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CHAPTER I — INTRODUCTION

7KLV�UHSRUW�SURYLGHV�D�EURDG�DVVHVVPHQW�RI�RSHQ�OLWHUDWXUH�DQG�SDWHQWV�WKDW�H[LVW�LQ�WKH�DUHD�RI
LQHUW�DQRGHV�DQG�WKHLU�UHODWHG�FDWKRGH�V\VWHPV�DQG�FHOO�GHVLJQV��WHFKQRORJLHV�WKDW�DUH�UHOHYDQW�IRU
WKH�DGYDQFHG�VPHOWLQJ�RI�DOXPLQXP���7KH�UHSRUW�DOVR�GLVFXVVHV�WKH�RSSRUWXQLWLHV��EDUULHUV��DQG
LVVXHV�DVVRFLDWHG�ZLWK�WKHVH�WHFKQRORJLHV�IURP�D�WHFKQLFDO��HQYLURQPHQWDO��DQG�HFRQRPLF
YLHZSRLQW�

7KH�VWXG\�ZDV�LQLWLDWHG�DV�D�UHVXOW�RI�D�NH\�UHFRPPHQGDWLRQ�PDGH�GXULQJ�WKH�,QHUW�$QRGH
:RUNVKRS�VSRQVRUHG�E\�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\�DQG�7KH�$OXPLQXP�$VVRFLDWLRQ��KHOG�LQ
$UOLQJWRQ��9LUJLQLD��LQ�1RYHPEHU������

1. Perspectives on Advanced Aluminum Smelting Technologies

$OXPLQXP�LV�D�YLWDOO\�LPSRUWDQW��KLJKO\�YHUVDWLOH�PDWHULDO�WKDW�LV�ZLGHO\�XVHG�WKURXJKRXW�WKH
8QLWHG�6WDWHV�DQG�WKH�ZRUOG���,W�KDV�PDQ\�HFRQRPLFDOO\�DWWUDFWLYH�DSSOLFDWLRQV�LQ�WKH
WUDQVSRUWDWLRQ�VHFWRU��LQ�QXPHURXV�LQGXVWULDO�SURGXFWV��SDFNDJLQJ��DQG�FRQWDLQHUV��DQG�LQ
FRPSRQHQWV�XVHG�LQ�WKH�QDWLRQ©V�LQIUDVWUXFWXUH�DQG�WKH�FRQVWUXFWLRQ�VHFWRUV���7KH�VXEVWLWXWLRQ�RI
DOXPLQXP�IRU�FRPPRQ�PDWHULDOV�VXFK�DV�VWHHO��FRSSHU��DQG�FHUWDLQ�FRPSRVLWHV�FDQ�JHQHUDWH�ODUJH
HQHUJ\�VDYLQJV�RYHU�WKH�QHW�OLIH�RI�YDULRXV�SURGXFWV���,W�DOVR�UHGXFHV�WKH�SURGXFWLRQ�RI�WKH
JUHHQKRXVH�JDV��FDUERQ�GLR[LGH��SDUWLFXODUO\�LQ�WUDQVSRUWDWLRQ�DSSOLFDWLRQV�EHFDXVH�OLJKWZHLJKW
DOXPLQXP�LQWHQVLYH�YHKLFOHV�ZLOO�XVH�OHVV�IXHO�WKDQ�FRQYHQWLRQDO�YHKLFOHV�

2YHU�WKH�\HDUV��DOXPLQXP�KDV�EHHQ�H[WUDFWHG�IURP�QDWXUH�E\�PHWDOORWKHUPLF��FDUERWKHUPLF��DQG
HOHFWURO\WLF�UHGXFWLRQ�SURFHVVHV���$OWKRXJK�WKH�HDUOLHVW�FRPPHUFLDO�PHWKRG�IRU�SURGXFLQJ
DOXPLQXP�LQYROYHG�D�PHWDOORWKHUPLF�SURFHVV��WKH�VRGLRWKHUPLF�UHGXFWLRQ�RI�DOXPLQXP�KDOLGHV�
VXFK�SURFHVVHV�DUH�QR�ORQJHU�HFRQRPLFDO�IRU�WKH�LQGXVWU\���7KH�HOHFWURO\WLF�+DOO�+pURXOW�SURFHVV
ZDV�DGRSWHG�LQ�WKH�ODWH�QLQHWHHQWK�FHQWXU\��DQG�FRQWLQXHV�DV�WKH�SURFHVV�LQ�FRPPHUFLDO�XVH�WRGD\�
7KH�+DOO�+pURXOW�SURFHVV�LQYROYHV�WKH�HOHFWURO\WLF�GHFRPSRVLWLRQ�RI�DOXPLQXP�R[LGH�GLVVROYHG
LQ�D�PROWHQ�FU\ROLWH��1D�$O)���EDWK�RSHUDWLQJ�DW�WHPSHUDWXUHV�EHORZ�������&���$�FDUERQ�DQRGH�LV
FRQVXPHG�LQ�WKH�UHDFWLRQ�WKDW�PDNHV�&2�DQG�&2����0ROWHQ�DOXPLQXP�LV�UHGXFHG�DW�WKH�FDWKRGH�
$OWKRXJK�WKHUH�KDYH�EHHQ�VLJQLILFDQW�LPSURYHPHQWV�LQ�WKH�VFRSH�DQG�SHUIRUPDQFH�RI�WKLV�V\VWHP�
JOREDOO\��YLUWXDOO\�DOO�DOXPLQXP�LV�SURGXFHG�E\�WKH�+DOO�+pURXOW�SURFHVV�

+RZHYHU��VFLHQWLVWV�DQG�HQJLQHHUV�KDYH�VRXJKW�DOWHUQDWLYH�PHWKRGV�IRU�SURGXFLQJ�DOXPLQXP�IRU
\HDUV�LQ�DQ�DWWHPSW�WR�UHGXFH�WKH�HQHUJ\�LQWHQVLW\�DQG�FDSLWDO�LQYHVWPHQW�UHTXLUHG�IRU�DOXPLQXP
SURGXFWLRQ�E\�WKLV�PHWKRG���0RUHRYHU��ZRUOG�ZLGH�FRQFHUQ�DERXW�WKH�HIIHFWV�RI�FHUWDLQ�DLU
HPLVVLRQV�RQ�JOREDO�ZDUPLQJ�KDV�PRUH�UHFHQWO\�HQFRXUDJHG�JRYHUQPHQWDO��HQYLURQPHQWDO��DQG
LQGXVWULDO�OHDGHUV�WR�ILQG�ZD\V�WR�FRVW�HIIHFWLYHO\�PLWLJDWH�WKLV�SRWHQWLDOO\�VHULRXV�ORQJ�WHUP
SUREOHP���3URGXFLQJ�DOXPLQXP�E\�WKH�FRQYHQWLRQDO�+DOO�+pURXOW�HOHFWURO\WLF�FHOO�SURFHVV
UHTXLUHV�D�ODUJH�DPRXQW�RI�HQHUJ\�DQG�SURGXFHV�VLJQLILFDQW�HPLVVLRQV�RI�JUHHQKRXVH�DQG�RWKHU
GHWULPHQWDO�JDVHV���6RPH�RI�WKH�RWKHU�DSSURDFKHV�IRU�DOXPLQXP�SURGXFWLRQ�WKDW�KDYH�EHHQ
DWWHPSWHG�DQG�WKH�SUREOHPV�DVVRFLDWHG�ZLWK�WKHP�ZLOO�EH�UHYLHZHG�EULHIO\�
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1XPHURXV�DSSURDFKHV�IRU�FDUERWKHUPLF�UHGXFWLRQ�KDYH�EHHQ�VWXGLHG���,Q�DOO�FDVHV��HOHFWULFDO
KHDWLQJ�LV�JHQHUDOO\�XVHG�WR�DWWDLQ�KLJK�WHPSHUDWXUH��FDUERWKHUPLF�UHGXFWLRQ�UHDFWLRQV�EXW�WKHVH
UHDFWLRQV�SURYLGH�UHGXFHG�\LHOGV�RI�DOXPLQXP�RZLQJ�WR�SDUDVLWLF�UHDFWLRQV��ZKLFK�SURGXFH
VXEVWDQWLDO�DPRXQWV�RI�DOXPLQXP�FDUELGH�DQG�DOXPLQXP�VXER[LGH���7KH\�DOVR�JHQHUDWH�KLJK
OHYHOV�RI�FDUERQ�PRQR[LGH��&2���DQG�VXEVHTXHQWO\�RI�FDUERQ�GLR[LGH��&2����SHU�XQLW�RI
DOXPLQXP�SURGXFHG���2WKHU�SUREOHPV�LQFOXGH�FRVWO\�SXULILFDWLRQ�DQG�IOX[LQJ�LVVXHV��KXJH�VFDOH�
XS�FRVWV�IRU�IXOO\�YDOLG�SLORW�WHVWLQJ��DQG�LVVXHV�FRQFHUQLQJ�PDWHULDOV�DQG�PDLQWHQDQFH���$W�OHDVW
WKUHH�PDMRU�DOXPLQXP�SURGXFHUV�KDYH�VSHQW�PDQ\�PLOOLRQV�RI�GROODUV�LQ�UHVHDUFK�DQG
GHYHORSPHQW�UHODWHG�WR�GLUHFW�FDUERWKHUPLF�UHGXFWLRQ��ZLWKRXW�FRPPHUFLDO�VXFFHVV���$OFDQ
LQYHVWLJDWHG�DV�IDU�DV�SLORW�VFDOH�WKH�FDUERWKHUPLF�UHGXFWLRQ�RI�EDX[LWH�WR�SURGXFH�DQ�LURQ�VLOLFRQ
DOXPLQXP�DOOR\���7KH�LQYHVWLJDWLRQ�ZDV�WHUPLQDWHG�RZLQJ�WR�VHYHUH�FRUURVLRQ�SUREOHPV���$QRWKHU
DSSURDFK�WR�DOXPLQXP�SURGXFWLRQ�FRPELQHG�D�FDUERWKHUPLF�UHGXFWLRQ�SURFHVV�XVLQJ�OLTXLG�WLQ�WR
DOOR\�WKH�UHVXOWDQW�DOXPLQXP�SKDVH�RI�WKH�DOXPLQXP�VLOLFRQ�HXWHFWLF��IROORZHG�E\�D�IUDFWLRQDO
FU\VWDOOL]DWLRQ�DQG�VRGLXP�WUHDWPHQW���7KDW�HIIRUW�ZDV�WHUPLQDWHG�DIWHU�VLJQLILFDQW�WHVWLQJ�

7KH�HOHFWURO\WLF�UHGXFWLRQ�RI�DOXPLQXP�FKORULGHV�ZDV�SXUVXHG�ZRUOGZLGH�E\�DW�OHDVW�IRXU
DOXPLQXP�SURGXFHUV�GXULQJ�WKH�����V������V��DQG�����V���7KH�PRVW�DGYDQFHG�WHFKQRORJ\�LQ�WKLV
FODVV�XVHG�ELSRODU�HOHFWURGH�FHOOV�WR�SURGXFH�PROWHQ�DOXPLQXP�DQG�FKORULQH�JDV���7KH�FKORULQH
ZDV�UHF\FOHG�WR�SURGXFH�PRUH�DOXPLQXP�FKORULGH�IURP�DOXPLQD���$OWKRXJK�HQHUJ\�HIILFLHQW��WKH
UHDFWRUV�WKDW�QHYHU�UHDFKHG�GHVLJQ�FDSDFLW\�ZHUH�H[SHQVLYH�DQG�GLIILFXOW�WR�PDLQWDLQ��DQG�WR[LF
SURGXFWV�DFFXPXODWHG�LQ�WKH�V\VWHP���7RWDO�5	'�H[SHQGLWXUHV�IRU�YDULRXV�FKORULGH�HOHFWURO\VLV
HIIRUWV�SUREDEO\�H[FHHGHG������PLOOLRQ�

,QGXVWU\�UHFRJQL]HV�WKH�VHULRXV�HQHUJ\�DQG�HQYLURQPHQWDO�FKDOOHQJHV�RI�WKH�PHWKRGV�MXVW
GLVFXVVHG���7R�GDWH��WKH\�DUH�WHFKQLFDOO\�PDWXUH�DQG�GR�QRW�UHGXFH�HQHUJ\�XVH�VXIILFLHQWO\�WR
MXVWLI\�UHSODFHPHQW�RI�WKH�H[LVWLQJ�+DOO�+pURXOW�SURFHVV��QRU�KDYH�WKH\�\HW�SURYHQ�WR�UHGXFH�WKH
JHQHUDWLRQ�RI�JUHHQKRXVH�JDVHV�VXFK�DV�FDUERQ�GLR[LGH���&RQVHTXHQWO\��LQGXVWU\�KDV�FRQWLQXHG�WR
SXUVXH�WZR�WHFKQRORJLHV�WKDW�FRXOG�FRPSOHPHQW�FXUUHQW�PHWKRGV�RI�DOXPLQXP�SURGXFWLRQ�DQG
KHOS�UHVROYH�WKHVH�HQHUJ\�DQG�HQYLURQPHQWDO�FKDOOHQJHV�

• ,QHUW��RU�QRQ�FRQVXPDEOH��DQRGH�V\VWHPV

• :HWWDEOH�FDWKRGH�V\VWHPV

7KHUH�DUH�DOUHDG\�HPHUJLQJ�WHFKQLFDO�DGYDQFHV�LQ�PDWHULDOV�ZKLFK��FRXSOHG�ZLWK�LQQRYDWLYH�FHOO
GHVLJQV�DQG�RSHUDWLQJ�SURFHGXUHV��RIIHU�WKH�SRWHQWLDO�IRU�VLJQLILFDQWO\�ORZHU�HQHUJ\�FRQVXPSWLRQ
DQG�IHZHU�HPLVVLRQV�RI�JUHHQKRXVH�JDVHV���'HFDGHV�RI�UHVHDUFK�LQ�WKHVH�DUHDV�KDYH�DOUHDG\
VKRZQ�WKDW�WKLV�LV�QRW�DQ�HDV\�WDVN���1RQHWKHOHVV��WKLV�¦7HFKQRORJ\�$VVHVVPHQW§�GRFXPHQW�ZLOO
IRFXV�RQ�WKHVH�ODWWHU�WZR�WHFKQRORJLHV�DQG�RQ�WKH�WHFKQLFDO�DQG�HFRQRPLF�EDUULHUV�WKDW�PXVW�EH
VXUPRXQWHG�EHIRUH�WKH\�FDQ�EH�DSSOLHG�WR�FRPPHUFLDO�DOXPLQXP�SURGXFWLRQ�

,I�RQH�RU�PRUH�RI�WKH�WHFKQRORJLHV�IRU�SULPDU\�DOXPLQXP�SURGXFWLRQ�FLWHG�KHUH�LV�VXFFHVVIXO��LW
RIIHUV�WKH�IROORZLQJ�SRWHQWLDO�EHQHILWV�RYHU�FXUUHQW�FRPPHUFLDO�SUDFWLFHV�

• 6LJQLILFDQW�HQHUJ\�VDYLQJV

• /DUJH�UHGXFWLRQV�LQ�JUHHQKRXVH�JDV�HPLVVLRQV�IURP�DOXPLQXP�VPHOWHUV
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• 6LJQLILFDQWO\�KLJKHU�SURGXFWLYLW\

• /RZHU�FRVWV�IRU�WKH�SULPDU\�PHWDO

7KLV�5HSRUW�RI�WKH�$PHULFDQ�6RFLHW\�RI�0HFKDQLFDO�(QJLQHHUV©�7HFKQLFDO�:RUNLQJ�*URXS�RQ

,QHUW�$QRGH�7HFKQRORJLHV�GLVFXVVHV�WKH�RXWORRN�IRU�WKH�GLUHFW�UHWURILW�RI�DGYDQFHG�UHGXFWLRQ
WHFKQRORJLHV�WR�H[LVWLQJ�DOXPLQXP�VPHOWHUV���,W�DOVR�FRPSDUHV�UHWURILWV�WR�¦EURZQ�ILHOG§�XVDJH
DQG�¦JUHHQ�ILHOG§�DGRSWLRQ�RI�WKH�WHFKQRORJLHV���$�QXPEHU�RI�REVHUYDWLRQV�DQG�UHFRPPHQGDWLRQV
DUH�RIIHUHG�IRU�FRQVLGHUDWLRQ�FRQFHUQLQJ�IXUWKHU�UHVHDUFK�DQG�GHYHORSPHQW�HIIRUWV�WKDW�PD\�EH
GLUHFWHG�WRZDUG�WKHVH�DGYDQFHG�WHFKQRORJLHV���7KH�RSSRUWXQLWLHV�DUH�GLVFXVVHG�LQ�WKH�FRQWH[W�RI
LQFUHPHQWDO�SURJUHVV�WKDW�LV�EHLQJ�PDGH�LQ�FRQYHQWLRQDO�+DOO�+pURXOW�FHOO�V\VWHPV�

2. Statement of the Problem and the Approach

7KH�DOXPLQXP�LQGXVWU\�KDV�GHYRWHG�PRUH�WKDQ�IRXU�GHFDGHV�WR�GHYHORSLQJ�DQ�LQHUW��QRQ�
FRQVXPDEOH�DQRGH�IRU�WKH�SURGXFWLRQ�RI�PHWDOOLF�DOXPLQXP�LQ�H[LVWLQJ�VPHOWHUV��ZLWKRXW�VXFFHVV�
7RGD\��VHYHUDO�IDFWRUV�DUH�GULYLQJ�WKH�HIIRUW�WR�GHYHORS�DGYDQFHG�WHFKQRORJLHV�IRU�SURGXFLQJ
DOXPLQXP�IRU�WKH�FRPPHUFLDO�PDUNHWSODFH���(QYLURQPHQWDO�LVVXHV�LQFOXGH�WKH�QHHG�WR�UHGXFH
WKH�ULVNV�RI�JOREDO�ZDUPLQJ�DV�ZHOO�DV�UHGXFH�KD]DUGRXV�ZDVWH�SURGXFWV���,PSURYHPHQWV�LQ
LQGXVWULDO�HQHUJ\�HIILFLHQF\�ILW�ZHOO�ZLWK�WKH�VWUDWHJLF�JRYHUQPHQW�SROLF\�WR�UHGXFH�8�6�

GHSHQGHQFH�RQ�IRUHLJQ�HQHUJ\�VRXUFHV�

7KH�7HFKQLFDO�:RUNLQJ�*URXS©V��7:*©V��DSSURDFK�WR�WKLV�HIIRUW�ZDV�WR�FRPSOHWH�WKH�IROORZLQJ
WDVNV�SULRU�WR�DVVHVVLQJ�WKH�VWDWXV�RI�LQHUW�DQRGH�UHVHDUFK�IRU�WKLV�GRFXPHQW�

• 'HILQH�WKH�VFRSH�RI�WKH�VWXG\�DQG�DQ�RYHUDOO�LPSOHPHQWDWLRQ�SODQ�IRU�PHHWLQJ�WKH�,QHUW�$QRGH
5RDGPDS©V�VSHFLILFDWLRQV�DQG�H[SHFWDWLRQV

• ,GHQWLI\�DQG�HQJDJH�NH\�H[SHUWV�LQ�YDULRXV�DVSHFWV�RI�LQHUW�DQRGH�V\VWHPV�DQG�UHODWHG
UHGXFWLRQ�FHOO�WHFKQRORJLHV�WR�PDNH�SUHVHQWDWLRQV�WR�WKH�7:*

• &DUU\�RXW�LQ�GHSWK�OLWHUDWXUH�DQG�SDWHQW�VHDUFKHV�LQFOXGLQJ�FRPSXWHUL]HG�GDWDEDVHV

• 'HILQH�DQG�FODVVLI\�WKH�PRVW�VLJQLILFDQW�DEVWUDFWV��SDSHUV��DQG�SDWHQWV

• 6ROLFLW�DQG�UHFHLYH�LQGHSHQGHQW�LQSXW�IURP�LQWHUHVWHG�SDUWLHV

• $VVHVV�WHFKQLFDO��HQYLURQPHQWDO��DQG�HFRQRPLF�EDUULHUV

• $VVHVV�LVVXHV��DQG�WKH�LPSDFW�DQG�RYHUDOO�PHULW�RI�YDULRXV�DSSURDFKHV�IRU�DGYDQFHG�UHGXFWLRQ
V\VWHPV

• 3ULRULWL]H�UHFRPPHQGDWLRQV�IRU�IRFXVHG�5	'�HIIRUWV
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CHAPTER II — PATENT AND LITERATURE REVIEW AND
CURRENT DEVELOPMENTAL EFFORTS

7HFKQRORJLHV�WKDW�DUH�SRWHQWLDO�UHSODFHPHQWV�IRU�WKH�FRQYHQWLRQDO�+DOO�+pURXOW�WHFKQRORJ\�PXVW
EH�DVVHVVHG�LQ�OLJKW�RI�WKHLU�WHFKQLFDO��HFRQRPLF��DQG�HQYLURQPHQWDO�DWWULEXWHV���7KLV�FKDSWHU
VXPPDUL]HV�VHOHFWHG�SDWHQWV�DQG�SXEOLVKHG�OLWHUDWXUH�WKDW�ZHUH�IRXQG�WR�EH�SHUWLQHQW�WR�WKLV
UHYLHZ���,W�DOVR�GLVFXVVHV�FXUUHQW�HIIRUWV�WR�GHYHORS�LQHUW�DQRGHV��DV�ZHOO�DV�ZHWWDEOH�FDWKRGHV�
EDVHG�XSRQ�SUHVHQWDWLRQV�PDGH�DQG�RWKHU�LQSXWV�SURYLGHG�UHFHQWO\�WR�WKH�7:*���&ULWLFDO�UHYLHZV
RI�WKH�VWDWXV�RI�WKH�WHFKQRORJ\�KDYH�EHHQ�SURYLGHG�E\�$OFRD�DQG�E\�5H\QROGV�0HWDOV���$
FRPSOHWH�OLVW�RI�WKH�SDWHQWV�DQG�OLWHUDWXUH�RQ�LQHUW�DQRGH�WHFKQRORJLHV�UHODWHG�WR�DOXPLQXP
SURGXFWLRQ�PD\�EH�IRXQG�LQ�$SSHQGL[�$���

1. Patent and Literature Reviews

7KH�SDWHQW�VHOHFWLRQ�SURFHGXUH�ZDV�GRQH�E\�¦NH\�ZRUG§�VHDUFK�RI�WKH�SDWHQW�GDWDEDVH�SURYLGHG
E\�&RUSRUDWH�,QWHOOLJHQFH�&RUSRUDWLRQ��%URZQV�3RLQW��:DVKLQJWRQ���,QLWLDOO\��WKH�WLPH�IUDPH�RI
WKH�VHDUFK�ZHQW�EDFN�WR������DQG�UHVXOWHG�LQ�PRUH�WKDQ�����SDWHQWV�VHOHFWHG�IRU�UHYLHZ�E\�WKH
7:*���7KLV�ZDV�IROORZHG�XS�E\�D�VHDUFK�EDFN�WR�������ZKLFK�EURXJKW�IRUWK�DQRWKHU�����SDWHQWV
IRU�UHYLHZ���5HYLHZ�DVVLJQPHQWV�ZHUH�PDGH�RQ�D�UDQGRP�EDVLV�IRU�WKH�SDWHQWV�VHOHFWHG��DQG�HDFK
RI�WKH�SDWHQWV�OLVWHG�LQ�$SSHQGL[�$���ZDV�UHYLHZHG�E\�DW�OHDVW�WZR�PHPEHUV�RI�WKH�7:*���7KH
DVVHVVPHQWV�ZHUH�PDGH�E\�FRPSOHWLQJ�DQ�HYDOXDWLRQ�IRUP��VHH�$SSHQGL[�$����DQG�QRWLQJ�WKH
UHVXOWV�RQ�WKH�FRPSOHWH�SDWHQW�OLVWLQJ�PDWUL[�

)URP�WKH�QXPEHU�RI�SDWHQWV�VHOHFWHG��LW�LV�DSSDUHQW�WKDW�D�JRRG�GHDO�RI�ZRUN�RQ�LQHUW�DQRGHV�KDV
EHHQ�FDUULHG�RXW���+RZHYHU��D�UHYLHZ�RI�WKH�VWDWH�RI�WKH�DUW�ZLWKLQ�WKH�LQGXVWU\�LQGLFDWHV�WKDW�OLWWOH
RI�WKLV�ZRUN�KDV�EHHQ�GHSOR\HG���7R�GDWH��QR�IXOO\�DFFHSWDEOH�LQHUW�DQRGH�PDWHULDOV�KDYH�EHHQ

UHYHDOHG���7RSLFV�UHYLHZHG�LQ�WKH�SDWHQW�OLWHUDWXUH�LQFOXGHG�FHOO�GHVLJQ��FDWKRGH�GHYHORSPHQW�
FRQQHFWLRQ�VFKHPHV��DOWHUQDWLYH�HOHFWURO\WHV��LGHDV�IRU�VROLG�R[LGH�IXHO�FHOOV��DQG�LQHUW�DQRGH
PDWHULDOV���7KH�VWUDWHJLHV�HPSOR\HG�E\�FRUSRUDWH�SDWHQW�DWWRUQH\V�LQ�FRQMXQFWLRQ�ZLWK�WKH
VFLHQWLVWV�WKH\�VXSSRUW�EHFDPH�DSSDUHQW�ZKHQ�WKHLU�EURDG�FODLPV�DQG�SHUIRUPDQFH�DVVHUWLRQV
ZHUH�UHYLHZHG�

$PRQJ�WKH�UHVHDUFK�SURJUDPV�UHYLHZHG��VFLHQWLVWV�DSSHDUHG�WR�IDYRU�FHUWDLQ�DSSURDFKHV���)RU
H[DPSOH��WKH�QXPHURXV�SDWHQWV�DZDUGHG�RQ�EHKDOI�RI�WKH�UHVHDUFKHUV�ZRUNLQJ�ZLWK�WKH�GH�1RUD
*URXS��(OWHFK�DQG�0ROWHFK�&RPSDQLHV��IRFXV�RQ�FHULXP�R[\IOXRULGH�FRDWLQJV�DQG�WKH
GHYHORSPHQW�RI�VXLWDEOH�VXEVWUDWHV�DQG�EDUULHU�FRDWLQJV�DQG�WKHLU�PHWKRG�RI�PDQXIDFWXUH���7KH
GHYHORSPHQWDO�ZRUN�RQ�ZHWWDEOH�7L%��FDWKRGHV�FRQGXFWHG�E\�VHYHUDO�ODERUDWRULHV��LQFOXGLQJ
WKRVH�DIILOLDWHG�ZLWK�$OFRD��3HFKLQH\��&RPDOFR��&RPPRQZHDOWK��5H\QROGV��DQG�.DLVHU��KDV�OHG
WR�WKLV�WHFKQRORJ\�EHLQJ�QHDUO\�UHDG\�IRU�VXVWDLQDEOH�FRPPHUFLDOL]DWLRQ���2Q�WKH�RWKHU�KDQG�
YLDEOH�¦LQHUW§�DQRGHV�PDGH�IURP�FHUPHWV�RI�1L�)H�&X�RU�VHOI�SDVVLYDWLQJ�PHWDOOLF�DOOR\V�DUH�VWLOO
RQO\�SDUWLDOO\�GHYHORSHG�DQG�WKHLU�FRPPHUFLDO�VXFFHVV�LV�TXLWH�XQFHUWDLQ���$�QHZ�DQG�TXLWH�QRYHO
VROLG�HOHFWURO\WH�EDVHG�RQ�WKH�¦LQHUW�DQRGH§�FRQFHSW�WKDW�PLJKW�HYHQWXDOO\�KDYH�D�PDMRU�LPSDFW
SULPDULO\�RQ�WKH�DOXPLQXP�LQGXVWU\�KDV�EHHQ�SURSRVHG���+RZHYHU��LW�LV�DW�DQ�HPEU\RQLF�VWDJH�DQG
LW�ZLOO�UHTXLUH�VLJQLILFDQW�HYDOXDWLRQ�WR�YHULI\�LWV�IHDVLELOLW\�
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2QO\�D�KDQGIXO�RI�WKH�SDWHQWV�UHYLHZHG�ZDV�UDWHG�XQDQLPRXVO\�DV�¦KLJKO\�UHOHYDQW§�E\�WKH

DVVLJQHG�UHYLHZHUV���$�GLVFXVVLRQ�RI�WKH�VXEMHFWV�FRYHUHG�LQ�WKHVH�LPSRUWDQW�SDWHQWV�LV�SURYLGHG
KHUH���,Q�DGGLWLRQ��WKH�7:*�FRQVLGHUHG�WKH�EXON�RI�WKH�LQHUW�DQRGH�UHVHDUFK�FRQGXFWHG�E\�WKH�GH
1RUD�JURXS�DV�UHOHYDQW���)RU�WKLV�UHDVRQ��SDWHQWV�LVVXHG�WR�(OWHFK�DQG�0ROWHFK�DUH�DOVR�GLVFXVVHG
LQ�GHWDLO��EXW�LQ�D�VHSDUDWH�VHFWLRQ��VHH�$SSHQGL[�$����

6XPPDU\�RI�WKH�3DWHQWV�5DWHG�+LJKO\�5HOHYDQW�E\�7:*

7KH�KLJKO\�UDWHG�SDWHQWV�IHOO�LQWR�WKUHH�DUHDV�������ELSRODU�FHOO�DQG�RU�HOHFWURGH�GHVLJQV������FHUPHW
DQRGHV�XVLQJ�YHUWLFDO�HOHFWURGH�FHOO�GHVLJQV�DQG�ORZ�WHPSHUDWXUH�RSHUDWLRQ��DQG�����D�QRYHO�FHOO
GHVLJQ�XVLQJ�DQ�DOXPLQXP�FKORULGH�HOHFWURO\WH�

%LSRODU�(OHFWURGH�'HVLJQV

$V�GLVFXVVHG�LQ�VHYHUDO�VHFWLRQV�RI�WKLV�UHSRUW��WKH�XVH�RI�D�ELSRODU�HOHFWURGH�GHVLJQ�LQ�DOXPLQXP
UHGXFWLRQ�FHOOV�PD\�KHOS�UHDOL]H�WKH�EHQHILWV�RI�LQHUW�DQRGHV���6LQFH�WKH�ELSRODU�DUUDQJHPHQW
DIIRUGV�WKH�DELOLW\�WR�SDFN�WKH�FHOOV�ZLWK�PDQ\�HOHFWURGHV��WKH�FHOOV�FDQ�EH�RSHUDWHG�ZLWK�PXFK
VPDOOHU�DQRGH�WR�FDWKRGH�GLVWDQFHV�DQG�ORZHU�FXUUHQW�GHQVLWLHV���,W�ZDV�WKH�RSLQLRQ�RI�DW�OHDVW�RQH
7:*�PHPEHU�WKDW�LQHUW�DQRGHV�FRXOG�QRW�EH�XVHG�ZLWK�DQ\�VLJQLILFDQW�DGYDQWDJH�LQ�HQHUJ\�RU
FRVW�VDYLQJV�XQOHVV�WKH\�ZHUH�LQFRUSRUDWHG�LQ�D�ELSRODU�HOHFWURGH�FRQILJXUDWLRQ���8QIRUWXQDWHO\�
WKHUH�DUH�VHYHUDO�GLIILFXOW�SUREOHPV�DVVRFLDWHG�ZLWK�ELSRODU�HOHFWURGH�GHVLJQV�DQG�D�ODFN�RI
VROXWLRQV�KDV�NHSW�WKHP�IURP�EHLQJ�GHSOR\HG�LQ�FRPPHUFLDO�FHOOV���0DQ\�RI�WKH�SUREOHPV�DUH
PDWHULDOV�UHODWHG�DQG�LQFOXGH�H[FHVVLYH�FRUURVLRQ�RI�ERWK�DQRGH�DQG�FDWKRGH�PDWHULDOV��IDLOXUH�WR
LGHQWLI\�VXFFHVVIXO�PDWHULDOV�DQG�RU�DGHTXDWH�VWUDWHJLHV�IRU�ERQGLQJ�WKH�DQRGH�DQG�FDWKRGH
PDWHULDOV��DQG�WKH�QHHG�IRU�EHWWHU�UHVLVWLYH�PDWHULDOV�RU�FRDWLQJV�IRU�HGJHV�DQG�VSDFHUV�VR�WKDW�WKH
FXUUHQW�IORZV�HIILFLHQWO\�EHWZHHQ�HOHFWURGHV�DQG�WKH�DQRGH�WR�FDWKRGH�GLVWDQFH�UHPDLQV�VWDEOH�

7ZR�SDWHQWV�WKDW�WKH�7:*�LGHQWLILHG�DV�SURPLVLQJ�LQ�WKLV�DUHD�ZHUH�LVVXHG�WR�*UHDW�/DNHV
&DUERQ�������������������DQG�$OFRD���������������������7KH�ILUVW�RI�WKHVH�GHVFULEHV�D�ELSRODU
HOHFWURGH�FRPSRVHG�RI�D�FHUPHW�DQRGH�DQG�D�7L%��FDWKRGH�ERQGHG�E\�DQ�LQWHUPHGLDWH��)H�1L�&R�
OD\HU��ZLWK�LQWHUPHGLDWH�FRHIILFLHQW�RI�WKHUPDO�H[SDQVLRQ�>&7(@����7KH�DQRGH�DQG�FDWKRGH�DUH
WUHDWHG��DQRGH�FRPSRVLWLRQ�LV�JUDGHG�ZKLOH�WKH�FDWKRGH�VXUIDFH�LV�PHWDOOL]HG��DQG�FRDWHG�ZLWK
PHWDO�IRLO�WR�IDFLOLWDWH�PDWFKLQJ�WKH�&7(�YDOXHV�RI�DOO�WKH�FRPSRQHQWV���)LQDOO\��WKH�SLHFHV�DUH
MRLQHG�WRJHWKHU�E\�EUD]LQJ���:KLOH�WKH�VXUYLYDELOLW\�RI�WKH�PDWHULDOV�LQ�D�UHGXFWLRQ�FHOO�LV�QRW
GHPRQVWUDWHG�LQ�WKLV�SDWHQW��WKH�VSLULW�RI�WKH�LQYHQWLRQ�LV�FRQVLVWHQW�ZLWK�WKH�QHHG�IRU�QRYHOW\
VWUHVVHG�E\�WKH�7:*�PHPEHUV���0RUH�UHVHDUFK�LQ�WKLV�DUHD�FRXOG�OHDG�WR�QHZ�PDWHULDOV�DQG
ELSRODU�FHOO�GHVLJQV�WKDW�ZLOO�IDFLOLWDWH�WKH�GHSOR\PHQW�RI�LQHUW�DQRGHV���7KH�$OFRD�SDWHQW�FRYHUV�D
QRYHO�FHOO�GHVLJQ�WKDW�LQFRUSRUDWHV�D�MRLQHG��KRUL]RQWDOO\�RULHQWHG��IUHH�VWDQGLQJ��DQRGH�FDWKRGH
DVVHPEO\���7KH�FRQILJXUDWLRQ�LV�DSSOLFDEOH�WR�ERWK�PRQRSRODU�DQG�ELSRODU�HOHFWURGHV��EXW�LWV
DGYDQWDJHV�ZRXOG�EH�H[SORLWHG�SDUWLFXODUO\�E\�WKH�ELSRODU�GHVLJQ���7KH�PRVW�LPSRUWDQW
FKDUDFWHULVWLF�RI�WKH�HOHFWURGH�DVVHPEO\�LQ�WKLV�SDWHQW�LV�WKH�XVH�RI�VHSDUDWRUV�WR�HVWDEOLVK�D
SUHFLVH��VSDFHG�UHODWLRQVKLS�LQ�WKH�IRUP�RI�DQ�HVVHQWLDOO\�IL[HG�DQRGH�WR�FDWKRGH�GLVWDQFH���:KLOH
D�VXLWDEOH�PDWHULDO�IRU�WKH�VSDFHUV�DQG�RWKHU�FHOO�FRPSRQHQWV�VWLOO�QHHG�WR�EH�GHPRQVWUDWHG�LQ
ORQJ�WHUP�RSHUDWLRQ��WKH�SDWHQW�LV�QHYHUWKHOHVV�D�YHU\�UHDOLVWLF�SRUWUD\DO�RI�KRZ�LQHUW�DQRGHV�ZLOO
SUREDEO\�KDYH�WR�EH�GHSOR\HG�LQ�RUGHU�WR�EH�VXFFHVVIXO���,Q�SDUWLFXODU��WKH�SDWHQW�KLJKOLJKWV�WKH
V\VWHPV�LVVXHV�WKDW�QHHG�WR�EH�DGGUHVVHG�WR�UHGXFH�WKH�LQHUW�DQRGH�FRQFHSW�WR�SUDFWLFH�
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&HUPHW�$QRGHV�LQ�9HUWLFDO�&RQILJXUDWLRQ

6HYHUDO�SDWHQWV�ZHUH�LGHQWLILHG�WKDW�XVHG�FHUPHW�LQHUW�DQRGHV�ZLWK�SURPLVLQJ�UHVXOWV���7ZR
UHODWHG�SDWHQWV�E\�$OFRD������������������DQG������������������DUH�QRWHZRUWK\�EHFDXVH�RI�WKH
GHWDLO�SUHVHQWHG�DQG�EHFDXVH�WKH�FRQFHSW�FRXSOHV�$OFRD©V�FHUPHW�DQRGH�FRPSRVLWLRQ�ZLWK�D
YHUWLFDO�FRQILJXUDWLRQ�RI�HOHFWURGHV�DQG�D�ORZ�WHPSHUDWXUH�HOHFWURO\WH���7KLV�SHUWXUEDWLRQ�RI
VHYHUDO�V\VWHPV�YDULDEOHV�LQYROYLQJ�ERWK�DQRGH�FRPSRVLWLRQ�DQG�FHOO�GHVLJQ�LOOXVWUDWHV�WKH�PXOWL�
YDULDEOH�QDWXUH�RI�WKH�SUREOHP�DQG�LWV�VROXWLRQ���7KH�QLFNHO�IHUULWH�EDVHG�FHUPHW�DQRGH
FRPSRVLWLRQV�KDYH�UHFHLYHG�FRQVLGHUDEOH�DWWHQWLRQ�RYHU�WKH�ODVW�WZR�GHFDGHV���7KH�PDWHULDOV�KDYH
JRRG�HOHFWULFDO�FRQGXFWLYLW\�DQG�DFFHSWDEO\�ORZ�ZHDU�UDWHV��JRRG�PHWDO�SXULWLHV��XQGHU�VRPH
FRQGLWLRQV���3UREOHPV�ZLWK�WKH�PDWHULDO�KDYH�EHHQ�PDLQO\�FRQFHUQHG�ZLWK�DFKLHYLQJ�WKHVH�ORZ
ZHDU�UDWHV�LQ�ODUJHU�FHOOV�RYHU�ORQJ�WLPHV��ZLWK�GHYHORSLQJ�DQ�HOHFWURGH�JHRPHWU\�DQG
FRQILJXUDWLRQ�WKDW�H[KLELW�DGHTXDWH�UHVLVWDQFH�WR�WKHUPDO�DQG�PHFKDQLFDO�VKRFN��DQG�ZLWK
FRQWUROOLQJ�DOXPLQD�FRQFHQWUDWLRQ�LQ�WKH�PHOW�DW�VXIILFLHQWO\�KLJK�OHYHOV�VR�WKDW�WKH�DQRGH�PDWHULDO
GRHV�QRW�GLVVROYH���%\�WKRXJKWIXOO\�DGGUHVVLQJ�WKHVH�LVVXHV�DQG�RWKHUV�LQ�WKH�LQGLFDWHG�SDWHQWV�
$OFRD�GHPRQVWUDWHV�LWV�DZDUHQHVV�RI�WKH�QHFHVVLW\�RI�D�V\VWHPV�W\SH�VROXWLRQ�WR�WKH�SUREOHP�
6HYHUDO�VXUSULVHV�ZHUH�DOVR�GHPRQVWUDWHG�LQ�WKLV�SDWHQW��LQFOXGLQJ�WKH�REVHUYDWLRQ�WKDW
HOHFWURZLQQLQJ�RI�PHWDO�LV�SRVVLEOH�DW�KLJK�FXUUHQW�GHQVLWLHV�DQG�RQ�ORZ�VXUIDFH�DUHD�DQRGHV�
SURGXFLQJ�R[\JHQ�DW�WKH�DQRGH�ZLWK�ORZ�IOXRULGH�HPLVVLRQ�DQG�OHDYLQJ�WKH�DQRGH�VXEVWDQWLDOO\
IUHH�RI�FRUURVLRQ�HYHQ�DIWHU�SHULRGV�RI�HOHFWURO\VLV���7KH�OHJDF\�RI�WKH�SDVW�WZR�GHFDGHV�VWURQJO\
VXJJHVWV�WKDW�VRPH�RI�WKH�SUREOHPV�ZLWK�WKLV�SDUWLFXODU�IRUPXODWLRQ�PD\�EH�LQVXUPRXQWDEOH�

1RYHO�$OXPLQXP�&KORULGH�&HOO

$�SDWHQW�E\�0HWDOOXUJLFDO��,QF��������������������ZDV�FRQVLGHUHG�QRWHZRUWK\�EHFDXVH�LW
DGGUHVVHG�VHYHUDO�V\VWHPV�LVVXHV�UHODWHG�WR�XVLQJ�LQHUW�DQRGHV�DQG�VWRRG�RXW�DV�D�UDWKHU�QRYHO
GHVLJQ�FRQFHSW���$OWKRXJK�$O&O� FHOOV�KDYH�EHHQ�LQYHVWLJDWHG�E\�VHYHUDO�ODERUDWRULHV��WKH�UHVXOWV
KDYH�EHHQ�ODUJHO\�XQVXFFHVVIXO���0RVW�UHFHQWO\��$OFRD�DEDQGRQHG�WKH�XVH�RI�WKH�$O&O� DOWHUQDWLYH
LQ�WKH�IXUWKHU�GHYHORSPHQW�RI�LWV�FHUPHW�DQRGHV���7KH�FHOOV�KDYH�WKH�DGYDQWDJH�RI�ORZHU
WHPSHUDWXUH�EXW�VXIIHU�VRPH�SUREOHPV�LQFOXGLQJ�WKH�SURGXFWLRQ�RI�FKORULQH�JDV�DQG�WKH�GLIILFXOW\
LQ�PDNLQJ�$O&O�ZLWK�DFFHSWDEOH�SXULW\���8QOHVV�KLJK�SXULW\�DOXPLQD�LV�XVHG�LQ�WKH�$O&O�
IDEULFDWLRQ��RWKHU�HOHPHQWV�WKDW�DUH�JHQHUDOO\�SUHVHQW�VXFK�DV�LURQ��VLOLFRQ��DQG�WLWDQLXP�DUH�DOVR
FKORULQDWHG�DQG�PXVW�XQGHUJR�GLIILFXOW�VHSDUDWLRQ�IURP�WKH�$O&O�� ��7KLV�FRQWULEXWHV�WR�WKH�VL]H
DQG�FRVW�RI�WKH�$O&O� SODQWV���7KH�LQGLFDWHG�SDWHQW�SURSRVHV�D�FHOO�GHVLJQ�WKDW�DYRLGV�ERWK�WKH
FKORULQH�FROOHFWLRQ�DQG�WKH�LQGHSHQGHQW�SURGXFWLRQ�RI�$O&O� LQ�D�SODQW�VHSDUDWH�IURP�WKH
HOHFWURO\VLV�SODQW�E\�KDYLQJ�WKH�$O&O� JHQHUDWHG�LQ�VLWX�RQ�WKH�DQRGH�ZLWKLQ�WKH�HOHFWURO\WLF�FHOO�
7KH�$O&O� LV�SURGXFHG�DW�WKH�DQRGH�E\�WKH�UHDFWLRQ�RI�DQ�DOXPLQRXV�VRXUFH�DQG�D�UHGXFLQJ�DJHQW
IRUPLQJ�WKH�DQRGH�ZLWK�UHF\FOLQJ�FKORULQH�SURGXFHG�DW�WKH�DQRGH�GXULQJ�WKH�HOHFWURO\VLV���7KH
$O&O� SURGXFHG�DW�WKH�DQRGH�GXULQJ�HOHFWURO\VLV�LV�LRQL]HG�LQ�WKH�PROWHQ�EDWK�DQG�LV�GHSRVLWHG�DV
DOXPLQXP�PHWDO�DW�WKH�FDWKRGH�DQG�FKORULQH�DW�WKH�DQRGH���'HWDLOV�RI�WKH�SURFHGXUH�DUH
FRPSOLFDWHG�DQG�UHDGHUV�DUH�HQFRXUDJHG�WR�UHIHU�WR�WKH�SDWHQW�IRU�IXUWKHU�LQIRUPDWLRQ�
1HYHUWKHOHVV��WKH�EDVLF�FRQFHSWV�SUHVHQWHG�LQ�WKLV�SDWHQW�DUH�PXOWLIDFHWHG�DQG�JRRG�H[DPSOHV�RI
WKH�V\VWHPV�DSSURDFK�WKDW�WKH�7:*�FRQVLGHUHG�YLWDO�WR�VXFFHVV�
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2. Discussion of Current Developmental Efforts

7R�EURDGHQ�WKH�VRXUFHV�RI�LQIRUPDWLRQ�DYDLODEOH�WR�WKH�7:*��H[SHUWV�LQ�DQRGH�WHFKQRORJLHV�ZHUH
FRQWDFWHG�DQG�RIIHUHG�D�IRUXP�WR�SUHVHQW�WKHLU�DSSURDFKHV�WR�WKH�LQHUW�DQRGH�FDWKRGH�FKDOOHQJH�
7KLV�VHFWLRQ�FRQWDLQV�H[FHUSWV�RI�WKHLU�ZULWWHQ�RU�YHUEDO�SUHVHQWDWLRQV�WR�WKH�7:*���7KLV�LV
IROORZHG�E\�D�VXPPDU\�RI�D�SDSHU�RQ�&RPDOFR©V�&RPSRVLWH�&HOO�3URJUDP��LQIRUPDWLRQ�RQ�RWKHU
LQHUW�DQRGH�FHOO�GHVLJQV��DQG�GLVFXVVLRQV�E\�WKH�5H\QROGV�0HWDOV�&RPSDQ\�RQ�WKH�6WDWXV�RI
&DWKRGH�'HYHORSPHQW�DQG�E\�$OFRD�RQ�3UHYLRXV�DQG�2QJRLQJ�5HVHDUFK�RQ�2[\JHQ�(OHFWURGHV
DQG�:HWWHG�&DWKRGHV�IRU�$OXPLQXP�6PHOWLQJ���$�VXPPDU\�DQG�DQDO\VLV�RI�WKH�(OWHFK�0ROWHFK
SDWHQWV�DSSHDUV�LQ�$SSHQGL[�$���

2SLQLRQV�RI�([SHUWV�LQ�$QRGH�7HFKQRORJLHV

7KH�UHPDUNV�RI����H[SHUWV�IROORZ�

'U��(UQHVW�'HZLQJ��UHWLUHG�$OFDQ

'U��'HZLQJ�SUHVHQWHG�D�SDSHU�UHYLHZLQJ�WKH�JHQHUDO�VXEMHFW�RI�LQHUW�DQRGHV�IURP�VHYHUDO
SHUVSHFWLYHV��LQFOXGLQJ�D�FULWLFDO�UHYLHZ�RI�OLIH�F\FOH�FRQVLGHUDWLRQV��HQHUJ\�FRQVXPSWLRQ��DQG
JOREDO�ZDUPLQJ���+LV�SDSHU�LV�SUHVHQWHG�LQ�$SSHQGL[�$���

&XUWLV�0F0LQQ��0ROWHFK

&XUWLV�0F0LQQ��D�FRQVXOWDQW�WR�0ROWHFK��UHYLHZHG�WKH�FRPSDQ\©V�FDSDELOLWLHV�DQG�FXUUHQW
HIIRUWV��,WV�ZLGH�UDQJLQJ�WHFKQLFDO�HIIRUWV�LQ�DOXPLQXP�FHOO�WHFKQRORJ\�DUH�ZHOO�NQRZQ��DQG�WKHUH
DUH�D�QXPEHU�RI�UHODWHG�WHFKQLFDO�SXEOLFDWLRQV���7ZR�HIIRUWV�DUH�SDUWLFXODUO\�UHOHYDQW�WR�WKH�ZRUN
RI�WKH�7:*������WKH�GHYHORSPHQW�RI�7,125��D�ZHWWDEOH�FDUERQ�FDWKRGH�FRDWLQJ�PDWHULDO��DQG����
LQHUW�DQRGH�ZRUN��XQGHUWDNHQ�LQ�WKH�SDVW�E\�3URI��-�$��6HNKDU�DW�WKH�8QLYHUVLW\�RI�&LQFLQQDWL�

7KH�7,125�ZRUN��ZKLFK�LV�EDVHG�RQ�D�7L%��FRPSRVLWH��KDV�EHHQ�SULYDWHO\�ILQDQFHG�DQG�KDV
UHDFKHG�WKH�VWDJH�RI�LQGXVWULDO�WULDOV�LQ�D�QXPEHU�RI�ORFDWLRQV���$�IXOO�HYDOXDWLRQ�ZLOO�WDNH�VHYHUDO
PRQWKV��DQG�LW�LV�H[SHFWHG�WKDW�UHVXOWV�ZLOO�EH�PDGH�SXEOLF�ZKHQ�LW�LV�FRPSOHWH�

7KH�LQHUW�DQRGH�ZRUN�KDV�UHVXOWHG�LQ�D�FRPSRVLWH�QRQ�FDUERQ�DQRGH�FDOOHG�129$125��ZKLFK
ZLOO�EH�WHVWHG�LQ�DQ�LQGXVWULDO�VHWWLQJ�LQ��������0F0LQQ�GHVFULEHG�129$125�DV�KDYLQJ�D
PHWDOOLF�FRUH�RI�1L��&X��)H��DQG�$O��ZLWK�D�GHQVH�R[LGH�FRDWLQJ�RQ�WKH�VXUIDFH��7HVWV�LQ�ERWK�WKH
VKRUW���¤��KUV���PLG����¤���KUV���DQG�ORQJ�WHUP�����¤����KUV��KDYH�EHHQ�FDUULHG�RXW��7KHVH
OLPLWHG�WULDOV�ZHUH�GHVFULEHG�DV�SURPLVLQJ�ZLWK�D�GLVVROXWLRQ�UDWH�RI������PP�GD\�FLWHG�DV�WKH
¦EHVW�WHVW�UHVXOWV�§��0ROWHFK�SODQV�WR�FRQWLQXH�WULDOV�RI�7,125�DQG�UHWURILWWHG�FRPELQDWLRQV�RI
129$125�DQG�7,125���&HOO�YROWDJHV�RI�DV�ORZ�DV������WR������YROWV�ZHUH�SURMHFWHG�ZLWK�D
ELSRODU�HOHFWURGH�FHOO���7KH�UHDO�SURPLVH�RI�129$125�DQG�RU�VXEVHTXHQW�DQRGHV�GHYHORSHG�E\
0ROWHFK�KDV�QRW�\HW�EHHQ�GHWHUPLQHG�VLQFH�ODERUDWRU\�WHVWV�DUH�LQFRPSOHWH�

3URIHVVRU�5REHUW�5DSS��2KLR�6WDWH�8QLYHUVLW\

3URI��5DSS�SUHVHQWHG�D�UDGLFDOO\�GLIIHUHQW�DSSURDFK�WR�DOXPLQXP�UHGXFWLRQ���+LV�SURSRVHG�¦LQHUW
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DQRGH§�LV�D�WXEXODU�VROLG�R[LGH�IXHO�FHOO��62)&��HOHFWURO\WH�DUUDQJHPHQW�WR�R[LGL]H�UHIRUPHG
QDWXUDO�JDV���¦5DSS©V�3DUDGLJP§�SURYLGHV�D�UHWURILW�FDSDELOLW\�ZLWK�WKH�SRWHQWLDO�IRU�UHGXFHG�DLU
SROOXWDQWV�DQG�UHGXFHG�HQHUJ\�FRQVXPSWLRQ���&RVW�UHGXFWLRQV�RI�XS�WR���FHQWV�SHU�SRXQG�RI
DOXPLQXP�ZHUH�SURMHFWHG�E\�5DSS���0DWHULDO�FRVWV�DUH�OLNHO\�WR�EH�H[WUHPHO\�KLJK�DQG�D�JRRG
GHDO�RI�GHYHORSPHQWDO�ZRUN�ZLOO�EH�UHTXLUHG�

&UDLJ�%URZQ��%URRNV�5DQG�/WG��RI�6HDWWOH

&UDLJ�%URZQ�SUHVHQWHG�DQ�LQHUW�DQRGH�FRQFHSW��IRU�1RUWKZHVW�$OXPLQXP��ZKRVH�LQLWLDO
GHYHORSPHQW�KDV�EHHQ�VXSSRUWHG�E\�D�FRQWUDFW�IURP�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\�2IILFH�RI
,QGXVWULDO�7HFKQRORJLHV�ZLWK�1RUWKZHVW�$OXPLQXP���7KH�V\VWHP�ZRXOG�XVH�ORZ�WHPSHUDWXUH
HOHFWURO\WH��ORZ�UDWLR�EDWK���YHUWLFDO�HOHFWURGHV�ZLWK�LQHUW�DQRGHV�DQG�7L%��EDVHG�ZHWWDEOH
FDWKRGHV��DQG�DQ�DFWLYH�DQRGLF�FHOO�ERWWRP�WR�DVVLVW�LQ�UHGXFLQJ�VOXGJH�LQ�WKH�FHOO���)RU�WKH�QH[W
���WR����PRQWKV��WKH�WHFKQLFDO�HIIRUW�ZLOO�EH�GHYRWHG�WR�HYDOXDWLQJ�PHWDO�DOOR\��1L�&X�)H��DQRGHV
LQ�EHQFK�VFDOH�H[SHULPHQWV���9DULRXV�DOOR\V�ZLOO�EH�VXEMHFWHG�WR�VPDOO�FHOO�WHVWLQJ�ZLWK�WKH
REMHFWLYH�RI�VHOHFWLQJ�PDWHULDOV�IRU��.$�SLORW�VFDOH�WHVWV���$FFRUGLQJ�WR�%URZQ��¦HQFRXUDJLQJ§
UHVXOWV�ZHUH�FODLPHG�

1RUWKZHVW�$OXPLQXP©V�FRQFHSW�LV�D�UDGLFDO�GHSDUWXUH�IURP�FRQYHQWLRQDO�RSHUDWLRQV���0DQ\
WHFKQLFDO�KXUGOHV�ZLOO�UHPDLQ�DIWHU�D�VXFFHVVIXO�DQRGH�LV�WHVWHG��EXW�WKH�LQLWLDO�ZRUN�LV�IRFXVHG�RQ
WKH�HVVHQWLDO�¦LQHUW§�DQRGH���$W�SUHVHQW��WKH�WULDOV�FRQVWLWXWH�D�JR¤QR�JR�DSSURDFK�WR�WKH�FRQFHSW�

-RKQ�+U\Q��$UJRQQH�1DWLRQDO�/DERUDWRU\

-RKQ�+U\Q�SUHVHQWHG�$�'\QDPLF�,QHUW�0HWDO�$QRGH�DV�DQRWKHU�DSSURDFK�WR�WKH�LQHUW�DQRGH
SUREOHP��+H�SURSRVHV�WR�XVH�D�PHWDO�DOOR\�DQRGH�ZKRVH�VXUIDFH�ZRXOG�EH�SURWHFWHG�E\�D�ILOP�RI
DOXPLQD�VXIILFLHQWO\�WKLQ�WKDW�LW�FDQ�FRQGXFW�FXUUHQW�HOHFWURQLFDOO\���7R�DFKLHYH�WKLV�YHU\�WKLQ
SURWHFWLYH�ILOP��DOXPLQD�ZLOO�FRQWLQXDOO\�GLVVROYH�LQWR�WKH�EDWK�EXW�FRQVWDQWO\�UHIRUP�E\
R[LGDWLRQ�RI�DOXPLQXP�GLIIXVLQJ�WR�WKH�VXUIDFH�IURP�D�SHULRGLFDOO\�UHSOHQLVKHG�VRXUFH�RI
DOXPLQXP�ZLWKLQ�WKH�DQRGH���7KHUH�DUH�PDMRU�SUREOHPV�WKDW�PXVW�EH�VROYHG�KHUH��IRU�H[DPSOH�
SURGXFLQJ�DQG�PDLQWDLQLQJ�DQ�DOXPLQD�ILOP�WKLFN�HQRXJK�WR�SUHYHQW�WUDQVSRUW�RI�WKH�DQRGH�DOOR\
WR�WKH�DOXPLQXP�SURGXFW�\HW�WKLQ�HQRXJK�WR�FRQGXFW�FXUUHQW�ZLWKRXW�H[FHVVLYH�YROWDJH�ORVV���,W
ZLOO�EH�GLIILFXOW�WR�DGMXVW�GLIIXVLRQ�OHQJWKV�WR�VXSSO\�DOXPLQXP�WR�DOO�DQRGLF�VXUIDFHV�DW�WKH�H[DFW
UDWH�WR�PDWFK�WKH�GLVVROXWLRQ�RI�DOXPLQD��SDUWLFXODUO\�IRU�YHUWLFDO�SODWH�DQRGHV��ZKLFK�DUH�WKH�PRVW
SURPLVLQJ�FRQILJXUDWLRQV�

$W�SUHVHQW��WKHUH�DUH�QR�GDWD�RQ�WKH�DOOR\�R[LGDWLRQ�UDWH��QRU�RQ�WKH�G\QDPLFV�RI�PHWDO�GLIIXVLRQ
DQG�WKH�PHWDO�DQRGH�HOHFWURO\WH�LQWHUIDFH���+U\Q�HVWLPDWHV�WKDW�D����PLOOLRQ��WKUHH�\HDU�HIIRUW�LV
UHTXLUHG�WR�REWDLQ�WKH�UHTXLUHG�GDWD�DQG�GHPRQVWUDWH�YLDELOLW\�DW�WKH�����DPS������KRXU�WHVW�OHYHO�

$O�/D�&DPHUD��$OFRD

$O�/D�&DPHUD�SUHVHQWHG�D�UHYLHZ�RI�$OFRD©V�FRQWLQXLQJ�HIIRUWV�LQ�LQHUW�DQRGH�FHOO�GHYHORSPHQW�
1R�ZULWWHQ�PDWHULDO�ZDV�SURYLGHG�WR�WKH�7:*�IRU�IXUWKHU�VWXG\�
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'2(�KDV�SDUWLDOO\�IXQGHG�$OFRD��DQG�5	'�HIIRUWV�KDYH�IRFXVHG�RQ�PHWDO�FHUPHW�DQRGHV�VLQFH
WKH�HDUO\�����V���$OFRD©V�HIIRUWV�KDYH�H[SDQGHG�WR�HQFRPSDVV�D�WRWDO�FHOO�V\VWHP�ZLWK�YHUWLFDO
HOHFWURGHV��D�FRYHUHG�WRS��D�FRQYHQWLRQDO�HOHFWURO\WH��DQG�D�VXEVWDQWLDO�FRQFHQWUDWLRQ�RI�GLVVROYHG
DOXPLQD���7KLV�LQQRYDWLYH�V\VWHP�LQFOXGHV�PDQ\�QRYHO�FRPSRQHQWV�WKDW�UHTXLUH�GHYHORSPHQW�
8QWLO�UHFHQWO\��HOHFWURO\WLF�WHVWV�KDYH�QRW�GHPRQVWUDWHG�WKH�UHTXLUHG�VWDELOLW\�GXUDELOLW\�RI�DQRGH
PDWHULDOV���/D�&DPHUD�DOOXGHG�WR�UHFHQW�WULDOV�WKDW�\LHOGHG�TXLWH�HQFRXUDJLQJ�UHVXOWV�LQ�WHUPV�RI
WKH�TXDOLW\�RI�WKH�PHWDO�SURGXFW���)XUWKHU�UHSOLFDWLRQ�LV�UHTXLUHG�EHIRUH�UHVHDUFKHUV�DUH�FRQILGHQW
RI�WKH�UHVXOWV���/D�&DPHUD�VSRNH�RI�WKH�FRPSDQ\©V�H[FHOOHQW�IDFLOLWLHV�DQG�UHVRXUFHV��DQG
DGYRFDWHG�VXSSRUW�IRU�FRQWLQXLQJ�$OFRD©V�HIIRUWV��VHH�DOVR�SDJH�����,QWHJUDWHG�¦6\VWHPV
$SSURDFK§��

'U��(ULF�)UD]HU�DQG�'U��0DUN�7ZLJJ��&6,52�0LQHUDOV�DQG�&6,52�0DQXIDFWXULQJ�6FLHQFH

DQG�7HFKQRORJ\

'UV��)UD]HU�DQG�7ZLJJ�GHVFULEHG�WKH�ZRUN�RQ�LQHUW�DQRGHV�DW�&6,52�IURP������WR�������7KH
PRVW�VXFFHVVIXO�DQRGHV�ZHUH�PDGH�RI�WLQ�GLR[LGH�EDVHG�PDWHULDOV���/RZ�WHPSHUDWXUH�DQG�ORZ�
UDWLR�HOHFWURO\WH�WULDOV�\LHOGHG�ZHDU�UDWHV�RI�a��FP�SHU�\HDU���&RSSHU�GHSOHWLRQ�DQG�D�EXLOG�XS�RI
DQ�DOXPLQD�ULFK�VXUIDFH�OD\HU�ZHUH�REVHUYHG���7KH\�QRWHG�VLJQLILFDQW�WHFKQLFDO�GLIILFXOWLHV�LQ
H[SDQGLQJ�WKH�LQHUW�DQRGH�GHYHORSPHQWDO�HIIRUW���7R�EH�VXFFHVVIXO��H[WHQVLYH�LQYHVWPHQWV�RI�WLPH
DQG�UHVRXUFHV�ZLOO�EH�UHTXLUHG���7KH\�IRUHVHH�WKH�GHYHORSPHQW�DQG�GHPRQVWUDWLRQ�RI�D�SURPLVLQJ
PDWHULDO��IROORZHG�E\�D�ILYH��WR�WHQ�\HDU�5	'�LPSOHPHQWDWLRQ�HIIRUW�WKURXJK�DQ�LQGXVWU\�
JRYHUQPHQW�FROODERUDWLRQ�

'U��7RQ\�.MDU��&RPDOFR

'U��.MDU�SURYLGHG�D�ZULWWHQ�UHYLHZ�RI�WKH�ZRUN�GRQH�DW�&RPDOFR�WR�GHYHORS�7L%��FDWKRGH
V\VWHPV�IRU�DQ�LQGXVWULDO�DSSOLFDWLRQ���$�FRS\�RI�KLV�OHWWHU�LV�SUHVHQWHG�LQ�$SSHQGL[�$���
&RPDOFR�KDV�KDG�VXFFHVV�LQ�RSHUDWLQJ�GUDLQHG�FDWKRGH�FHOOV�DW�UHGXFHG�DQRGH�FDWKRGH�VHSDUDWLRQ
DQG�LQFUHDVHG�FXUUHQW�GHQVLW\�

$OWKRXJK�XS�WR�����GD\�OLYHV�KDYH�EHHQ�GHPRQVWUDWHG��LW�LV�FOHDU�WKHUH�DUH�VHYHUDO�KXUGOHV�WR
RYHUFRPH���)RU�H[DPSOH��D�FOHDQ�FDWKRGH�PXVW�EH�PDLQWDLQHG�ZLWK�QR�VOXGJH�RU�IUR]HQ�PDWHULDO�
$�FRQWLQXRXV�SUH�EDNHG�DQRGH�ZDV�DGYRFDWHG�WR�IXUWKHU�LPSURYH�WKH�UHVXOWV�

5LR�7LQWR�=LQF��57=��&RPDOFR�FKRVH�WR�UHGXFH�WKH�SULRULW\�RI�WKLV�IRUHJRLQJ�SURJUDP�LQ�WKH�ODVW
IHZ�\HDUV�EHFDXVH�RI�WKH�H[FHVVLYH�GHYHORSPHQWDO�FRVWV�DQG�RWKHU�RSSRUWXQLWLHV�EXW�LV�QRZ
VKRZLQJ�UHQHZHG�LQWHUHVW�LQ�WKH�SURJUDP�

'U��%DUU\�:HOFK��8QLYHUVLW\�RI�$XFNODQG

$�UHFHQWO\�SXEOLVKHG�SDSHU�E\�'U��:HOFK��-20��0D\�������GLVFXVVHV�WKH�NH\�DVSHFWV�RI�DQ\
DOWHUQDWLYH�SURFHVV�IRU�DOXPLQXP�SURGXFWLRQ��D�VDWLVIDFWRU\�FKHPLFDO�SDWK��FDSLWDO�FRVW�UHGXFWLRQ�
D�VXLWDEOH�PDWHULDO�IRU�WKH�UHDFWRU�DQG�HOHFWURGHV��DQG�HQYLURQPHQWDO�FRQVLGHUDWLRQV���DQG�WKH
FRPPRQ�HOHPHQWV�RI�DOO�DOWHUQDWLYH�SURFHVVHV��SULPDU\�LQSXWV�RI�DOXPLQD��HOHFWULFDO�HQHUJ\��VRPH
FDUERQ��DQG�SHUKDSV�VRPH�RWKHU�UHF\FODEOH�FKHPLFDOV��RXWSXWV�RI�DOXPLQXP�DQG�FDUERQ�R[LGHV�
UHOHDVHV�RI�KHDW�DQG�SHUKDSV�E\�SURGXFWV����+H�UHYLHZV�VHYHUDO�DOWHUQDWLYH�SURFHVVHV�LQYHVWLJDWHG
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IRU�DOXPLQXP�SURGXFWLRQ��DQG�GUDZV�FRQFOXVLRQV�DERXW�WKH�FKDOOHQJHV�IDFLQJ�WKH�LQGXVWU\���+LV
FRPSOHWH�UHSRUW�LV�DYDLODEOH�DV�$SSHQGL[�$���RI�WKLV�GRFXPHQW�

&RPDOFR©V�&RPSRVLWH�&HOO�3URJUDP

'U��1RODQ�5LFKDUGV�KDV�UHYLHZHG�'U��0DUN�7D\ORU©V�SUHVHQWDWLRQ�RQ�&RPDOFR©V�&RPSRVLWH�&HOO
3URJUDP�DW�WKH�1HZ�=HDODQG�$OXPLQXP�6PHOWLQJ�&RQIHUHQFH��1RYHPEHU������������$�FRS\�RI
7D\ORU©V�HQWLUH�SUHVHQWDWLRQ�DSSHDUV�LQ�$SSHQGL[�$���RI�WKLV�GRFXPHQW���$�VXPPDU\�RI�1RODQ
5LFKDUGV©�UHYLHZ�RI�WKH�SDSHU�IROORZV�LPPHGLDWHO\�EHORZ�

&RPDOFR�KDV�7L%��FRDWHG�JUDSKLWLF�FDWKRGH�FHOOV�LQ�FRQVWUXFWLRQ�DW�RQH�VPHOWHU�DQG�LQ�RSHUDWLRQ
DW�DQRWKHU���7D\ORU�QRWHG�WKDW�&RPDOFR©V�FRUSRUDWH�REMHFWLYHV�LQ�FRQGXFWLQJ�LWV�UHVHDUFK�ZHUH�WR

• ORZHU�WKH�RSHUDWLQJ�LQWHU�HOHFWURGH�GLVWDQFH�

• PLQLPL]H�FHOO�LQVWDELOLWLHV�IURP�WKH�FDWKRGH��DQG

• PLQLPL]H�LQVWDELOLWLHV�IURP�WKH�DQRGH��ZKLFK��LI�DFKLHYHG��FRXOG�OHDG�WR�QHZ�FHOO�GHVLJQV��

5HVHDUFKHUV�IHOW�WKDW�DIWHU�UHFHLYLQJ�WHFKQRORJ\�IURP�0DUWLQ�0DULHWWD��DQG�FRQGXFWLQJ�ODERUDWRU\
WHVWV�DQG�SURWRW\SH�SODQW�WULDOV��WKH\�KDG�UHDFKHG�¦SURRI�RI�FRQFHSW�§��,Q�SUDFWLFH�WKH\�IRXQG�WKDW
WKH�DQRGHV�EXUQHG�WR�WKH�FDWKRGH�SURILOH���$FKLHYLQJ�WKH�FRUUHFW�FDWKRGH�VORSHV�DQG�FHOO
K\GURG\QDPLFV�ZHUH�FULWLFDO�WR�VXFFHVV�

7KH\�DOVR�KDG�WR�OHDUQ�KRZ�WR�PDQDJH�WKH�KHDW�EDODQFH��ZKLFK�ZDV�QRZ�GHSHQGHQW�XSRQ�D���
SHUFHQW�ORZHU�KHDW�UHVHUYRLU���7KH�KHDW�EDODQFH�FKDQJHG�VLJQLILFDQWO\�ZKHQ�WKHUH�ZDV�DQ�HUURU�LQ
WKH�DQRGH�FDWKRGH�GLVWDQFH�RI�RQO\�D�IHZ�PLOOLPHWHUV��RU�WKHUH�ZDV�D�YDULDWLRQ�LQ�WKH�WKLFNQHVV�RI
DOXPLQXP�IORZLQJ�DFURVV�WKH�VHFWLRQ��ZHWWLQJ�WKH�FRPSRVLWH�FRDWLQJ��DQG�GLVFKDUJLQJ�LQWR�WKH
FHQWHU�FROOHFWLRQ�ZHOO���7R�LQMHFW�PRUH�KHDW��UHVHDUFKHUV�VSOLFHG�LQ�DGGLWLRQDO�FXUUHQW�IURP�DQ
H[WUD�UHFWLILHU��DQG�ODWHU�DGGHG�H[WUD�LQVXODWLRQ�LQ�WKH�VLGHZDOOV���7KH\�DOVR�UDLVHG�WKH�DQRGH
FXUUHQW�GHQVLW\�IURP������$�FP��WR�����¤�����$�FP���XS�IURP����WR����¤����N$���7KH\�DOVR
IRXQG�LW�ZDV�LPSRUWDQW�WR�DYRLG�WKH�IRUPDWLRQ�RU�DFFXPXODWLRQ�RI�VOXGJH�IURP�WKH�SRLQW�IHHGHUV
GLUHFWO\�DERYH�

'XULQJ�������������GUDLQHG�FDWKRGH�FHOOV�ZHUH�EXLOW�E\�&RPDOFR��ZLWK�D�IRFXV�RQ�LPSURYHPHQWV
LQ�D�QXPEHU�RI�DUHDV������FRQWUROV������WKH�FRPSRVLWH�IRUPXODWLRQ������FHOO�GHVLJQ������RSHUDWLRQV�
DQG�����PDWHULDOV���)RU�H[DPSOH��LQ�LPSURYLQJ�WKH�IRUPXODWLRQ�IRU�WKH�FRPSRVLWH��UHVHDUFKHUV
ZDQWHG�DQ�LQLWLDO��¤����FP�OD\HU�WR�GHOLEHUDWHO\�VKHG�SDUWLFOHV�WR�SURPRWH�D�YLVFRXV�OD\HU�RQ�WKH
7L%��FRDWLQJ��ZKLFK�ZRXOG�LPSHGH�ERWK�ZHDU�DQG�GLVVROXWLRQ���0DQ\�FRDWHG�FRQYHQWLRQDO�FHOOV
KDYH�EHHQ�RSHUDWHG�RYHU�WKH�VDPH�SHULRG���7KH\�QRZ�EHOLHYH�WKH\�KDYH�PDVWHUHG�WKH�SUREOHPV
UHODWHG�WR�FRQWUROV��FHOO�GHVLJQ��DQG�PDWHULDOV��7KH�UHPDLQLQJ�LVVXHV�DUH�UHODWHG�WR�WKH�RSHUDWLQJ
DQG�SURFHGXUDO�FKDQJHV�QHHGHG�WR�PDQDJH�D�SRWOLQH�RI�WKH�GUDLQHG�FHOOV���&RDWHG�JUDSKLWLF
FDWKRGH�FHOOV��ZLWK�PHWDO�SDGV��QHHG�QR�IXUWKHU�GHYHORSPHQW�IRU�WKHLU�FRPPHUFLDOL]DWLRQ�

2WKHU�&HOO�'HVLJQV

$QRWKHU�URXWH�WR�DFKLHYLQJ�D�KHDW�EDODQFH�ZLWK�¦LQHUW§�DQRGHV�LV�WR�SDFN�PRUH�SURGXFWLRQ
FDSDFLW\�LQWR�WKH�VDPH�YROXPH��7KLV�FDQ�EH�DFFRPSOLVKHG�E\��IRU�H[DPSOH��XVLQJ�ELSRODU
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HOHFWURGHV���7KH�¦LQHUW§�DQRGH�SODWH��SUREDEO\�D�FHUPHW��PXVW�EH�MRLQHG�WR�DQ�¦LQHUW§�FDWKRGH
SODWH��SUREDEO\�PDGH�RI�D�WLWDQLXP�GLERULGH�FRPSRVLWH����3DWHQWV�����������DQG�����������FODLP
WR�GR�WKLV��EXW�QR�ORQJ�WHUP�WHVWV�KDYH�EHHQ�UHSRUWHG���,Q�DGGLWLRQ��DQ�HOHFWULFDOO\�LQVXODWLQJ
PDWHULDO��UHVLVWDQW�WR�DWWDFN�E\�WKH�+DOO�+pURXOW�EDWK��LV�UHTXLUHG�WR�SUHYHQW�FXUUHQW�IURP
E\SDVVLQJ�WKH�ELSRODU�HOHFWURGHV���%RURQ�QLWULGH�DQG�HYHQ�WKLQ�FKHPLFDO�YDSRU�GHSRVLWHG��&9'�
GLDPRQG�ILOP�KDYH�EHHQ�VXJJHVWHG�IRU�WKLV�HOHFWULFDO�LQVXODWLQJ�PDWHULDO��EXW�WKH\�DUH�H[SHQVLYH
DQG�QRW�IXOO\�VDWLVIDFWRU\�LQ�DQ�R[LGL]LQJ�HQYLURQPHQW�

$OWHUQDWHO\��DQ�DVVHPEO\�FRXOG�EH�PDGH�RI�PXOWLSOH�YHUWLFDO�DQRGH�DQG�FDWKRGH�SODWHV�ZLWK�DOO
DQRGHV�FRQQHFWHG�LQ�SDUDOOHO�DQG�DOO�FDWKRGHV�FRQQHFWHG�LQ�SDUDOOHO���7KHVH�SODWHV�FRXOG�EH
VXSSRUWHG�IURP�DERYH�WKH�EDWK�DQG�ZRXOG�QRW�UHTXLUH�DQ\�HOHFWULFDOO\�LQVXODWLQJ�PDWHULDO�WR�EH�LQ
WKH�EDWK���,W�ZRXOG�DOVR�DYRLG�WKH�SUREOHP�RI�MRLQLQJ�DQRGH�SODWHV�WR�FDWKRGH�SODWHV�

%DWKV�ZLWK�ORZ�PHOWLQJ�SRLQWV��H�J������R&¤���R&��KDYH�EHHQ�SURSRVHG�WR�UHGXFH�WKH�DWWDFN�RQ
¦LQHUW§�DQRGHV��EXW�WKHVH�EDWKV�KDYH�ORZ�VROXELOLW\�IRU�DOXPLQD���2QH�ZD\�WR�DOOHYLDWH�WKLV
GLIILFXOW\�LV�WR�XVH�D�VOXUU\�RI�DOXPLQD�LQ�WKH�EDWK���1RUWKZHVW�$OXPLQXP�&RPSDQ\�LV�SXUVXLQJ
WKLV�FRQFHSW���$QRWKHU�RSWLRQ�LV�WR�F\FOH�WKH�DOXPLQD�GHSOHWHG�HOHFWURO\WH�WR�DQ�H[WHUQDOO\�KHDWHG
DQG�DJLWDWHG�UHVHUYRLU�FRQWDLQLQJ�DOXPLQD�WR�UHSOHQLVK�WKH�DOXPLQD���2Q�WKH�RWKHU�KDQG��$OFRD
IRXQG�WKDW�ORZ�WHPSHUDWXUH�EDWKV�FDXVHG�SDVVLYDWLRQ�RI�WKH�DQRGH��ZKLFK�OHG�WR�H[FHVVLYH
YROWDJH�

5H\QROGV�0HWDOV�&RPSDQ\©V�6XPPDU\�RI�WKH�6WDWXV�RI�&DWKRGH�'HYHORSPHQW

7KH�PDMRULW\�RI�DOXPLQXP�VPHOWHUV�LQ�WKH�8QLWHG�6WDWHV�KDYH�ROGHU��ORZHU�DPSHUDJH�SUHEDNH�RU
6RGHUEHUJ�FHOOV�WKDW�KDYH�KLJKHU�HOHFWULFDO�SRZHU�UHTXLUHPHQWV�DQG�DUH�PRUH�ODERU�LQWHQVLYH
ZKHQ�FRPSDUHG�ZLWK�PRGHUQ�KLJK�DPSHUDJH�FHOOV�EXLOW�LQ�&DQDGD�DQG�6RXWK�$IULFD�LQ�WKH�����V�
8�6��DOXPLQXP�SURGXFHUV�KDYH�EHHQ�DEOH�WR�VWD\�FRPSHWLWLYH�E\�PDNLQJ�FRQWLQXRXV
LPSURYHPHQWV�LQ�WKH�SURGXFWLRQ�SURFHVV�DQG�E\�UHGXFLQJ�FRVWV���7KHVH�ROGHU��PRUH�HQHUJ\�
LQWHQVLYH�FHOOV�LQ�WKH�8QLWHG�6WDWHV�DUH�EHWWHU�FDQGLGDWHV�IRU�WKH�ZHWWHG�FDWKRGH�WHFKQRORJ\�

)URP������WR������7L%��JUDSKLWH�FHUDPLF�FRPSRVLWH�FDWKRGH�HOHPHQWV�PDQXIDFWXUHG�E\�6LJUL�
*UHDW�/DNHV�ZHUH�HYDOXDWHG�LQ�LQGXVWULDO�FHOOV�DW�WKH�.DLVHU�0HDG�SODQW���7KH�WHVWV�ZHUH
VXSHUYLVHG�E\�5H\QROGV�0HWDOV�&RPSDQ\�DQG�VSRQVRUHG�E\�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\���7KH
7L%��*�PDWHULDO�KDG�VKRZQ�SURPLVH�LQ�FRPPHUFLDO�FHOOV�DV�D�VWDEOH��ZHWWDEOH�FDWKRGH�PDWHULDO
GHPRQVWUDWLQJ�ORZ�GLVVROXWLRQ�UDWH�DQG�DFFHSWDEOH�WKHUPDO�VKRFN�UHVLVWDQFH�

7KH�XVH�RI�7L%��*�FDWKRGH�HOHPHQWV�DOVR�ZRUNHG�ZHOO�WR�UHGXFH�WKH�HQHUJ\�FRQVXPSWLRQ�LQ
LQGXVWULDO�SUHEDNH�FHOOV���+RZHYHU��WKH�PDQXIDFWXUH�RI�D�ODUJH�QXPEHU�RI�KLJK�TXDOLW\��FUDFN�
IUHH��7L%��*�FDWKRGH�HOHPHQWV�SURYHG�WR�EH�WRR�GLIILFXOW�IRU�WKH�VXSSOLHU�EHFDXVH�RI�WKHLU
FRPSOH[�¦PXVKURRP§�VKDSH���&RQVHTXHQWO\��D�ODUJH�QXPEHU�RI�7L%��*�FDWKRGH�HOHPHQWV�IDLOHG
GXULQJ�RSHUDWLRQV�RI�WKH�LQGXVWULDO�SUHEDNH�FHOO���7KH�FDWKRGH�HOHPHQWV�ZHUH�DW�ULVN�RI�EHLQJ
GDPDJHG�GXULQJ�FHOO�VWDUWXS�DQG�DQ\�RSHUDWLRQV�LQYROYLQJ�DQRGH�EULGJH�PRYHPHQWV�EHFDXVH�WKH\
ZHUH�SRVLWLRQHG�KLJKHU�WKDQ�WKH�PHWDO�SDG�VXUIDFH���$GGLWLRQDOO\��WKH�HFRQRPLFV�RI�XVLQJ�WKH
UHTXLUHG�QXPEHU�RI�WKH�ODUJH����SRXQG�7L%��*�HOHPHQWV�SHU�FHOO�SURYHG�WR�EH�KLJKO\
TXHVWLRQDEOH�
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5H\QROGV�0HWDOV�&RPSDQ\��.DLVHU�$OXPLQXP�DQG�&KHPLFDO�&RUSRUDWLRQ��DQG�$GYDQFHG
5HIUDFWRU\�7HFKQRORJLHV��$57��DUH�FXUUHQWO\�FROODERUDWLQJ�RQ�D�QHZ�HIIRUW�WR�GHYHORS�DQG
HYDOXDWH�PDWHULDOV�DQG�WKH�QHFHVVDU\�HQJLQHHULQJ�SDFNDJH�IRU�UHWURILW�RI�ZHWWDEOH��FHUDPLF�EDVHG�
GUDLQHG�FDWKRGH�WHFKQRORJ\�LQWR�H[LVWLQJ�DOXPLQXP�UHGXFWLRQ�FHOOV�

,QWHUQDWLRQDOO\��WKHUH�DUH�DW�SUHVHQW�WKUHH�PDMRU�QRQ�8�6��FRPSDQLHV�SXUVXLQJ�WKH�DFWLYH
GHYHORSPHQW�RI�7L%��EDVHG�FDWKRGH�WHFKQRORJ\�IRU�DOXPLQXP�UHGXFWLRQ�FHOOV��&RPDOFR
$OXPLQXP��$XVWUDOLD���$OFDQ��&DQDGD���DQG�0ROWHFK��6ZLW]HUODQG��

&RPDOFR©V�7L%��FDWKRGH�SURJUDP�KDV�EHQHILWHG�IURP�D�YHU\�JHQHURXV�JRYHUQPHQWDO�SROLF\�RI�WD[
LQFHQWLYHV��ZKLFK�SURPRWHG�LQGXVWULDO�5	'�LQ�$XVWUDOLD���,W�KDV�EHHQ�UHSRUWHG�WKDW�VLJQLILFDQW
FRPPHUFLDO�VFDOH�WHVWLQJ�E\�&RPDOFR�RI�7L%��FDUERQ�FRDWLQJV�LQ�GUDLQHG�FDWKRGHV�KDV�EHHQ
XQGHUZD\�LQ�$XVWUDOLD�IRU�DOPRVW����\HDUV���&RPDOFR�KDV�EHHQ�LVVXHG�WZR�8�6��SDWHQWV
�����������DQG������������FRYHULQJ�GUDLQHG�FHOO�GHVLJQV�DQG�FHOO�VWDUWXS�SUDFWLFHV�

$OFDQ�,QWHUQDWLRQDO�/WG��DQG�(OWHFK�6\VWHPV�,QF��PDGH�WKUHH�XQVXFFHVVIXO�DWWHPSWV�WR�VWDUW�XS
SUHEDNH�FHOOV�FRQWDLQLQJ�YHUWLFDO�7L%��EDUV�LQ�D�QRQ�FDUERQ�OLQLQJ��VHH�/LJKW�0HWDOV����������¤
�������5HVHDUFK�LV�FRQWLQXLQJ�DW�$OFDQ�LQ�WKH�HYDOXDWLRQ�RI�7L%��EDVHG�PDWHULDOV�VSHFLILFDOO\�IRU
GUDLQHG�FDWKRGH�UHWURILWV�

0ROWHFK�LV�DFWLYHO\�SURPRWLQJ�7,125���D�7L%��EDVHG�FRDWLQJ��IRU�FRQYHQWLRQDO�UHGXFWLRQ�FHOOV
WR�H[WHQG�FHOO�OLIH�E\�UHGXFLQJ�VRGLXP�SHQHWUDWLRQ�LQWR�WKH�FDUERQ�OLQLQJ�DQG�WR�FRQWURO�FDWKRGH
EORFN�HURVLRQ���0ROWHFK�LV�ZRUNLQJ�ZLWK�+RRJRYHQV��+ROODQG��WR�GHYHORS�DQG�RSHUDWH�D�GUDLQHG
FDWKRGH�FHOO�XVLQJ�WKH�7,125��FRDWLQJ�

7KHUH�LV�ZRUOGZLGH�LQWHUHVW�LQ�WKH�XWLOL]DWLRQ�RI�7L%��FDUERQ�EDVHG�PDWHULDOV�LQ�GUDLQHG�FDWKRGHV
E\�WKH�PDMRU�DOXPLQXP�SURGXFHUV�DQG�FRPSDQLHV�GHYHORSLQJ�ZHWWHG�FDWKRGH�WHFKQRORJ\���,W�QRZ
DSSHDUV�WKDW�SURPLVLQJ�+DOO�+pURXOW�FHOO�GHVLJQ�FRQFHSWV�DQG�SURPLVLQJ�FDQGLGDWH�PDWHULDOV�DUH
ERWK�LQ�WKH�RIILQJ���8QWLO�UHFHQWO\��WKHVH�GHVLJQ�FRQFHSWV�DQG�PDWHULDOV�ZHUH�QRW�DYDLODEOH
VLPXOWDQHRXVO\�

$OFRD©V�6XPPDU\�RI�3UHYLRXV�DQG�2QJRLQJ�5HVHDUFK�RQ�2[\JHQ�(OHFWURGHV�DQG�:HWWHG

&DWKRGHV�IRU�$OXPLQXP�6PHOWLQJ

&XUUHQWO\��WKH�LQWHU�HOHFWURGH�VSDFLQJ�LV�QRW�FRQVWDQW�LQ�DOXPLQXP�SURFHVVLQJ���7KH�DQRGH
UHDFWLRQ�RFFXUV�DW�WKH�ERWWRP�RI�WKH�FDUERQ�DQRGH�DQG�WKH�FDWKRGH�UHDFWLRQ�RFFXUV�DW�WKH�WRS
VXUIDFH�RI�WKH�DOXPLQXP�SRRO���7KH�DOXPLQXP�SRRO�VSDQV�WKH�HQWLUH�ERWWRP�FDYLW\�RI�WKH�FHOO�DQG
LV�WDSSHG�IURP�WKH�FHOO�RQ�D�UHJXODU�EDVLV�WR�NHHS�WKH�KHLJKW�RI�WKH�SRRO�DW�EHWZHHQ��¤��LQ�
%HFDXVH�RI�KLJK�FXUUHQWV�LQ�WKH�SURFHVV��L�H�������WR�����.$���ODUJH�PDJQHWLF�ILHOGV�DUH�SURGXFHG
LQ�WKH�DOXPLQXP�SRRO���7KH�FRPELQDWLRQ�RI�WKH�FXUUHQW�DQG�WKH�PDJQHWLF�ILHOG�FDXVHV�WKH
DOXPLQXP�SRRO�WR�FLUFXODWH��UHVXOWLQJ�LQ�ZDYHV�IRUPLQJ�RQ�WKH�VXUIDFH�RI�WKH�DOXPLQXP�WKDW�FDQ
H[WHQG���LQ��DERYH�WKH�QRUPDO�KHLJKW�RI�WKH�DOXPLQXP���,I�DQ�DOXPLQXP�VXUIDFH�ZDYH�KLWV�DQ
DQRGH��HOHFWULFDO�FXUUHQW�SDVVHV�ZLWKRXW�SURGXFLQJ�DOXPLQXP��UHVXOWLQJ�LQ�D�PDMRU�ORVV�RI�SRZHU
DQG�SURGXFWLRQ�HIILFLHQF\���%HFDXVH�WKH�LQWHU�HOHFWURGH�VSDFH�LV�FRQVWDQWO\�FKDQJLQJ��WKH�DQRGH
PXVW�EH�IDU�HQRXJK�ZD\�IURP�WKH�PHWDO�VXUIDFH�WR�DYRLG�FRQWDFW���7\SLFDOO\�WKLV�GLVWDQFH�LV�DERXW
�����LQ���$�FDWKRGH�PDWHULDO�WKDW�LV�ZHWWHG�E\�DOXPLQXP�DQG�WKDW�ZLOO�GUDLQ�VR�WKDW�WKH�WKLFNQHVV
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RI�WKH�UHPDLQLQJ�DOXPLQXP�SRRO�LV�OHVV�WKDQ�������LQ��ZRXOG�HOLPLQDWH�WKH�IRUPDWLRQ�RI�ZDYHV�
:LWK�D�VWDEOH�FDWKRGH�VXUIDFH��WKH�FRQVWUDLQW�RQ�WKH�GLVWDQFH�EHWZHHQ�WKH�DQRGH�DQG�FDWKRGH�LV
HOLPLQDWHG��SHUPLWWLQJ�WKH�UHGXFWLRQ�RI�WKH�VSDFLQJ�DQG�WKH�SRWHQWLDO�WR�LPSURYH�SRZHU�DQG
SURGXFWLRQ�HIILFLHQF\�

$QRGH�FKDQJLQJ�FDQ�DOVR�FDXVH�ZDYHV�RQ�WKH�DOXPLQXP�VXUIDFH�RI�D�FHOO�WKDW�XVHV�D�GHHS�PHWDO
SDG���%HFDXVH�WKH�DQRGHV�DUH�FRQVXPHG��WKH\�PXVW�EH�UHSODFHG�HYHU\�WZR�ZHHNV���7KLV�FDXVHV
XSVHWV�LQ�WKH�GLVWULEXWLRQ�RI�WKH�FXUUHQW��WKHUPDO�ILHOG��DQG�PDJQHWLF�ILHOG�LQ�WKH�FHOO���8SVHWV�RI
WKLV�W\SH�LQLWLDWH�ZDYHV�WKDW�UHVXOW�LQ�D�FRQVWDQWO\�FKDQJLQJ�VSDFLQJ�EHWZHHQ�WKH�DQRGH�DQG
FDWKRGH�

&RPELQLQJ�DQ�R[\JHQ�JHQHUDWLQJ�DQRGH��ZKLFK�KDV�D�OLIH�RI�RYHU�RQH�\HDU��DQG�D�ZHWWHG�FDWKRGH
ZLWK�D�WKLQ�DOXPLQXP�ILOP�WKDW�FDQ�EH�GUDLQHG�UHVXOWV�LQ�D�VWDEOH�GLVWDQFH�EHWZHHQ�WKH�DQRGH�DQG
FDWKRGH���7KLV�RXWFRPH��WKHUHIRUH��ZLOO�DFKLHYH�PDMRU�LPSURYHPHQWV�LQ�HQHUJ\�DQG�SURGXFWLYLW\
HIILFLHQF\�IRU�WKH�+DOO�+pURXOW�FHOO���$OFRD�SUHVHQWO\�LV�IXQGLQJ�PDWHULDOV�GHYHORSPHQW�SURJUDPV
IRU�R[\JHQ�JHQHUDWLQJ�DQRGHV�DQG�ZHWWHG�FDWKRGHV�

,Q�DGGLWLRQ��RWKHU�IHGHUDO��LQGXVWULDO��DQG�DFDGHPLF�UHVHDUFK�DQG�GHYHORSPHQW�DFWLYLWLHV�KDYH
EHHQ�FRQGXFWHG��LQFOXGLQJ�WKH�IROORZLQJ�

• ¦2[\JHQ�(OHFWURGHV�IRU�$OXPLQXP�6PHOWLQJ�§�'2(�$OFRD�&RRSHUDWLYH�$JUHHPHQW�������
�����

• ¦,PSURYHPHQWV�RI�WKH�$OFRD�&HUPHW�$QRGH�'HYHORSHG�XQGHU�WKH�����������$OFRD�'2(
&RRSHUDWLYH

• ¦5HVHDUFK�RQ�&(52;�&RDWLQJV�IRU�&HUPHW�$QRGHV�§�(OWHFK�5HVHDUFK�&RUSRUDWLRQ

• ¦7HVWV�RI�D�3URWRW\SH�&HUPHW�$QRGH�DW�����$�§�31/�5H\QROGV�0HWDOV

• ¦3LORW�6FDOH�7HVWV�$LPHG�DW�$VVHVVLQJ�$QRGH�0DQXIDFWXULQJ�DQG�6WDELOLW\�§�5H\QROGV
0HWDOV��(OWHFK�5HVHDUFK�&RUSRUDWLRQ��DQG�&HUDPLF�0DJQHWLFV�,QF�

• ¦:DWHU�0RGHOV�RI�&HOO�&RQFHSWV�IRU�,PSURYHG�(OHFWURO\WH�)ORZ�§�8QLYHUVLW\�RI�&DOLIRUQLD�
%HUNHOH\

• ¦3URJUDPV�IRU�7L%��*�&RPSRVLWH�IRU�:HWWHG�&DWKRGHV�§�5H\QROGV�0HWDOV�DQG�*UHDW�/DNHV
&DUERQ

• ¦0DWHULDOV�DQG�&HOO�'HVLJQ�IRU�D�:HWWHG�&DWKRGH�§�&RPDOFR

• ¦6WXGLHV�RI�/RZ�7HPSHUDWXUH�6OXUU\�(OHFWURO\VLV�§�(OHFWURFKHPLFDO�7HFKQRORJ\�,QF�

• ¦/RZ�7HPSHUDWXUH�6DOW�6\VWHPV�IRU�WKH�&HUPHW�$QRGH�§�'2(�$OFRD

6XPPDULHV�RI�VHOHFWHG�UHVHDUFK�HIIRUWV�DUH�SUHVHQWHG�EHORZ�

'HYHORSPHQW�RI�2[\JHQ�(OHFWURGHV�IRU�$OXPLQXP�6PHOWLQJ��'2(�$OFRD�

7KH�FHUPHW�DQRGH��D�NH\�HOHPHQW�RI�WKLV�SURJUDP��ZDV�GHYHORSHG�GXULQJ�WKH�'2(�$OFRD
&RRSHUDWLYH�$JUHHPHQW������¤�������7KH�PDWHULDO�LV�PDGH�RI�PL[HG�R[LGH�FHUDPLF�DQG�PHWDO
FRQVWLWXHQWV��DV�WKH�QDPH�LPSOLHV���7KH�PL[HG�R[LGH�SKDVH�FRQWDLQV�1L[)H��[2��DQG�1L\)HO�\2�
DQG�WKH�PHWDOOLF�SKDVH�LV�&X�ULFK��FRQWDLQLQJ�D�&X�1L�)H�DOOR\���7KH�PRWLYDWLRQ�EHKLQG�WKH
FHUPHW�IRUPXODWLRQ�ZDV�FRPELQLQJ�WKH�FKDUDFWHULVWLFV�RI�KLJK�FRUURVLRQ�DQG�R[LGDWLRQ�UHVLVWDQFH
RI�D�FHUDPLF�ZLWK�D�PHWDOOLF�SKDVH�WR�LPSURYH�HOHFWULFDO�FRQGXFWLYLW\��WKHUPDO�VKRFN�UHVLVWDQFH�
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DQG�WKH�DELOLW\�WR�PDNH�FRQQHFWLRQV�WR�PHWDO�FRQGXFWRUV���2WKHU�WHFKQRORJLHV�GHYHORSHG�GXULQJ
WKH�FRRSHUDWLYH�DJUHHPHQW�ZHUH�SURFHVVHV�IRU�DQRGH�PDQXIDFWXULQJ��IRUPLQJ�DQG�VLQWHULQJ��DQG
WKH�FHUPHW�WR�PHWDO�FRQGXFWRU�FRQQHFWLRQV�

'XULQJ�WKLV�SURJUDP��DQRGHV�ZHUH�WHVWHG�LQ�FRPPHUFLDO�+DOO�+pURXOW�FRQGLWLRQV�DW����$��DW����
$�FP���IRU�����KRXUV���7ZR�FULWLFDO�WHVWV�RI�DQRGH�SHUIRUPDQFH�ZHUH�WKH�SXULW\�RI�WKH�DOXPLQXP
SURGXFHG�DQG�DQRGH�ZHDU���7KHVH�WHVWV�VKRZHG�WKDW�WKH�&X�FHUPHW�SHUIRUPHG�WKH�EHVW���7KH
SXULW\�RI�WKH�DOXPLQXP�SURGXFHG�ZDV������SHUFHQW�)H�������SHUFHQW�1L��DQG������SHUFHQW�&X�
7KH�DQRGH�ZHDU�UDWH�ZDV�HVWLPDWHG�DW�����FP�\U�������LQ�\U����7KH�PDWHULDO�FRQWDLQHG����SHUFHQW
&X�DQG�DQ�R[LGH�SRZHU�WKDW�FRQWDLQHG������SHUFHQW�1L2�DQG������SHUFHQW�)H�2����7KH�R[LGH
SRZGHU�ZDV�GHVLJQDWHG��������7KH�FHUPHW�ZDV�FDOOHG��������&X�

,W�ZDV�EHOLHYHG�WKDW�XQGHU�RSWLPDO�FRQGLWLRQV��WKH�FHUPHW�DQRGH�GHYHORSV�D�SDVVLYDWLQJ�OD\HU�WKDW
OHDGV�WR�VXSHULRU�FRUURVLRQ�UHVLVWDQFH���&HUPHW�PDWHULDO�IDEULFDWLRQ�SUDFWLFHV�DQG�FHOO�RSHUDWLQJ
FRQGLWLRQV�FDQ�UDGLFDOO\�FKDQJH�WKH�DQRGHV©�SHUIRUPDQFH���7KHVH�DUH�WKH�WZR�LPSRUWDQW�UHDVRQV
ZK\�FHUPHW�FRUURVLRQ�KDV�YDULHG�VR�GUDPDWLFDOO\�LQ�SUHYLRXV�WHVWV�

,PSURYHPHQWV�RI�WKH�$OFRD�&HUPHW�$QRGH��3DFLILF�1RUWKZHVW�/DERUDWRU\�

$W�WKH�HQG�RI�WKH�����¤�����FRRSHUDWLYH�DJUHHPHQW�EHWZHHQ�$OFRD�DQG�'2(��3DFLILF�1RUWKZHVW
/DERUDWRU\��31/���XQGHU�'2(�FRQWUDFW��FRQWLQXHG�WKH�GHYHORSPHQW�RI�WKH�FHUPHW�DQRGH�
(PSKDVLV�ZDV�LQ�WKH�IROORZLQJ�DUHDV�������DQRGH�PDWHULDO�GHYHORSPHQW�DQG�HYDOXDWLRQ�����
GHYHORSPHQW�RI�ZHWWHG�FDWKRGH�PDWHULDOV��DQG�����VHQVRU�GHYHORSPHQW���7KH�REMHFWLYH�RI�WKH�31/
FHUPHW�DQRGH�SURJUDP�ZDV�WR�IXUWKHU�LPSURYH�WKH�FRUURVLRQ�SHUIRUPDQFH�DQG�HOHFWULFDO
FRQGXFWLYLW\�RI�WKH�FHUPHW�DQRGH���31/�LQYHVWLJDWRUV�H[SHULPHQWHG�ZLWK�FRPSRVLWLRQDO�FKDQJHV
WR�WKH�DQRGH���$GGLWLRQV�RI�DOXPLQXP�ZHUH�IRXQG�WR�LPSURYH�WKH�HOHFWULFDO�FRQGXFWLYLW\�RI�WKH
FHUPHW�VLJQLILFDQWO\��EXW�WKH�FRUURVLRQ�SHUIRUPDQFH�RI�WKH�DQRGH�GHJUDGHG���31/�VFLHQWLVWV
UHFRPPHQGHG�WKH������&8�PDWHULDO�GHYHORSHG�E\�$OFRD�DV�WKH�SUHIHUUHG�PDWHULDO�IRU�IXWXUH�FHOO
VWXGLHV���'XULQJ�WKH�31/�ZRUN��WKH�LPSRUWDQFH�RI�FRQWUROOLQJ�FHOO�RSHUDWLQJ�FRQGLWLRQV�RQ�DQRGH
SHUIRUPDQFH�ZDV�UHFRJQL]HG�WR�EH�YLWDOO\�LPSRUWDQW���7KH�PDLQ�FRQFHUQV�ZHUH�WKH�FRQWURO�RI
DOXPLQD�DQG�HOHFWURO\WH�FRPSRVLWLRQ�

31/�VWDII�DOVR�HYDOXDWHG�ZHWWHG�FDWKRGH�PDWHULDOV���7KH�PDWHULDOV�WHVWHG�ZHUH�$OFRD�IDEULFDWHG
7L%��SDUWV��*UHDW�/DNHV�7L%��*�SODWHV��DQG�D�7L%��EDVHG�SDLQW�FRDWLQJ���$WWHPSWV�DOVR�ZHUH�PDGH
WR�SURGXFH�LQ�VLWX�7L%��FRDWLQJ���7KH�EHVW�UHVXOWV�ZHUH�REWDLQHG�ZLWK�$OFRD�VLQWHUHG�7L%��SDUWV
SURGXFHG�IURP�7L%��SRZGHUV�SURGXFHG�E\�SODVPD�SURFHVVLQJ���'XULQJ�WKLV�SURJUDP�WKH�7L%��*
SURGXFHG�PL[HG�UHVXOWV���7KLV�ZDV�EHOLHYHG�WR�EH�GXH�WR�LQFRQVLVWHQFLHV�LQ�PDWHULDOV�DQG
IDEULFDWLRQV���%XW�LQ�UHFHQW�ORQJ�WHUP�SLORW�WHVWV�DW�WKH�5H\QROGV�0HWDOV�/DERUDWRULHV��7L%��*�KDV
SHUIRUPHG�YHU\�ZHOO���7L%��*�LV�WKH�SUHIHUUHG�PDWHULDO�WRGD\�IRU�ZHWWHG�FDWKRGHV��DOWKRXJK�LWV
FRVW�LV�TXLWH�KLJK�

$OXPLQD�FRQWURO�LQ�FHOOV�WKDW�XVHG�FHUPHW�DQRGHV�LV�YHU\�LPSRUWDQW���$W�D�ORZ�FRQFHQWUDWLRQ�RI
DOXPLQD��WKH�FRUURVLRQ�UHVLVWDQFH�RI�WKH�DQRGH�GHJUDGHV���5HFHQWO\��$OFRD�KDV�GHYHORSHG�D
PHWKRG�IRU�UDSLGO\�PHDVXULQJ�DOXPLQD�WKDW�ZLOO�EH�XVHG�WR�FRQWURO�DOXPLQD�FRPSRVLWLRQ�LQ�WKH
3KDVH�,,,�FHOO�WHVWV�



,QHUW $QRGH 7HFKQRORJLHV 5HSRUW��

5HVHDUFK�RQ�&(52;��&RDWLQJV�IRU�&HUPHW�$QRGHV��(OWHFK�5HVHDUFK�&RUSRUDWLRQ�

7KH�(OWHFK�5HVHDUFK�&RUSRUDWLRQ©V�SURJUDP�IRFXVHG�RQ�WKH�GHYHORSPHQW�RI�D�FRDWLQJ�WR�LPSURYH
WKH�FRUURVLRQ�SHUIRUPDQFH�RI�WKH�FHUPHW�DQRGH���(OWHFK�GHPRQVWUDWHG�WKDW�WKH�DGGLWLRQ�RI�FHULXP
IOXRULGH�WR�WKH�R[\IOXRULGH�HOHFWURO\WH�IRUPHG�D�FHULXP�R[\IOXRULGH�FRDWLQJ��&(52;���RQ�WKH
FHUPHW�DQRGH���&RUURVLRQ�WHVWV�FRQGXFWHG�ZLWK�DQG�ZLWKRXW�FHULXP�IOXRULGH�LQ�WKH�HOHFWURO\WH
VKRZHG�VXEVWDQWLDO�JDLQV�LQ�WKH�SXULW\�RI�WKH�PHWDO�SURGXFHG�ZLWK�FHULXP�SUHVHQW��H[FOXGLQJ
LQFUHDVHG�FHULXP�FRQFHQWUDWLRQV���+RZHYHU��WKH�FRDWLQJ�ZDV�QRW�D�JRRG�FRQGXFWRU��DQG�WKHUHIRUH
FRQWURO�RI�FRDWLQJ�WKLFNQHVV�ZDV�DQ�LPSRUWDQW�IDFWRU�IRU�DFKLHYLQJ�DGHTXDWH�FXUUHQW�GLVWULEXWLRQ�
DQG�PLQLPL]LQJ�WKH�RYHUDOO�DQRGH�YROWDJH�GURS���3RRU�FXUUHQW�GLVWULEXWLRQ�DQG�H[FHVVLYH�DQRGH
YROWDJH�ZHUH�IRXQG�WR�GHJUDGH�WKH�DQRGH�FRUURVLRQ�SHUIRUPDQFH�DQG�RYHUDOO�FHOO�SHUIRUPDQFH�

$QRWKHU�FULWLFDO�LVVXH�ZLWK�WKLV�WHFKQRORJ\�ZDV�WKH�UHDFWLRQ�RI�FRVWO\�FHULXP�IOXRULGH�ZLWK
DOXPLQXP���7KLV�UHDFWLRQ�IRUPHG�FHULXP�PHWDO��ZKLFK�UHSRUWV�WR�WKH�DOXPLQXP�SRRO�DQG�LV�DQ
LPSXULW\�LQ�SULPDU\�DOXPLQXP���,Q�PRVW�LQVWDQFHV��WKLV�FHULXP�ZRXOG�KDYH�WR�EH�UHPRYHG
VXEVWDQWLDOO\�WR�DFKLHYH�QHHGHG�PHWDO�SXULW\�OLPLWV���$�SURFHVV�IRU�GRLQJ�WKLV�ZDV�GHYHORSHG�E\�(�
'HZLQJ�DW�$OFDQ��8�6��3DWHQW������������

7HVWV�RI�D�3URWRW\SH�$QRGH�DW�����$��31/�DQG�5H\QROGV�0HWDOV�

7KH�SULPDU\�REMHFWLYH�RI�WKLV�WHVW�ZDV�WR�GHWHUPLQH�LI�D�FRPPHUFLDOO\�SURGXFHG�DQRGH�FRXOG
VXUYLYH�QRUPDO�+DOO�+pURXOW�FHOO�FRQGLWLRQV���7KH�DQRGH�PDWHULDO�ZDV�WKH�$OFRD�FHUPHW���,W�ZDV
���FP�LQ�GLDPHWHU�DQG����FP�KLJK���7KH�DQRGH�ZDV�RSHUDWHG�DW������$�FP���DERXW�����$���7KH
PDLQ�FRQFOXVLRQV�IURP�WKLV�VWXG\�ZHUH�DV�IROORZV�

�� &RUURVLRQ�RI�WKH�DQRGH�ZDV�KLJKHU�WKDQ�H[SHFWHG��DIWHU�����KRXUV�RI�HOHFWURO\VLV����PP�ZHUH
ORVW�IURP�WKH�GLDPHWHU�RI�WKH�DQRGH�

�� 2[LGDWLRQ�RI�WKH�FHUPHW�DERYH�WKH�HOHFWURO\WH�ZDV�H[WHQVLYH�
�� $�KLJK�FDWKRGH�DUHD�UHODWLYH�WR�WKH�DQRGH�DUHD�PD\�KDYH�LQFUHDVHG�DQRGH�FRUURVLRQ�
�� 0LVPDWFK�RI�WKHUPDO�H[SDQVLRQ�EHWZHHQ�WKH�DQRGH�DQG�WKH�PHWDOOLF�FRQGXFWRU�FDXVHG�FUDFNV

LQ�WKH�DQRGH�

2SHUDWLRQDO�5HVXOWV�RI�&HUPHW�$QRGHV�LQ�D�3LORW�6FDOH�7HVW��5H\QROGV��(OWHFK��31/��DQG

&HUDPLFV�0DJQHWLFV

7KH�PDLQ�REMHFWLYHV�RI�WKLV�SURJUDP�ZHUH�WR�GHPRQVWUDWH�FHUPHW�PDQXIDFWXULQJ�FDSDELOLWLHV�DQG
WHVW�WKH�FHUPHW�LQ�D�FRPPHUFLDO�DQRGH�FRQILJXUDWLRQ���7KH�WHVWV�ZHUH�FRQGXFWHG�LQ�DQ�LQWHUQDOO\
KHDWHG�FHOO�XVLQJ�D�VL[�FHUPHW�DQRGH�DUUD\�DV�D�UHSODFHPHQW�IRU�D�VWDQGDUG�+DOO�FHOO�DQRGH���7KH
JRDO�ZDV�WR�PDLQWDLQ����$�SHU�DQRGH�DQG�����$�IRU�WKH�VL[�DQRGH�DUUD\���7KH�HQHUJ\�JHQHUDWHG
WKURXJK�HOHFWURO\VLV�E\�WKH�FHUPHW�DQRGHV�DORQH�ZDV�QRW�VXIILFLHQW�WR�DFKLHYH�D�FHOO�HQHUJ\
EDODQFH�DW�WKH�GHVLUHG�RSHUDWLQJ�WHPSHUDWXUH���$X[LOLDU\�HQHUJ\�ZDV�VXSSOLHG�E\�HOHFWURO\VLV
EHWZHHQ�DQ�DGMDFHQW�FDUERQ�DQRGH�DQG�DQ�DOXPLQXP�SRRO�FRPPRQ�WR�WKH�FDUERQ�DQG�FHUPHW
DQRGHV���7KH�FDUERQ�DQRGH�VXSSOLHG�PRVW�RI�WKH�WKHUPDO�HQHUJ\�UHTXLUHG�IRU�FHOO�RSHUDWLRQ���7HVWV
ZHUH�FRQGXFWHG�RI�FHULXP�IUHH�DQG�FHULXP�IOXRULGH�FRQWDLQLQJ�HOHFWURO\WHV���7KH�DQRGH�PDWHULDO
RI�FKRLFH�IRU�WKLV�WHVW�ZDV�WKH�FHUPHW�GHYHORSHG�E\�$OFRD�GXULQJ�WKH�����¤�����'2(
FRRSHUDWLYH�DJUHHPHQW���,VVXHV�LGHQWLILHG�LQFOXGHG�WKH�IROORZLQJ�
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• &RUUHFWLQJ�WKH�DQRGH�EUHDNDJH�DQG�FUDFNV�FDXVHG�E\�WKH�FRQGXFWRU�WR�DQRGH�FRQQHFWLRQ

• ,QFRUSRUDWLQJ�JRRG�FXUUHQW�GLVWULEXWLRQ�DQG�VWUHVV�PDQDJHPHQW�LQ�WKH�DQRGH�GHVLJQ

• 2SHUDWLQJ�WKH�+DOO�+pURXOW�FHOO�QHDU�DOXPLQD�VDWXUDWLRQ�ZLWKRXW�EHLQJ�OLPLWHG�E\
PXFN�IRUPDWLRQ

• $FKLHYLQJ�WKH�FHOO�HQHUJ\�EDODQFH�ZLWKRXW�XVLQJ�FDUERQ�DQRGHV�DV�DX[LOLDU\�DQRGHV

• $FKLHYLQJ�FRPPHUFLDO�DQRGHV�ZLWK�WKH�VDPH�FRPSRVLWLRQ��PLFURVWUXFWXUH��DQG�SURSHUWLHV�DV
WKRVH�DFKLHYHG�DW�D�EHQFK�VFDOH

$VVHVVPHQW�RI�1HZ�&HOO�&RQFHSWV��8QLYHUVLW\�RI�&DOLIRUQLD��%HUNHOH\�

7KH�REMHFWLYH�RI�WKLV�SURJUDP�ZDV�WR�DVVHVV�WKH�GHVLJQ�RI�QHZ�FHOO�FRQFHSWV�IRU�XVH�ZLWK�DQ
R[\JHQ�SURGXFLQJ�DQRGH�DQG�D�ZHWWHG�FDWKRGH���7KLV�VWXG\�OLVWHG�WKUHH�FULWLFDO�IDFWRUV�WKDW�PXVW
EH�FRQVLGHUHG�LQ�WKH�GHVLJQ�RI�VXFK�D�FHOO�

• 6XIILFLHQW�HOHFWURO\WH�YHORFLW\�LQ�WKH�LQWHU�HOHFWURGH�VSDFH�WR�VXVSHQG�DQG�GLVVROYH�DOXPLQD

• $GHTXDWH�HOHFWURO\WH�YHORFLW\�WR�DFKLHYH�D�QHJOLJLEOH�GURS�LQ�DOXPLQD�FRQFHQWUDWLRQ�IURP
LQOHW�WR�RXWOHW�RI�WKH�LQWHU�HOHFWURGH�VSDFH

• 0LQLPDO�IOXLG�WXUEXOHQFH��ZKLFK�LQIOXHQFHV�UHR[LGDWLRQ�RI�DOXPLQXP

3K\VLFDO�PRGHOLQJ�ZDV�XVHG�WR�GHWHUPLQH�WKH�LQIOXHQFH�RI�HOHFWURGH�RULHQWDWLRQ��KRUL]RQWDO
YHUVXV�YHUWLFDO���WKH�XVH�DQG�JHRPHWU\�RI�JURRYHV�LQ�WKH�DQRGH��DQG�WKH�XVH�RI�IORZ�HQKDQFHUV�RQ
WKH�YHORFLW\��WXUEXOHQFH��DQG�RKPLF�ORVVHV�LQ�WKH�LQWHU�HOHFWURGH�VSDFH���7KH�PDMRU�ILQGLQJV�ZHUH
DV�IROORZV�

�� 7KH�XVH�DQG�VKDSH�RI�JURRYHV�LQ�WKH�DQRGH�VLJQLILFDQWO\�LQIOXHQFHV�WKH�RKPLF�UHVLVWDQFH�LQ
WKH�LQWHU�HOHFWURGH�VSDFH�FDXVHG�E\�JDV�HYROXWLRQ�DW�WKH�DQRGH�

�� $Q�DQRGH�ZLWKRXW�JURRYHV�RSHUDWHG�LQ�D�KRUL]RQWDO�FRQILJXUDWLRQ�GLG�QRW�SURYLGH�VXIILFLHQW
HOHFWURO\WH�YHORFLW\�WR�NHHS�DOXPLQD�VXVSHQGHG�

�� 7KH�QHDU�YHUWLFDO�HOHFWURGH�FRQILJXUDWLRQ�KDG�UHFLUFXODWLQJ�ORRSV�QHDU�WKH�RXWOHW�IORZ�IURP�WKH
LQWHU�HOHFWURGH�VSDFH�WKDW�ZRXOG�HQKDQFH�UHR[LGDWLRQ�RI�DOXPLQXP�

�� 7KH�QHDU�KRUL]RQWDO�HOHFWURGH�FRQILJXUDWLRQ�ZDV�UHFRPPHQGHG�EHFDXVH�LW�PLQLPL]HG
UHFLUFXODWLRQ��DFKLHYHG�DQ�DGHTXDWH�YHORFLW\��DQG�EHFDXVH�LW�UHGXFHG�WKH�RKPLF�JDV�UHVLVWDQFH
LQ�WKH�LQWHU�HOHFWURGH�VSDFH�ZLWK�SURSHUO\�GHVLJQHG�JURRYHV�

'HYHORSPHQW�RI�7,125�&RDWLQJ�DQG�1RYDQRU�,QHUW�$QRGH��0ROWHFK�

0ROWHFK�KDV�EHHQ�DJJUHVVLYHO\�LQYHVWLJDWLQJ�PDQ\�QHZ�PDWHULDOV�WR�LPSURYH�FHOO�SHUIRUPDQFH�RU
OLIHWLPH��DQG�WZR�DUH�RI�LQWHUHVW���7,125�LV�0ROWHFK©V�7L%��FRDWLQJ�XVHG�WR�SURGXFH�D�ZHWWDEOH
FDWKRGH���0ROWHFK�KDV�LQVWDOOHG�WHVW�FRDWLQJV�LQ�HLJKW�VPHOWHUV�ZRUOGZLGH���&KHPLFDO�DQDO\VLV
LQGLFDWHV�WKDW�WKH�FRDWLQJ�ODVWV�DERXW�WKUHH�\HDUV��IURP�7L�DQG�%�DQDO\VHV�LQ�WKH�WDSSHG�$O��
3UHOLPLQDU\�UHVXOWV�VKRZ�D�GUDPDWLF�UHGXFWLRQ�LQ�1D�XSWDNH�E\�WKH�FDUERQ�FDWKRGH���,I�WKLV�ORZHU
1D�XSWDNH�WUDQVODWHV�LQWR�OHVV�FDWKRGH�JURZWK��WKH�OLIH�RI�WKH�SRW�VKRXOG�LQFUHDVH���0ROWHFK�KDV
VHFXUHG�D����PLOOLRQ�FRQWUDFW�IURP�WKH�(XURSHDQ�&RPPLVVLRQ�WR�WHVW�D�SLORW�VFDOH�7,125�FRDWHG
GUDLQHG�FHOO�ZLWK�FRQYHQWLRQDO�FDUERQ�DQRGHV���1RYDQRU��0ROWHFK©V�LQHUW�DQRGH��LV�WKH�VHFRQG
PDWHULDO�WKDW�UHODWHV�WR�DGYDQFHG�FHOO�FRQFHSWV���,Q�D�UHFHQW�SDSHU��6HNKDU�HW�DO��GHVFULEH
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0ROWHFK©V�UHVHDUFK�RQ�D�VHULHV�RI�SURJUHVVLYHO\�PRUH�FRPSOH[�PHWDO�DOOR\V�DV�WKH\�DWWHPSW�WR
GHYHORS�DQ�LQHUW��VWDEOH��QRQFRQVXPDEOH��DQRGH�

3ODQW�7HVWLQJ�RI�7L%��&DUERQ�&RDWLQJ�LQ�'UDLQHG�&HOOV��&RPDOFR�

&RPDOFR�KDV�EHHQ�WHVWLQJ�LWV�7L%��FDWKRGH�FRDWLQJ�LQ�GUDLQHG�FHOOV�LQ�RQH�RI�LWV�VPHOWHUV�IRU�DERXW
���\HDUV���&RPDOFR©V�FRDWLQJ�LV�D�PL[WXUH�RI�7L%���DQG�&�SURGXFHG�E\�EDNLQJ�RXW�D�PL[WXUH�RI
7L%��DQG�D�FDUERQDFHRXV�FHPHQW���7KH�FRDWLQJ�SHUPLWV�JRRG�ZHWWLQJ�RI�WKH�$O�DQG�FORVH�DQRGH�
FDWKRGH�GLVWDQFH�LQ�WKH�GUDLQHG�FHOOV���&RDWLQJ�OLIH�DSSHDUV�WR�EH�WKH�SUREOHP�DV�WKH�$O�PHWDO�SDG
DSSDUHQWO\�UHDFWV�ZLWK�WKH�FDUERQ�SRUWLRQ�RI�WKH�FHPHQW�WR�SURGXFH�$O�&����7KXV��WKH�FDUERQ
SRUWLRQ�RI�WKH�FRDWLQJ�VORZO\�GLVDSSHDUV��VLPXOWDQHRXVO\�UHOHDVLQJ�WKH�7L%��SDUWLFOHV���7KH
FRDWLQJ�W\SLFDOO\�ODVWV�VL[�WR�QLQH�PRQWKV���2QFH�WKH�FRDWLQJ�LV�JRQH��WKH�$O�UDSLGO\�UHDFWV�ZLWK
WKH�FDUERQ�XQGHUQHDWK�OHDGLQJ�WR�FHOO�IDLOXUH���8QWLO�&RPDOFR�FDQ�LQFUHDVH�WKH�OLIHWLPH�RI�LWV
FRDWLQJ��LW�GRHV�QRW�DSSHDU�WKH�FRPSDQ\�FDQ�H[SDQG�LWV�WHVWLQJ�EH\RQG�WKH�OLPLWHG�JURXS�RI�WHVW
SRWV�

6XPPDU\

,I�VXFFHVVIXOO\�LPSOHPHQWHG��DOXPLQXP�UHGXFWLRQ�FHOOV�ZLWK�LQHUW�DQRGHV�DQG�ZHWWHG�GUDLQHG
FDWKRGHV�KDYH�WKH�SRWHQWLDO�WR�ORZHU�HQHUJ\�FRQVXPSWLRQ��UHGXFH�JUHHQKRXVH�JDVHV�DQG�RWKHU
DGYHUVH�HQYLURQPHQWDO�LPSDFWV��DQG�LPSURYH�WKH�FRPSHWLWLYH�SRVLWLRQ�RI�WKH�8�6��DOXPLQXP
LQGXVWU\���%DVHG�RQ�WKH�SUHVHQW�VWDWXV�RI�VXFK�5	'�ZRUN��KRZHYHU��WKH�7:*�IHHOV�WKDW�WKH
SUREDELOLW\�LV�VWLOO�UHODWLYHO\�ORZ�WKDW�FXUUHQW�FDQGLGDWH�PDWHULDOV�IRU�LQHUW�DQRGHV�ZLOO�DFKLHYH
XOWLPDWH�FRPPHUFLDO�VXFFHVV���1RQHWKHOHVV��EHFDXVH�RI�WKH�SRWHQWLDOO\�ODUJH�LPSDFW�RI�D
VXFFHVVIXO�SURJUDP��DQG�VRPH�HQFRXUDJLQJ�LQWHULP�SURJUHVV��IXUWKHU�VHOHFWLYH�5	'�VXSSRUW�IRU
LQHUW�DQRGH�EDVHG�V\VWHPV�LV�ZDUUDQWHG�RQ�D�VWDJH�JDWHG�EDVLV���([SORUDWRU\�HIIRUW�RQ�SURPLVLQJ
XQFRQYHQWLRQDO�LQHUW�DQRGH�DSSURDFKHV�PD\�ZHOO�ZDUUDQW�OLPLWHG�VXSSRUW�DW�WKLV�WLPH�WR�HYDOXDWH
WKHLU�SUHOLPLQDU\�IHDVLELOLW\�

$IWHU�PDQ\�\HDUV�RI�ZRUN��7L%��EDVHG�FDWKRGH�WHFKQRORJ\�DSSHDUV�FORVH�WR�FRPPHUFLDO
DSSOLFDWLRQ�DQG�RIIHUV�D�JRRG�FKDQFH�WR�DFKLHYH�UHWURILWV�ZLWK�XS�WR����SHUFHQW�JDLQV�LQ
SURGXFWLYLW\�DQG�WKH�SRWHQWLDO�WR�H[WHQG�WKH�OLIH�RI�FHOOV��ZLWK�DWWHQGDQW�HQYLURQPHQWDO�DQG
HFRQRPLF�EHQHILWV���$FFRUGLQJO\��VXSSRUW�VKRXOG�EH�JLYHQ�WR�WKH�GHYHORSPHQW�DQG�GHPRQVWUDWLRQ
VWHSV�WKDW�ZLOO�HQVXUH�LPSOHPHQWDWLRQ�RI�VXFK�WHFKQRORJ\�
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CHAPTER III—A SYSTEMS APPROACH

,QVLJKW�JDLQHG�IURP�HYDOXDWLRQ�RI�QXPHURXV�XQVXFFHVVIXO�DWWHPSWV�WR�GHYHORS�DQ�LQHUW�DQRGH��,$�
VXJJHVWV�WKDW�WKLV�SDVW�ZRUN�DGGUHVVHG�RQO\�SDUW�RI�WKH�WDVN���7KH�EHVW�ZD\�WR�LPSURYH�FHOO
HIILFLHQF\�DQG�DWWDLQ�HFRQRPLF�DQG�HQYLURQPHQWDO�UHVSRQVLELOLW\�LV�E\�VWXG\LQJ�WKH�ZKROH�V\VWHP
LQVWHDG�RI�RQO\�WKH�DQRGH���7KH�PRVW�SURPLVLQJ�ZRUN�WR�GDWH�KDV�EHHQ�RQ�FDWKRGH�GHYHORSPHQW�

7KH�HOHFWURO\VLV�SURFHVV�UHTXLUHV�DQ�DQRGH��D�FDWKRGH��DQ�HOHFWURO\WH��D�FRQWDLQHU��D�PHWKRG�RI
GHOLYHULQJ�HOHFWULFLW\��DQ�DOXPLQD�IHHGHU��DQG�DQ�H[WUDFWLRQ�V\VWHP�IRU�WKH�SURGXFW���(DFK�RI�WKHVH
HOHPHQWV�PXVW�ZRUN�DV�SDUW�RI�WKH�ZKROH�V\VWHP�DQG�LV�GHILQHG�E\�LWV�SHUIRUPDQFH�LQ�UHODWLRQ�WR
WKH�RWKHU�HOHPHQWV�RI�WKH�V\VWHP���7KH�+DOO�+pURXOW�SURFHVV�UHTXLUHG�WKH�GLVFRYHU\�RI�DQ
DFFHSWDEOH�HOHFWURO\WH�WKDW�ZRXOG�EH�D�VROYHQW�IRU�DOXPLQXP�R[LGH���7KH�RWKHU�HOHPHQWV�RI�WKH
FHOO��DQRGH��FDWKRGH��FRQWDLQHU��GHOLYHU\�V\VWHP�IRU�UDZ�PDWHULDO��DQ�DQRGH�UHSODFHPHQW��DQG�DQ
H[WUDFWLRQ�V\VWHP�IRU�WKH�SURGXFW��ZHUH�WKHQ�RSWLPL]HG���7KLV�RSWLPL]DWLRQ�FRQWLQXHV�WRGD\�
7KHUH�DUH�SUHEDNHG�FDUERQ�DQRGHV�DQG�LQ�VLWX�EDNHG�DQRGHV��6RGHUEHUJ�3URFHVV����&RQVLGHUDEOH
ZRUN�KDV�EHHQ�GRQH�WR�LPSURYH�WKH�FDWKRGH�E\�XVLQJ�WLWDQLXP�GLERULGH���+RZHYHU��LI�DQ�LQHUW
DQRGH�PDWHULDO�ZHUH�VXFFHVVIXOO\�GHYHORSHG��LW�ZRXOG�EH�PRUH�IDYRUDEOH�LI�D�QHZ�FHOO�GHVLJQ
ZHUH�DOVR�GHYHORSHG���7KH�FHOO�VKRXOG�SUREDEO\�EH�VHDOHG�VLQFH�WKH�DQRGHV�ZRXOG�VHOGRP�QHHG�WR
EH�UHSODFHG��$JDLQ��WKLV�LV�SDUW�RI�WKH�DUJXPHQW�IRU�ORRNLQJ�DW�WKH�ZKROH�V\VWHP�LQVWHDG�RI�MXVW�WKH
DQRGH�

7KHUH�DUH�WKUHH�SRVVLEOH�PHWKRGV�IRU�LPSOHPHQWLQJ�,$�WHFKQRORJ\���7KH�ILUVW�LV�D�¦EURZQ�FHOO
UHWURILW§�WKDW�XVHV�FXUUHQW�SODQW�LQIUDVWUXFWXUH�DQG�H[LVWLQJ�FHOOV�H[FHSW�IRU�WKH�DQRGH���7KH�FDUERQ
DQRGH�ZRXOG�EH�UHSODFHG�ZLWK�WKH�,$�ZLWK�RQO\�PLQRU�FKDQJHV�WR�WKH�FHOO�GHVLJQ��ZKLFK�PLJKW�EH
UHTXLUHG�WR�DFFRPPRGDWH�DQ�DQRGH�ZLWK�D�GLIIHUHQW�VKDSH�RU�HOHFWULFDO�FRQQHFWLRQ���7KH�VHFRQG
DSSURDFK�LV�D�¦EURZQ�VLWH�UHWURILW§�WKDW�ZRXOG�LQYROYH�UHSODFLQJ�FHOOV�LQ�H[LVWLQJ�SRWOLQHV�ZLWK
QHZ��UDGLFDOO\�UHGHVLJQHG�FHOOV�RU�UHDFWRUV���([LVWLQJ�LQIUDVWUXFWXUH�ZRXOG�EH�XVHG��LQFOXGLQJ
EXLOGLQJV��EXV�ZRUN��DQG�UDZ�PDWHULDO�KDQGOLQJ�V\VWHPV��EXW�WKH�FHOOV�WKHPVHOYHV�PLJKW�EHDU�YHU\
OLWWOH�UHVHPEODQFH�WR�WUDGLWLRQDO�+DOO�+pURXOW�FHOOV���)LQDOO\��D�¦JUHHQ�ILHOG§�DSSURDFK�LV
DVVRFLDWHG�ZLWK�QHZ�WHFKQRORJLHV�WKDW�ZRXOG�EH�VXEVWDQWLDOO\�GLIIHUHQW�IURP�H[LVWLQJ�SODQW
LQIUDVWUXFWXUH�

$IWHU�H[WHQVLYH�UHYLHZ�DQG�GLVFXVVLRQ�RI�WKH�SDWHQW�OLWHUDWXUH��RSHQ�SXEOLVKHG�OLWHUDWXUH��DQG
SUHVHQWDWLRQV�RI�UHVHDUFKHUV�FXUUHQWO\�ZRUNLQJ�RQ�,$�GHYHORSPHQWDO�SURMHFWV�DQG�SURSRVDOV��WKH
7:*�KDV�FRQFOXGHG�WKDW�WKH�EURZQ�FHOO�UHWURILW�LV�QRW�D�SURPLVLQJ�PHWKRG�IRU�WUDQVLWLRQLQJ�WR�D
ZRUNDEOH�,$���,W�LV�YHU\�GLIILFXOW�WR�HQYLVLRQ�GHSOR\PHQW�RI�DQ�,$�ZLWKRXW�VHULRXV�GLVWXUEDQFHV�LQ
WKH�FHOO©V�RSHUDWLRQ�DQG�VLJQLILFDQW�FKDQJHV�LQ�FHOO�GHVLJQ���0DQ\�UHVHDUFK�SURMHFWV�KDYH�UHVXOWHG
LQ�QHZ�DQRGH�PDWHULDOV�WKDW�DUH�SURPLVLQJ�LQ�ODERUDWRU\�VFUHHQLQJ�WHVWV��EXW�WKDW�DUH�XQVXFFHVVIXO
LQ�D�WUDGLWLRQDO�+DOO�+pURXOW�FHOO�FRQILJXUDWLRQ���3URSRVHG�VROXWLRQV�WR�PDNH�WKH�PDWHULDOV�¦ZRUN§
LQ�ODUJHU�FHOOV�XVXDOO\�FRQVLVWHG�RI�PRGLILFDWLRQV�WR�WKH�FHOO�GHVLJQ�DQG�RSHUDWLRQ���6LQFH�PDQ\�RI
WKHVH�SURSRVHG�PRGLILFDWLRQV�KDYH�QHYHU�EHHQ�WHVWHG�DQG�RU�RSWLPL]HG��WKH�SURSRVHG�VROXWLRQV
DUH�HVVHQWLDOO\�¦EURZQ�VLWH�UHWURILWV�§��7KH�PRVW�ZRUNDEOH�VROXWLRQV�WR�GHYHORSLQJ�D�VXFFHVVIXO�,$
LQYROYH�D�¦V\VWHPV�DSSURDFK�§��7KH\�UHTXLUH�WKH�GHYHORSPHQW�RI�D�ZLGH�UDQJH�RI�QHZ
WHFKQRORJLHV�LQYROYLQJ�WKH�DQRGH�PDWHULDO��FHOO�GHVLJQ��DQG�FHOO�RSHUDWLRQ�
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%HORZ�DUH�VHYHQ�H[DPSOHV�RI�KRZ�WKH�GHSOR\PHQW�RI�DQ�,$�LQ�SODFH�RI�D�FDUERQ�DQRGH�UHTXLUHV
VROXWLRQV�WR�D�FDVFDGH�RI�FHOO�GHVLJQ�DQG�RSHUDWLRQDO�FKDOOHQJHV���1HZ�WHFKQRORJLHV�DQG�PDWHULDOV
PXVW�EH�GHYHORSHG�RU�HQKDQFHG�WR�VROYH�WKHVH�SUREOHPV�DQG�KDUQHVV�WKH�,$©V�SRWHQWLDO���,Q�PRVW
FDVHV��WKH�FKDQJHV�WR�FHOO�GHVLJQ�DQG�RSHUDWLRQ�DUH�UDGLFDO��ZKLFK�LV�ZK\�WKH�7:*�EHOLHYHV�WKDW
RQO\�VROXWLRQV�WKDW�FRQVLGHU�WKH�HQWLUH�¦V\VWHP§�ZLOO�KDYH�DQ\�FKDQFH�RI�VXFFHVV�

1. �Anode/Cathode Assembly

)URP�D�WKHUPRG\QDPLF�VWDQGSRLQW��WKH�PLQLPXP�UHDFWLRQ�YROWDJH�LQ�DQ�LQHUW�DQRGH�FHOO�IRU
SURGXFLQJ�DOXPLQXP�DQG�R[\JHQ�LV�D�IXOO�YROW�KLJKHU�WKDQ�WKDW�UHTXLUHG�LQ�D�+DOO�+pURXOW�FHOO�IRU
WKH�SURGXFWLRQ�RI�DOXPLQXP�DQG�&2��ZLWK�D�FDUERQ�DQRGH���,I�WKH�,$�EDVHG�FHOO�LV�WR�EH�DW�OHDVW�DV
HQHUJ\�HIILFLHQW�DV�D�WUDGLWLRQDO�+DOO�+pURXOW�FHOO��WKH�H[WUD�YROW�PXVW�EH�UHFRYHUHG�WKURXJK�FHOO
GHVLJQ�RU�RSHUDWLRQDO�PRGLILFDWLRQ���)RU�H[DPSOH��WKH�,$�FRXOG�SUHVHQW�WKH�RSSRUWXQLW\�WR�UHGXFH
WKH�DQRGH�WR�FDWKRGH�VHSDUDWLRQ�VLJQLILFDQWO\���+RZHYHU��WKLV�FKDQJH�UHTXLUHV�WKDW�D�ZHWWDEOH
FDWKRGH�EH�LQ�SODFH�VR�WKDW�WKH�DOXPLQXP�SDG�LV�VWDEOH�HQRXJK�WR�SUHYHQW�VKRUWLQJ���$OWHUQDWLYHO\�
WKH�VLGHZDOOV�RU�FHOO�WRS�FRXOG�EH�LQVXODWHG�PRUH�HIILFLHQWO\���,I�PRUH�LQVXODWLRQ�LV�XVHG��WKH�FHOO
ZLOO�SUREDEO\�RSHUDWH�ZLWKRXW�D�IUR]HQ�OHGJH��DQG�DQ�LQHUW�VLGHZDOO�PDWHULDO�PXVW�EH�GLVFRYHUHG�
,Q�VXPPDU\��WR�DFKLHYH�WKH�UHTXLUHG�UHGXFWLRQ�LQ�DQRGH�WR�FDWKRGH�GLVWDQFH��D�V\VWHPV�DSSURDFK
LV�UHTXLUHG���5HJDUGOHVV�RI�WKH�FRUURVLRQ�UHVLVWDQFH�RI�WKH�,$��LI�LW�LV�WR�EH�GHSOR\HG�WR�PHHW�WKH
HQHUJ\�SHUIRUPDQFH�OHYHOV�RI�D�FXUUHQW�+DOO�+pURXOW�FHOO��LW�ZLOO�UHTXLUH�UHGHVLJQLQJ�WKH�FDWKRGH�
WKH�DQRGH�FDWKRGH�DVVHPEO\��DQG�RU�WKH�FHOO�LQVXODWLRQ��DQG�SRVVLEO\�D�FHOO�FRYHU��DQG�VLGHZDOOV�

2. Bipolar Cell Design

$�ELSRODU�FHOO�GHVLJQ�KHOSV�WR�VROYH�WKH�SUREOHP�LQ�WKH�ILUVW�H[DPSOH��DQRGH�FDWKRGH�DVVHPEO\�
E\�SDFNLQJ�PDQ\�DQRGHV�DQG�FDWKRGHV�WRJHWKHU�LQ�D�FHOO���7KLV�GHVLJQ�DOVR�VDYHV�VSDFH�E\
ERQGLQJ�SDLUV�RI�DQRGHV�DQG�FDWKRGHV�EDFN�WR�EDFN���7KLV�VROXWLRQ�LV�YHU\�DWWUDFWLYH�EXW�LQYROYHV
PDQ\�WHFKQRORJLFDO�KXUGOHV���,W�FOHDUO\�DPRXQWV�WR�D�V\VWHPV�DSSURDFK���7KH�GHYHORSPHQW�RI
ELSRODU�HOHFWURGHV�ZRXOG�LQFOXGH�QHZ�PDWHULDOV�IRU�ERWK�WKH�DQRGH�DQG�FDWKRGH��DQG�VROXWLRQV�WR
ERQGLQJ�DQRGHV�DQG�FDWKRGHV�WRJHWKHU�DQG�HOHFWULFDOO\�LVRODWLQJ�FHUWDLQ�SDUWV�RI�WKH�DVVHPEO\�VR
WKDW�FXUUHQW�IORZV�LQ�WKH�GHVLUHG�GLUHFWLRQ���$GGLWLRQDOO\��XQXVXDO�HOHFWULFDO�UHTXLUHPHQWV�DQG
FKHPLFDO�PDQDJHPHQW�V\VWHPV�ZRXOG�EH�QHFHVVDU\�

3. Bath Composition Control

7R�PLQLPL]H�FRUURVLRQ�GXULQJ�WKH�WHVWLQJ�RI�D�QXPEHU�RI�SRWHQWLDO�,$�PDWHULDOV��LW�ZDV�QHFHVVDU\
WKDW�GLVVROYHG�DOXPLQD�EH�PDLQWDLQHG�FORVH�WR�VDWXUDWLRQ�LQ�WKH�PROWHQ�HOHFWURO\WH�DQG�RU�WKDW�WKH
FHOO�WHPSHUDWXUH�EH�ORZHUHG���6RPH�SURPLVLQJ�FDQGLGDWH�PDWHULDOV�ZRUNHG�EHWWHU�ZLWK�D�YHU\�ORZ
EDWK�UDWLR��1D)�$O)�����6LJQLILFDQW�FKDQJHV�WR�WKH�EDWK�FRPSRVLWLRQ�PHDQ�WKDW�WKH�FHOO�GHVLJQ
DQG�RU�WKH�GHVLJQ�DQG�RSHUDWLRQ�RI�WKH�FRQWURO�V\VWHP�ZLOO�KDYH�WR�EH�PRGLILHG���0DLQWDLQLQJ�WKH
EDWK�QHDU�VDWXUDWLRQ�PD\�UHTXLUH�DQ�DFFXUDWH�RQ�OLQH�VHQVRU�IRU�DOXPLQD�FRQFHQWUDWLRQ��D�YHU\
HIILFLHQW�ZD\�WR�PL[�DOXPLQD�DV�LW�LV�DGGHG��PHWKRGV�WR�PLQLPL]H�DJJORPHUDWLRQ�RI�WKH�DOXPLQD
LQ�WKH�FHOO��DQG�DQ�DGYDQFHG�FRQWURO�V\VWHP���$�ORZHU�WHPSHUDWXUH�EDWK�PHDQV�WKDW�WKH�HOHFWURO\WH
FRPSRVLWLRQ�ZLOO�SUREDEO\�KDYH�WR�EH�FKDQJHG�DQG�FRQWUROOHG�YHU\�ZHOO��DQG�FHOO�RSHUDWLRQ�DQG
PDWHULDOV�DOWHUHG�WR�EH�VXLWDEOH�IRU�WKH�ORZHU�WHPSHUDWXUH�
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4. CO2 Emissions – Cell vs. Power Plant

2QH�RI�WKH�SURSRVHG�EHQHILWV�RI�XVLQJ�DQ�LQHUW�DQRGH�WR�PDQXIDFWXUH�DOXPLQXP�LV�WKH�UHGXFWLRQ�LQ
&2��HPLVVLRQV�IURP�WKH�DOXPLQXP�UHGXFWLRQ�SODQW���7KLV�EHQHILW�LV�DOZD\V�UHDOL]HG�ZKHQ�WKH
DQDO\VLV�LV�UHVWULFWHG�WR�WKH�UHGXFWLRQ�SODQW���+RZHYHU��LI�WKH�SRZHU�SODQW�LV�LQFOXGHG�LQ�WKH
HVWLPDWH�RI�WKH�LQIOXHQFH�RI�,$V�RQ�WRWDO�&2��HPLVVLRQV��WKH�UHVXOWV�PD\�FKDQJH�VLJQLILFDQWO\�
7KH�OHVVRQ�KHUH�LV�WKDW�WKH�HYDOXDWLRQ�RI�WKH�,$�DV�SDUW�RI�WKH�¦V\VWHP§�ZLOO�UHTXLUH�JRLQJ�EH\RQG
WKH�ERXQGDULHV�RI�WKH�UHGXFWLRQ�SODQW�LWVHOI�

5. Additional Processing for Purity

2QH�RI�WKH�PRVW�LPSRUWDQW�UHTXLUHPHQWV�RI�DQ�,$�PDWHULDO�LV�WKDW�LW�PXVW�EH�DEOH�WR�VXUYLYH�LQ�D
KRVWLOH�PROWHQ�VDOW�HQYLURQPHQW�IRU�DQ�HFRQRPLFDOO\�YLDEOH�SHULRG��DQG�WR�IDFLOLWDWH�WKH
SURGXFWLRQ�RI�KLJK�TXDOLW\�SULPH�PHWDO���,W�LV�FRQFHLYDEOH�WKDW�DGGLWLRQDO�SURFHVVLQJ�VWHSV��DQG
FRVWV��FDQ�EH�LQVHUWHG�LQ�WKH�SURFHVV�VWUHDP�WR�LPSURYH�PHWDO�TXDOLW\�LI�WKH�HOHFWURGHV�VXUYLYH�DQG
UHVXOW�LQ�VLJQLILFDQW�HFRQRPLF�JDLQV���+RZHYHU��WKHVH�DGG�RQ�SURFHVVLQJ�VWHSV�FRPSOLFDWH�WKH
¦V\VWHP§�DV�ZHOO�DV�PDNH�WKH�SURGXFW�PRUH�H[SHQVLYH�

6. Integrated “Systems Approach”

'XULQJ�RQH�RI�WKH�7:*�PHHWLQJV��$OFRD�GHVFULEHG�DQ�LPSURYHG�FHOO�XVLQJ�DQ�,$�VLPLODU�WR�RQH
WKDW�ZDV�SDWHQWHG�E\�WKHP�LQ��������7KH�FHOO�XVHG�D�¦V\VWHPV§�DSSURDFK�DQG�LQYROYHG�D�QHZ
DQRGH�PDWHULDO��D�QHZ�FHOO�GHVLJQ�XVLQJ�PXOWLSOH�YHUWLFDO�DQRGH�SODWHV�KXQJ�ZLWK�ZHWWDEOH
FDWKRGH�SODWHV�LQWHUVSHUVHG�EHWZHHQ�WKHP��DQ�LQVXODWHG�OLG��DQG�QHZ�VLGHZDOO�PDWHULDOV�WKDW�FDQ
VXUYLYH�LQ�D�OHGJH�IUHH�HQYLURQPHQW���,Q�WDNLQJ�WKLV�DSSURDFK��$OFRD�KDV�DSSDUHQWO\�UHDFKHG�WKH
FRQFOXVLRQ�WKDW�DQ�LQWHJUDWHG�V\VWHP�LV�QHFHVVDU\�IRU�LPSOHPHQWDWLRQ�RI�LQHUW�DQRGHV�

7. Novel Approaches

$QRWKHU�SUHVHQWDWLRQ�PDGH�WR�WKH�7:*�ZDV�D�SURSRVDO�WR�GHYHORS�D�VROLG�R[LGH�HOHFWURO\WH�IRU
XVH�DV�D�PHPEUDQH�LQ�D�FU\ROLWH�EDWK�VR�WKDW�QDWXUDO�JDV�FRXOG�EH�XVHG�LQVWHDG�RI�FDUERQ�LQ�WKH
HOHFWURO\WLF�UHGXFWLRQ�RI�GLVVROYHG�DOXPLQD���7KH�DSSURDFK�ZDV�TXLWH�QRYHO��DQG�GHVSLWH
QXPHURXV�WHFKQRORJLFDO�FKDOOHQJHV�ZDV�DUJXHG�WR�KDYH�VHYHUDO�SRWHQWLDO�DGYDQWDJHV���7KH�7:*
YLHZV�WKLV�SURSRVDO�DV�DQRWKHU�H[DPSOH�RI�D�V\VWHPV�DSSURDFK�WR�GHYHORSLQJ�DQ�,$��EXW�RQH�ZLWK
D�ORZHU�FKDQFH�RI�FRPPHUFLDO�VXFFHVV�DW�SUHVHQW�WKDQ�WKH�PRUH�FRQYHQWLRQDO�DSSURDFKHV
GHVFULEHG�DERYH�

7KH�7:*�KDV�FRQFOXGHG�WKDW�LW�LV�KLJKO\�LPSUREDEOH�WKDW�,$V�ZLOO�VXFFHHG�DV�D�VLQJOH�FRPSRQHQW
PRGLILFDWLRQ��DV�LQ�D�EURZQ�FHOO�UHWURILW���5DWKHU��,$V�PXVW�EH�FRXSOHG�ZLWK�RWKHU�QHZ
WHFKQRORJLHV�LQ�D�EURZQ�VLWH�UHWURILW�WR�SURGXFH�DQ�HFRQRPLFDOO\�DWWUDFWLYH��V\VWHP�EDVHG
VROXWLRQ��6RPH�RI�WKH�UHTXLUHG�QHZ�WHFKQRORJLHV�PD\�EH�DOUHDG\�GHYHORSHG��H�J���ZHWWDEOH
FDWKRGHV���WHVWHG�LQ�WKH�ODERUDWRU\�EXW�VWLOO�VHYHUDO�\HDUV�IURP�UHDOL]DWLRQ��QHZ�VLGHZDOO
PDWHULDOV���RU�WKH\�PD\�EH�GHYHORSHG�EXW�FRPSOHWHO\�XQWHVWHG��H�J���QRYHO�DQRGH�PDWHULDOV����,Q
DOPRVW�HYHU\�VFHQDULR��LW�ZLOO�SUREDEO\�EH�QHFHVVDU\�WR�XQGHUWDNH�VLJQLILFDQW�XSJUDGHV�LQ�SURFHVV
VHQVLQJ�DQG�FRQWURO�LQ�RUGHU�WR�VXFFHVVIXOO\�GHSOR\�,$V��,Q�PRVW�5	'�HIIRUWV�RQ�,$V��WKH�,$�ZDV
IRXQG�WR�EH�PRUH�VHQVLWLYH�WKDQ�FDUERQ�DQRGHV�WR�RQH�RU�PRUH�RSHUDWLQJ�FRQGLWLRQV��H�J���EDWK
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FRPSRVLWLRQ�DQG�WHPSHUDWXUH����6LQFH�D�VXFFHVVIXO�,$�PXVW�EH�ORQJ�OLYHG��LW�LV�GLIILFXOW�WR
LPDJLQH�KRZ�WKLV�FRXOG�EH�UHDOL]HG�ZLWKRXW�D�V\VWHP�IRU�DFFXUDWH��RQ�OLQH�VHQVLQJ�DQG�IHHGEDFN
FRQWURO�RI�LPSRUWDQW�FHOO�SDUDPHWHUV�

(YHQ�LI�D�VXFFHVVIXO�,$�LV�QRW�GHYHORSHG�LQ�WKH�QHDU�IXWXUH��UHVHDUFK�WKDW�HPSOR\V�WKH�V\VWHPV
DSSURDFK�PD\�IRVWHU�WKH�GHYHORSPHQW�RI�VSLQ�RII�WHFKQRORJLHV�WKDW�FRXOG�EH�DSSOLHG�WR
FRQYHQWLRQDO�+DOO�+pURXOW�FHOOV���7KHVH�WHFKQRORJLHV�ZRXOG�EH�H[SHFWHG�WR�DFKLHYH�WKH�LQGXVWU\
JRDOV�RI�UHGXFHG�HQHUJ\�FRQVXPSWLRQ��ORZ�HQYLURQPHQWDO�LPSDFW��DQG�LPSURYHG�GRPHVWLF
LQGXVWULDO�FRPSHWLWLYHQHVV���3RWHQWLDO�RSSRUWXQLWLHV�WR�LPSURYH�FRQYHQWLRQDO�+DOO�+pURXOW�FHOO
SHUIRUPDQFH�LQFOXGH�WKH�IROORZLQJ�

• :HWWDEOH�FDWKRGHV�WKDW�DUH�FORVH�WR�IUXLWLRQ�DQG�PD\�ZHOO�EH�GHSOR\HG�DV�D�FRPPHUFLDOO\
YLDEOH�VWDQG�DORQH�WHFKQRORJ\�LQ�WKH�QHDU�IXWXUH

• ,PSURYHG�LQVXODWLRQ�V\VWHPV�WKDW�FRXOG�UHVXOW�LQ�D�PRUH�¦WKHUPDOO\�HIILFLHQW§�UHGXFWLRQ�FHOO
ZLWK�DWWHQGDQW�HQHUJ\�VDYLQJV

• ,PSURYHG�VHQVLQJ�DQG�FRQWUROV�WKDW�ZRXOG�LPSURYH�HIILFLHQF\�DQG�UHGXFH�WKH�JHQHUDWLRQ�RI
&)�

,Q�RUGHU�WR�RSWLPL]H�DOO�WKH�LQGHSHQGHQW�SDUDPHWHUV��WKH�,$�DQG�UHGXFWLRQ�FHOO�VKRXOG�EH�FDUHIXOO\
PRGHOHG�SULRU�WR�UXQQLQJ�D�VLQJOH�H[SHULPHQW���7KH�DSSURDFK�LV�FRPSOH[�EXW�VR�LV�WKH�V\VWHP�
)RU�WKLV�UHDVRQ��WKH�7:*�EHOLHYHV�WKDW�IXWXUH�UHVHDUFKHUV�VKRXOG�DGGUHVV�WKH�V\VWHP�WKHRUHWLFDOO\
DV�PXFK�DV�SRVVLEOH�EHIRUH�FRPPLWWLQJ�WR�GHYHORSPHQWDO�HIIRUWV�RQ�D�QHZ�PDWHULDO�RU�GHVLJQ�IRU
WKH�,$�

,Q�DGGLWLRQ��LW�LV�WKH�RSLQLRQ�RI�WKH�7:*�WKDW�WKH�UHVHDUFK�DQG�GHYHORSPHQW�HIIRUWV�SULRU�WR�DQ\
GHPRQVWUDWLRQ�RI�,$�PDWHULDOV�VKRXOG�IROORZ�WKH�¦JDWHG�DSSURDFK§�UHFRPPHQGHG�LQ�WKH�,QHUW
$QRGH�5RDGPDS���7KH�7:*�UHFRPPHQGV�WKDW�VFDOH�XS�RI�UHVHDUFK�RQ�,$�PDWHULDOV�EH�DWWHPSWHG
RQO\�DIWHU�VSHFLILF�FULWHULD�KDYH�EHHQ�GHPRQVWUDWHG�LQ�WKH�SULRU�VWDJH�RI�ZRUN���7KH�RUGHU�LQ�ZKLFK
WKH�FULWHULD�VKRXOG�EH�PHW�IROORZV�

• 6XFFHVVIXO�SHUIRUPDQFH�LQ�D�ODERUDWRU\�FHOO�DW�����DPSHUHV�IRU�����FRQWLQXRXV�KRXUV�RI
RSHUDWLRQ

• 6XFFHVVIXO�SHUIRUPDQFH�LQ�D�ODERUDWRU\�RU�VPDOO�VFDOH�SURWRW\SH�FHOO�DW������DPSHUHV�IRU
�����FRQWLQXRXV�KRXUV�RI�RSHUDWLRQ

• 6XFFHVVIXO�RSHUDWLRQ�LQ�D�SURWRW\SH�FHOO�DW�������WR��������DPSHUHV�IRU�D�SHULRG�RI
FRQWLQXRXV�RSHUDWLRQ�RI�DW�OHDVW�VL[�PRQWKV

• 3URGXFWLRQ�VFDOH�SURWRW\SHV�DW�SURMHFWHG�SODQW�RSHUDWLQJ�FXUUHQW

$FFRPSOLVKLQJ�HDFK�RI�WKHVH�FULWHULD�LQ�WKLV�RUGHU�LV�ZKDW�LV�PHDQW�E\�D�¦JDWHG�DSSURDFK�§
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CHAPTER IV—SYSTEMS ISSUES

,VVXHV�DULVH�LQ�WKUHH�DUHDV�ZKHQ�RQH�FRQVLGHUV�WKH�V\VWHPV�DSSURDFK�WR�GHYHORSLQJ�DQ�LQHUW�DQRGH�
7KHVH�DUHDV�DUH�WKHUPRG\QDPLF�DQG�SRZHU�HIILFLHQF\��WKH�ZHWWHG�FDWKRGH��DQG�PHWDO�TXDOLW\�
(DFK�RI�WKHVH�LVVXHV�ZLOO�EH�GLVFXVVHG�LQ�WXUQ���5HIHU�WR�$SSHQGL[�$���IRU�D�OLVW�RI�UHIHUHQFHV
FLWHG�E\�QXPEHU�LQ�WKH�WH[W�

1. Thermodynamic and Power Efficiency

7KH�HIILFLHQF\�RI�D�UHGXFWLRQ�V\VWHP�XVLQJ�DQ�LQHUW�DQRGH�V\VWHP�VKRXOG�PHHW�RU�H[FHHG�WKH
HQHUJ\�SHUIRUPDQFH�RI�D�FRQYHQWLRQDO�V\VWHP�XVLQJ�FDUERQ�DQRGHV���$�FRPSDUDWLYH
WKHUPRG\QDPLF�DQDO\VLV�RI�WKH�WZR�V\VWHPV�KDV�EHHQ�SHUIRUPHG�WR�GHWHUPLQH�WKH�SRWHQWLDO�IRU
DFKLHYLQJ�WKLV�JRDO�

7KHUPRG\QDPLFV�RI�$OXPLQXP�2[LGH�5HGXFWLRQ�3URFHVVHV

8QOLNH�WKH�SUHFLRXV�PHWDOV�DQG�FRSSHU��DOXPLQXP�GRHV�QRW�RFFXU�DV�D�PHWDO�LQ�LWV�QDWLYH�VWDWH���,Q
QDWXUH��DOXPLQXP�LV�JHQHUDOO\�IRXQG�LQ�RUHV�DV�DOXPLQXP�R[LGH�LQ�FRPELQDWLRQ�ZLWK�RWKHU�PHWDO
R[LGHV��RU��LQ�EDX[LWH��DQ�RUH�WKDW�LV�SULQFLSDOO\�DOXPLQXP�R[LGH���$OXPLQXP�R[LGH�LV�KLJKO\
VWDEOH�FKHPLFDOO\��DQG�LV�GLIILFXOW�WR�UHGXFH�E\�KHDWLQJ�LW�WR�HOHYDWHG�WHPSHUDWXUHV�RU�E\�WKHUPDOO\
WUHDWLQJ�LW�ZLWK�K\GURFDUERQ�RU�FDUERQDFHRXV�UHGXFLQJ�DJHQWV�

(QHUJ\�5HTXLUHPHQWV�RI�WKH�+DOO�+pURXOW�3URFHVV

7KH�+DOO�+pURXOW�SURFHVV�LQYROYHV�WKH�HOHFWURO\WLF�GHFRPSRVLWLRQ�RI�DOXPLQXP�R[LGH�GLVVROYHG
LQ�D�PROWHQ�FU\ROLWH��1D�$O)���EDWK�RSHUDWLQJ�DW�WHPSHUDWXUHV�EHORZ�������&���$�FDUERQ�DQRGH�LV
FRQVXPHG�LQ�WKH�UHDFWLRQ�WKDW�PDNHV�&2��&2���DQG�PROWHQ�DOXPLQXP��ZKLFK�LV�UHGXFHG�DW�WKH
FDWKRGH���$OWKRXJK�WKHUH�KDYH�EHHQ�VLJQLILFDQW�LPSURYHPHQWV�LQ�VFRSH�DQG�SHUIRUPDQFH�RI�WKLV
V\VWHP��JOREDOO\��YLUWXDOO\�DOO�DOXPLQXP�LV�SURGXFHG�E\�WKH�+DOO�+pURXOW�SURFHVV�

8QGHU�SHUIHFW�FRQGLWLRQV��ZKHUH�WKHUH�DUH�QR�UHYHUVH�UHDFWLRQV�DQG�QR�SDUDVLWLF�UHDFWLRQV
FRQVXPLQJ�DGGLWLRQDO�DQRGH�FDUERQ��WKH�IRUZDUG�UHDFWLRQ�IRU�WKH�+DOO�+pURXOW�SURFHVV��DW����
SHUFHQW�FXUUHQW�HIILFLHQF\��FH���ZRXOG�EH

$O�2��������&���!���$O���������&2�

7KLV�LV�DQ�HQGRWKHUPLF��KHDW�FRQVXPLQJ��UHDFWLRQ���7KH�WKHRUHWLFDO�PLQLPXP�HQHUJ\
UHTXLUHPHQWV�IRU�WKH�UHDFWLRQ�ZRXOG�EH�GHWHUPLQHG�E\�WKH�HQWKDOS\�UHTXLUHPHQWV�IRU�KHDWLQJ�WKH
UHDFWDQWV�WR�RSHUDWLQJ��WHPSHUDWXUH��SOXV�WKH�HQWKDOSLF�UHTXLUHPHQWV�IRU�FDUU\LQJ�RXW�WKH�DERYH
UHGXFWLRQ�UHDFWLRQ���8VLQJ�WKHUPRG\QDPLF�GDWD�IURP�WKH�-$1$)�WDEOHV��*UMRWKHLP�HW�DO��>�@
UHSRUW�WKH�IROORZLQJ�WKHRUHWLFDO�HQHUJ\�UHTXLUHPHQWV�IRU�FHOO�RSHUDWLQJ�WHPSHUDWXUHV�RI������&
�������.��DQG�����SHUFHQW�FXUUHQW�HIILFLHQF\�
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+HDWLQJ �����N:K�NJ�$O �����N:K�OE�$O
5HGXFWLRQ�������������������������N:K�NJ�$O����������������N:K�OE�$O
7RWDO �����N:K�NJ�$O �����N:K�OE�$O

,Q�DFWXDO�FHOO�RSHUDWLRQV��FXUUHQW�HIILFLHQFLHV�RI�OHVV�WKDQ�����SHUFHQW�UHVXOW�IURP�UHYHUVH
R[LGDWLRQ�UHDFWLRQV�EHWZHHQ�SDUW�RI�WKH�DOXPLQXP�PHWDO�DQG�FDUERQ�GLR[LGH�JDV�SURGXFHG�E\�WKH
IRUZDUG�UHDFWLRQ���7KH�ORVV�DQG�QHW�UHDFWLRQV�DUH

/RVV�5HDFWLRQ���Q�$O����Q�&2����!�Q�$O�2�����Q�&2
1HW�5HDFWLRQ������Q��$O�2�������&���!�����Q��$O��������Q��&2�����Q�&2

RU
$O�2�������FH��&���!���$O�����>�FH��@��FH��&2������>��FH@�FH��&2

:KHUH��FH� ���Q� ���&XUUHQW�(IILFLHQF\����

$FFRUGLQJ�WR�*UMRWKHLP�HW�DO��>�@���WKH�WRWDO�PLQLPXP�HQHUJ\�UHTXLUHPHQW�DV�D�IXQFWLRQ�RI�FXUUHQW
HIILFLHQF\�IRU�WKH�+DOO�+pURXOW�SURFHVV�DW������&�LV

0LQLPXP�(QHUJ\� �������FH����������N:K�NJ�$O
0LQLPXP�(QHUJ\� �������FH����������N:K�OE�$O

,Q�DGGLWLRQ�WR�WKH�HIIHFWV�RI�WKH�IRUZDUG�DQG�EDFN�UHDFWLRQV�IRU�WKH�HOHFWURO\VLV�SURFHVV��WKHUH�DUH
SDUDVLWLF�UHDFWLRQV�EHWZHHQ�WKH�FDUERQ�GLR[LGH�DQRGH�JDV�DQG�WKH�FDUERQ�DQRGH���7KLV�UHDFWLRQ�LV
NQRZQ�DV�WKH�%RXGRXDUG�UHDFWLRQ�

&2����&���!��&2

7KH�H[WHQW�RI�WKH�%RXGRXDUG�UHDFWLRQ�YDULHV�ZLWK�FHOO�GHVLJQ�DQG�PRGHV�RI�RSHUDWLRQ���+DXSLQ
KDV�PDGH�WKHRUHWLFDO�HVWLPDWHV�IRU�WKH�HIIHFW�RI�WKH�UHDFWLRQ�RQ�WKH�WKHRUHWLFDO�HQHUJ\
UHTXLUHPHQWV��ZKLFK�DUH�SUHVHQWHG�LQ�$SSHQGL[�$�����7KH�RYHUDOO�HIIHFW�RI�WKH�%RXGRXDUG
UHDFWLRQ�RQ�WKH�WKHRUHWLFDO�HQHUJ\�UHTXLUHPHQWV�LV�UHODWLYHO\�VPDOO�

7RGD\©V�VWDWH�RI�WKH�DUW�UHGXFWLRQ�FHOOV�DUH�DFKLHYLQJ�FXUUHQW�HIILFLHQF\�OHYHOV�RI����SHUFHQW�DQG
HQHUJ\�FRQVXPSWLRQ�OHYHOV�RI������N:K�NJ�$O������N:K�OE�$O����7KH�WKHRUHWLFDO�PLQLPXP
HQHUJ\�UHTXLUHPHQW�DW����SHUFHQW�FXUUHQW�HIILFLHQF\�LV������N:K�NJ�$O�������N:K�OE�$O����7KXV�
WKH�HQHUJ\�HIILFLHQF\�OHYHOV�RI�SUHVHQW�VWDWH�RI�WKH�DUW�UHGXFWLRQ�FHOOV�DUH�RQ�WKH�RUGHU�RI���
SHUFHQW�

,QHUW�$QRGH�&HOO�(QHUJ\�5HTXLUHPHQWV

$��SHUPDQHQW��LQHUW�DQRGH�UHGXFWLRQ�FHOO�ZRXOG�XWLOL]H�DQ�DQRGH�PDWHULDO�WKDW�ZRXOG�QRW�HQJDJH
LQ�WKH�UHGXFWLRQ�UHDFWLRQ�DQG�ZRXOG�EH�VWDEOH�IURP�WKH�VWDQGSRLQWV�RI�ZHDU��GLVVROXWLRQ��DQG�RU
UHDFWLRQ�ZLWK�DQ\�RI�WKH�FHOO�FRPSRQHQWV��IHHG�PDWHULDOV��RU�UHDFWLRQ�SURGXFWV���'HVSLWH�WKH
WUHPHQGRXV�HIIRUWV�WKDW�KDYH�EHHQ�PDGH�WKURXJKRXW�WKH�ZRUOG�WR�GHYHORS�LQHUW�DQRGHV��D�YLDEOH
V\VWHP�KDV�QRW�\HW�EHHQ�GHILQHG�
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8QGHU�SHUIHFW�FRQGLWLRQV��ZLWK�QR�UHYHUVH�UHDFWLRQV��WKH�IRUZDUG�UHDFWLRQ�IRU�DQ�LQHUW�DQRGH
DOXPLQXP�UHGXFWLRQ�SURFHVV�DW�����SHUFHQW�FXUUHQW�HIILFLHQF\�ZRXOG�EH

$O�2�����!���$O��������2�

7KLV�LV�DOVR�DQ�HQGRWKHUPLF��KHDW�FRQVXPLQJ��UHDFWLRQ���7KH�WKHRUHWLFDO�PLQLPXP�HQHUJ\
UHTXLUHPHQWV�IRU�WKH�UHDFWLRQ�ZRXOG�EH�GHWHUPLQHG�E\�WKH�HQWKDOS\�UHTXLUHPHQWV�IRU�KHDWLQJ�WKH
UHDFWDQWV�WR�RSHUDWLQJ�WHPSHUDWXUH��SOXV�WKH�HQWKDOSLF�UHTXLUHPHQWV�IRU�FDUU\LQJ�RXW�WKH�UHGXFWLRQ
UHDFWLRQ���8VLQJ�D�WKHUPRG\QDPLF�DSSURDFK�VLPLODU�WR�WKDW�GHVFULEHG�DERYH�IRU�WKH�+DOO�+pURXOW
SURFHVV��WKH�PLQLPXP�WKHRUHWLFDO�HQHUJ\�UHTXLUHPHQW�IRU�DQ�LQHUW�DQRGH�DOXPLQXP�R[LGH
UHGXFWLRQ�SURFHVV�DW������&�ZRXOG�EH

+HDWLQJ�UHDFWDQWV �����N:K�NJ�$O �����N:K�OE�$O
5HGXFWLRQ�������������������������N:K�NJ�$O����������������N:K�OE�$O
7RWDO �����N:K�NJ�$O �����N:K�OE�$O

,Q�DFWXDO�FHOO�RSHUDWLRQV��FXUUHQW�HIILFLHQFLHV�RI�OHVV�WKDQ�����SHUFHQW�UHVXOW�IURP�UHYHUVH
R[LGDWLRQ�UHDFWLRQV�EHWZHHQ�SDUW�RI�WKH�PHWDOOLF�DOXPLQXP�DQG�R[\JHQ�JDV�SURGXFHG�E\�WKH
IRUZDUG�UHDFWLRQ���7KH�ORVV�DQG�QHW�UHDFWLRQV�DUH

/RVV�5HDFWLRQ���Q�$O����Q���2� ��!�Q�$O�2�

1HW�5HDFWLRQ������Q��$O�2�����!�����Q��$O�����������Q��2�

RU
$O�2�����!�$O�������2�

,QDVPXFK�DV�WKH�RYHUDOO�UHDFWLRQ�DQG�UHDFWLRQ�SURGXFWV�RI�LQHUW�DQRGH�FHOOV�GR�QRW�YDU\�ZLWK
FXUUHQW�HIILFLHQF\��DV�ZLWK�+DOO�+pURXOW�FHOOV��WKH�PLQLPXP�HQHUJ\�UHTXLUHPHQW�IRU�DQ�LQHUW
DQRGH�LV�LQGHSHQGHQW�RI�FXUUHQW�HIILFLHQF\���7KH�PLQLPXP�HQHUJ\�UHTXLUHPHQWV�DUH�DV�IROORZV�

0LQLPXP�(QHUJ\� ������N:K�NJ�$O
0LQLPXP�(QHUJ\� ������N:K�OE�$O

7KHVH�LQHUW�DQRGH�FHOO�PLQLPXP�HQHUJ\�UHTXLUHPHQWV�DUH�DERXW����SHUFHQW�KLJKHU�WKDQ�WKRVH�IRU
WKH�+DOO�+pURXOW�SURFHVV���2Q�WKLV�EDVLV��LI�WKH�DFWXDO�HQHUJ\�FRQVXPSWLRQ�OHYHOV�IRU�DQ�LQHUW
DQRGH�FHOO�DUH�WR�EH�FRPSDUDEOH�WR�RU�OHVV�WKDQ�WKH�SHUIRUPDQFH�RI�VWDWH�RI�WKH�DUW�+DOO�+pURXOW
V\VWHPV�����N:K�NJ�$O������N:K�OE�$O���WKH�RSHUDWLQJ�HIILFLHQFLHV�RI�VXFK�LQHUW�DQRGH�FHOOV�ZLOO
KDYH�WR�EH�RQ�WKH�RUGHU�RI������SHUFHQW�RU�KLJKHU�

&RPSDUDWLYH�(QHUJ\�5HTXLUHPHQWV�IRU�+DOO�+pURXOW�DQG�,QHUW�$QRGH�&HOOV

7KH�IRUHJRLQJ�HVWLPDWHV�IRU�WKHRUHWLFDO�PLQLPXP�HQHUJ\�UHTXLUHPHQWV�IRU�+DOO�+pURXOW�DQG�LQHUW
DQRGH�FHOOV�KDYH�EHHQ�PDGH�IRU�WKH�DVVXPHG�FDVH�RI�����SHUFHQW�FXUUHQW�HIILFLHQF\�DQG�DQ
RSHUDWLQJ�WHPSHUDWXUH�RI������&���,W�VKRXOG�EH�QRWHG�WKDW�RSHUDWLQJ�WHPSHUDWXUHV�KDYH�D�PLQRU
HIIHFW�RQ�WKHRUHWLFDO�HQHUJ\�UHTXLUHPHQWV���2YHU�WKH�UDQJH�RI�SRWHQWLDO�RSHUDWLQJ�WHPSHUDWXUHV�RI
IURP�������.�WR�������.�������&�WR�������&���D�FKDQJH�LQ�RSHUDWLQJ�WHPSHUDWXUH�RI������&�KDV
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DERXW�D���SHUFHQW�HIIHFW�RI�PLQLPXP�HQHUJ\�QHHG�IRU�WKH�+DOO�+pURXOW�SURFHVV�DQG�DERXW����
SHUFHQW�IRU�WKH�LQHUW�DQRGH�SURFHVV�

7DEOH�,9����EHORZ��VKRZV�WKH�HIIHFWV�RI�FKDQJHV�LQ�FXUUHQW�HIILFLHQF\�DFKLHYHG�LQ�DFWXDO
RSHUDWLRQV���7KH�WDEOH�DOVR�SURYLGHV�WKH�DFWXDO�HQHUJ\�HIILFLHQFLHV�DFKLHYHG�DW�D�SHUIRUPDQFH
OHYHO�RI�����N:K�OE�$O�IRU�D�VWDWH�RI�WKH�DUW�+DOO�+pURXOW�FHOO��DQG�WKH�HQHUJ\�HIILFLHQF\�OHYHOV
WKDW�ZRXOG�EH�UHTXLUHG�IRU�DQ�LQHUW�DQRGH�FHOO�WR�DFKLHYH�SHUIRUPDQFH�OHYHOV�RI�����N:K�OE�$O�
7KHVH�HIILFLHQFLHV�DUH�DW�WKH�YHU\�KLJK�OHYHO�RI������SHUFHQW���7KHVH�WKHUPRG\QDPLF�HVWLPDWHV�IRU
WKHRUHWLFDO�HQHUJ\�UHTXLUHPHQWV�GHPRQVWUDWH�WKDW�LW�LV�SRVVLEOH�IRU�DQ�LQHUW�DQRGH�FHOO�WR�DWWDLQ
VLPLODU��RU�ORZHU��HQHUJ\�SHUIRUPDQFH�OHYHOV�WKDQ�WKH�VWDWH�RI�WKH�DUW�+DOO�+pURXOW�FHOO��EXW�WKH

HQJLQHHULQJ�GHVLJQV�IRU�WKH�LQHUW�DQRGH�FHOO�V\VWHPV�PXVW�LQFRUSRUDWH�WKH�YHU\�EHVW�DSSURDFKHV

IRU�PLQLPL]LQJ�WKHUPDO�ORVVHV�ERWK�IURP�WKH�UHGXFWLRQ�FHOOV�DQG�WKH�FXUUHQW�FDUU\LQJ�EXV

V\VWHPV�DQG�FRQQHFWRUV�H[WHUQDO�WR�WKH�FHOO�

'HWDLOHG�SUHVHQWDWLRQ�RI�WKH�WKHUPRG\QDPLF�GDWD�DQG�FDOFXODWLRQV�DSSHDU�LQ�$SSHQGL[�$���

7DEOH�,9�����7KHRUHWLFDO�(QHUJ\�5HTXLUHPHQWV�%DVHG�RQ�(QWKDOS\�5HTXLUHPHQWV�IRU

+HDWLQJ�5HDFWDQWV��&KHPLFDO�5HDFWLRQ��DQG�:LWKGUDZLQJ�3URGXFWV�DW�&HOO�7HPSHUDWXUH

&XUUHQW

(IILFLHQF\

7KHRUHWLFDO

N:K�NJ�$O

7KHRUHWLFDO

N:K�OE�$O

(QHU��(IILF��DW

����N:K�OE�$O

1HHGHG�(QHU�

(IILF���IRU����

N:K�OE�$O

+DOO�+pURXOW�&HOO

��� ���� ���� ����� ¤

��� ���� ���� ����� ¤

��� ���� ���� ����� ¤

��� ���� ���� ����� ¤

���� ���� ���� ����� ¤

,QHUW�$QRGH�&HOO

$OO ���� ���� ¤ �����

3UDFWLFDO�&RQVLGHUDWLRQV�LQ�&HOO�'HVLJQ

7KHRUHWLFDO�HQHUJ\�UHTXLUHPHQWV�DUH�WKH�DPRXQWV�RI�HQHUJ\�WKDW�PXVW�EH�GHOLYHUHG�WR�WKH�¦SURFHVV
YROXPH§�LQ�WKH�FHOO�ZKHUH�WKH�UHDFWDQWV�DUH�KHDWHG�DQG�WKH�UHGXFWLRQ�UHDFWLRQ�LV�PDGH�WR�RFFXU�
,Q�HVVHQFH��WKH�¦SURFHVV�YROXPH§�LV�WKH�PROWHQ�EDWK�DQG��SDUWLFXODUO\��WKH�DQRGH�WR�FDWKRGH
UHJLRQ��LQFOXGLQJ�WKH�ZRUNLQJ�VXUIDFH�RI�WKH�DQRGH��WKH�PROWHQ�EDWK��DQG�PROWHQ�PHWDO�OD\HUV�
+HDW�JHQHUDWHG�LQ�WKH�SURFHVV�YROXPH�DQG�KHDW�IORZLQJ�LQWR�WKH�SURFHVV�YROXPH�FDQ�FRQWULEXWH�WR
WKH�UHGXFWLRQ�UHDFWLRQ���+HDW�IORZLQJ�IURP�WKH�SURFHVV�YROXPH�LV�ORVW�KHDW��6LPLODUO\��KHDW
JHQHUDWHG�H[WHUQDO�WR�WKH�SURFHVV�YROXPH�DQG�IORZLQJ�IURP�WKH�FHOO�DQG�H[WHUQDO�FRQGXFWRU
VXUIDFHV�FDQQRW�FRQWULEXWH�WR�WKH�UHGXFWLRQ�UHDFWLRQ��DQG�KHQFH�LV�DOO�ORVW�KHDW�

7KH�HQHUJ\�GHOLYHUHG�SHU�XQLW�WLPH�LQ�DOXPLQXP�UHGXFWLRQ�SURFHVVLQJ�RSHUDWLRQV�LV�WKH�SURGXFW�RI
WKH�DSSOLHG�FXUUHQW�DQG�WKH�VXP�RI�DOO�WKH�LQWHUQDO�DQG�H[WHUQDO�YROWDJH�GURSV���7KH�WRWDO�FHOO
YROWDJH�GURS�LQFOXGHV�WKH�VXP�RI�WKH�HTXLOLEULXP�HOHFWURGH�SRWHQWLDOV��WKH�DQRGH�DQG�FDWKRGH
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RYHUSRWHQWLDOV��DQG�DOO�RI�WKH�FHOO�,5�GURSV���7KH�,5�GURSV�LQFOXGH�WKH�H[WHUQDO�FLUFXLW��FHOO�WR�FHOO
EXVEDU���EXV�WR�FHOO�FRQQHFWRUV��DQRGH�GURS��LQWHUHOHFWURGH�EDWK�GURS��FDWKRGH�GURS��DQG�YROWDJH
GURS�DWWULEXWDEOH�WR�DQRGH�HIIHFWV���,Q�DGYDQFHG�+DOO�+pURXOW�FHOOV��WKH�WRWDO�FHOO�YROWDJH�LV�DERXW
����YROWV���7R�PDWFK�RU�H[FHHG�WKH�HQHUJ\�HIILFLHQF\�RI�+DOO�+pURXOW�FHOOV��WKH�WRWDO�YROWDJH�GURS
IRU�DQ�LQHUW�DQRGH�FHOO�VKRXOG�EH�HTXDO�WR�RU�OHVV�WKDQ�����YROWV��DVVXPLQJ�WKDW�FXUUHQW�HIILFLHQFLHV
VLPLODU�WR�WKRVH�DFKLHYHG�LQ�+DOO�+pURXOW�FHOOV��DERXW����SHUFHQW�RU�JUHDWHU��DUH�DOVR�DWWDLQHG�
&OHDUO\��WKHVH�DUH�JRLQJ�WR�EH�FKDOOHQJLQJ�WDUJHWV�WR�DWWDLQ�

2. Wetted Cathode

7KH�SRWHQWLDO�EHQHILWV�RI�DSSO\LQJ�UHIUDFWRU\�KDUG�PHWDO��5+0��FDWKRGHV�WR�UHGXFWLRQ�FHOOV�KDYH
EHHQ�NQRZQ�IRU�VHYHUDO�GHFDGHV���6HYHUDO�DOXPLQXP�SURGXFHUV�LQ�(XURSH��-DSDQ��$VLD��DQG�1RUWK
$PHULFD�KDYH�VSRQVRUHG�UHVHDUFK�UHODWHG�WR�WKLV�FRQFHSW��,Q�WKLV�FRXQWU\��WKH�'HSDUWPHQW�RI
(QHUJ\�KDV�VXSSRUWHG�UHVHDUFK�RQ�50+�FDWKRGHV�IRU�PDQ\�\HDUV��DW�.DLVHU�$OXPLQXP��0DUWLQ
0DULHWWD��RU�WKH�5H\QROGV�0HWDOV�&RUSRUDWLRQ���7L%� LV�EHLQJ�SXUVXHG�DV�WKH�PDWHULDO�RI�FKRLFH
IRU�ZHWWDEOH�FDWKRGHV�

6HYHUDO�IHDWXUHV�RI�WKH�ZHWWHG�FDWKRGH�V\VWHP�SURYLGH�D�XQLTXH�RSSRUWXQLW\�IRU�GHVLJQLQJ�FHOOV�LQ
ZKLFK�WKH�GLVWDQFH�EHWZHHQ�WKH�DQRGH�DQG�FDWKRGH�LV�VLJQLILFDQWO\�UHGXFHG��HQKDQFLQJ�WKH
WKHUPDO�HIILFLHQF\�RI�WKH�V\VWHP���7KHVH�IHDWXUHV�LQFOXGH�WKH�SK\VLFDO�SURSHUWLHV�RI�7L%���KLJK
HOHFWULFDO�FRQGXFWLYLW\��WKH�FKHPLFDO�VWDELOLW\�LQ�DOXPLQXP�DQG�FU\RO\WH�HOHFWURO\WH��DQG
ZHWWDELOLW\�E\�DOXPLQXP�

7KH�HFRQRPLF�SRWHQWLDO�RI�7L%��FDWKRGHV�KDV�EHHQ�H[DPLQHG�IRU�WZR�W\SHV�RI�DSSOLFDWLRQV���$
UHGXFHG�DQRGH�FDWKRGH�GLVWDQFH��$&'��ZLOO�UHGXFH�FHOO�YROWDJH���3RWHQWLDO�HQHUJ\�VDYLQJV�DUH�XS
WR���N:KU�OE�ZLWK�WKHVH�FDWKRGHV��HYHQ�ZKHQ�XVHG�ZLWK�FRQYHQWLRQDO�FDUERQ�DQRGHV���&HOO�KHDW
ORVVHV�PXVW�EH�VLJQLILFDQWO\�UHGXFHG�WR�DFKLHYH�WKHVH�VDYLQJV��KRZHYHU��WKHVH�ORVVHV�WHQG�WR�EH
OLPLWHG�E\�WKH�VLGH�IUHH]H�FRQVWUDLQW�

7KH�VHFRQG�VWUDWHJ\�IRU�DSSO\LQJ�7L%��FDWKRGHV�LV�WR�H[SORLW�WKH�UHGXFHG�$&'�E\�LQFUHDVLQJ
DQRGH�FXUUHQW�GHQVLW\��L�H���LQFUHDVLQJ�FHOO�SURGXFWLYLW\���$�VLJQLILFDQW�UHGXFWLRQ�LQ�$&'��H�J��
IURP�WKH�VWDQGDUG�����LQ�WR������LQ���DW�WKH�VDPH�XQLW�HQHUJ\�ZLWK�DQ�LQFUHDVH�LQ�FXUUHQW�FRXOG�OHDG
WR�D����SHUFHQW�LQFUHDVH�LQ�SURGXFWLYLW\���7KLV�VKRXOG�SURYH�WR�EH�DQ�DWWUDFWLYH�HFRQRPLF�UHWXUQ
EDVHG�RQ�SURMHFWHG�FDWKRGH�DQG�FRQWURO�FRVWV�

5HVHDUFKHUV�ORRNLQJ�IRU�DQ�HFRQRPLFDO�DSSOLFDWLRQ�RI�LQHUW�DQRGHV�GHYHORSHG�WKH�QRWLRQ�RI
SDLULQJ�DQ�LQHUW�DQRGH�ZLWK�DQ�5+0�FDWKRGH���8VH�RI�DQ�5+0�LQHUW�DQRGH�ELSRODU�HOHFWURGH�LQ�D
YHUWLFDO�DUUD\�KDV�DSSHDO��DW�OHDVW�RQ�SDSHU���$OFRD�DQG�1RUWKZHVW�$OXPLQXP�KDYH�FRQFHLYHG�RI
YHUWLFDO�ELSRODU�HOHFWURGH�FHOOV��DQG�KDYH�EHHQ�DZDUGHG�SDWHQWV�IRU�WKHLU�ZRUN���&RPDOFR�KDV
GHPRQVWUDWHG�WKDW�7L%��PDWHULDOV�FDQ�KDYH�D�OLIHWLPH�RI�PRUH�WKDQ�WZR�\HDUV��EXW�D�QXPEHU�RI
SUREOHPV�UHPDLQ��LQFOXGLQJ�WKH�IROORZLQJ�

�� 7KHUH�LV�QHHG�IRU�WHFKQRORJ\�EH\RQG�D�VLPSOH�ZHWWDEOH�FDWKRGH�WR�RSHUDWH�DW�D�VLJQLILFDQWO\
UHGXFHG�$&'�

�� :HWWDEOH�VXUIDFHV�PXVW�EH�SODQDU��L�H���GHYRLG�RI�VOXGJH�RU�IUR]HQ�PDWHULDOV�
�� $QRGHV�PXVW�EH�RU�PXVW�EHFRPH�SUHFLVHO\�DOLJQHG�DQG�DGMXVWHG�ZLWK�JUHDW�SUHFLVLRQ�
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�� 7L%��PDWHULDOV�PXVW�PDLQWDLQ�VWUXFWXUDO�LQWHJULW\�GXULQJ�FHOO�VWDUW�XS��GXULQJ�QRUPDO
RSHUDWLRQV��DQG�GXULQJ�XSVHW�FRQGLWLRQV�

�� 7L%��PDWHULDOV�PXVW�PDLQWDLQ�FKHPLFDO�VWDELOLW\�RYHU�WKH�OLIH�RI�WKH�FHOO�DQG�PDLQWDLQ�WKHLU
ZHWWLQJ�FKDUDFWHULVWLFV���,W�LV�NQRZQ�WKDW�H[WHQGHG�H[SRVXUH�RI�7L%��PDWHULDOV�WR�R[LGL]LQJ
FRQGLWLRQV�DW�KLJK�WHPSHUDWXUHV�FDQ�OHDG�WR�WKH�ORVV�RI�ZHWWLQJ�

�� 7L%��PDWHULDOV�PXVW�EH�UHSODFHDEOH�LI�SDUWV�IDLO�SULRU�WR�FRPSOHWH�FHOO�IDLOXUH�
�� $�7L%��FHOO�RSHUDWLQJ�DW�D�UHGXFHG�$&'�ZLWK�D�GUDLQHG�FDWKRGH�SUHVHQWV�QHZ�SUREOHPV�LQ�FHOO

FRQWURO���$OXPLQD�IHHG�FRQWURO�PXVW�EH�YHU\�SUHFLVH�WR�PLQLPL]H�DQRGH�HIIHFWV�DQG�HOLPLQDWH
VOXGJH���&HOO�KHDW�EDODQFH�FRQWURO�KDV�D�QHZ�GLPHQVLRQ��JLYHQ�WKH�ODFN�RI�D�WUDGLWLRQDO�PHWDO
SDG�ZLWK�LWV�VWDELOL]LQJ�LQIOXHQFH�

+RZHYHU��LW�LV�FOHDU�WKDW�5+0�FDWKRGHV�DUH�PXFK�FORVHU�WR�FRPPHUFLDOL]DWLRQ�WKDQ�LQHUW�DQRGHV�
'2(�LV�FXUUHQWO\�IXQGLQJ�D�WHDP�HIIRUW�RQ�5+0�FDWKRGH�UHVHDUFK�WKDW�LQFOXGHV�5H\QROGV��.DLVHU�
DQG�$57��D�PDWHULDOV�VXSSOLHU�

7KH�5+0�FDWKRGH�GHYHORSPHQW�SURJUDP�UHSUHVHQWV�D�VLJQLILFDQWO\�ORZHU�HFRQRPLF�ULVN�WKDQ�WKH
LQHUW�DQRGH�SURJUDP���7KH�7:*�UHFRPPHQGV�WKDW�5	'�LQ�WKH�DUHD�RI�5+0�FDWKRGH
GHYHORSPHQW�FRQWLQXH�

3. Metal Quality

7KH�VXFFHVV�RI�DQ�DOXPLQXP�UHGXFWLRQ�FHOO�LQFRUSRUDWLQJ�DQ�LQHUW�DQRGH�ZLOO�EH�MXGJHG�E\�WKH
LPSDFW�RI�WKH�WHFKQRORJ\�RQ�WKH�N:K�OE�DQG�FRVW�OE�RI�DOXPLQXP�SURGXFHG��LI�FULWLFDO�TXDOLW\
SDUDPHWHUV�DUH�PHW���7KH�7:*�EHOLHYHV�WKDW�EDUULQJ�UHJXODWRU\�PDQGDWH�RU�IHHV�RQ�JUHHQKRXVH
JDVHV��SULPDU\�DOXPLQXP�SURGXFHUV�ZLOO�RQO\�EH�LQWHUHVWHG�LQ�D�UHYROXWLRQDU\�QHZ�FHOO�EDVHG�RQ
LQHUW�DQRGH�WHFKQRORJ\�LI�LW�GHFUHDVHV�FRVW�DQG�RU�HQHUJ\�UHTXLUHPHQWV�RI�WKH�DOXPLQXP�SURGXFHG
E\�DW�OHDVW����SHUFHQW�FRPSDUHG�WR�FRQYHQWLRQDO�VWDWH�RI�WKH�DUW�WHFKQRORJ\���7KHVH�SDUDPHWHUV
ZRXOG�MXVWLI\�WKH�FRPPHUFLDO�ULVN�DQG�FKDQJH�RYHU�H[SHQVHV���8QIRUWXQDWHO\��LW�LV�YHU\�GLIILFXOW
IRU�WKH�W\SLFDO�UHVHDUFKHU�WR�XVH�WKHVH�V\VWHP�SHUIRUPDQFHV�RU�HFRQRPLF�PHWULFV�ZKHQ�MXGJLQJ
UHVXOWV�RI�EHQFK�VFDOH�H[SHULPHQWV�WR�HYDOXDWH�SRWHQWLDO�LQHUW�DQRGH�PDWHULDOV���)RU�VLPSOLFLW\�
PDQ\�ODERUDWRULHV�XVH�HLWKHU�PHWDO�SXULW\�RU�ZHDU�UDWH��DOVR�UHIHUUHG�WR�DV�DWWULWLRQ�RU
GLVVROXWLRQ�RU�FRUURVLRQ�UDWH��DV�D�VFUHHQLQJ�PHWULF�

:KLOH�VXFK�SDUDPHWHUV�DUH�PXFK�HDVLHU�WR�XVH�DV�D�UHODWLYH�GHYHORSPHQWDO�JXLGHOLQH�LQ�WKH
ODERUDWRU\�WKDQ�N:K�OE�RU�FRVW�OE��WKH\�PD\�SURYH�WR�EH�PLVOHDGLQJ�GHSHQGLQJ�RQ�WKH�PHFKDQLVP
RI�ZHDU��DV�GLVFXVVHG�LQ�$SSHQGL[�$����

%DVHG�RQ�WKH�SDWHQW�DQG�OLWHUDWXUH�VXUYH\�FRQGXFWHG��DW�OHDVW�D�GR]HQ�IDLOXUH�PRGHV�ZHUH
LGHQWLILHG�IRU�WKH�YDULRXV�LQHUW�DQRGHV�VWXGLHG���$Q�LQHUW�DQRGH�PDWHULDO��DQG�HQFRPSDVVLQJ�FHOO�
WKDW�SURGXFHV�DOXPLQXP�WKDW�IDLOV�WR�PHHW�H[LVWLQJ�TXDOLW\�VWDQGDUGV�ZLOO�QRW�EH�VXFFHVVIXO�XQOHVV
WKHUH�LV�D�UHOLDEOH��FRVW�HIIHFWLYH�PHWKRG�IRU�DGHTXDWHO\�UHPRYLQJ�WKH�UHOHYDQW�LPSXULWLHV�

5HVHDUFKHUV�VKRXOG�HPSKDVL]H�WKH�PHWULF�IRU�PHWDO�SXULW\�LQ�VFUHHQLQJ�H[SHULPHQWV�LQ�SUHIHUHQFH
WR�WKDW�IRU�ZHDU�UDWH��SDUWLFXODUO\�ZKHUH�WKH�IDLOXUH�PHFKDQLVP�DQG�DWWULWLRQ�PRGH�DUH�QRW
WKRURXJKO\�XQGHUVWRRG��7KH�7:*�FRQFOXGHV�WKDW�WKH����PP�\U�PD[LPXP�ZHDU�UDWH�FLWHG�LQ�WKH
,QHUW�$QRGH�5RDGPDS�LV�QRW�JHQHUDOO\�DSSURSULDWH���,Q�RUGHU�WR�HVWLPDWH�WKH�PD[LPXP�DFFHSWDEOH
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UDWH�RI�DWWULWLRQ�RI�D�QHZ�LQHUW�DQRGH�PDWHULDO��ZKLOH�VWD\LQJ�ZLWKLQ�WKH�DOXPLQXP�VWDQGDUGV
OLPLWV��UHVHDUFKHUV�PXVW�LQFOXGH�WKH�LPSDFW�RI�LPSXULWLHV�UHOHDVHG�IURP�WKH�DOXPLQD��FDWKRGH��DQG
RWKHU�FHOO�PDWHULDOV�

0HWDO�3XULW\�5HTXLUHPHQWV

7KH�$PHULFDQ�1DWLRQDO�6WDQGDUG�'HVLJQDWLRQ�6\VWHP�IRU�8QDOOR\HG�$OXPLQXP��$16,�+������
FXVWRPDULO\�NQRZQ�DV�WKH�3�V\VWHP��ZDV�GHYHORSHG�DV�D�GHVLJQDWLRQ�IRU�WKH�SXULW\�RI�XQDOOR\HG
DOXPLQXP���,W�LQFOXGHV�WKH�¦ZRUNKRUVH§�GHVLJQDWLRQ��3����$��ZKLFK�FDQ�EH�XVHG�IRU�PRVW�RI�WKH
LQGXVWU\©V�UHTXLUHPHQWV���7KH�GHVLJQDWLRQ�VSHFLILHV�OLPLWV�IRU�VLOLFRQ�������SHUFHQW���LURQ������
SHUFHQW���]LQF�������SHUFHQW���JDOOLXP�������SHUFHQW���DQG�YDQDGLXP�������SHUFHQW����'HSHQGLQJ
RQ�WKH�HQG�DSSOLFDWLRQ��DGGLWLRQDO�UHVWULFWLRQV�IRU�FHUWDLQ�LPSXULWLHV�PD\�EH�LPSRVHG�RQ�WKH
SURGXFHU��DOWKRXJK�WKHVH�DUH�VHOGRP�D�SUDFWLFDO�SUREOHP�IRU�D�FRQYHQWLRQDO�SULPDU\�SODQW���,W�LV
FRQFHLYDEOH�WKDW�DQ�XQXVXDO�LQHUW�DQRGH�PDWHULDO�FRXOG�SRVH�D�SUREOHP���([DPSOHV�RI�DGGLWLRQDO
UHVWULFWLRQV�WKDW�PD\�EH�SODFHG�RQ�WKH�SURGXFHU�LQFOXGH�WKH�IROORZLQJ�

• )RU�SDFNDJLQJ�DQG�FRQWDLQHU�XVHV��OLPLWV�IRU�EHU\OOLXP���������SHUFHQW���DUVHQLF������
SHUFHQW���DQG�OHDG��FDGPLXP��PHUFXU\��DQG�FKURPLXP�������SHUFHQW�FRPELQHG�WRWDO�

• )RU�SUHPLXP�FDVWLQJ�DSSOLFDWLRQV��OLPLW�IRU�SKRVSKRUXV��������SHUFHQW��WR�DYRLG�GHWHFWDEOH
DGYHUVH�HIIHFWV�RQ�VWURQWLXP�PRGLILHG�PLFURVWUXFWXUHV

• )RU�IUDFWXUH�VHQVLWLYH�DLUFUDIW�DOOR\V��XVHV�PRUH�UHVWULFWLYH�3����%�RU�3���%�GHVLJQDWLRQ
ZLWK�DGGLWLRQDO�OLPLWV�RQ�LURQ�������WR������SHUFHQW���WLWDQLXP��������SHUFHQW���DQG�PDQJDQHVH
������SHUFHQW�

• )RU�HOHFWULFDO�DSSOLFDWLRQV��XVHV�PRUH�UHVWULFWLYH�3����%�GHVLJQDWLRQ�ZLWK�DGGHG�OLPLWV�RQ
PDQJDQHVH�������SHUFHQW���FKURPLXP�������SHUFHQW���ERURQ�������SHUFHQW���DQG�FRSSHU�������
SHUFHQW�

• )RU�ZHOGLQJ�HOHFWURGH��URG��RU�ZLUH��OLPLW�IRU�EHU\OOLXP��������SHUFHQW�

• )RU�EULJKW�ILQLVK�DOOR\V��ORZHU�OLPLWV�RQ�VLOLFRQ�������SHUFHQW��DQG�LURQ������SHUFHQW�

• )RU�JHQHUDO�DSSOLFDWLRQV�VXFK�DV�LQ�WKH�FRQVWUXFWLRQ��DXWRPRWLYH��PDULQH��DQG�RWKHU�VHFWRUV�
OLPLWV�RQ�FHUWDLQ�HOHPHQWV�VXFK�DV�FDOFLXP�DQG�VRGLXP���������SHUFHQW�RU�ORZHU��WR�LPSURYH
IDEULFDWLRQ

