV� PDLQWDLQHG�LQGHSHQGHQWO\� E\� D� MRXOH� KHDWHU� VXUURXQGLQJ� WKH� RXWHU�

VXUIDFH� RI� WKH� UHDFWRU� �GHSLFWHG� DV� ���� LQ� )LJ�� ��� DVLGH�IURP� LQQHU� DWPRVSKHUH� WHPSHUDWXUH� RI� WKH� UHDFWLRQ�FKDPEHU�� � 6RPH� WKHUPRFRXSOHV�ZHUH� LQVWDOOHG� DW� VRPH�SRLQWV� LQ� WKH� UHDFWRU� EHG� LQ� RUGHU� WR� PHDVXUH� WKH� EHG�WHPSHUDWXUH�FKDQJH���7KH�SRVLWLRQV�DQG�QRWDWLRQV�RI�WKH�WKHUPRFRXSOHV�DUH�GHSLFWHG�LQ�)LJXUH�����$�FDS�����ZDV�LQVWDOOHG� IRU� HQKDQFHPHQW� RI� WKHUPDO� LQVXODWLRQ� DW� WKH�XSSHU�EHG�VXUIDFH���7KH�UHDFWLRQ�SUHVVXUH ZDV�JHQHUDWHG�E\� WKH� LQWURGXFWLRQ� RI� WKH� YDSRU� IURP� WKH� ZDWHU�UHVHUYRLU��DQG�WKH�SUHVVXUH�RI� WKH�YDSRU�ZDV�PDLQWDLQHG�E\� WKH� UHVHUYRLU� ZDWHU� WHPSHUDWXUH� FRQWURO XVLQJ� D�KHDWLQJ� WXEH� DQG� MRXOH� KHDWHU�� ����� DQG� ����� LQ� )LJ�� ����7KH�SUHVVXUH�ZDV�PRQLWRUHG�E\�D�SUHVVXUH�JDXJH�� 7KH�ZHLJKW� FKDQJH� RI� WKH� UHDFWRU� GXULQJ� UHDFWLRQV� ZDV�PHDVXUHG� GLUHFWO\ E\� D� EDODQFH�� ���� LQ� )LJ�� ��� � 7KH�PDJQHVLXP� K\GUR[LGH� RI� WKH� LQLWLDO� UHDFWDQW� ZDV�SURGXFHG� IURP� DQ XOWUD� ILQH� PDJQHVLXP� R[LGH� SRZGHU��DYJ��SDUWLFOH�GLDPHWHU���� QP��8%(�0DWHULDOV�&R��/WG���DQG� ZDWHU�� � 7KH XOWUD� ILQH� R[LGH� SRZGHU� ZDV� K\GUDWHG�ZLWK�SXULILHG�ZDWHU LQ� D� EDOO�PLOO�� �$IWHU� K\GUDWLRQ� WKH�SDVW\� SURGXFW� ZDV� GULHG� DQG� WKH� UHVXOWLQJ� IODNHV� ZHUH�VLHYHG�

)LJ��� 6FKHPDWLF� GLDJUDP� RI� W KHUPDOO\�GULYHQ� PDJQHVLXP� R[LGH�ZDWHU� FKHPLFDO�KHDW� SXPS� V\VWHP�� ���� UHDFWLRQ� FKDPEHU�� ����SDFNHG�EHG�UHDFWRU������WKHUPRFRXSOHV������MRXOH�KHDWHU������EDODQFH����� IOH[LEOH�WXEH� ����YDFXXP�SXPS������VWRS�YDOYH������VDIHW\�YDOYH� �����ZDWHU�UHVHUYRLU�� ����� KHDWLQJ� WXEH�� ����� MRXOH� KHDWHU������� SUHVVXUH� JDXJH�� ����� FLUFXODWRU� RI� FRROLQJ�ZDWHU�������FRPSXWHU�

)LJ��� 7KH�SDFNHG�EHG�UHDFWRU������UHDFWDQW������UHDFWRU������MRXOH�KHDWHU������LQVXODWLRQ�FDS�
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�����([SHULPHQWDO�SURFHGXUH7KH�IROORZLQJ�UHSHWLWLYH�F\FOH�RSHUDWLRQ�ZDV�FDUULHG�RXW�GXULQJ�HDFK�H[SHULPHQW�XVLQJ�WKH�VDPH�UHDFWDQW�
+HDW�VWRUDJH +HDW�RXWSXW 5HSHWLWLRQ0J�2+�� Æ 0J2 Æ 0J�2+�� Æ« ���'HK\GUDWLRQ +\GUDWLRQ