• ,Q�FHUWDLQ�VHQVLWLYH�DSSOLFDWLRQV��HYHQ�PRUH�FRQVHUYDWLYH�OLPLWV�IRU�FHUWDLQ�HOHPHQWV�KDYH
EHHQ�VXJJHVWHG��DUVHQLF��������SHUFHQW���EHU\OOLXP���������SHUFHQW���FDGPLXP�������
SHUFHQW���FREDOW���������SHUFHQW���PHUFXU\��������SHUFHQW���OLWKLXP���������SHUFHQW���OHDG
��������SHUFHQW���DQG�DQWLPRQ\��������SHUFHQW�

7KH�GLIIHUHQW�DOOR\LQJ�HOHPHQWV�LQ�DOXPLQXP��DORQH�RU�LQ�FRPELQDWLRQ�ZLWK�DQRWKHU�HOHPHQW��PD\
EH�VXLWDEOH�IRU�VRPH�DSSOLFDWLRQV�EXW�QRW�IRU�RWKHUV���7KH�FKHPLFDO�FRPSRVLWLRQ�OLPLWV��LQFOXGLQJ
WKH�PD[LPXP�OLPLW�IRU�FHUWDLQ�HOHPHQWV��DUH�DOZD\V�GLVFORVHG�ZKHQ�DQ�DOOR\�LV�SURSRVHG�IRU
UHJLVWUDWLRQ���+RZHYHU��WKH�PD[LPXP�WROHUDEOH�OLPLW�RI�VRPH�HOHPHQWV�LV�SURSULHWDU\�LQIRUPDWLRQ
DQG�FRQVLGHUHG�D�FRPSHWLWLYH�DGYDQWDJH���,Q�WKHVH�FDVHV��WKH�OLPLWV�VKRXOG�EH�NHSW�DV�ORZ�DV
SRVVLEOH�

7KH�7:*�EHOLHYHV�WKDW�WKH�LPSXULW\�OHYHOV�VHW�IRU�D�JLYHQ�HQG�PDUNHW�DSSOLFDWLRQ�ZLWKLQ�DQ\
IXWXUH�LQHUW�DQRGH�EDVHG�UHGXFWLRQ�SODQW�ZLOO�EH�FRPSDUDEOH�WR�WKRVH�RI�3����$��ZLWK�WKH
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DGGLWLRQDO�FRQWDPLQDWLRQ�OLPLWV�DSSURSULDWH�IRU�WKDW�HQG�PDUNHW���&RQVHTXHQWO\��WKHVH�LPSXULW\
OHYHOV�VKRXOG�DOVR�EH�FRQVLGHUHG�WKH�FULWHULD�IRU�SRWHQWLDO�LQHUW�DQRGH�PDWHULDOV�

$GGLWLRQDO�5HILQLQJ�6WHSV

)LQDOO\��LW�VKRXOG�EH�PHQWLRQHG�WKDW�WKH�IRUHJRLQJ�DUJXPHQWV�LJQRUH�DGGLQJ�UHILQLQJ�VWHSV�WR
EULQJ�DQRGH�GHULYHG�LPSXULWLHV�GRZQ�WR�DFFHSWDEOH�OHYHOV���$OWKRXJK�VXFK�VWHSV�ZRXOG�LQFUHDVH
WKH�FRVW�RI�SURGXFLQJ�WKH�DOXPLQXP��LQ�VRPH�FDVHV�WKHVH�DGGLWLRQDO�FRVWV�FRXOG�EH�PRUH�WKDQ
RIIVHW�E\�WKH�FRVW�VDYLQJV�RU�RWKHU�EHQHILWV�RI�XVLQJ�WKH�LQHUW�DQRGHV�LQ�WKH�UHGXFWLRQ�SURFHVV�
6XFK�DGG�RQ�UHILQLQJ�VWHSV�ZRXOG�EH�FRQVLGHUHG�RQ�DQ�HOHPHQW�E\�HOHPHQW�EDVLV��LQ�WHUPV�RI�WKH
DPRXQW�RI�LPSXULWLHV�WR�EH�H[WUDFWHG�DQG�WKH�PD[LPXP�DPRXQW�RI�UHILQLQJ�WKDW�FDQ�EH�DFKLHYHG�
,QLWLDOO\��SRWHQWLDO�PDWHULDOV�VKRXOG�EH�HYDOXDWHG�ZLWKRXW�FRQVLGHULQJ�DGG�RQ�SURFHVVHV�VR�WKDW
FRPSHWLWLYH�UHGXFWLRQ�WHFKQRORJLHV�DUH�FRQVLGHUHG�RQ�DQ�HTXDO�EDVLV���,QGXVWU\�LV�OLNHO\�WR�SUHIHU
XVLQJ�LQHUW�DQRGHV�WKDW�DUH�VOLJKWO\�PRUH�FRVWO\�EXW�WKDW�SURGXFH�UHODWLYHO\�SXUH�PHWDO��UDWKHU�WKDQ
LQHUW�DQRGHV�WKDW�FRVW�OHVV�EXW�FRUURGH�DQG�SURGXFH�LPSXULWLHV�WKDW�PXVW�WKHQ�EH�UHPRYHG�LQ�D
VHFRQGDU\�SURFHVV��DW�D�FRVW�HTXLYDOHQW�WR�WKH�KLJKHU�SULFHG�DQRGHV����$Q\�DGG�RQ�SURFHVV�DGGV
LWV�RZQ�VHW�RI�SRWHQWLDO�FRPSOLFDWLRQV�DQG�XQH[SHFWHG�FRVWV�
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CHAPTER V—ECONOMIC  AND ENVIRONMENTAL IMPLICATIONS
OF THE SYSTEMS APPROACH

$�QXPEHU�RI�HFRQRPLF�DQG�HQYLURQPHQWDO�LPSOLFDWLRQV�FDQ�EH�GUDZQ�FRQFHUQLQJ�WKH�GHSOR\PHQW
RI�LQHUW�DQRGHV���%HIRUH�GLVFXVVLQJ�WKHVH�LPSOLFDWLRQV��VHYHUDO�DVVXPSWLRQV�VKRXOG�EH�PDGH���)RU
H[DPSOH��LW�LV�DVVXPHG�WKDW�D�QHZ�HOHFWURO\WLF�SURFHVV�V\VWHP�KDV�EHHQ�GHYHORSHG�WKDW�ZLOO�XWLOL]H
DQ�LQHUW�DQRGH��D�ZHWWDEOH�FDWKRGH��DQG�DOO�WKH�RWKHU�GHVLJQ�LQQRYDWLRQV�PHQWLRQHG�LQ�WKLV�VWXG\�
7KH�QHZ�V\VWHP�ZLOO�EH�FRPPHUFLDOL]HG�DV�D�WHFKQRORJ\�IRU�XVH�LQ�D�JUHHQILHOG�DOXPLQXP
VPHOWHU��,W�LV�DOVR�XQGHUVWRRG�WKDW�WKH�VHDUFK�IRU�WKH�LQHUW�DQRGH�ZDV�GULYHQ�E\�WKH�GHVLUH�WR
UHGXFH�HPLVVLRQV�LQ�WKH�SURGXFWLRQ�RI�SULPDU\�DOXPLQXP��5HIHU�WR�$SSHQGL[���IRU�D�OLVW�RI
UHIHUHQFHV�FLWHG�E\�QXPEHU�LQ�WKH�WH[W�

1. Economic Implications

7KH�HFRQRPLF�HYDOXDWLRQ�IRFXVHV�RQ�WKH�SRWHQWLDO�IRU�GHSOR\LQJ�LQHUW�DQRGHV���,W�LV�DVVXPHG�WKDW
WKLV�QHZ�WHFKQRORJ\�ZLOO�UHTXLUH�D�FDSLWDO�LQYHVWPHQW�VLPLODU�WR�WKDW�RI�D�+DOO�+pURXOW�VPHOWHU�RI
DSSUR[LPDWHO\����ELOOLRQ�WR����ELOOLRQ�IRU�D�V\VWHP�RSHUDWLQJ�DW�D�FDSDFLW\�RI���������WRQ�\HDU�DW
����.$�

$�FRVW�PRGHO�KDV�EHHQ�GHYHORSHG�XVLQJ�WKHVH�SDUDPHWHUV�WKDW�FRPSDUHV�WKH�FRVWV�RI�LQHUW�DQRGH
PDWHULDOV�DQG�WKHLU�IDEULFDWLRQ�ZLWK�WKH�FRVWV�RI�W\SLFDO�FRQYHQWLRQDO�FDUERQ�DQRGH�FHOOV�
$YHUDJH�FRQVXPSWLRQ�UDWHV�IRU�FDUERQ�DQRGHV�DUH�DERXW�����SRXQGV�RI�FDUERQ�FRQVXPHG�SHU
SRXQG�RI�DOXPLQXP�SURGXFHG���$FFRUGLQJ�WR�WKH�$OXPLQXP�7HFKQRORJ\�5RDGPDS��WKH�FRVW�RI
FDUERQ�LV�DERXW������SHU�WRQ�RI�DOXPLQXP�SURGXFHG�RU������SHU�WRQ�RI�FDUERQ�FRQVXPHG���6LQFH
D�YLDEOH�LQHUW�DQRGH�PDWHULDO�KDV�QRW�\HW�EHHQ�GHPRQVWUDWHG��DQ�DWWHPSW�KDV�EHHQ�PDGH�WR
HVWLPDWH�PD[LPXP�¦EDOOSDUN§�FRVWV�SHU�SRXQG�RI�DQRGH�PDWHULDO�WKDW�ZRXOG�EH�FRPSHWLWLYH�ZLWK
SUHVHQW�FRVWV�IRU�FDUERQ���$�UDQJH�RI�YDULDEOHV�IRU�LQHUW�DQRGH�PDWHULDOV�KDV�EHHQ�DVVXPHG��7KHVH
LQFOXGH�WKH�IROORZLQJ�

• ,QHUW�DQRGH�WKLFNQHVV����LQ�WR����LQ

• ,QHUW�DQRGH�PDWHULDO�GHQVLW\�������WR������OE�LQ�

• ,QHUW�DQRGH�RSHUDWLQJ�OLIH�EHIRUH�UHSODFHPHQW����\HDU�WR����\HDUV

$�VXPPDU\�RI�WKH�UDQJH�RI�SUHGLFWHG�PD[LPXP�FRVWV�IRU�LQHUW�DQRGH�PDWHULDOV�WKDW�SHUPLW�DQRGH
RSHUDWLQJ�FRVWV�RI�OHVV�WKDQ������WRQ�$O�DUH�VKRZQ�LQ�7DEOH�9����EHORZ���,W�FDQ�EH�VHHQ�WKDW�LQHUW
DQRGH�V\VWHPV�XVLQJ�WKLQ�DQRGH�SODWHV�RI�ORZ�GHQVLW\�PDWHULDOV�WKDW�RSHUDWH�IRU�ORQJ�SHULRGV�RI
WLPH�DUH�VWLOO�HFRQRPLFDO�LI�H[SHQVLYH�UDZ�PDWHULDOV�DUH�XVHG�IRU�WKH�DQRGH���2Q�WKH�RWKHU�KDQG�
V\VWHPV�ZLWK�DQRGHV�WKDW�DUH�WKLFNHU��RI�KLJKHU�GHQVLW\��DQG�VKRUWHU�RSHUDWLQJ�OLIH�FDQ�RQO\�EH
FRPSHWLWLYH�EDVHG�RQ�WKH�XVH�RI�UHODWLYHO\�LQH[SHQVLYH�PDWHULDO�V\VWHPV�IRU�WKH�LQHUW�DQRGH�

7KH�PDMRU�FRVW�UHODWHG�KXUGOH�IRU�GHSOR\LQJ�QHZ�JUHHQVLWH�+DOO�+pURXOW�DOXPLQXP�VPHOWHUV�LV�WKH
UHTXLUHG�FDSLWDO�LQYHVWPHQW�RI����ELOOLRQ�WR����ELOOLRQ���$�VPHOWHU�EDVHG�RQ�DQ�LQHUW�DQRGH
WHFKQRORJ\�ZLOO�QRW�EH�DQ�DWWUDFWLYH�LQYHVWPHQW�ULVN�XQOHVV�WKH�SURMHFWHG�FRVWV�RI�LQYHVWLQJ�LQ�DQG
RSHUDWLQJ�LW�DUH�OHVV�WKDQ��RU�HTXLYDOHQW�WR��WKH�FRVWV�RI�D�FRQYHQWLRQDO�VPHOWHU���3URMHFWLRQV�PXVW
DOVR�VKRZ�WKH�SRWHQWLDO�RI�WKH�QHZ�WHFKQRORJ\�WR�DGGUHVV�PDMRU�HQYLURQPHQWDO�LVVXHV�
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7DEOH�9�����$�&RPSDULVRQ�RI�WKH�&RVWV�RI�,QHUW�$QRGHV�%DVHG�RQ�WKH�7KLFNQHVV��2SHUDWLQJ
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6WDWHPHQWV�PDGH�E\�-RQ�+DUDOG�1LOVHQ��3UHVLGHQW�RI�+\GUR�$OXPLQLXP�0HWDOV�3URGXFWV��GXULQJ
WKH�706�PHHWLQJ�LQ�6DQ�'LHJR��&DOLIRUQLD��0DUFK����������EHVW�VXPPDUL]H�WKH�HFRQRPLF
SRWHQWLDO�IRU�WKH�GHSOR\PHQW�RI�QHZ�WHFKQRORJLHV�LQ�WKH�SULPDU\�DOXPLQXP�VHFWRU�

¦:H�KDYH�PDGH�JUHDW�WHFKQRORJLFDO�SURJUHVV�RYHU�WKH�\HDUV���%XW�ZKHQ�\RX�ORRN�DW�WKH�GDWD�IURP
WKH�ZRUOG�DOXPLQXP�LQGXVWU\��RQH�REVHUYDWLRQ�WKDW�FDQ�EH�PDGH�LV�WKDW�WKH�GLIIHUHQFH�EHWZHHQ�WKH
PRVW�DGYDQFHG�FHOO��RU�WHFKQRORJ\��DQG�WKH�LQGXVWULDO�DYHUDJH�KDV�DFWXDOO\�ZLGHQHG�GXULQJ�WKH
ODVW�GHFDGH�V��§

¦7KH�WHFKQRORJ\�IRUHIURQW�RI�WKH�DOXPLQXP�UHGXFWLRQ�WHFKQRORJ\�LV�QRZ�VRPH����\HDUV�DKHDG�RI
DYHUDJH���%LJ�VPHOWHUV�DUH�SURMHFWV�ZLWK�DQ�H[SHQGLWXUH�RI�WRZDUGV�86'���ELOOLRQ��2QO\�D�OLPLWHG
QXPEHU�RI�KLJKO\�TXDOLILHG�DQG�ILQDQFLDOO\�VWURQJ�FRPSDQLHV�FDQ�HYHQ�FRQVLGHU�XQGHUWDNLQJ�VXFK
SURMHFWV�§

2. Macro Environmental Implications

,QHUW�DQRGH��,$��WHFKQRORJ\�ZRXOG�KDYH�GLVWLQFW�DGYDQWDJHV�RYHU�WUDGLWLRQDO�FDUERQ�DQRGH
WHFKQRORJ\�LQ�UHGXFLQJ�HPLVVLRQV�GXULQJ�WKH�SURGXFWLRQ�RI�SULPDU\�DOXPLQXP���$�QXPEHU�RI
VSHFLILF�HQYLURQPHQWDO�EHQHILWV�KDYH�EHHQ�SURMHFWHG�IRU�,$�V\VWHPV�UHODWHG�WR�LQFUHDVHG�HQHUJ\
HIILFLHQF\�DQG�GHFUHDVHG�SURGXFWLRQ�RI�JUHHQKRXVH�JDVHV���7KH�$OXPLQXP�$VVRFLDWLRQ�LQ
FRQMXQFWLRQ�ZLWK�WKH�8�6��'HSDUWPHQW�RI�(QHUJ\�KDV�PDGH�WKH�IROORZLQJ�¦EHVW�HVWLPDWHV§�RI�WKH
TXDQWLWDWLYH�YDOXH�RI�WKHVH�EHQHILWV�

• 5HGXFWLRQV�LQ�JUHHQKRXVH�JDVHV�RI���PLOOLRQ�PHWULF�WRQV�RI�FDUERQ�HTXLYDOHQW�LQ�WKH�8QLWHG
6WDWHV
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• ,QFUHDVHV�LQ�HQHUJ\�HIILFLHQF\�RI�XS�WR����SHUFHQW��ZKHQ�DQ�,$�LV�XVHG�LQ�FRQMXQFWLRQ�ZLWK�D
VWDEOH��ZHWWHG�FDWKRGH�

�7KH\�DOVR�FLWHG�WKH�DGGLWLRQDO�QRQ�HQYLURQPHQWDO�EHQHILWV�RI�UHGXFLQJ�RSHUDWLQJ�FRVWV�E\�XS�WR
���SHUFHQW��DQG�LQFUHDVLQJ�SURGXFWLYLW\�E\�XS�WR���SHUFHQW��

(PLVVLRQV

,QHUW�DQRGH�WHFKQRORJ\�FDQ�SRWHQWLDOO\�KDYH�DQ�HQRUPRXV�SRVLWLYH�LPSDFW�RQ�UHGXFLQJ�HPLVVLRQV
IURP�WKH�VPHOWHU���$�GLVFXVVLRQ�IROORZV�RI�HDFK�RI�WKH�PDMRU�JDVHRXV�HPLVVLRQV�DVVRFLDWHG�ZLWK
FRQYHQWLRQDO�VPHOWLQJ�SURFHVVHV�

&DUERQ�'LR[LGH��&2��

7KH�+DOO�FHOO�LV�D�GHYLFH�IRU�FRQYHUWLQJ�DOXPLQD�LQWR�DOXPLQXP�DQG�FDUERQ�GLR[LGH���7KH�FHOO
UHOLHV�XSRQ�VWRLFKLRPHWULF�FRQVXPSWLRQ�RI�WKH�DQRGH�LQ�RUGHU�WR�IXHO�WKH�UHDFWLRQ���&DUERQ
FRQVXPSWLRQ�UDWHV�DYHUDJH������OE�FDUERQ�SHU�SRXQG�RI�DOXPLQXP�PHWDO�SURGXFW���5HSODFLQJ
FRQVXPDEOH�FDUERQ�DQRGHV�ZLWK�QRQFRQVXPDEOH�DQRGHV�ZRXOG�WRWDOO\�HOLPLQDWH�&2��HPLVVLRQV
IURP�WKH�+DOO�FHOO��,QVWHDG��WKH�DQRGH�E\�SURGXFW�ZRXOG�EH�R[\JHQ�JDV���,I�WKH�HQHUJ\�HIILFLHQF\
RI�WKH�LQHUW�DQRGH�LV�OHVV�WKDQ�WKDW�RI�WKH�FRQYHQWLRQDO�FDUERQ�DQRGH��LQFUHDVHG�&2��HPLVVLRQV
ZLOO�EH�VKLIWHG�WR�IRVVLO�SRZHU�SODQWV�ZKHUH�WKH\�DUH�XVHG�

3HUIOXRURFDUERQV��&)��DQG�&�)��

:KHQ�WKH�+DOO�FHOO�JRHV�RQ�DQRGH�HIIHFW��WKH�HOHFWURFKHPLFDO�UHDFWLRQ�RQ�WKH�DQRGH�VKLIWV�IURP
WKH�UHDFWLRQ�ZLWK�R[\JHQ�WR�WKH�UHDFWLRQ�ZLWK�IOXRULQH���:KHQ�WKLV�RFFXUV��WKH�SURGXFWLRQ�RI�&2�

IDOOV�RII�DV�WKH�SURGXFWLRQ�RI�WKH�SHUIOXRURFDUERQV��3)&V��&)��DQG�&�)��ULVHV�>�@���7KHVH�JDVHV
KDYH�EHHQ�LPSOLFDWHG�LQ�FOLPDWH�FKDQJH�EHFDXVH�RI�WKHLU�SRWHQWLDO�WR�FRQWULEXWH�WR�JOREDO
ZDUPLQJ�>�@��$OXPLQXP�VPHOWLQJ�LV�WKH�PRVW�VLJQLILFDQW�SRLQW�VRXUFH�RI�3)&�HPLVVLRQV�>�@�
5HSODFLQJ�FRQVXPDEOH�FDUERQ�DQRGHV�ZLWK�QRQFRQVXPDEOH�DQRGHV�ZRXOG�WRWDOO\�HOLPLQDWH�3)&
HPLVVLRQV�IURP�SULPDU\�UHGXFWLRQ�FHOOV�

+\GURJHQ�)OXRULGH��+)�

+\GURJHQ�IOXRULGH�LV�IRUPHG�E\�UHDFWLRQV�EHWZHHQ�IOXRULGHV�LQ�WKH�HOHFWURO\WH�DQG�K\GURJHQ
SUHVHQW�HLWKHU�DV�PRLVWXUH�LQ�WKH�FHOO�RU�DV�D�FRPSRQHQW�RI�DQRGH�FDUERQ�>�@���5HSODFLQJ
FRQVXPDEOH�FDUERQ�DQRGHV�ZLWK�LQHUW�DQRGHV�ZRXOG�WRWDOO\�HOLPLQDWH�WKH�VHFRQG�VRXUFH�RI
K\GURJHQ�DQG�VKRXOG�VLJQLILFDQWO\�UHGXFH�WKH�ILUVW�VRXUFH��EHFDXVH�WKH�,$�FHOOV�PXVW�EH�NHSW�PRUH
WLJKWO\�VHDOHG�WR�PLQLPL]H�KHDW�ORVVHV�

3RO\F\FOLF�2UJDQLF�0DWWHU��320�

320�LV�WKH�JHQHULF�WHUP�IRU�D�FODVV�RI�FRPSRXQGV�SURGXFHG�GXULQJ�WKH�PDQXIDFWXUH�DQG
FRQVXPSWLRQ�RI�FDUERQ�DQRGHV���320�FRPSRXQGV�LQFOXGH�SRO\DURPDWLF�K\GURFDUERQV��3$+V�
VXFK�DV�QDSKWKDOHQH��SKHQDQWUHQH��DQG�EHQ]RS\UHQH�>�@��7KH�SUHGRPLQDQW�VRXUFH�RI�320V�LV�WKH
DQRGH�SDVWH�SODQW���5HSODFLQJ�FRQVXPDEOH�FDUERQ�DQRGHV�ZLWK�QRQFRQVXPDEOH�DQRGHV�ZRXOG
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GUDPDWLFDOO\�UHGXFH�320�HPLVVLRQV�IURP�WKH�VPHOWHU��DOWKRXJK�D�VPDOO�DPRXQW�RI�320�ZRXOG
VWLOO�EH�SURGXFHG�LQ�WKH�PDQXIDFWXUH�RI�FDWKRGH�EORFN�DQG�SRWOLQHU��+RZHYHU��WKH�UDWH�RI
FRQVXPSWLRQ�RI�WKHVH�FHOO�HOHPHQWV�LV�WULYLDO�LQ�FRPSDULVRQ�WR�WKDW�RI�WKH�FRQVXPDEOH�FDUERQ
DQRGH�

6XOIXU�'LR[LGH��62����DQG�&DUERQ\O�6XOILGH��&26�

,QGXVWULDO�FDUERQ�FRQWDLQV�VXOIXU�DV�DQ�LPSXULW\���'HSHQGLQJ�RQ�WKH�JUDGH�RI�FDUERQ�IHHGVWRFN�
VXOIXU�FRQWHQW�FDQ�UDQJH�IURP�DV�ORZ�DV������ZW�SHUFHQW�WR�DV�KLJK�DV�����ZW�SHUFHQW�>�@���'XULQJ
HOHFWURO\VLV��WKHVH�RUJDQLF�VXOIXU�FRPSRXQGV�UHDFW�ZLWK�DOXPLQD�LQ�WKH�EDWK�WR�IRUP�62��>�@�
6XOIXU�FDQ�DOVR�UHDFW�ZLWK�WKH�FDUERQ�DQRGH�GXULQJ�HOHFWURO\VLV�WR�IRUP�FDUERQ\O�VXOILGH��&26��
ZKLFK�PD\�VXEVHTXHQWO\�R[LGL]H�LQ�DLU�WR�62��>��@���5HSODFLQJ�FRQVXPDEOH�FDUERQ�DQRGHV�ZLWK
LQHUW�DQRGHV�ZRXOG�WRWDOO\�HOLPLQDWH�VXOIXU�HPLVVLRQV�IURP�WKH�SULPDU\�UHGXFWLRQ�FHOO�

3DUWLFXODWHV

3DUWLFXODWH�HPLVVLRQV�IURP�DOXPLQXP�UHGXFWLRQ�RSHUDWLRQV�LQFOXGH�ILQH�SDUWLFOHV�RI�DOXPLQD�
IOXRULGH�FRPSRQHQWV�RI�WKH�EDWK�V\VWHP��DQG�DVK�FRPSRQHQWV�IURP�FDUERQ�DQRGH�EDNLQJ�DQG
DQRGH�FRQVXPSWLRQ���5HSODFLQJ�FRQVXPDEOH�DQRGHV�ZLWK�QRQ�FRQVXPDEOH�LQHUW�DQRGHV�ZLOO�PHDQ
WKH�FHOO�KRRGLQJ�FDQ�EH�RSHQHG�OHVV�IUHTXHQWO\�DQG�WKLV�VKRXOG�UHVXOW�LQ�D�PDUNHG�UHGXFWLRQ�RI
SDUWLFXODWH�HPLVVLRQV�

(QHUJ\�(IILFLHQF\�DQG�&DUERQ�'LR[LGH�3URGXFWLRQ

7KH�DUJXPHQW�KDV�EHHQ�PDGH�WKDW�WKH�FDUERQ�XWLOL]DWLRQ�HIILFLHQF\�LQ�WKH�+DOO�FHOO�LV�DURXQG���
SHUFHQW��ZKLOH�LQ�ROG�FDUERQ�ILUHG��HOHFWULF�JHQHUDWLQJ�IDFLOLWLHV�WKH�ILJXUH�LV�DERXW����SHUFHQW�
7KHUHIRUH��GHSOR\LQJ�QRQFRQVXPDEOH�DQRGH�WHFKQRORJ\��ZKLFK�FRQVXPHV�PRUH�HQHUJ\�WKDQ�+DOO�
+pURXOW�FHOOV��ZRXOG�EH�UHJUHVVLYH�IURP�WKH�VWDQGSRLQW�RI�JUHHQKRXVH�JDV�HPLVVLRQV�

'U��'HZLQJ�UDLVHG�WKH�LVVXH�E\�VWDWLQJ�WKDW�DQ�,$�HTXLSSHG�VPHOWHU�ZRXOG�UHTXLUH�DQ�DGGLWLRQDO
YROW�GXH�WR�WKHUPRG\QDPLF�DQG�HOHFWURFKHPLFDO�UHDOLWLHV��VHH�$SSHQGL[�$������6LQFH�WKLV�ZRXOG
UHTXLUH�DQ�LQFUHDVH�LQ�HOHFWULFDO�HQHUJ\�FRQVXPSWLRQ��WKH�TXHVWLRQ�EHFRPHV�ZKHWKHU�LW�LV�PRUH
HIILFLHQW�WR�EXUQ�WKH�FDUERQ�LQ�WKH�SRZHU�SODQW�RU�LQ�WKH�+DOO�+pURXOW�FHOO���2WKHUV�VXJJHVWHG�WKDW
WKH�DGGHG�YROW�QHHGHG�IRU�,$�XWLOL]DWLRQ�FRXOG�EH�FRXQWHUHG�E\�HIILFLHQFLHV�JDLQHG�IURP�UHGXFLQJ
DQRGH�WR�FDWKRGH�GLVWDQFH�DQG�LPSURYLQJ�FHOO�LQVXODWLRQ���0RUHRYHU��PRGHUQ�FRPELQHG�F\FOH
VWHDP�DQG�JDV�WXUELQH�SRZHU�SODQWV�ERDVW�K\GURFDUERQ�FRQYHUVLRQ�HIILFLHQFLHV�LQ�WKH�UDQJH�RI���
WR����SHUFHQW���$QRWKHU�FRQVLGHUDWLRQ�LV�WKDW�RQ�D�ZRUOGZLGH�EDVLV�����SHUFHQW�RI�HOHFWULFLW\�IRU
DOXPLQXP�VPHOWLQJ�LV�VXSSOLHG�E\�K\GUR�SRZHU�

7HFKQRORJLFDO�,PSHUDWLYH

,QHUW�DQRGHV�DUH�KLJKO\�DWWUDFWLYH�IURP�DQ�HQYLURQPHQWDO�SHUVSHFWLYH��DOWKRXJK�D�QXPEHU�RI
FROODWHUDO�WHFKQLFDO�LVVXHV�QHHG�WR�EH�DGGUHVVHG�LI�WKH�IXOO�DWWULEXWHV�RI�,$�WHFKQRORJ\�DUH�WR�EH
UHDOL]HG���5HVHDUFK�PXVW�JR�EH\RQG�VLPSO\�GLVFRYHULQJ�D�PDWHULDO�WKDW�FDQ�VHUYH�DV�D�VXEVWLWXWH
IRU�FDUERQ���$�V\VWHPDWLF�VWXG\�RI�WKH�HQWLUH�+DOO�FHOO�PXVW�EH�XQGHUWDNHQ��DGGUHVVLQJ�VXFK�LVVXHV
DV�WKH�IROORZLQJ�
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• &HOO�GHVLJQ��VL]H��VKDSH��HOHFWURGH�FRQILJXUDWLRQ��HOHFWULFDO�RSHUDWLQJ�SDUDPHWHUV��EDWK
FKHPLVWU\��DQG�RWKHUV�

• ,QVXODWLRQ��L�H���RSWLPL]DWLRQ�RI�WKHUPDO�EDODQFH�IRU�JUHDWHU�RSHUDWLQJ�IUHHGRP�

• &HOO�FRYHU��HQDEOLQJ�FRQWDLQPHQW�RI�FHUWDLQ�IXJLWLYH�HPLVVLRQV�

• 6HQVRUV�DQG�DFWXDWRUV��IRU�PRUH�SUHFLVH�FRQWURO�RI�WKH�DQRGH�FDWKRGH�GLVWDQFH�

• $�PHWKRG�IRU�PDLQWDLQLQJ�WKH�HOHFWURO\WH�FORVH�WR�VDWXUDWLRQ
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CHAPTER VI—RECOMMENDATIONS

5HVHDUFK�RQ�LQHUW�DQRGHV�IRU�WKH�HOHFWURO\WLF�SURGXFWLRQ�RI�DOXPLQXP�KDV�VSDQQHG�PDQ\�\HDUV�
'HVSLWH�WKH�KLJK�TXDOLW\�RI�WKH�ZRUN�DQG�WKH�GHGLFDWLRQ�RI�WKH�VFLHQWLVWV�DQG�HQJLQHHUV�LQYROYHG�
PRVW�RI�WKHVH�HIIRUWV�KDYH�LQ�ODUJH�SDUW�UHVXOWHG�LQ�WHFKQLFDO�GHDG�HQGV��EHQFK�VFDOH�VXFFHVVHV
WKDW�FRXOG�QRW�EH�WUDQVODWHG�LQWR�ZRUNDEOH�FRPPHUFLDO�VFDOH�XSV��RU�VROXWLRQV�WKDW�ZHUH�WRR
H[SHQVLYH��6HYHUDO�H[DPSOHV�RI�WKHVH�UHVHDUFK�HIIRUWV�KDYH�EHHQ�SURYLGHG�HDUOLHU�LQ�WKLV�UHSRUW
DORQJ�ZLWK�H[SODQDWLRQV�IRU�WKHLU�ODFN�RI�VXFFHVV���)XWXUH�5	'�RQ�LQHUW�DQRGHV�VKRXOG�EH
FRJQL]DQW�RI�WKLV�KLVWRU\��DW�WKH�YHU\�OHDVW���)XUWKHUPRUH��EDVHG�RQ�LWV�UHYLHZ�RI�SDVW�ZRUN�DQG�WKH
YDULHG�H[SHUWLVH�RI�LWV�PHPEHUV��WKH�7:*�KDV�FRQFOXGHG�WKDW�DQ\�IXWXUH�UHVHDUFK�DQG
GHYHORSPHQW�SURJUDP�RQ�LQHUW�DQRGHV�ZLOO�RQO\�EH�VXFFHVVIXO�LI�UHVHDUFKHUV�DGKHUH�WR�WKH
IROORZLQJ�SULRULWLHV�

1.  Take a Systems Approach

$V�GLVFXVVHG�LQ�&KDSWHU�,,,��DOO�RI�WKH�HOHPHQWV�RI�DQ�HOHFWURO\VLV�V\VWHP−DQRGH��FDWKRGH�
HOHFWURO\WH��FRQWDLQHU��SRZHU�DQG�IHHGVWRFN�GHOLYHU\�V\VWHP��DQG�SURGXFW�H[WUDFWLRQ�V\VWHP−PXVW
EH�FRQVLGHUHG�LQ�GHVLJQLQJ�DQG�LPSOHPHQWLQJ�D�FRVW�HIIHFWLYH�LQHUW�DQRGH���*RRG�SHUIRUPDQFH�LQ
D�EHQFK�VFDOH�VFUHHQLQJ�WHVW�GRHV�QRW�QHFHVVDULO\�PHDQ�WKDW�D�PDWHULDO�WKDW�LV�D�FDQGLGDWH�IRU�DQ
LQHUW�DQRGH�ZLOO�SHUIRUP�ZHOO�LQ�D�FRPPHUFLDO�+DOO�+pURXOW�FHOO���$�SURPLVLQJ�LQHUW�DQRGH
PDWHULDO�ZLOO�PRUH�OLNHO\�VXFFHHG�LI�LW�LV�GHYHORSHG�LQ�WKH�FRQWH[W�RI�D�FHOO�RU�V\VWHP�WKDW�ZRUNV
VSHFLILFDOO\�ZLWK�WKH�QHZ�PDWHULDO�

+LJKHVW�SULRULW\�IRU�5	'�DW�WKLV�VWDJH�VKRXOG�EH�GLUHFWHG�DW�LGHQWLI\LQJ��GHYHORSLQJ��DQG�SURYLQJ
HQKDQFHG�LQHUW�DQRGH�PDWHULDOV�WKDW�ZLOO�PHHW�WKH�PXOWLSOH�UHTXLUHPHQWV�RI�WKH�IROORZLQJ�

• /RQJ�OLIH�LQ�D�FHOO�HQYLURQPHQW

• $FFHSWDEOH�LPSXULW\�OHYHOV�IRU�PDMRU�DSSOLFDWLRQV

• &RPSDWLELOLW\�ZLWK�RYHUDOO�FHOO�V\VWHP�DQG�PDWHULDOV

• +LJK�HQHUJ\�HIILFLHQFLHV

• 0DMRU�UHGXFWLRQV�LQ�JUHHQKRXVH�JDVHV

• 9LDEOH�FDSLWDO�DQG�RSHUDWLQJ�FRVWV�FRPSDUHG�WR�DOWHUQDWLYH�WHFKQRORJLHV

$V�VRRQ�DV�VXFK�PDWHULDOV�DUH�LGHQWLILHG��SDUWLDOO\�GHYHORSHG��DQG�WHVWHG��WKH�UHPDLQLQJ�V\VWHPV
FRQVLGHUDWLRQV�PXVW�EH�LQWHJUDWHG�LQWR�WKH�RYHUDOO�5	'�HIIRUW�LQ�D�SDUDOOHO��WLPHO\�PDQQHU�

2.  Maintain Current Metal Quality Standards

7KH�SULPDU\�DOXPLQXP�LQGXVWU\�LV�EXLOW�RQ�WKH�SUHPLVH�WKDW�LW�ZLOO�SURGXFH�DGHTXDWHO\�SXUH
PHWDO���$V�GLVFXVVHG�LQ�&KDSWHU�,9��SXULW\�VWDQGDUGV�ZHUH�GHULYHG�IURP�WKH�RSHUDWLQJ
FKDUDFWHULVWLFV�RI�FHOOV�XVLQJ�FDUERQ�DQRGHV��ZLWK�FDUERQ�DQG�DOXPLQD�IHHGVWRFNV�PHHWLQJ
VSHFLILFDWLRQV�RQ�SXULW\���$�VXFFHVVIXO�LQHUW�DQRGH�ZLOO�SUHVHQW�D�QHZ�SDUDGLJP�WKDW�PD\�LQFOXGH
WKH�LQWURGXFWLRQ�RI�HOHPHQWV�LQWR�WKH�SURGXFW�WKDW�KDYH�QRW�DOO�EHHQ�SUHYLRXVO\�FRQVLGHUHG�RU�GHDOW
ZLWK�E\�WKH�LQGXVWU\���7KH�UHFRPPHQGDWLRQ�RI�WKH�7:*�LV�WKDW�WKH�UHVXOWDQW�PHWDO�SXULW\�EH�HTXDO
WR�RU�JUHDWHU�WKDQ�WKDW�FXUUHQWO\�IXOILOOLQJ�WKH�LQGXVWU\�VWDQGDUGV���7R�DFKLHYH�WKLV��WKH�7:*
DJUHHG�WKDW�WKH�PD[LPXP�HIIHFWLYH�ZHDU�UDWH�RI�D�¦VXFFHVVIXO§�DQRGH�PXVW�EH�DW�OHDVW�RQH�RUGHU
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RI�PDJQLWXGH�OHVV�WKDQ����PP�\U��ZKLFK�ZDV�WKH�YDOXH�UHFRPPHQGHG�LQ�WKH�,QHUW�$QRGH
5RDGPDS���$�IXUWKHU�VWURQJ�UHFRPPHQGDWLRQ�LV�WR�GH�HPSKDVL]H�WKH�XVH�RI�WKH�ZHDU�UDWH
SDUDPHWHU�DQG�SXW�PRUH�ZHLJKW�RQ�WKH�PHWDO�TXDOLW\�YDOXHV�
 
3.  Follow a “Gated” Approach to Inert Anode Development

7KH�7:*�UHFRPPHQGV�WKDW�D�JDWHG�DSSURDFK�EH�XVHG�IRU�WKH�VFDOH�XS�WHVWLQJ�RI�SRWHQWLDO�LQHUW
DQRGH�PDWHULDOV���7KLV�DSSURDFK�ZRXOG�LQYROYH�D�GHPRQVWUDWLRQ�VWDJH�XVLQJ�����DPSV�IRU����
FRQWLQXRXV�KRXUV�RI�RSHUDWLRQ��IROORZHG�E\�WHVWV�DW�������DPSV�IRU�������FRQWLQXRXV�KRXUV�RI
RSHUDWLRQ��IROORZHG�E\�WHVWV�DW�������WR��������DPSV�IRU�D�SHULRG�RI�FRQWLQXRXV�RSHUDWLRQ�RI�DW
OHDVW�VL[�PRQWKV©�GXUDWLRQ���7KLV�VFUHHQLQJ�SURFHVV�VKRXOG�EH�FRQGXFWHG�EHIRUH�SURGXFWLRQ�VFDOH
SURWRW\SHV�DUH�WHVWHG�LQ�D�QHZ�FHOO�GHVLJQ�
 
The TWG also recommends that a special test facility be established that will be available to
carry out the preceding types of tests on candidate materials and assemblies for inert anodes in a
consistent and unbiased manner.
 