7KH� VWDEOH� UHDFWLYLW\� WR� WKH� UHSHWLWLYH� F\FOH� RI� WKH�UHDFWDQW�KDV�EHHQ�GHPRQVWUDWHG�>�@�� �7KH�UHDFWLYLW\�ZDV�PDLQWDLQHG� GXULQJ� ��� UHSHDW� F\FOHV�� DIWHU� DQ� LQLWLDO�UHDFWLYLW\� UHGXFWLRQ� GXULQJ� WKH� LQLWLDO� �� F\FOHV���7KHUHDIWHU�� WKH� UHDFWLYLWLHV� XQGHU� VRPH� UHDFWLRQ�FRQGLWLRQV�PHDVXUHG�GXULQJ�WKH��WK�WR���WK�F\FOHV�ZHUH�FRPSDUHG��$IWHU� LQLWLDO�UHPRYDO�RI� UHVLGXDO�JDV� IURP�WKH�DSSDUDWXV�XVLQJ�D�YDFXXP�SXPS��WKH�V\VWHP�ZDV�GULYHQ�WKHUPDOO\�ZLWK�QR�PHFKDQLFDO�SXPS�ZRUN�� � ,Q�KHDW�VWRUDJH�PRGH��GHK\GUDWLRQ� RI� 0J�2+�� LQ� WKH� EHG� ZDV� FDUULHG� RXW���7KH� VWRS� YDOYH�� ���� LQ� )LJ�� ��� ZDV� FORVHG� LQLWLDOO\�� � $�ZDWHU� FRRODQW� ZDV� FLUFXODWHG� LQ� D� KHDWLQJ� WXEH� LQ� WKHZDWHU� UHVHUYRLU�� � 7KH� GHK\GUDWLRQ� SUHVVXUH� ZDV�FRQWUROOHG� E\� WKH� YDSRU� SUHVVXUH� RI� ZDWHU� LQ� WKH�UHVHUYRLU���7KH�YDSRU�SUHVVXUH�ZDV�NHSW�FRQVWDQW�E\�WKH�UHVHUYRLU� ZDWHU� WHPSHUDWXUH� FRQWURO� XVLQJ� WKH� KHDWLQJ�WXEH�� � 7KH� UHDFWRU� WHPSHUDWXUH� ZDV� UDLVHG� WR� D�GHK\GUDWLRQ� WHPSHUDWXUH� E\� WKH� UHDFWRU� MRXOH� KHDWHU���7KHQ�� 0J2� DQG� ZDWHU� ZDV� JHQHUDWHG� E\� GHK\GUDWLRQ���:KHQ� WKH� VWRS� YDOYH� ZDV� RSHQHG�� WKH� JHQHUDWHG� YDSRU�FRQGHQVHG�LQ�WKH�ZDWHU�UHVHUYRLU���7KH�UHDFWLRQ�SURJUHVV�ZDV�PHDVXUHG�E\�WKH�EDODQFH DQG�E\�WKH�WKHUPRFRXSOHV���7KH�VWRS�YDOYH�ZDV�FORVHG�DW�WKH�HQG�RI�WKH�UHDFWLRQ�,Q�KHDW�RXWSXW��K\GUDWLRQ��PRGH��WKH�ZDWHU�UHVHUYRLU�ZDV�KHDWHG� WR� JHQHUDWH� D� VSHFLILHG� UHDFWLRQ� YDSRU� SUHVVXUH���7KH� UHDFWRU� DQG� UHDFWLRQ� FKDPEHU� WHPSHUDWXUHV� ZHUH�PDLQWDLQHG� DW� SUHGHWHUPLQHG� K\GUDWLRQ� WHPSHUDWXUH��ZKLFK� LV� ��R&� KLJKHU� WKDQ� WKH� YDSRU� WHPSHUDWXUH� LQ�RUGHU� WR� DYRLG� YDSRU� FRQGHQVDWLRQ�� � $IWHU� WKH� UHDFWRU�DQG� WKH� UHVHUYRLU� DWWDLQHG� WKH� VWHDG\� VWDWH�� VWHDP�JHQHUDWHG� E\� WKH� UHVHUYRLU� ZDV� LQWURGXFHG� LQWR� WKH�K\GUDWLRQ�FKDPEHU�YLD�WKH�YDOYH���7KH�PDJQHVLXP�R[LGH�UHDFWHG�ZLWK�WKH�VWHDP�DQG�KHDW�RXWSXW�ZDV�JHQHUDWHG�7KH�UHDFWRU
V�ZHLJKW�FKDQJH�GXH�WR WKH�UHDFWLRQ��'P� ZDV�FDXVHG� E\ WKH� PRYHPHQW� RI� YDSRU�� � 7KXV�� WKH� PROH�UHDFWHG�IUDFWLRQ��[ >�@��LV GHILQHG�DV�IROORZV�� �� �0J�2+��0J�2+��
+�2��� 0P 0P[ '� ���

ZKHUH P0J�2+�� LV WKH� LQLWLDO� FKDUJHG� ZHLJKW� RI�PDJQHVLXP�K\GUR[LGH�LQ�WKH�UHDFWRU�EHG���7KH�K\GUDWLRQ�H[SHULPHQWV� VWDUWHG� IURP� WKH� GHK\GUDWHG� VWDWH�� � 7KH�GHK\GUDWLRQ�RI�HDFK�VDPSOH�GLG�QRW�SURFHHG�WR�[ � GXH�WR� WKH� H[LVWHQFH RI� VWUXFWXUDO�ZDWHU LQ� WKH� UHDFWDQW�� DQG�WKH� VDPSOH� VDWXUDWHG� DW� DURXQG� [ ����� � +\GUDWLRQ�VDWXUDWHG� DW� DURXQG� [ ����� � ,Q� RUGHU� WR� REWDLQ� DQ�REMHFWLYH�FRPSDULVRQ�RI�WKH�UHDFWLRQ�UHDFWLYLW\��WKH�PROH�UHDFWHG�IUDFWLRQ�FKDQJH��'[ >�@��LV�GHILQHG�DV�IROORZV�
LQL[[[ � ' ���

ZKHUH� [LQL LV WKH� LQLWLDO UHDFWHG� IUDFWLRQ� RI� WKH� UHDFWLRQ�F\FOH�

)LJ�� �� ([SHULPHQWDO� UHVXOW� RI� PDJQHVLXP�K\GUR[LGH� GHK\GUDWLRQ� �KHDW� VWRUDJH��RSHUDWLRQ� DW� D� EHG� WHPSHUDWXUH� RI� ��� R&�DQG� D� FRQGHQVDWLRQ� WHPSHUDWXUH� RI� �� R&�DQG�D�YDSRU�SUHVVXUH�RI���N3D�
���5(68/76�$1'�',6&866,21
�����'HK\GUDWLRQ�RSHUDWLRQ7KH� LQQHU� ZDOO� WHPSHUDWXUH� �7Z�� ZDV� FRQWUROOHG� DV� WKH�GHK\GUDWLRQ� EHG� WHPSHUDWXUH� �7G�� E\� WKH� KHDWHU� DW�GHK\GUDWLRQ� RSHUDWLRQ�� � )LJXUH� �� JLYHV� VDPSOH�GHK\GUDWLRQ� UHVXOW�� WHPSHUDWXUH� DQG� UHDFWHG� IUDFWLRQ�FKDQJHV� RI� WKH� EHG� DW� D� GHK\GUDWLRQ� WHPSHUDWXUH� RI����R&�� D� ZDWHU� UHVHUYRLU� WHPSHUDWXUH� IRU� YDSRU�FRQGHQVDWLRQ��7FG��RI���R&�DQG�D�UHDFWLRQ�FKDPEHU�LQQHU�WHPSHUDWXUH��7UF��RI����R&�DUH VKRZQ���(DFK�QRWDWLRQ�RI�WHPSHUDWXUH� LQ� )LJ�� �� FRUUHVSRQGV� WR� WKH� VDPH� RQH� LQ�)LJ������7KH�UHDFWLRQ�SUHVVXUH��3G��ZDV�NHSW�EHORZ���N3D�E\� WKH� YDSRU�SUHVVXUH LQ� WKH� UHVHUYRLU�� � 7KH� LQQHU�ZDOO�WHPSHUDWXUH� URVH WR� 7G RI� ���R&� UHODWLYHO\� UDSLGO\���%HFDXVH�RI�WKH�ORZ�WKHUPDO�FRQGXFWLYLW\�RI�WKH�UHDFWDQW��D� WHPSHUDWXUH� GLIIHUHQFH DURVH� EHWZHHQ� WKH� ZDOO� �7Z��DQG� LQQHU� EHG� �7P DQG�7E��� � 7KH� GHK\GUDWLRQ� VWDUWHG� DW�DURXQG� ���R&�� � 7KH� UHDFWLRQ� SURFHHGHG� UDSLGO\� DIWHU�LQQHU�EHG�WHPSHUDWXUHV��7P DQG�7E��KDG�DWWDLQHG�DURXQG����R&�� �7KH� LQQHU� EHG� WHPSHUDWXUH� FKDQJH�ZDV� VORZHG�GXULQJ� WKH� SHULRG� RI� ��� � ��� PLQ� EHFDXVH� KHDW�FRQVXPSWLRQ�E\� WKH� GHK\GUDWLRQ�ZDV�EDODQFHG�ZLWK� WKH�MRXOH�KHDWLQJ�IURP�WKH�UHDFWRU ZDOO�LQ�WKH�SHULRG���$V�WKH�GHK\GUDWLRQ� DSSURDFKHG� FRPSOHWLRQ�� WKH� MRXOH� KHDWLQJ�ZDV� UHODWLYHO\� JUHDWHU� WKDQ� WKH� GHK\GUDWLRQ� KHDW�FRQVXPSWLRQ�� WKHQ� WKH� LQQHU� EHG� WHPSHUDWXUH� URVH� DQG�ILQDOO\� EHFDPH� KLJKHU� WKDQ� WKH� XSSHU� EHG� WHPSHUDWXUHV��7D DQG�7X��� DQG� WKH� GHK\GUDWLRQ�ZDV� WHUPLQDWHG�� � 7KLV�UHVXOW� VKRZHG� WKDW� WKH� GHK\GUDWLRQ� ZDV� FRQWUROOHG� E\�KHDW� FRQGXFWLRQ� LQ� WKH� UHDFWRU� EHG�� � $V� VKRZQ� LQ�SUHYLRXV�ZRUN�XVLQJ�WKHUPREDODQFH�>�@��WKH�GHK\GUDWLRQ�LV� FDSDEOH� RI� SURFHHGLQJ� DW� DURXQG� ���R&�� � 5HODWLYHO\�
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KLJKHU�WHPSHUDWXUH�RI����R&�ZDV�UHTXLUHG�LQ�WKH�FDVH�RI�)LJ����WR�UHDOL]H�D�KLJK�HQRXJK�WHPSHUDWXUH�GLVWULEXWLRQ�LQ� WKH� ZKROH� RI� WKH� EHG� IRU� WKH� UHDFWLRQ�� � 7KHQ�� KHDW�FRQGXFWLYLW\� HQKDQFHPHQW� LQ� WKH� EHG� LV� QHHGHG� IRU�ORZHULQJ�RI�WKH�GHK\GUDWLRQ�WHPSHUDWXUH�7KH� HIIHFW� RI� FRQGHQVDWLRQ� WHPSHUDWXUH�� 7FG�� RQ� WKH�GHK\GUDWLRQ� UHDFWLYLW\� XQGHU� WKH� VDPH� GHK\GUDWLRQ�WHPSHUDWXUH�RI����R&�LV�VKRZQ�LQ�)LJXUH�����'HK\GUDWLRQ�SUHVVXUH��3FG LV�FRUUHVSRQGLQJ�WR�7FG���'[ FKDQJH�LV�IDVWHU�DW� D� ORZHU� 7FG�� EHFDXVH� D� ORZHU� SUHVVXUH� HQKDQFHV�GHK\GUDWLRQ� UHDFWLYLW\�� � +RZHYHU�� WKH� GHK\GUDWLRQ�FRPSOHWLRQ� WLPHV� RI� ERWK� SUHVVXUHV� DUH� VLPLODU� DQG� WKH�UHDFWLYLW\� GLIIHUHQFH� EHWZHHQ� WKHP� LV� VPDOO� HQRXJK� IRU�SUDFWLFDO� XVH�� � $� KLJKHU� FRQGHQVDWLRQ� WHPSHUDWXUH� LV�PRUH� DGYDQWDJHRXV� IRU� SUDFWLFDO� RSHUDWLRQ�� � 7KHQ�� D�KLJKHU� FRQGHQVDWLRQ� WHPSHUDWXUH� WKDQ� ��R&� ZRXOG� EH�H[SHFWHG�WR�EH�SRVVLEOH�IRU�PRUH�SUDFWLFDO�RSHUDWLRQ�

)LJ��� (IIHFW� RI� GHK\GUDWLRQ� SUHVVXUH� RQ�GHK\GUDWLRQ�UHDFWLYLW\�XQGHU�D�GHK\GUDWLRQ�WHPSHUDWXUH�RI����R&�
�����+\GUDWLRQ�RSHUDWLRQ$� K\GUDWLRQ� UHVXOW� XQGHU� DQ� HYDSRUDWLRQ� WHPSHUDWXUH��7HY�� RI� ���R&� DW� WKH�ZDWHU� UHVHUYRLU�� D� YDSRU� SUHVVXUH��3K��RI�����N3D��DQG� WKH� LQLWLDO�EHG� WHPSHUDWXUH� �7K��RI����R&� LV� VKRZQ� LQ� )LJXUH� ��� � ,Q� WKH� K\GUDWLRQ�H[SHULPHQW�� WKH� LQLWLDO� WHPSHUDWXUH� RI� WKH� LQQHU�ZDOO� RI�WKH� UHDFWRU� �7Z�� ZDV� FRQWUROOHG� DW� 7K�� � 7KH� LQQHU�DWPRVSKHULF� WHPSHUDWXUH� LQ� WKH� UHDFWLRQ� FKDPEHU� ZDV�NHSW�DOVR�DW�7K���,Q�WKH�LQLWLDO�K\GUDWLRQ�SHULRG��WKH�YDSRU�GLIIXVHV� LQWR WKH� EHG� UDSLGO\� E\� WKH� ODUJH� SUHVVXUH�GULYLQJ�IRUFH�EHWZHHQ�3G DQG�3K���3K\VLFDO�DEVRUSWLRQ�RI�YDSRU� RQ� WKH� UHDFWDQW� SDUWLFOH� VXUIDFH� SURFHHGV� LQ�DGYDQFH� RI� WKH� K\GUDWLRQ�� � 7KH� DGVRUSWLRQ� KHDW� LV�UHOHDVHG�UDSLGO\��VR�WKH�EHG�WHPSHUDWXUH�ULVHV�TXLFNO\�LQ�WKH�EHJLQQLQJ RI� K\GUDWLRQ�� DQG� WKH� FKHPLFDO� K\GUDWLRQ�SURFHHGV� VXEVHTXHQWO\�� � %HFDXVH� WKH� YDSRU� WKDW� LV�UHODWLYHO\�FROGHU�WKDQ�WKH�EHG�HQWHUV�IURP�WKH�WRS�RI�WKH�EHG��DQG�WKH�WKHUPDO�LQVXODWLRQ�DW�WKH�ERWWRP�RI�WKH�EHG�LV�EHWWHU�WKDQ�WKDW�DW�WKH�WRS��WKH�LQQHU�EHG�WHPSHUDWXUHV��7E DQG� 7P�� WHQGV� WR� EH� KLJKHU� WKDQ� WKH� XSSHU�

WHPSHUDWXUH� �7X��� � 7KH� PLGGOH� WHPSHUDWXUH� RI� WKH� EHG��7P��ZDV�NHSW�DW�D�VLPLODU�WHPSHUDWXUH�GXULQJ�PRUH�WKDQ���K��D�ORQJHU�WLPH�WKDQ�IRU�RWKHU�SRLQWV���,W�ZDV�SUHVXPHG�WKDW� WKH� PLGGOH� SRLQW� ZDV� FRQWUROOHG� PRVW� VWURQJO\� E\�WKH� YDSRU� GLIIXVLRQ� DQG� KHDW� FRQGXFWLRQ� WKURXJK� WKH�SDFNHG� EHG�� � 6LQFH� 7E ZDV� KLJKHU� WKDQ� 7P GXULQJ� WKH�LQLWLDO� ��� PLQ�� LW� ZDV� WKRXJKW� WKDW� WKH� YDSRU� GLIIXVLRQ�UHVLVWDQFH� WKURXJK� WKH� UHDFWDQW� SDUWLFOHV� LQ� WKH� EHG�ZDV�KLJKHU�WKDQ�WKH�UHVLVWDQFH�EHWZHHQ�WKH�LQQHU�ZDOO�RI� WKH�UHDFWRU�DQG� WKH�FLUFXPIHUHQFH�RI� WKH�EXON� UHDFWDQW� EHG���0RUHRYHU�� WKH� WHPSHUDWXUH� DW� WKH� PLGGOH� SRLQW� ZDV�FRQWUROOHG�E\�KHDW�FRQGXFWLRQ�LQ�WKH�EHG�EHFDXVH�RI� WKH�ORZ� KHDW� FRQGXFWLYLW\� RI� WKH� UHDFWDQW�� � 7KXV� WKH�K\GUDWLRQ� DW� WKH� PLGGOH� SRLQW� SURFHHGHG� PRUH� VORZO\�WKDQ�DW�RWKHU�SRLQWV�� DQG� WKH�SRLQW�PDLQWDLQHG�D� VLPLODU�EHG�WHPSHUDWXUH�GXULQJ�ORQJHU�SHULRG�RI�K\GUDWLRQ���7KH�HIIHFW� RI� K\GUDWLRQ�SUHVVXUH� RQ� WKH� UHDFWLYLW\� XQGHU� WKH�VDPH� GHK\GUDWLRQ� FRQGLWLRQ� LV� VKRZQ� LQ� )LJXUH� ��� � $�KLJKHU� SUHVVXUH� K\GUDWLRQ� VKRZV� D� KLJKHU� UHDFWHG�IUDFWLRQ�FKDQJH���)LJXUH����VKRZV�WKH�GHSHQGHQF\�RI�WKH�UHSUHVHQWDWLYH� EHG� WHPSHUDWXUH� �7P�� RQ� WKH� K\GUDWLRQ�SUHVVXUH�� � $� KLJKHU� WHPSHUDWXUH� LV� DWWDLQHG� DW� D� KLJKHU�SUHVVXUH�� � 6LQFH� WKH� FKHPLFDO� K\GUDWLRQ� SURFHHGV�PRUH�UDSLGO\� XQGHU� WKH� KLJKHU� SUHVVXUH�� WKH� SK\VLFDO�DGVRUSWLRQ� HIIHFW� EHFRPHV� LQGLVFHUQLEOH� DW� KLJKHU�UHDFWLRQ� SUHVVXUHV�� � $� KHDW� RYHU� ���R&� LV� JHQHUDWHG� DW�����N3D�RI�WKH�SUHVVXUH���7KH�KHDW�RXWSXW�FDQ�EH�XVHG�DV�D�KHDW�VRXUFH�IRU�FRROLQJ�E\�DQ�DEVRUSWLRQ�KHDW�SXPS���$�KHDW� RXWSXW� DW� ���R&� LV� SURGXFHG� DW� ��� N3D�� � 7KH� KHDW�RXWSXW� LV� SRVVLEOH� WR� EH� UH�XVHG� IRU� WKH� QH[W� YDSRU�SURGXFWLRQ�� ZKLFK� LV� KLJKHU� WKDQ� WKH� LQLWLDO� YDSRU�SUHVVXUH��DQG�WKHQ�VXEVHTXHQW�K\GUDWLRQ�XVLQJ WKH�KLJKHU�YDSRU�SUHVVXUH�JHQHUDWHV�KLJKHU�RXWSXW�WHPSHUDWXUH�DV�D�VHOI� FDWDO\WLF� UHDFWLRQ�� �7KHUHIRUH��ZKHQ� K\GUDWLRQ� KHDW�RXWSXW�LV�XVHG�IRU�WKH�QH[W�YDSRU�SURGXFWLRQ�LQ�FDVFDGH��IRU� H[DPSOH�� D� KLJK� RXWSXW� WHPSHUDWXUH� RYHU� ���R&�FRXOG�EH�UHDOL]HG�XVLQJ�D�ORZ�WHPSHUDWXUH�YDSRU�DURXQG���R&�

)LJ��� ([SHULPHQW� UHVXOWV� RI� PDJQHVLXP�R[LGH� K\GUDWLRQ� �KHDW� RXWSXW�� RSHUDWLRQ� DW�DQ�HYDSRUDWLRQ�WHPSHUDWXUH�RI����� R&�DQG�D�YDSRU�SUHVVXUH�RI�����N3D

mailto:yukitaka@nr.titech.ac.jp


<��.DWR��\XNLWDND#QU�WLWHFK�DF�MS ���

)LJ��� (IIHFW� RI� K\GUDWLRQ� SUHVVXUH� RQ� WKH�UHDFWLYLW\� XQGHU� WKH� VDPH� GHK\GUDWLRQ�FRQGLWLRQ�

)LJ�� ��� (IIHFW� RI� K\GUDWLRQ� SUHVVXUH� RQ�K\GUDWLRQ� WHPSHUDWXUH�� PHDVXUHG� DW� WKH�PLGGOH� SDUW� RI� WKH� UHDFWRU� EHG�� XQGHU� WKH�VDPH�GHK\GUDWLRQ�FRQGLWLRQ�
�����7KHUPDO�RXWSXW�SHUIRUPDQFH�RI�WKH�EHG7KH�WKHUPDO�RXWSXW�SHUIRUPDQFH�RI�WKH�KHDW�SXPS�EDVHG�RQ� WKLV UHDFWRU� EHG PHDVXUHPHQW� ZDV� HYDOXDWHG�� � 7KHRXWSXW KHDW� IURP� WKH� UHDFWRU� SHU� XQLW� ZHLJKW RI� LQLWLDO�FKDUJHG�0J�2+�� �T >N-�NJ@���LV�GHILQHG�DV�IROORZV���³q' K

� K� ��� W [GW0+T ���
7KH PHDQ� KHDW� RXWSXW� UDWH� �Z >:�NJ@�� LV� GHILQHG� DV�IROORZV�

KPHDQ WTZ  ���
7HPSRUDO� FKDQJHV� RI�T DQG�ZPHDQ XQGHU� FRQGLWLRQV� DUHVKRZQ�LQ�)LJXUH������$W�D�SUHVVXUH RI�����N3D��DQ�RXWSXWUDWH RI�����:�NJ DQG�D�JURVV�RXWSXW�RI�����N-�NJ�ZHUH�H[SHFWHG� GXULQJ WKH LQLWLDO� ��� PLQ� :KHQ� WKH� VDPH�DPRXQW�RI�KHDW LV�VWRUHG�E\�D�FRQYHQWLRQDO VHQVLEOH�KHDW�

ZDWHU� VWRUDJH� V\VWHP�EHWZHHQ� ��R&� DQG� ��R&�� WKH KHDW�RXWSXW� DPRXQW� IURP� ZDWHU� �T+�2 >N-�NJ@�� LV� DURXQG���N-�NJ� VKRZQ� LQ� D� GDVKHG� OLQH� LQ� )LJ�� ���� � 7KH� KHDW�VWRUDJH�GHQVLW\ RI� WKH�KHDW�SXPS LV�DERXW� ILYH WLPHV�RI�WKH� ZDWHU� VWRUDJH� V\VWHP DW� K\GUDWLRQ� WLPH� RI� ��� PLQ���2XWSXW� WHPSHUDWXUH RI� WKH�KHDW�SXPS RI�DURXQG���� R&�WR����R& LV�HQRXJK�KLJKHU�WKDQ�RQH�RI�WKH�ZDWHU�V\VWHP���7KH�KHDW�SXPS�DOVR�FDQ�VWRUH�KHDW IRU ORQJHU�SHULRG�DV�FKHPLFDO� UHDFWDQWV�� DQG� VXSSO\� KHDWV� DW� YDULRXV�WHPSHUDWXUHV���7KRVH SHUIRUPDQFHV�RI�WKH�KHDW�SXPS�DUH�DGYDQWDJHV� RYHU� FRQYHQWLRQDO� KHDW� VWRUDJH� V\VWHPV���7KHQ��WKH�KHDW�SXPS�KDV�D�SRWHQWLDO�WR�GHYHORS�QHZ�KHDW�XWLOL]DWLRQ�PDUNHW�

)LJ�� ��� +\GUDWLRQ� RXWSXW� SHUIRUPDQFHV� RI�WKH�KHDW�SXPS����&21&/86,2167KH� WKHUPDOO\� GULYHQ� KHDW� SXPS� RSHUDELOLW\� ZDV�GHPRQVWUDWHG� H[SHULPHQWDOO\�� � 7KH� KHDW� SXPS� ZDV�H[SHFWHG� WR�ZLGHQ�KHDW�XWLOL]DWLRQ�ZD\V�RI� VXUSOXV� KHDW�JHQHUDWHG�IURP�FRJHQHUDWLRQ�V\VWHP���+HDW�RXWSXW�DERYH����R&� E\� WKH� K\GUDWLRQ� RSHUDWLRQ� ZDV� PHDVXUHG�H[SHULPHQWDOO\� XQGHU� D� SUHVVXUH� RI� ����N3D�� �$� KLJKHU�WHPSHUDWXUH� RXWSXW� ZDV� H[SHFWHG� WR� EH� REWDLQHG� ZKHQ�K\GUDWLRQ� RXWSXW� FRXOG� EH� XVHG� IRU� KLJKHU� YDSRU�SURGXFWLRQ�IRU� WKH�QH[W�K\GUDWLRQ� LQ�FDVFDGH�� �7KH�KHDW�VWRUDJH�SHUIRUPDQFH�RI� WKH� KHDW� SXPS�ZDV� FRPSHWLWLYH�HQRXJK� WR� D� FRQYHQWLRQDO� VHQVLEOH� KHDW� ZDWHU� VWRUDJH�V\VWHP� LQ� WHUPV� RI� KHDW� VWRUDJH� GHQVLW\� DQG� RXWSXW�WHPSHUDWXUH�� 7KH�KHDW�SXPS�FDQ�FRYHU�WKH�WHPSHUDWXUH�UDQJH� RI� FRJHQHUDWLRQ� HQJLQHV¶ H[KDXVW� JDV�� � 7KH� KHDW�SXPS� LV� H[SHFWHG� WR� EH� DSSOLFDEOH� DV� D� KHDW� VWRUDJH�V\VWHP� IRU� ORDG� OHYHOLQJ� RI� D� FRPPRQ� FRJHQHUDWLRQ�V\VWHP� E\� FKHPLFDOO\� VWRULQJ� RI� VXUSOXV� ZDVWH� KHDW�� DW����R&� WR� ���R&�� JHQHUDWHG� IURP� DQ� HQJLQH� GXULQJ� ORZ�KHDW�GHPDQG��DQG�VXSSO\LQJ K\GUDWLRQ�KHDW�DERXW����R&�GXULQJ� SHDN� ORDG� SHULRGV� XQGHU� WKHUPDOO\� GULYHQ�RSHUDWLRQ���$FNQRZOHGJHPHQWV7KH� UHVHDUFK� ZDV� JUDQWHG� E\� WKH� JUDQW�LQ�DLG� IRU�VFLHQWLILF�UHVHDUFK�RI�-DSDQ�6RFLHW\�IRU�WKH�3URPRWLRQ�RI�
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6FLHQFH�� � $XWKRUV� WKDQN� IRU� WKH� UHVHDUFK� VXSSRUW� RI�'0:�&RUSRUDWLRQ��-DSDQ�5HIHUHQFHV>�@� .DQDPRUL� 0��� 0DWVXGD +�� DQG� +DVDWDQL 0��� +HDW�VWRULQJ�UHOHDVLQJ� FKDUDFWHULVWLFV� RI� D� FKHPLFDO� KHDW�VWRUDJH�XQLW�RI�HOHFWULFLW\�XVLQJ�D &D�2+���&D2�UHDFWLRQ�+HDW�7UDQVIHU� � -DSDQHVH�5HVHDUFK��������� SS����������,661���������� ������>�@�2JXUD�+�� 6KLPRM\R 5���.DJH +���0DWVXQR <� DQG0XMXPGDU $��6���6LPXODWLRQ�RI�K\GUDWLRQ�GHK\GUDWLRQ�RI�&D2�&D�2+�� FKHPLFDO KHDW� SXPS� UHDFWRU� IRU� FROG�KRW�KHDW� JHQHUDWLRQ�� 'U\LQJ� 7HFKQRORJ\�� ������� SS� �����������,661���������� ������>�@�.DWR <�� <DPDVKLWD 1��DQG <RVKL]DZD <�� 6WXG\�RI�&KHPLFDO� +HDW� 3XPS� ZLWK� 5HDFWLRQ� 6\VWHP� RI�0DJQHVLXP� 2[LGH�:DWHU�� .DJDNX� .RJDNX� 5RQEXQVKX����� SS� ����������� ,661� ��������; �LQ� -DSDQHVH��������>�@�.DWR <��� ,QRXH 6���1DQPRNX :� DQG�<RVKL]DZD <��.LQHWLF� VWXG\� RI� WKH� K\GUDWLRQ� RI� PDJQHVLXP�R[LGH�ZDWHU�FKHPLFDO�KHDW�SXPS� 3URF� ��WK�,QWHUVRFLHW\�(QHUJ\�&RQYHUVLRQ��YRO�����SS��������2UODQGR�������>�@�.DWR <���7DNDKDVKL )���1DQPRNX :� DQG�<RVKL]DZD<��� +HDW� 2XWSXW� 3HUIRUPDQFH� 6WXG\� RI� 0DJQHVLXP�2[LGH�:DWHU� &KHPLFDO� +HDW� 3XPS�� .DJDNX� .RJDNX�

5RQEXQV\X� ���� SS� ��������� ,661� ��������; �LQ�-DSDQHVH��������>�@�0DWVXPXUD <���1DNDKDUD <���0RULWD +��DQG <RVKLGD.��� &KHPLFDO� KHDW� SXPS� XVLQJ� K\GUDWLRQ� RI� 0J2�SDUWLFOHV� LQ� D� WKUHH�SKDVH� UHDFWRU�� ,QWHUQDWLRQDO� -RXUQDO�RI� (QHUJ\� 5HVHDUFK�� ������ SS� �������� ,661� ��������; ������>�@�.DWR�<���1DNDKDWD -� DQG�<RVKL]DZD <�� 'XUDELOLW\�&KDUDFWHULVWLFV� RI� WKH� +\GUDWLRQ� RI� 0DJQHVLXP� 2[LGH�XQGHU�5HSHWLWLYH�5HDFWLRQ�� -�� RI�0DWHULDOV� 6FLHQFH� ����SS����������,661�����������������>�@� .DWR <��� .RED\DVKL .� DQG� <RVKL]DZD <���'XUDELOLW\� WR� 5HSHWLWLYH� 5HDFWLRQ� RI� 0DJQHVLXP�2[LGH�:DWHU�5HDFWLRQ�6\VWHP�IRU�D�+HDW�3XPS��$SSOLHG�7KHUP��(QJ����� SS��������,661�����������������>�@� %KDWWL� $�� 6�� DQG� 'ROOLPRUH� '��� 7KH� UDWHV� RI�K\GUDWLRQ� RI� VHD� ZDWHU�PDJQHVLDV�� 6XUIDFH� 7HFKQRORJ\�����SS����������,661�����������������>��@� (UYLQ� *��� 6RODU� KHDW� VWRUDJH� XVLQJ� FKHPLFDO�UHDFWLRQV�� -�� 6ROLG� 6WDWH� &KHP�� ���� SS� ������� ,661����������� ������
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