,Q�DGGLWLRQ�WR�WKHVH�JOREDO�UHFRPPHQGDWLRQV��WKH�7:*�PHPEHUV�DJUHHG�WKDW
IXWXUH�UHVHDUFK�HIIRUWV�VKRXOG�DOVR�IROORZ�FHUWDLQ�UHFRPPHQGDWLRQV�UHODWHG�WR�FHOO
GHVLJQ���7KHVH�PRUH�GHWDLOHG�UHFRPPHQGDWLRQV�DUH�GHULYHG�IURP�OHVVRQV�OHDUQHG
IURP�WKH�OLWHUDWXUH�DQG�WKH�FXPXODWLYH�\HDUV�RI�H[SHULHQFH�RI�WKH�7:*�PHPEHUV
WKHPVHOYHV���7KHVH�LVVXHV�KDYH�EHHQ�JLYHQ�D�JRRG�GHDO�RI�DWWHQWLRQ�LQ�SDVW�LQHUW�
DQRGH�HIIRUWV�DQG�WKH\�ZLOO�SUREDEO\�QHHG�WR�EH�DGGUHVVHG�LQ�DQ\�IXWXUH
GHYHORSPHQWDO�SURMHFW�

4.  Strongly Encourage Aluminum Industry Consortia for Inert Anode Programs

5	'�SURJUDPV�HQWDLO�UHODWLYHO\�KLJK�SURMHFWHG�FRVWV�DQG�D�ORQJ�WHUP�FRPPLWPHQW�ZLWK
VXEVWDQWLDO�ULVNV���0DQ\�SRWHQWLDO�LQYHVWLJDWRUV�FDQQRW�RU�ZLOO�QRW�SDUWLFLSDWH�DW�DQ\�PHDQLQJIXO
OHYHO�LQ�SURMHFWV�UHODWHG�WR�LQHUW�DQRGHV���0XOWL�FRPSDQ\�FRQVRUWLD�VKRXOG�EH�HQFRXUDJHG�WR
OHVVHQ�WKH�FRVWV�DQG�ULVNV�WR�LQGLYLGXDO�FRPSDQLHV�WR�DOORZ�WKH�LQGXVWU\�WR�PRYH�IRUZDUG�PRUH
HIIHFWLYHO\�LQ�WKLV�PDMRU�WHFKQRORJ\���7KLV�DSSURDFK�LV�DOVR�OLNHO\�WR�LQFUHDVH�WKH�DEXQGDQFH�RI
XVHIXO�LGHDV�DQG�DFKLHYH�RWKHU�V\QHUJLVWLF�EHQHILWV�

5.  Set�Priorities for Inert Anode Materials

$OO�RI�WKH�¦LQHUW§�DQRGH�PDWHULDOV�FKDUDFWHUL]HG�WR�GDWH�KDYH�KDG�YDULRXV�VKRUWFRPLQJV�ZLWK
UHVSHFW�WR�DWWULEXWHV�QHHGHG�IRU�FRPPHUFLDO�VXFFHVV���7KH�JUHDWHVW�SURSRUWLRQ�RI�GHYHORSPHQW
ZRUN��WR�GDWH��LV�EDVHG�RQ�FRSSHU�LURQ�QLFNHO�R[LGH�FHUPHW�V\VWHPV���$IWHU�PLOOLRQV�RI�GROODUV�RI
5	'��VLJQLILFDQW�SURJUHVV�KDV�EHHQ�GRFXPHQWHG�LQ�WKH�DUHDV�RI�PDWHULDOV�V\QWKHVLV��SURSHUW\
FKDUDFWHUL]DWLRQ�DQG�LPSURYHPHQW��DQG�FHOO�GHVLJQ�DQG�WHVWLQJ���+RZHYHU��PDMRU�FKDOOHQJHV
UHPDLQ�EHIRUH�WKHLU�FRPPHUFLDO�YLDELOLW\�DQG�DFFHSWDQFH�FDQ�EH�DFKLHYHG���7KH�7:*�VXSSRUWV
IXUWKHU�5	'�RQ�WKLV�FODVV�RI�PDWHULDOV�DV�ORQJ�DV�LQQRYDWLRQV�FRQWLQXH�WR�EH�GHYHORSHG�DQG�WKHUH
LV�VROLG�SURJUHVV�LQ�OLQH�ZLWK�WKH�PRVW�LPSRUWDQW�KDUG�VWDJH�JDWHG�SHUIRUPDQFH�REMHFWLYHV�
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7:*�SDUWLFLSDQWV�DOVR�EHOLHYH�WKDW�EHFDXVH�RI�WKH�ULVN�DQG�XQFHUWDLQW\��DW�OHDVW�WZR�RU�WKUHH
SDUDOOHO�DSSURDFKHV�WR�GHYHORSLQJ�DQ�LQHUW�DQRGH�DUH�QHHGHG�WR�LQFUHDVH�WKH�SUREDELOLW\�RI
VXFFHVV���7KH�FRQFHSW�RI�WKH�VHOI�SDVVLYDWLQJ��PHWDOOLF�DOOR\�DQRGH�KDV�VHYHUDO�SRWHQWLDO
DGYDQWDJHV�RYHU�WKH�FHUPHW�DQG�PL[HG�FRQGXFWLYH�R[LGH�HOHFWURGH�DSSURDFKHV���7KHVH�LQFOXGH����
ORZHU�UHVLVWLYH�ORVVHV�ZLWKLQ�WKH�DQRGH�LWVHOI������PRUH�XQLIRUP�FXUUHQW�GLVWULEXWLRQ������EHWWHU
WKHUPDO�VKRFN�UHVLVWDQFH��IUDFWXUH�WRXJKQHVV��DQG�WROHUDQFH�WR�GDPDJH������OHVV�VXVFHSWLELOLW\�WR
JUDLQ�ERXQGDU\�RU�SRURVLW\�UHODWHG�GHJUDGDWLRQ������HDVH�RI�DFKLHYLQJ�KLJK�TXDOLW\��ORZ�
UHVLVWDQFH�DQRGH�FRQQHFWLRQV��DQG�����HDVH�RI�IDEULFDWLRQ���2QO\�YHU\�OLPLWHG�H[SHULPHQWDO�ZRUN
KDV�EHHQ�FDUULHG�RXW��ZLWK�PL[HG�UHVXOWV���1RQHWKHOHVV��IXUWKHU�H[SORUDWRU\�ZRUN�RQ�VHOI�
SDVVLYDWLQJ�PHWDOOLF�DQRGHV�ZLWK�UHDVRQDEO\�FRQGXFWLYH�ILOP�FKDUDFWHULVWLFV�DSSHDUV�WR�EH
MXVWLILHG�EHFDXVH�RI�WKH�SRWHQWLDO�FRQFHSWXDO�DGYDQWDJHV�MXVW�FLWHG�DQG�WKH�PDJQLWXGH�RI�WKHLU
LPSDFW�LI�WKH�DQRGHV�DUH�VXFFHVVIXO�

6XEVWDQWLDO�ZRUN�FDUULHG�RXW�XQWLO�QRZ�RQ�DSSOLHG�SURWHFWLYH�FRDWLQJV�IRU�PHWDOOLF�DQRGHV�KDV�OHG
WR�OLPLWHG�VXFFHVVHV�DW�EHVW���+RZHYHU��IXWXUH�QRYHO�DSSURDFKHV�EDVHG�RQ�VRXQG�SULQFLSOHV�FRXOG
ZDUUDQW�IXUWKHU�VXSSRUW�

¦,QHUW§�DQRGH�V\VWHPV�EDVHG�RQ�WZR�RU�PRUH�OD\HUV�RI�¦SURWHFWLYH§�DSSOLHG�FRDWLQJV�RQ�D�PHWDO�RU
DOOR\�VXEVWUDWH��RU�PRQROLWKLF�FHUDPLF�DQRGHV��DSSHDU�WR�RIIHU�OHVV�SURPLVH�RI�FRPPHUFLDO
YLDELOLW\�EDVHG�RQ�LQIRUPDWLRQ�DVVHVVHG�E\�WKH�7:*�

7KH�7HFKQLFDO�$GYLVRU\�&RPPLWWHH�RI�7KH�$OXPLQXP�$VVRFLDWLRQ�VXJJHVWHG�WKDW�WKLV�UHSRUW
FRQWDLQ�UHFRPPHQGDWLRQV�IRU�WKH�VSHFLILF�FODVVHV�RI�PDWHULDOV�WKDW�VKRXOG�EH�HPSKDVL]HG�LQ
IXWXUH�5	'�ZRUN���$FFRUGLQJO\��WKH�PHPEHUV�RI�7:*�ZHUH�DVNHG�WR�UDQN�WKHLU�SUHIHUHQFH�IRU
WKUHH�PDWHULDOV��FHUPHWV��PHWDO�R[LGHV�>FHUDPLF@��DQG�PHWDOV�>SURWHFWHG�ZLWK�LQ�VLWX�IRUPHG�RU
DSSOLHG�FRDWLQJV@���7KH\�ZHUH�DOVR�DVNHG�WR�FRPPHQW�RQ�ZKDW�WKH\�VDZ�DV�GUDZEDFNV�LQ�WKHLU
VHFRQG�DQG�WKLUG�FKRLFHV�RI�PDWHULDOV����7ZR�LQGLYLGXDOV�DOVR�FKRVH�WR�FRPPHQW�RQ�WKH�UHDVRQV
IRU�WKHLU�ILUVW�FKRLFH��

7KH�UHVXOWV�RI�WKLV�SROO�DUH�SURYLGHG�LQ�7DEOH�9,�����6HYHQ�PHPEHUV�RI�7:*�UDQNHG�WKH
PDWHULDOV��DQG�UHWXUQHG�FRPPHQWV���&RPPHQWV�DUH�TXRWHG�GLUHFWO\�DV�WKH\�ZHUH�UHFHLYHG��ZLWK
WKH�H[FHSWLRQ�WKDW�QDPHV�RI�LQGLYLGXDOV�DQG�FRPSDQLHV�ZHUH�UHPRYHG�WR�HQVXUH�DQRQ\PLW\��DQG�D
IHZ�DFURQ\PV�ZHUH�FODULILHG���DQG�LPPHGLDWHO\�IROORZ�WKH�WDEOH�

7DEOH�9,�����0DWHULDOV�3ULRULWLHV�RI�7:*�IRU�)XWXUH�5	'�RQ�,QHUW�$QRGHV

+RZ�WKH�5HVSRQGHQWV�9RWHG 3ULRULW\,QHUW�$QRGH�0DWHULDO�&ODVVHV
5DQNHG OVW 5DQNHG �QG 5DQNHG �UG

0HWDOV��SURWHFWHG�ZLWK�FRDWLQJV� � � � �VW

&HUPHWV � � � �QG

0HWDO�R[LGHV��FHUDPLF� � � � �UG
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&RPPHQWV�5HFHLYHG

&HUPHWV

&HUPHWV�DUH�DWWUDFWLYH�DW�ILUVW�JODQFH�DV�WKH\�VHHP�WR�FRPELQH�WKH

DGYDQWDJHV�RI�WZR�FODVVHV�RI�PDWHULDOV��QDPHO\��PHWDOV��GHVLUDEOH�IRU

WKHLU�KLJK�HOHFWULFDO�FRQGXFWLYLW\��DQG�FHUDPLFV��GHVLUDEOH�IRU�WKHLU

SXWDWLYH�FKHPLFDO�LQHUWQHVV���,Q�UHDOLW\��WKH�FKDLQ�LV�DV�VWURQJ�DV�LWV

ZHDNHVW�OLQN��DQG�VR�WKH�SRRU�HOHFWULFDO�FRQGXFWLYLW\�RI�WKH�FHUDPLF�SKDVH

EHFRPHV�DQ�LVVXH�XQOHVV�RQH�LV�ZLOOLQJ�WR�KDYH�VR�KLJK�D�PHWDO�IUDFWLRQ

WKDW�WKH�FHUPHW�LV�HIIHFWLYHO\�D�PHWDO�DQRGH�FRQWDLQLQJ�D�GLVSHUVLRQ�RI

R[LGH�SDUWLFOHV���7R�P\�NQRZOHGJH��WKH�FHUPHWV�XQGHU�LQYHVWLJDWLRQ�DUH

GRPLQDQWO\�FHUDPLF�ZLWK�D�GLVSHUVLRQ�RI�PHWDOOLF�SKDVH���+HQFH��WKH�SRRU

HOHFWULFDO�SURSHUWLHV�RI�WKH�FHUDPLF�DUH�DQ�LVVXH���)XUWKHUPRUH��WKH

FRQWLQXLW\�RI�WKH�FHUDPLF�SKDVH�OHDGV�WR�WKH�TXHVWLRQ�RI�HDVH�PDNLQJ

UHOLDEOH�HOHFWULFDO�FRQWDFW�WR�WKH�FXUUHQW�OHDG��,Q�SDUDOOHO��WKHUH�LV�WKH

TXHVWLRQ�RI�WKHUPDO�VKRFN�UHVLVWDQFH���7HVWV�GRQH�DW�>RQH�FRPSDQ\@

DERXW����\HDUV�DJR�VKRZHG�WKDW�HYHQ�UHODWLYHO\�VPDOO�HOHFWURGHV��EORFNV

PHDVXULQJ�DERXW���IW�RQ�HGJH��QHHGHG�WR�EH�ORZHUHG�LQWR�WKH�+DOO�EDWK

RYHU�D����KRXU�SHULRG�LQ�RUGHU�WR�DYRLG�VKDWWHULQJ�IURP�WKHUPDO�VKRFN�

)XUWKHUPRUH��WKHUH�LV�WKH�TXHVWLRQ�RI�VWDELOLW\�RI�WKH�PHWDOOLF�SKDVH�

:KDW�SURWHFWV�LW"��/DVWO\��WKHUH�LV�WKH�TXHVWLRQ�RI�FHOO�VWDUW�XS���:LWK

FDUERQ�HOHFWURGHV��WKH�SURFHGXUH�LQYROYHV�SODFLQJ�FDUERQ�EORFN�EHWZHHQ

WKH�DQRGH�DQG�WKH�IORRU���7KH�FHOO�LV�FKDUJHG�ZLWK�HOHFWURO\WH��ZKLFK�LV

VROLG�RI�FRXUVH�DW�URRP�WHPSHUDWXUH���&XUUHQW�SDVVLQJ�EHWZHHQ�WKH

DQRGH�DQG�WKH�IORRU�FDXVHV�WKH�FDUERQ�EORFNV�WR�JORZ�DQG�WXUQ�LQWR

KHDWHUV��ZKLFK�VORZO\�PHOW�WKH�HOHFWURO\WH���7KLV�LV�ZHOO�DQG�JRRG�IRU

FDUERQ�DQRGHV���%XW�ZKHQ�WKH�DQRGHV�DUH�QLFNHO�IHUULWH�RU�VRPHWKLQJ�RI

WKH�VRUW��DW�����°�&�WKHVH�PDWHULDOV�ZLOO�XQGHUJR�FDUERWKHUPLF
UHGXFWLRQ���,�FRXOG�JR�RQ�EXW�VXIILFH�LW�WR�VD\�WKHUH�DUH�SUREOHPV�ZLWK

FHUPHWV���-XVW�WKH�VDPH��FHUPHWV�KDYH�WKHLU�SURSRQHQWV��EXW�,�GR�QRW

FRXQW�P\VHOI�DPRQJ�WKLV�JURXS�

7KH�FHUPHWV��DV�FRPSRVLWHV��ZLOO�DOZD\V�KDYH�ERXQGDULHV�EHWZHHQ�WKH

FRQVWLWXHQW�SDUWLFOHV���7R�GDWH��WKHVH�KDYH��HYHQ�DW�!����WKHRUHWLFDO

GHQVLW\��SURYHG�WR�EH�WKH�PHFKDQLVP�RI�GHVWUXFWLRQ���(LWKHU�JDVHV

SHUPHDWH�VHWWLQJ�XS�FRUURVLRQ�FKHPLFDO�DWWDFN�FUHDWLRQ�RI�QHZ�PDWHULDO

OHDGLQJ�WR�D�YROXPH�H[SDQVLRQ�LQ�WKH�JUDLQ�ERXQGDU\��RU�PROWHQ�EDWK

SHUPHDWHV�DIWHU�WKH�PHWDO�FRPSRQHQW�KDV�EHHQ�H[WUDFWHG�IURP�WKH�VXUIDFH

DQG�VHWV�XS�GHVWUXFW�PRGHV�VLPLODU�WR�WKRVH�MXVW�FLWHG�RU�SRWHQWLDO

JUDGLHQWV�RYHU�WKH�HOHFWURQLFDOO\�GLIIHULQJ�PDWHULDOV�LQLWLDWHV�PLJUDWLRQ

RI�¦LRQV§�RU�¦UDGLFDOV�§�7R�ZLW��WKH�JUDGDWLRQ�LQ�FRPSRVLWLRQ�IURP

6(0V�RI�XVHG�FHUPHW�DQRGHV��

&HUPHWV�FRPELQH�WKH�JRRG�IHDWXUHV�RI�PHWDOV��FRQGXFWLYLW\��WRXJKQHVV�

ZLWK�WKH�JRRG�IHDWXUHV�RI�R[LGHV��VRPH�KDYH�JRRG�VROXELOLW\��

8QIRUWXQDWHO\��WKH\�DOVR�FRPELQH�WKH�EDG�IHDWXUHV�RI�HDFK���7R�GDWH��WKH

H[SHULHQFH�ZLWK�FHUPHWV�LQGLFDWHV�WKH�EDG�IHDWXUHV�RI�WKH�R[LGH
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FRPSRQHQWV�SULPDULO\�OLPLW�VXFFHVV���7KHVH�DUH�����XQDFFHSWDEOH

VROXELOLW\�PDLQO\�GXH�WR�GLIILFXOW\�LQ�PDLQWDLQLQJ�DOXPLQD�VDWXUDWLRQ�DQG

XQLIRUP�FXUUHQW�GHQVLW\������FUDFNLQJ�GXH�WR�PHFKDQLFDO�DQG�WKHUPDO

VKRFN��DQG�����GLIILFXOW\�FRVW�LQ�PDQXIDFWXULQJ�VSHFLILF�VKDSHV���$Q

H[DPSOH�RI�WKLV�LV�WKH�>FHUPHW�V\VWHP@�FRQWDLQLQJ�&X���&X�WXUQV�RXW�WR�EH

D�UHDVRQDEO\�JRRG�PHWDO�SKDVH��EXW�RQO\�LI�LW�LV�¦ZHOO�FRQWDLQHG§�ZLWKLQ

WKH�FHUDPLF�PDWUL[��,I�WKH�HOHFWURO\WH�SHQHWUDWHV�RU�GLVVROYHV�WKH�R[LGH�

WKH�&X�SKDVH�ZLOO�FRUURGH���,W�ZRXOG�VHHP�WR�EH�PRUH�SURPLVLQJ�WR�XVH�D

GLUHFW�DSSURDFK��ILQG�D�PHWDO�RU�DOOR\�WKDW�JLYHV�ULVH�WR�DQ�R[LGH�ZLWK

JRRG�VWDELOLW\�LQ�WKH�HOHFWURO\WH���3DUW�RI�WKH�VROXWLRQ�ZLOO�DOVR�LQYROYH

FHOO�GHVLJQ�QR�PDWWHU�ZKDW�PDWHULDO�LV�VHOHFWHG�

7KH�FHUPHW�DQRGHV�GHVFULEHG�LQ�WKH�OLWHUDWXUH�WR�GDWH�DUH�EDVHG�RQ�WZR�

SKDVH��PHWDO�ERQGHG�FHUDPLF�PDWHULDOV���7KH�UHODWLYH�UHDFWLYLWLHV�RI

LQGLYLGXDO�SKDVHV�GXULQJ�RSHUDWLRQ�ZLOO�EH�FULWLFDO���3UHIHUHQWLDO�DWWDFN

RI�HLWKHU�SKDVH�ZRXOG�OHDG�WR�SUREOHPV�VLPLODU�WR�FDUERQ�GXVWLQJ�LQ�+DOO�

+pURXOW�FHOOV�ZKHQ�WKH�SLWFK�ELQGHU�SKDVH�LV�DWWDFNHG�IDVWHU�WKDQ�WKH�FRNH

DJJUHJDWH�SKDVH���7KH�TXHVWLRQ�UDLVHG�E\�RWKHUV�LQ�WKH�7:*�DUH�DOVR

LVVXHV�WKDW�,�VHFRQG�

0HWDO�R[LGHV��FHUDPLF�

0HWDO�R[LGHV�DUH�DWWUDFWLYH�EHFDXVH�RI�WKHLU�SXWDWLYH�FKHPLFDO�LQHUWQHVV�

EXW�WKHLU�HOHFWULFDO�DQG�WKHUPRPHFKDQLFDO�SURSHUWLHV�PDNH�WKHP�D�SRRU

FKRLFH�IRU�WKLV�DSSOLFDWLRQ���0DQ\�RI�WKH�VDPH�SUREOHPV�FLWHG�DERYH�IRU

FHUPHWV�DIIOLFW�PHWDO�R[LGH�DQRGHV�

0HWDO�R[LGHV��RWKHU�WKDQ�WLQ��KDYH�WRR�KLJK�HOHFWULFDO�UHVLVWDQFH���7LQ

R[LGH�SXWV�WRR�PXFK�WLQ�LQWR�WKH�DOXPLQXP���7KH�WROHUDQFH�IRU�WLQ�LV�YHU\

ORZ�

&HUDPLFV�FDQ�RQO\�ZRUN�LI�WKH\�DUH�KLJKO\�FRQGXFWLYH���7KH\�DUH�QRW�

7KRVH�WKDW�DUH��DUH�UHDOO\�VHPL�FRQGXFWRUV���(OHFWURQLF�FRQGXFWLRQ�FDQ

EH�LPSURYHG�E\�GRSLQJ��+RZHYHU��DOO�RI�WKHVH�R[LGHV�KDYH�ILQLWH

VROXELOLW\�LQ�PROWHQ�FU\ROLWH�GHVSLWH�EHLQJ�DQRGLFDOO\�SRODUL]HG���7KH\�DUH

UHVLVWLYH�VR�WKDW�DQ\�IHDVLEOH�>,$@�KDV�WR�EH�D�YHU\�WKLQ�OD\HU��WKXV

GLFWDWLQJ�D�OLPLWHG�OLIH�DQG��SUREDEO\��D�YHU\�H[SHQVLYH�PDQXIDFWXULQJ

FRVW���7KLV�DOVR�LPSOLHV�WKDW�WKH�R[LGH��PL[HG�R[LGH��KDV�WR�EH�RQ�D

VXEVWUDWH�IRU�ZKLFK�WKHUH�ZRXOG�KDYH�WR�EH�SHUIHFW�FRPSDWLELOLW\�RI

WKHUPDO�H[SDQVLRQ�DQG�WKH�VXEVWUDWH�ZRXOG�KDYH�WR�EH�UHVLVWLYH�WR�$O)��J�

DQG�QDVFHQW�R[\JHQ�VLQFH�LW�LV�XQOLNHO\�WKDW�WKH�R[LGH�OD\HU�ZRXOG�EH

�����LPSHUPHDEOH���$Q\WKLQJ�WKDW�KDV�WR�EH�SXW�WRJHWKHU�IURP�SDUWLFOHV

KDV�WR�EH�VXVSHFW�IRU�ORQJ�WHUP�OLIH���7KDW�LV�ZK\�,�EHOLHYH�LI�WKHUH�LV�WR�EH

D�VXFFHVVIXO�>,$@��LW�ZLOO�OLNHO\�EH�EDVHG�XSRQ�D�PHWDO�RU�DOOR\�LQ�ZKLFK

WKHUH�VKRXOG�EH�QHJOLJLEOH�SRURVLW\��FRQWLQXRXV�HOHFWURQLF�FRQGXFWLYLW\�

PDFKLQDELOLW\��DQG�QR�SUREOHP�ZLWK�GLIIHUHQWLDO�&7(V��7KHUH�LV�WKH

RSSRUWXQLW\�WR�WDNH�DGYDQWDJH�RI�VRPH�WKHUPRG\QDPLFV�UHODWLYH�WR
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DOXPLQD�DQG�VHYHUDO�RI�WKH�FDQGLGDWH�PHWDOV�KDYH�R[LGHV�WKDW�DUH�ERWK

ORZ�LQ�VROXELOLW\�LQ�FU\ROLWH��VHPLFRQGXFWLQJ��DQG�RI�KLJKHU�QHJDWLYH�IUHH

HQHUJ\�RI�IRUPDWLRQ��∆*��WKDQ�DOXPLQD�

2[LGHV�WHVWHG�WR�GDWH�DUH�OHDVW�SURPLVLQJ�EHFDXVH�WKH\�DUH�JHQHUDOO\�WRR

UHVLVWLYH��DQG�QRW�WRXJK�HQRXJK�WR�ZLWKVWDQG�PHFKDQLFDO�DQG�WKHUPDO

VKRFNLQJ�WKDW�ZLOO�LQHYLWDEO\�EH�SDUW�RI�FHOO�RSHUDWLRQ���7KLV�LV�QRW�WR�VD\

WKDW�D�QHZ�FHUDPLF�PDWHULDO�PD\�QRW�SRVVHVV�DOO�RI�WKH�UHTXLUHG

FKDUDFWHULVWLFV�RI�DQ�LQHUW�DQRGH��RQO\�WKDW��DW�WKLV�SRLQW�LQ�WLPH�

DFKLHYLQJ�WKHVH�JRDOV�DSSHDUV�PRUH�OLNHO\�ZLWK�D�PHWDO�RU�PHWDO�

FRQWDLQLQJ�DQRGH��RU�DOWHUQDWLYHO\��GHYHORSLQJ�D�UDGLFDOO\�GLIIHUHQW�FHOO

GHVLJQ�

0HWDO�R[LGH�DQRGH�ZRUNDELOLW\�ZLOO�UHTXLUH�D�FRPSURPLVH�EHWZHHQ

PHFKDQLFDO��WKHUPDO��HOHFWULFDO��DQG�FKHPLFDO�SURSHUWLHV���&HUDPLFV�DUH

JHQHUDOO\�EULWWOH�DQG�ZRXOG�QRW�ZLWKVWDQG�WKH�KDQGOLQJ�RSHUDWLRQV

UHTXLUHG�IRU�FHOO�LQVWDOODWLRQ��VWDUW�XS��DQG�RSHUDWLRQ���0RVW�FHUDPLFV

ZLOO�WKHUPDO�VKRFN�GXULQJ�RSHUDWLRQV���0RVW�FHUDPLFV�KDYH�YHU\�KLJK

HOHFWULFDO�UHVLVWLYLWLHV���7KLV�ZRXOG�OHDG�WR�YHU\�KLJK�DQRGH�YROWDJH�GURSV

DW�QRPLQDO�RSHUDWLQJ�FXUUHQW�GHQVLWLHV�XQOHVV�WKH�R[LGHV�ZHUH�H[WUHPHO\

WKLQ���(YHQ�LI�VSDULQJO\�VROXEOH�LQ�PROWHQ�EDWK��GLVVROXWLRQ�RYHU�WLPH

ZRXOG�EH�D�VLJQLILFDQW�LVVXH���)LQDOO\��EHFDXVH�WKH�IOXRULGHV�RI�PRVW

PHWDOV�DUH�WKHUPRG\QDPLFDOO\�PRUH�VWDEOH�WKDQ�WKH�R[LGHV��WKHUH�ZLOO�EH

VHULRXV�LVVXHV�UHODWHG�WR�UHDFWLRQV�EHWZHHQ�WKH�PHWDO�R[LGH�RI�WKH�DQRGH

DQG�IOXRULGH�FRQVWLWXHQWV�RI�WKH�EDWK��SUREDEO\�$O)���WKURXJK�UHDFWLRQV

VXFK�DV

�02����$O)����!�$O�2�����0)�

2QFH�IRUPHG��LW�LV�OLNHO\�WKDW�WKH�PHWDO�IOXRULGHV�ZLOO�EH�TXLWH�VROXEOH�LQ

WKH�EDWK�OHDGLQJ�WR�D�FRQWLQXLQJ�HURVLRQ�RI�WKH�DQRGH�

0HWDOV��SURWHFWHG�ZLWK�FRDWLQJV�

&RDWLQJV�GLVVROYH�DQG�PXVW�EH�FRQWLQXDOO\�UH�HVWDEOLVKHG���,W�LV�GLIILFXOW

WR�FRQWURO�FRDWLQJ�WKLFNQHVV���,I�FRDWLQJV�DUH�WRR�WKLQ��WKH\�GR�QRW�SURYLGH

DGHTXDWH�SURWHFWLRQ���,I�WKH�FRDWLQJV�EHFRPH�WRR�WKLFN�WKH\�FDXVH

H[FHVVLYH�YROWDJH�GURS���7KLFN�FRDWLQJV�DOVR�WHQG�WR�VSDOO�DQG

FRQWDPLQDWH�WKH�DOXPLQXP�

,Q�P\�MXGJPHQW��RQO\�PHWDOV�KDYH�D�UHDVRQDEOH�FKDQFH�RI�VDWLVI\LQJ�WKH

VWULQJHQW�FKHPLFDO��HOHFWURFKHPLFDO��HOHFWULFDO��DQG�WKHUPRPHFKDQLFDO

UHTXLUHPHQWV�RI�D�+DOO�FHOO�DQRGH���&OHDUO\��WKH�HOHFWURGH�HOHFWURO\WH

LQWHUIDFH�QHHGV�WR�EH�WUHDWHG�WR�LPSDUW�WKH�QHFHVVDU\�OHYHO�RI�SURWHFWLRQ

DJDLQVW�FKHPLFDO�DQG�HOHFWURFKHPLFDO�GHVWUXFWLRQ�ZLWKRXW�DGGLQJ�D

EXUGHQVRPH�OHYHO�RI�HOHFWULFDO�UHVLVWDQFH���>$�7:*�PHPEHU@�KDV

DGYRFDWHG�WKH�XVH�RI�DOOR\LQJ�HOHPHQWV�VXFK�DV�DOXPLQXP�WR�IRUP�D�WKLQ

UHDFWLRQ�OD\HU�FRQVLVWLQJ�SULPDULO\�RI�DOXPLQD���>$QRWKHU�H[SHUW@�KDV
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DGYRFDWHG�WKH�XVH�RI�D�SURWHFWLYH�FRDWLQJ��7KHUH�PD\�EH�RWKHU

DSSURDFKHV��EXW�XQOHVV�WKH�SURSRVHG�LQHUW�DQRGH�LV�EDVHG�XSRQ�WKH

FRQFHSW�RI�D�PHWDO�DOOR\�PRQROLWK��,�KDYH�OLWWOH�IDLWK�LQ�WKH�VXFFHVV�RI�WKH

HQWHUSULVH�

)RU�DQ�R[LGH�SURWHFWHG�PHWDO�DQRGH�WR�ZRUN��WKH�R[LGH�ILOP�PXVW�EH

VWDEOH�UHODWLYH�WR�RSHUDWLRQV�LQ�D�PROWHQ�IOXRULGH�EDWK�DW�HOHYDWHG

WHPSHUDWXUHV���,GHDOO\��WKH�ILOP�VKRXOG�UHDFK�D�OLPLWLQJ��VWDEOH��WKLFNQHVV�

'XULQJ�RSHUDWLRQV��LI�WKHUH�LV�PHFKDQLFDO�GDPDJH��WKURXJK�VSDOOLQJ�

WKHUPDO�VKRFN��KDQGOLQJ��HWF���RU�FKHPLFDO�GDPDJH��WKURXJK�GLVVROXWLRQ

LQ�WKH�EDWK��UHDFWLRQ�ZLWK�WKH�EDWK��FRQWLQXLQJ�R[LGDWLRQ��HWF���WR�WKH�ILOP

�RU�SDUWV�RI�WKH�ILOP���VXFK�GDPDJH�PXVW�EH�VHOI�UHSDLUHG�WKURXJK

UHDFWLRQ�ZLWK�WKH�R[\JHQ�EHLQJ�UHOHDVHG�E\�WKH�HOHFWURO\VLV�SURFHVV�

7KURXJK�ZKDWHYHU�VHW�RI�FRQGLWLRQV��WKH�UDWHV�RI�ILOP�GDPDJH�DQG�ILOP

JURZWK�PXVW�EH�HTXLYDOHQW���2WKHUZLVH��WKH�ILOP�ZLOO�JURZ�RU�VKULQN

FRQWLQXRXVO\���)URP�D�FKHPLFDO�SRLQW�RI�YLHZ��WKH�VWDELOLW\�RI�D�SURWHFWLYH

R[LGH�ILOP�RQ�D�PHWDO�DQRGH�ZLOO�EH�VXEMHFW�WR�WKH�VDPH�TXHVWLRQV�DV�DQ

R[LGH�DQRGH�

:KLOH�VWLOO�TXLWH�XQFHUWDLQ��WKH�PRVW�SURPLVLQJ�RSSRUWXQLWLHV�IRU�LQHUW

DQRGH�PDWHULDOV�SUREDEO\�OLH�LQ�D�EUHDNWKURXJK�LQ�FHUWDLQ�PHWDOOLF�DOOR\

DQRGHV�ZLWK�EDODQFHG�VHOI�SDVVLYDWLRQ�DQG�GLVVROXWLRQ�FKDUDFWHULVWLFV�

$SSOLHG�¦SURWHFWLYH§�FRDWLQJV��LQFOXGLQJ�PXOWL�OD\HU�RQHV��GR�QRW

DSSHDU�DW�WKLV�VWDJH�WR�EH�DV�SURPLVLQJ�IRU�ORQJ�WHUP�GXUDELOLW\�DQG

FRPPHUFLDO�YLDELOLW\�

6.  Develop and Document an Understanding of the Following Basic Cell
Operating Parameters:

• 7KH�FULWLFDO�FXUUHQW�GHQVLWLHV�IRU�WKH�LQLWLDWLRQ�RI�DQRGH�HIIHFW�DV�D�IXQFWLRQ�RI�GLVVROYHG
DOXPLQD�FRQWHQW�LQ�WKH�EDWK��RI�EDWK�UDWLR��1D)�$O)����RI�EDWK�DGGLWLYHV��&D)����0J)���/L)�
HWF����DQG�RI�RSHUDWLQJ�WHPSHUDWXUH

• 6LPLODUO\��IRU�D�JLYHQ�DQRGH�FXUUHQW�GHQVLW\��WKH�PLQLPXP�DOXPLQD�FRQFHQWUDWLRQ�EHIRUH�WKH
LQLWLDWLRQ�RI�DQRGH�HIIHFW

• 7KH�LPSDFW�RI�EULHI�SHULRGV�RI�RSHUDWLRQ�XQGHU�DQRGH�HIIHFW�RQ�ZHDU��HURVLRQ��RU�FRUURVLRQ�RI
WKH�LQHUW�DQRGH�PDWHULDO

• )RU�,$�FHOO�GHVLJQ�FRQFHSWV�

−�7KH�NLQHWLFV�RI�DOXPLQD�GLVVROXWLRQ�XQGHU�WKH�RSHUDWLQJ�FRQGLWLRQV�SURSRVHG�ZLWK�SDUWLFXODU
HPSKDVLV�JLYHQ�WR�WKH�HIIHFWV�RI�WKH�ILQH��IRDP�OLNH�EXEEOHV�RI�R[\JHQ�DQRGH�JDV�FRPSDUHG�WR
WKH�ODUJHU�EXEEOHV�RI�&2��W\SLFDO�RI�+DOO�+pURXOW FHOOV

−�7KH�HIIHFW�RI�H[FHVV�DOXPLQD�DGGLWLRQV���VXSHUVDWXUDWLRQ��RQ�VKRUW�WHUP�DQG�ORQJ�WHUP�FHOO
RSHUDWLRQV�ZLWK�SDUWLFXODU�HPSKDVLV�SODFHG�RQ�WKH�IRUPDWLRQ�RI�VOXGJH�GHSRVLWV�DQG�PHDQV�IRU
UHPRYLQJ�VXFK�GHSRVLWV�RQFH�IRUPHG

−�'HPRQVWUDWLRQ�WKDW�D�VOXUU\�FDQ�EH�PDLQWDLQHG�IRU�ORQJ�WHUP�RSHUDWLRQV�ZLWKRXW�WKH
IRUPDWLRQ�RI�VOXGJH�GHSRVLWV��IRU�,$�FHOO�GHVLJQ�DSSURDFKHV�LQFRUSRUDWLQJ�WKH�XVH�RI��VOXUU\�
>VXSHUVDWXUDWHG@�HOHFWURO\WHV�



,QHUW $QRGH 7HFKQRORJLHV 5HSRUW��

7.  Reduce Anode to Cathode Distance and Improve Anode to Cathode Separation
Control

6LQFH�ERWK�WKH�WKHRUHWLFDO�PLQLPXP�HQHUJ\�DQG�WKH�GHFRPSRVLWLRQ�YROWDJH�IRU�LQHUW�DQRGH�FHOOV
DUH�PXFK�KLJKHU�WKDQ�+DOO�+pURXOW�FHOOV��WKH�WRWDO�UHTXLUHG�YROWDJH�PXVW�EH�GHFUHDVHG�LQ�RWKHU
SDUWV�RI�WKH�FHOO�WR�DFKLHYH�EUHDN�HYHQ�HQHUJ\�FRQVXPSWLRQ�OHYHOV���5HGXFWLRQ�RI�WKH�DQRGH�
FDWKRGH�YROWDJH�WKURXJK�UHGXFHG�DQRGH�FDWKRGH�GLVWDQFH�LV�W\SLFDOO\�VHOHFWHG�IRU�VXFK�YROWDJH
�DQG�HQHUJ\��VDYLQJV�

8.  Improve Alumina Concentration Control

,Q�WKH�YDVW�PDMRULW\�RI�SDSHUV�GHVFULELQJ�LQHUW�DQRGH�PDWHULDOV��D�QHDU�VDWXUDWLRQ�FRQFHQWUDWLRQ�RI
DOXPLQD��LQ�WKH�PROWHQ�FU\ROLWH��LV�UHFRPPHQGHG�WR�NHHS�WKH�VROXELOLW\�RI�WKH�DQRGH©V�R[LGH
FRPSRQHQWV��RU�WKH�DQRGH©V�SURWHFWLYH�ILOP��DW�DFFHSWDEO\�ORZ�OHYHOV���8QOHVV�D�QRQ�FHUDPLF
FRPSRVLWLRQ�LV�GHYHORSHG�IRU�WKH�LQHUW�DQRGH��WKLV�UHTXLUHPHQW�ZLOO�SUREDEO\�KDYH�WR�EH
DGGUHVVHG�DJDLQ���7R�HQKDQFH�WKH�OLIH�DQG�SHUIRUPDQFH�RI�WKH�LQHUW�DQRGH�ZLOO�UHTXLUH�FHOO�GHVLJQV
DQG�RSHUDWLQJ�SURFHGXUHV�WKDW�PDLQWDLQ�WKH�HOHFWURO\WH�V\VWHP�DW�RSWLPXP�FRQFHQWUDWLRQV�RI
DOXPLQD��7KHUH�ZLOO�EH�VHULRXV�SUREOHPV�LI�WKH�FRQFHQWUDWLRQ�OHYHOV�RI�DOXPLQD�DUH�LQDGHTXDWHO\
FRQWUROOHG���8QGHUVDWXUDWLRQ�ZLOO�FUHDWH�¦DQRGH�HIIHFWV§�ZLWK�WKH�JHQHUDWLRQ�RI�H[FHVVLYH�FHOO
YROWDJH�DQG�KHDW���2YHUVDWXUDWLRQ�ZLOO�OHDG�WR�¦VOXGJH§�IRUPDWLRQ��ZLWK�SRWHQWLDOO\�VHYHUH
FRQVHTXHQFHV���2SHUDWLQJ�FHOOV�ZLWK�RSWLPXP�FRQFHQWUDWLRQV�RI�DOXPLQD�UHTXLUHV�D�FRPSOHWHO\
QHZ�VHW�RI�SURFHGXUHV�DQG�JXLGHOLQHV��ZLWK�ZKLFK�WKH�LQGXVWU\�LV�XQIDPLOLDU���6HQVRUV�DQG�FRQWURO
GHYLFHV�WKDW�ZRUN�HIIHFWLYHO\�DW�KLJK�FRQFHQWUDWLRQV�RI�DOXPLQD�ZLOO�EH�UHTXLUHG���'HYHORSPHQW
RI�WKLV�SURWRFRO�DQG�HTXLSPHQW�ZLOO�KDYH�WR�EH�SDUW�RI�DQ\�UHVHDUFK�HIIRUW�LQYROYLQJ�DQRGHV�ZKRVH
SHUIRUPDQFH�UHOLHV�RQ�D�VSHFLILF�DOXPLQD�FRQFHQWUDWLRQ�

9.  Improve Cell Insulation Materials and Insulation Design

+DOO�+pURXOW�FHOOV�RSHUDWH�WRGD\�ZLWK�IUR]HQ�VLGHZDOOV�RI�WKH�FU\ROLWH�EDWK���7KH�IUR]HQ�VLGHZDOOV
SURWHFW�WKH�SRW�VLGH�OLQLQJ�IURP�HURVLRQ���0DLQWDLQLQJ�WKH�GHVLUHG�VLGHZDOO�FRQILJXUDWLRQ�UHTXLUHV
FDUHIXO�GHVLJQ�DQG�FRQWURO�RI�VLGHZDOO�KHDW�ORVVHV���$V�ZLWK�DOO�RWKHU�FHOO�KHDW�ORVVHV��ORVW�KHDW
PXVW�EH�VXSSOLHG�IURP�LQFUHDVHG�FHOO�YROWDJH��,9�KHDW�JHQHUDWLRQ���7KH�GHYHORSPHQW�RI�VLGHZDOO
PDWHULDOV�ZLWK�LPSURYHG�LQVXODWLQJ�DELOLWLHV�WKDW�DUH�DOVR�PRUH�HURVLRQ�UHVLVWDQW�FRXOG�KHOS�RIIVHW
WKH�LQFUHDVHG�HQHUJ\�UHTXLUHPHQWV�IRU�DQ�LQHUW�DQRGH�SURFHVV���6LPLODU�DUJXPHQWV�DSSO\�WR�WKH�XVH
RI�LPSURYHG�LQVXODWLQJ�PDWHULDOV�IRU�WKH�FHOO�FRYHU���2QFH�D�YHU\�SURPLVLQJ�LQHUW�DQRGH�PDWHULDO
LV�IRXQG��VLJQLILFDQW�HIIRUW�RQ�LPSURYHG�LQVXODWLRQ�LV�MXVWLILHG�

10.  Review Current Thinking with Regard to Anode Current Density Limits

)XWXUH�UHVHDUFK�SURJUDPV�VKRXOG�FRQVLGHU�WKH�SRVVLELOLW\�RI�HQFRXQWHULQJ�ZLGHU�UDQJHV�RI�DQRGLF
FXUUHQW�GHQVLW\��7KH�UHDVRQV�IRU�WKLV�DUH�REYLRXV�������7KHUH�DUH�SRZHU�LQWHUUXSWLRQV�LQ�DQ\�JULG
V\VWHP��DQG�����WKHUH�DUH�YDULDWLRQV�LQ�FXUUHQW�LQ�DQ\�LQGXVWULDO�SRW�OLQH���(YHQ�LQ�D�VHULHV�RI
¦DGYDQFHG§�HQFORVHG�FHOOV��ZLWK�VWDEOH�DQRGHV�DQG�FDWKRGHV��WKH�SRWHQWLDO�ZLOO�H[LVW�IRU�YDULDWLRQV
LQ�LQWHUQDO�UHVLVWDQFH�DQG�KHQFH��LQ�OLQH�FXUUHQW���7KHUHIRUH��DQ�LQHUW�DQRGH�WKDW�FDQQRW�VXUYLYH
XQOHVV�D�FHUWDLQ��QRQ�]HUR��FXUUHQW�GHQVLW\�LV�LPSRVHG�ZLOO�SUREDEO\�IDLO�LQ�WKH�UHDO�ZRUOG�LI�WKH
SRZHU�LV�LQWHUUXSWHG��DOPRVW�FHUWDLQ�WR�RFFXU�DW�VRPH�WLPH��RU�LI�WKH�HVWDEOLVKHG�RSHUDWLQJ�FXUUHQW
GHQVLW\�LV�PRPHQWDULO\�H[FHHGHG��DOVR�SUREDEOH����,W�LV�QRW�FRQVWUXFWLYH�WR�VLPSO\�DGYRFDWH�WKDW
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DQ�LQHUW�DQRGH�PXVW�RSHUDWH�LQ�D�UDQJH�RI�FXUUHQW�GHQVLW\���,W�PXVW�EH�GHPRQVWUDWHG�KRZ�WKHVH
FRQVWUDLQWV�ZLOO�LPSDFW�YDULRXV�DVSHFWV�RI�WKH�GHVLJQ��VWDELOLW\��DQG�RSHUDWLRQ�RI�WKH�UHDFWRU���,I
WKH�FXUUHQW�GHQVLWLHV�DUH�VLJQLILFDQWO\�OHVV�WKDQ�WKH�FRQYHQWLRQDO�FHOO�OLPLW��WKH�LQHUW�DQRGHV�PXVW
EH�FRXSOHG�ZLWK�UDGLFDOO\�UHGHVLJQHG�FHOOV�WR�RIIVHW�WKH�ORVV�RI�SURGXFWLRQ�RU�WKH\�ZLOO�EH�DQ
REYLRXV�VWXPEOLQJ�EORFN�IRU�GHSOR\LQJ�WKH�QHZ�WHFKQRORJ\���&OHDUO\��LI�DQ�LQHUW�DQRGH�ZLOO�RQO\
VXUYLYH�E\�ORZHULQJ�WKH�FXUUHQW�GHQVLW\��DQ\�SURSRVDO�PXVW�FRQWDLQ�SUDFWLFDO�QHZ�FHOO�GHVLJQV
WKDW�FRPSHQVDWH�IRU�WKLV�SURGXFWLRQ�ORVV�

11.  Encourage Deployment of Recent Cathode Developments

7L%��ZHWWDEOH�GUDLQHG�FDWKRGHV�DQG�FDWKRGH�FRDWLQJV�VKRXOG�EH�UHDG\�IRU�GHSOR\PHQW�ZKHQ�FHOO
RSHUDWLQJ�SURWRFROV�DQG�GXUDELOLW\�LVVXHV�DUH�UHVROYHG���7KHUH�ZRXOG�EH�HQHUJ\�DQG�HFRQRPLF
DGYDQWDJHV�WR�LQFRUSRUDWLQJ�WKHVH�GHYHORSPHQWV�LQWR�D�+DOO�+pURXOW�FHOO���7KHUH�ZRXOG�EH�IXUWKHU
DGYDQWDJHV�LI�FRQFHSWV�RI�LQHUW�DQRGH�V\VWHPV�FRXOG�DOVR�EH�LQFRUSRUDWHG���7KLV�FRPELQDWLRQ�ZLOO
HQKDQFH�WKH�JRDOV�RI�WKH�LQHUW�DQRGH�SURJUDP�

12.  Evaluate Novel Approaches

7KH�YDULRXV�¦FRQYHQWLRQDO§�LQHUW�DQRGH�V\VWHPV�SURSRVHG�DQG�RU�SDUWLDOO\�GHYHORSHG�WR�GDWH�VWLOO
SUHVHQW�D�KLJK�GHJUHH�RI�XQFHUWDLQW\�DQG�ULVN�DQG�DQ\�RI�WKHP�ZRXOG�UHTXLUH�FRQVLGHUDEOH�IXWXUH
5'	'�UHVRXUFHV�WR�KDYH�D�FKDQFH�WR�DFKLHYH�FRPPHUFLDO�YLDELOLW\�

$FFRUGLQJO\��WKH�7:*�HQFRXUDJHV�IXUWKHU�¦RXW�RI�WKH�VTXDUH§�WKLQNLQJ�DQG�OLPLWHG�LQLWLDO
H[SORUDWRU\�HIIRUWV�RQ�QRYHO�XQFRQYHQWLRQDO�DSSURDFKHV�LQFOXGLQJ��IRU�H[DPSOH��WKH�VROLG�R[LGH
IXHO�FHOO�GHULYDWLYH�FRQFHSW�FLWHG�LQ�DQ�HDUOLHU�FKDSWHU�RI�WKLV�UHSRUW�
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Patent Survey Inventory

U.S. rratents related to Inert anodes for use in alumlnium nroductton. sorted bv natent number, –; ----- -7–---–— -#r--–- --- —--. —--

nterest Type Patent # Title Inventors Astgnee

EPO197003 Eleklrolyswannefurdie Herfslellungvon Aluminium Scarpey, W., and Pawlek, SCHWEIZERISCHE ALUMINIUM AG
R.

EP0306101 Non-consumableanode formollen salt electrolysis Nguyenm T.; Lazouni,A.; ELTECH SYSTEMS CORPORATION
and Dean, K, S.

EP9W10735 Anode substratecoaled with rare earth oxycompound$

FR2,366,380 Electrodesa base doxyde dyllrium ..
DiamondShamrock TechnologiesS,
A,

3,400,061 Electrolyticcell for productionof aluminumand methodof makingsame Lewis, R. A.; Hildebrandt, Kaiser Aluminum& Chemical
R. D. Corporation

3,433,749 Glass eleclrode compositions Nishimolo, K., and Iida, MatsushitaElectric IndustrialCo,r Ltd.
Y.

3,475,314 Alumina reductioncell Johnston,T. J. ‘ ReynoldsMetals Company

3,502,553 Process and appara{usfor the electrolyticcontinuousdirect produfion of refined Gruber, H,
afufilnum and of aluminumalloys

3,661,736 Refractoryhard metal compositecalhode aluminumreductioncell Holtiday,R. D. OfinMalhieson Chemicaf Corporation

3,666,654 Furnaces with bipolarelectrodesfor the productionof metals, particufarfyaluminum,~ De Garab, G. 0.
throughelectrolysisof moltensails, equippedwilh auxiliaryheatingfacilities

3,930,967 Process for the electrolysisof a moltencharge usinginconsumablehi-polar Alder, H. SwissAluminiumLtd.
electrodes

3,960,678 Electrolysisof a moltencharge usingincomsumableelectrodes Afder, H. SwissAluminiumLtd.

3,974,046 Processfor Ihe electrolysisof a molt~ charge using inconsumableanodes Alder, H. SwissAfuminiumLtd.

4,002,551 Process and apparatusforcollectingthe fumes given off duringthe productionof Dudaux, D.; Ponffer,~. J Aluminium Pechiney
aluminiumin an efectrofysiscell wilh a continuousanode A; and Ferrel, G. P.

4,024,044 Electrolysiscathodes bearing a mult-sprayedand leached nickelor coabll mating Brannan, J. R., and 1. DiamondShamrockCorporation
Malkln

4,039,401 Aluminumproductionmefhodwitheledrodes for afrrminumreduclfoncells Yamada, K.; Hashimolo, SumitomoChemicafCompany
T,; Horirrouchi,K.

4,049,511 Protectivematerial made of corundumcrystals ,. Alder, H.; and Boving;H. SwissAluminiumLtd.

4,057,480 Inconsumableelectrodes Alder, H. SwissAluminiumLtd.

4,069,058 Poroussificonoxynilriderefractoryshapes Washburn, M. E, “ NortonCompany

4,108,741 Prouss for productionof afuminum Tsumura, Y. MitsuiAluminumCo., Ltd.



4,121,983 Metal production Kinosz, D. L.; Das, S, K.; AluminumCompany ofAmerica
and Coffman, R, L,

4,140,595 Use of materials in mollen sail elecholysis Russell, A. S., and E. H. AluminumCompany of America
Rogers

4,146,438 Sinlered electrodeswitheleclrocalalylic coating de Nora, V.; Spatianle, DiamondShamrockTechnologiesS.
P. M.; and Nidola,A A.

4,151,061 Alkuminumelectrolyticcell T\lshikawa, T.; Konda, NipponLightMelal Company Limited
S.; Iuchi, T.; and
Ichikawa, H.

4,159,928 Processfor productionof aluminum Tsumura, Y. MitsuiAluminiumCo., Ltd.

4,170,533 Refractoryarticle for electrolysiswith a protectivecoatingmade of corundumcystals Alder, H.; and Boving,H. SwissAluminiumLtd.

4,173,518 Electrodesfor aluminumreductioncells Yamada, K.; Hashimolo, SumilomoAluminumSmelting
T.; Horinouchi,K. Company, Limited

4,179,345 Controlledwe(tabithygraphiteelectrodes for selective use in electrolysiscells Das, S. K. ‘ Aluminumcompanyof America

4,179,346 Selective use of wettable and non-wettablegraphiteelectrodesn electrolysiscells Das, S. K.; and P. J. AluminumCompany of America
,. B@et

4,187,155 Mollen salt electrolysis de Nora, V.; Spaziante, Diamond ShamrockTechnologies
P. M.; and Nidola, A.

4,219,400 Eleclr~ysis cell Treptow, W.; Wunsch,G.; BASF Akfiengesellschafl
Meyer, H.; and Csizi,.G.

4,224,128 Cathode assembly for electrolyticaluminumreductioncell Walton, R. J. PPG Industries,Inc. .

4,233,148 ElectrMe composition Ramsey, D. E., and Great Lakes Carbon Corporation
Gridstaff,L. 1.

4,243,502 Cathode for a reductionpotfor the electrolysisof a moltencharge Kugler, T. SwissAluminiumLfd.

4,251,344 Porousnickel coaled electrodes Needles, C. R. S. E, 1,Du Pent de Nemous and
Company

4,285,785 Metal producingme[hod Sullivan, 0. A., Jr, AluminumCompany of Amefica

4,308,113 Processfor producingaluminumusinggraphiteelectrodeshavingreducedwear Das, S. K, AluminumCompany of America
rales

4,308,114 Electrolyticproductionof aluminumusinga compositecathode Oas, S. K.; Foster, P. A., AluminumCompany of America
Jr.; and Hildeman, G. J. “,”,”’”

4,308,115 Methodof producingaluminumusinggraphi!e calhode coated withrefractoryhard Foster, P. A., Jr.; Das, S. AluminumComparryof Arnetica
metal K.; and Becker, A. J. \,

4,308,116 Methodand electrolyzer for productionof magnesium Andreassen, K. A.; ~~’; Norsk Hydro as.
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BOyun,Oystein;
Jofmsen, H. K.; Ognedal,
L. B.; and Solheim, P. R.

,
4,324,585 Processfor manufactureof aluminum Hass, H. B.

4,357,226 Anodeof dimensionallystable oxide-ceramicindividualelements Afder, H. SwissAluminiumLtd.

4,362,647 Eleclrtie and Ihe method for producingthe same Torigai, E.; Wakabayashi, SumitomoEkectrc Indushies
N.; Kawami, Y.; Kam~o,
E.; Nishimoto,T.; and

Agencyof fndusftialScience and

Tani, $.
Technology

4,374,050 lnerf electrodecompositions Ray, S. P. .AluminumCompany of America

4,374,761 Inert electrodeformulations Ray, S. P. AluminumCompany of America

4,376,690 Cathode for a cell for fused sail electrolysis Kugler, T. SwissAluminiumLtd.

4,379,033 Methodof manufacturingaluminumin a Hall-Heroultcell Clark, J. M.; Secrist, D. Great Lakes Carbon Corporation
R-— . et

4,392,925 Electrodearrangement in a cell for manufactureof aluminumfrommoltensalts Alder, H.; Schafch,E. SwissAluminiumLtd,

4,396,481 Eleotrolyficcell for the productionof aluminumby fused sat!efeclrolysis Pawlek, R.; and Lagler, SwissAlminiumLtd.
P.

4,396,482 Compositecalhode Das, S. K.; Foster, P. A., AluminumCompany of America
Jr.; and Hildeman, G. J. .

4,397,729 Cermet anode electrowiningmetals from fused sails Duruz, J.-J. R., and J. P. DiamondShamrock Corporation
Derivaz

4,399,008 Compositionfor inert electrodes Ray, S. P. AfuminumCompany of America

4%402,808 Gaske[ for sealing joinls between electrodes and a~acent cell finingand for McMonigfe,M. J. AluminumCompany of America .
improvingbath circulationin electrolysiscells

4,430,189 Methodof manufacturingahrminiumin a Hafl-HeroultCefl Cfa(k, J. M.; Secris\, 0. Great Lakes Ca~bonCorporation
R.

4,436,597 Methodand apparatus for producingaluminumin an electrolysiscell tith tile tining Hadley, L. A. AluminumCompany of America

4,437,950 Methodof controlfhrgaluminumeleclrofyticcells Arila, Y.; See, Y. Ilsubishi,KeikinzokuKabushikiKaisha

4,439,382 Titaniumdiborfde-graphitecomposites Jti, L. A..; Tucker, K. W.; Great Lakes Carbon Corporation
and McCwn, F. E., Jr. ‘

4,443,314 Anode assemblyfor molten salt electrolysis Secrist, D. R.; Cfark, J. Great Lakes Carbon Corpora(ion
M.; and Grindstaff,H. E.

4,450,061 Metal stub and ceramic bodyelectrode assembly Roff,R. L. AfuminumCompany of America

4,457,811 Processfor producingelements from a fused bath usinga melal strapand ceramic Byrne, S. C. AluminumCompany of America



electrode body nonconsumableefeclrode assembly

4,459,195 Cell for the electrolyticproductionof melals from metal hatides Bertaud, Y. AluminumPechfney

4,4651581 Compositeof TiB.sub.2 -graphile Juel, L. H.; Joo, L, A,; Great Lakes Carbon Company
and Tucker, K. W.

4,468,298 Diffusionwelded nonconsumableelectrode assembly and use Ihereof for electrolytic Byrne, S. C,; and AluminumCompany of America
productionof metals and silicon Vasudevan, A. K.

4,468;299 Frictionwelded nonconsumableelectrodeassembly and use thereofforelectrolytic Byrne, S. C.; Ray, S. P.; AluminumCompany of America
productionof metals and sificon and Rapp, R. A.

4,468}300 Nonconsumableelectrode assembly and use thereof for the electrolyticproductionof Byrne, S. C.; and Ray, S. AluminumCompany of America
metals and sificon P.

4,478,693 Inert electrode compositions Ray, S, P. AluminumCompany OfAmerica

4,488,117 Me(hodof measuring backelectromoliveforces of aluminumelectrolysiscells See, U, MitsubishiKeikinzokuKogyoKabushiki
Kaisha

4,488,955 Sub-cathodicshield withdeformable zones for Hall-Heroultelectrolysiscells Bertaud, Y.; and Leroy, Afuminium Pechiney
M.

4,491,510 Mondtithiccomposile electrodefor moltensalt electrolysis Clark, J. M,; and Secrisl, Great Lakes Carbon Corporation
D. R.

4,504,366 Supporfmember and electrolyticmethod Jarrett, N.; and Homack, AluminumCompany of America
T. R. “

4,504,369 Method to improve the performanceof non-consumableanodes in the electrolysisof Keller, R.
metal

4,529,494 Bipolareleclrode for Halt-Heroultelectrolysis Job, L. A.; Secrist, D, R,; Great Lakes Carbon Corporation
Clark, J. M,; Tucker, K.
W; and Shaner, J. R.

4,532,017 Floatingcathode elements based on electricallyconductiverefractorymaterial, for Keinborg,M.; Varin, P.;. AluminiumPechiney
the produc~mnof atuminumby electrolysis Berfaud, Y,; and Leroy,

M,.

4,544,457 Dimensionallystable drained aluminiumelectrowinningcathode melhod and Sane, A. Y.; Wheeler, D. EltechSystems Corporation
apparatus J,; Kuivila,C. S.

‘ 4,544,469 Aluminumcell having atuminumwettablecathode surface Boxall, L.,J.; Buchta,W, CommonwealthAluminumCorporation
M.; Cooke, A. V.; Nagle,
D. C.; and Townsend, D,
w,

4,544,472 Electrodecoating and coated electrodes Reven, F. V. Nalco Chemical Company

4,552,630 Ceramic oxide electrodes for moltensalt electrolysis Wheeler, D. J.; Duruz, J.- ELTECH Systemds Corporation

. ‘ L. !
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. J. R.; Sane, A. Y.; and
Darivaz, J.-P.

4,581,117 Durable electrodefor electrolysisand processfor prduclion [hereof Asano, H.Shimamune, f.; Permelec ElectrodeLtd.
Hfrao, K.; and Hirayama,
R

4,582,553 Processfor manufactureof refractoryhard metal containingplates forafuminumceff Buchta, W. M. CommonwealthAluminumCorporation
cathodes :,.

4,582,585 Inert electrodecompositionhavingagent formntrolfingoxidegrowlhon eleclr~ Ray, s. P. AluminumCompany of America
made therefrom

4,584,084 Durable eleclrode for electrolysisand processfor prduction {hereof Asano, H.; Shimamune, Permelec Eleclrode Lid.
T,; Hirao, K.; and
Hirayama, R.

4,585,618 Cermets and their manufacture Fresnel, J.-M.; Deb61y, ELTECH Systems Corporation
P.-E:, and Wesfler, J.-P.

4,588,485 Process for [he productionof a melal by eleclrofyzinghafidesin a moltensalt bath, Cohen, J.; and Lorfhioir” Pechiney
comprisinga simultaneousand continuousdoubledeposit

4,592,812 Method and apparalus for electrolyticreductionof alumina Beck, T. R.; Brooks, R. J. ElectrochemicalTechnologyCorp. and
BrooksRand, Ltd.

4,596,637 Apparatusand methodfor electrolysisand float ‘ Kozark, R. L,; Hormakc, AluminumCompany of America
.,

T. R.; and Harrell, N,

4,602,990 Low energy aluminumreductioncell with inducedbalh flow, Boxall, L. G.; Gamson, B. CommonwealthAluminiumCorporation
W.; Green, J. A. S.; and
Traugott, S. C.

4,610,726 Oense cerme!s containingfine grainedceramics and theirmanufacture King, H. L. EltechSystemsCorporation

4,614,569 Molten salt eleclrowinningmethod,atiode, and manufacturethereof Duruz, J. J.; Derivaz, J.- Ellech Syslems Corporation
P.; Debely, P.-E.; and
Adodan, i, L,

4,620,905 Electrolyticproductionof metals usinga resistant ande Tarcy, G. P.;.Gavasto, T. AluminumCompany of America
M.; by, S. P.

4,639,304 Apparatusfordeterminationof aluminumoxide contentof fhe cryofifemelt in 8~er, 1: Berecz, E.; Nehezipari Muszaki Egyetem
aluminumelectrolysiscells Szina, G.; HorvAth,J.

4,650,552 Electrolyticproductionof aluminum de Nora, V; Gauger, J. Ellech SystemsCor@ratjon
F; Fresnel, J.-M.;
Adorian, 1.L.; Duruz, J.-J.

4,657,643 Process for continuouslycontrollingthe proportionof metal dissolvedin a bath of Armand, M,; and Pechiney
moltensalts and the apptica!ionthereof 10the continuousfeed of an elecfrofysisceff Gamier, J,-P.



wilh sails of said melal !

4,664,760 Electrolyticcell and methodof electrolysisusingsupportedelectrodes Jarret!, N. AluminumCompany of America
———.

4,668,351 Methodof producingaluminum Oewing,E. W., and Alcan InternationalLimiled
Reesor, D. N.

4,670,110 Processfor Ihe electrolyticdepositionof aluminumusinga compositeanode Withers, J, C.; and G. V. Metallurgical,Inc.
Upperman

4,680,094 Melhod for produ~ng aluminum, aluminumproductioncell and anode for aluminum Ouruz,J.-J, ELTECH SystemsCorporation
electrolysis

4,681,671 Lowtemperature alumina electrolysis Duruz, J.-J, ELTECH Syslems Corporation

4,683,037 Dimensionallystable anode for moltensalt electrowinningand melhod of electrolysis Ouruz,J. J. ELTECH Syslems Corporation

4,717,692 Compositescomprisingone or more interwovenmatrfxcompositionseach containing Ray, S. P. AluminumCompany of America
a refractoryhard metal and melhod of formingsame

4,737,247 Inert anode slable cathode assembly Jarrett, N.; Brown,M. H. , AluminumCompany of America

4,824,531 Electrolysismelhod and packed calhode bed for eleclrowinningmefals fromfused Duruz, J.-J, R and EltechSystems Corporalioin
salts Detivaz, J.-P.

4,919,771 Process for producingaluminumby molten salt electrolysis Wilkening,S. VAW VereinigteAluminium-WerkeAG

4,929,328 Titaniumdiborideceramic fiber compositesfor Hall-Heroultcells Besmann, T. M.; and MartinMariella Energy Syslems, Inc.
Lowdep,R. A.

4,948,676 Cermet material, cermet bodyand methodof manufacture Oarracq, D.; and Duruz, MoltechInvent S. A.
J.-J.

4$956,068 Non-consumableanode for molten salt electrolysis Nguyen, T.; Lazouni,A.; MOLTECH lnvenl S, A.
and Dean, K. S.

4,956,068 Non-consumableanode for molten salt electrolysis . Nguyen, T.; Iazouni,A.; MOLTECH Invent S. A.
and Ooan, K. S.

4,960,494 Cerarnitimefal composifematerial Nguyen, T.; Lazouni,A.; MOLTECH Invent S. A.
and Ooan, K. S.

4,961,902 Methodof manufacturinga ceramic/metal or ceramidcerarhic compositearticle Ctere, T. M..; Eltech Systems Corporation
Abbaschfan,G. J.;
Whefler, 0. J.; and
Burnes,A, L.

4,966,674 Cerium oxycompound,stable anode formoltensalt eleclrowinningand methodof Bannochie,J. G,, and R, MOLTECH Invent S. A,
production C. Sherrift

4,999,097 Apparatusand methodfor the electrolyticproductionof meta~ Sadoway, D. R. MassachusettsInstituteof Technology

5,002,642 Methodfor electrowinninga metal usingan electrodeunitconsistingof assembled Kaneko, K.; Kimura,T.; MitsubishiKinzokuKabushikiKaisha
tchfnosekf,F.; and

,,.. E __ L...
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I I ] anode plates and cathode plalesand a frame body(or formingsuch an elaclrtie unit I Ohkoda, M. I1 s

5,006,209 Electrolyticreductionof alumina Beck, T. R.; and Brooks, ElectrochemicalTechnologyCorp.
R. J..

5,015,343 Electrolyticcell and processfor metal reduclion LaCamera, A:; Van AluminumCompany of America
Linden,J. H. L; Pierce,
T. V; ParkhillJ: O. .

5,017,217 Ceramic/metalor ceramiclceramic compositearticle Clere, T. M.; Abbaschian, Ellech Syslems ~orwration
G. J.; Wheeler, D. J.;
and Barnes, A, L.

5,019,224 Electrolyticprocess Denton, D. A, and P. C. ImperialChemical IndustriesPLC
S. Ha@eld

5,019,225 Moltensail etectrowinningelectrode,methodand cell Darracq, D.; Duruz, J.-J.; Mollech Invent S. A.
and Durmelat, C.

5,043,047 Aluminumsmellingcells Stedman, 1.G.; Houslon, ComalcoAluminumLimiled
G.; Shaw, R. W,; Juric, D.
D.

5,069,771 Molten salt eleclroysis wilh non-consumableanode Nguyen, T.; Lazouni, A.; Mollech lnven! S, A.
and Dean, K. S.

5,071,534 Aluminumelectrolysiscell withcontinuousanode Holmen, H. K.; Nalerstad, Norsk Hydro a.s.
T.; Hurfen, J.; and
Giorven, S.

5,084,156 Electrolyticcell Iwanaga, N,; Yamaguti, MitsumiToatsu Chemicals, Inc.
T.; Fujeda, N,;
Tsuzikawa, Y,; and
Harada, 1.

5,085,752 Electrolyticcell Iwanaga, N; Yamaguti, MltsumiToatsu Chemicals, Inc.
T.; Fu~eda, N.; and
Tsuzikawa, Y,

5,089,093 Process for controllingaluminumsmeltingcells Blatch, G, l,; Taylor, M. ComalcoAluminumLtd.
P,; Fyfe, M.

5,185,068 Electrolyticproductionof metals usingconsumableanodes Sadoway, D. R. MassachusettsInstituteof Technology

5,279,715 Process and apparatus for low Iemperalure electrolysisof oxides La Camera, A. F.; AluminumCompany of America
Tomaswick, K. M.; Ray,
S. P; and Zegler, D. P.“”: ””:

5,284,562 Non-consumableanode and finingfor aluminumelectrolyticreductioncell Beck, T, R.; Brooks,R. J. ElectrochemicalTechnologyCorp. an(
Br~ks Rand, Lid.
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Jrnmareaucuoncell
Richards, N. E.;
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ReynoldsMetal Company

I ! Tabereaux, A. T.
t-u fitulIIIIIUI II eieu[ruiyuccell memos wtlh applicationof refractoryprotectiveCoalingson

cello components
Sekhar, J.; de Nora, V. Mollech Invent, S, A. i

r
5,286,353 Electrolysiscell and methodfor the extractionof aluminum

5,286,359 A[u–,-_ --, .. ,.
I Wlkenina. S.

T

I I 5,34Q,4AQ i Al.,-:---- -,-_,..,..., - ..,, ., . .,

1+ I 5,362,366 Anode+afhode arrangement f
I

5,366,702 Apparatusfor generating ozon

5,36~,702 Electrodeassem~’” ‘

5,37a3325 Process for low temperature e
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S. P.; and ~egler,’D.~~
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components.lhereof,and the cc
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Iuminumproduction, the treated Mangianello, F.; Duruz, MoltechInventS. A.omponen[suse in an electrolyticcell J.-J.; Pello, V,
,Ionrorcaroan electrodes Ray, S. P. AfuminumCompany of Amefica

Cu IVIeII IUU ~nu appara[us ror electrolyticreductionof fine-particlealuminawithporous-
Rendafl, J. S, SOIV-EXCorporationcathode cells

:uuuIyucpraaucuon01alummum Rendall, J. S. SOIV-EXCorporation
“,””, ,Ouu ~~( UUI I II I~SSeS IUI use rn alummfumproaucl!oncells and process

de Nora, V.; and Sekhar, None
J. A.

5,51a,ooa Stable anodes for aluminumproductioncells
Sekhar, J. A.: Liu, J, J.:
and Duruz, J.-J. ‘

5,51a,a29 Sohdoxide electrolyte fuel cell having dimpledsurfacesof a powergenerationfilm
Safake, T.; Miyamoto,H,; MitsubishiJukogyoKabushiki
and Yamamuro, s

5,534,119 Methodof reducingerosion of carbon-containingcomponentsof alu,minum.
Sekhar, J. A. Noneproductioncells

5,570,174 Conditioningof cell componentsfor afuminumproduction
Sekhar, J. A. MoltechInvent S. A.

5,5a7,i40 Process for producingpowdersof transitionmetal bride
Fujwara, S.; Tabuchi, H.; SumitomoChemicafCompany, Limited
and Takahashi, A.

t ,.. .
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5,658,447 Electrolysiscell and method forhretal production Watson, K. D.; Juric, D. ComalcoAluminiurnLimited
D. D.; Shaw, R. W.; and
Wuslon, G. J.

5,667,664 Ledge-free aluminumsmellingcell M5,651,874 Methodfor productionof afumftium ~UfiC,D. D; Shawl R. W.; ComalcoAluminiumLimiled
utifizingprolectedcarbon containingcomponents Mslon, G, J.; and

Coad, 1.A. ,.

5,679,224 Treated carbon or carbon-based calhodiccomponentsof aluminumprtiutib cells Sekhar, J. A. MoRechInvenl S:,A,

5,725,744 Cell for the electrolysisof alumina at lowtemperatures de Nora, V., and J.-J. Moltech Invent S, A.
Duruz

5,746,895 Compositerefractorylcarboncomponentsof aluminiumproductioncells Sekhar, J. A. Mollech invent S. A.

5,794,112 Controlledatmosphere for fabricationof cermel electrodes Ray, S. P.; Woods, R. W. AluminumCompany of America
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Hot eiectron injection into aqueous electrolyte solution from thin insulating film-coated electrodes. Kubnala.
S.; Ala-Kleme. T.; Joela. H.: Kutrnala A. Depwent ChemisW. Universiw Turku. Turku. SF-20014. Finland. J.
Radioanal. Nuc1. Chem. (1998). 232(1-2). 91-95. CODEN: JRNCDM: ISSN: 0236-5731. Joutnai written in
English. AN 1998:455643.

AbstracL ‘Hot electron ,hjection into aq. elecmoine so~. was studied with eiectrochemiiw’inescence and ESR
methods. Both methods provide fufihey indirect support for tie previously proposed hot electron emission
mechanisms from thin insulating fitm-ioated elecuodes to aq. electrolyte sotns. The results do not rule out the
possibility of hydrated electron being as a catiodlc intermediate in the redn. reactions at cathodicaiiy puise-
polarized thin insulating fib-coated elecrodes. However, no direct evidence for electrochem. generation of
hydrated electrons could be obmined with ESR oniy spin-trapptig expts. could give information about the primq
cathodic steps. ,

Test of a dual electrode galvanic cell in bina~ carbonate melL Lee, Sung Kyu; Staehle, Roger W. Materiak
Research Lab., Research Development Center. Sarnsung EIectr&Mechanics Co.. Ltd.. Suwon, 42. S. Korea.
Mater. Comos. ( 1998), 49(1), 7-12. CODEN: MTCREQ; ISSN: 0947-5117. Journal written in English. CAN
128:130267
AbstracL Basicity of (LiO.62K0.38)2C03, the current choice of electrol~e cotnpn. for molten carbonate fuel ceils
(MCFCS), is defined as log (aM20), where M represents an akali metal and M20 is the net oxide ion activity. Net
oxide ion activity is defined as the sum of the alkali oxides activities dissolved in the melt. To correlate measured
cell emf values with basicity change h the (LiO.62K0.38)2C03 melt a dual elecmode galvanic cell of tbe following
arrangement was tested at 650° with PC02. varying above the melr Au. A-B, C02, 021mullitelA-B, C02, 021Zr02
~Y203102. Au where A-B represents (LiO.62K0.38)2C03. The response of the cell to PC02 at con= P02 can be
explained by thermodn. model. which states that ion -ference in the mullite tube is limited to Li+ andor K+ and
the dual electrode galvanic cell voltage is a direct measure of Aali20 or AaK20 for pure (LiO.62K0.38)2C03 melt
at const. P02.

A wall-jet electrode reactor and its application to the study of electrode reaction mechanisms. Part In: Study
of the mechanism of the a.c. electrolytic graining of aluminum in hydrochloric acid. Laevers. P.; Hubin. A.;
Te~n. H.: Vereecken. J. Monroe Europe N.V., Sint-Truiden, 3800. Belg. J. Appl. Electrochem. ( 1998), 28(4),
387-396. CODEN: JAELBJ: ISSN: 0021-891X. Journal written in English. CAN 129:9958
Abstract. The mechanism of the a.c. electrolfiic -grainingof aluminum in hydrochloric acid is detd. from the anal.
of the potentiostatic transient behavior of the system aluminum-electrolyte under anodic md cathodic polarization
and comparison of exptl. detd. transients with calcd. values derived horn a candidate mechanistic scheme. It was
established. that the oxidn. of aluminum in the development of a distinct surface morphol. occurs according to Al +
3C1- + A1C13- Se- (kl) and AIC13+ A13+Y Cl- (k2) tie A13+ ions being dissolved from the surface and removed
to the buk of the soln., hence forming piu. AIC13 is a solid intermediate, The morphol. developed is detd. by the
excess of Cl- ions created at the electrode surface. with respect to the bulk concn. The accumulation of Cl- ions is
governed by the ratio between the rate const. for the fomation of A1C13.set by the flux of charges forced across the
eiecmode-sotn. interface per unit surface area taking part in the active dissotn. of aluminum and the mass transport
rate of the Cl- ions. The redn. of H+ ions in the cathodic half period of the applied a.c. is mass transport controlled.
The concomitant rise in interracial pH causes A13- ions formed in the preceding anodic half period, which are not
yet removed from the eiectrode-soin. interface. to ppt. as aluminum.

Electrolyte for electrolytic refining of aluminum and its use. De Vries. Hans. (Aluminal Obeflaechentechnik
G.m.b.H., Germany), Ger.. 4 pp. CODEN: G~W. DE 19716495” C 1 980520. Patent written in German.
Application: DE 97-19716495970419. CAN 128:327935.
Abstract. An electrolyte for the high-speed deposition of aluminum on end products contg. organometallic
aluminum compd. is described. The compd. with a formula of MF.2Al(C3H7)3.nA IW. where M = K, Rb, Cs and R
corresponds to C3 alkyl group or a mixt. of C3 and C 1-C2 alkyl group was used (n = 0.1- 1). The electrodeposition
was carried out in arom. or aliph. hydrocarbons as solvents.



TiB2 composite-coated graphite electrode for aluminum three-layer electrolytic refining. Zheng, ,QinQun: Li,
Dexiang; Ma, Xiufang. Beijing General Research Institute for Nonferrous Metals. Beijing, 100088, Peep. Rep,
China. Youse Jinshu (1997), 49(2), 68-71, 76. CODEN: YSCSAE; ISSN: 1001-0211. Journal written in Chinese.
CAN 128:195011. “
Abstract. A new solid cathode was developed for ~-layer electrolytic refining of Al. The electrode consists of a
graphite substrate and a composite coating contg. TiB2, a fine graphite powder having particle diam. <0.0074 mm,
and a coarse graphite powder with a particle diarn. 0.486-0.833 mm.

ZnO-based Inert Anodes in Aluminum Electrolytes -The Influence of Dopants on the Electrical Properties of
the Anodes. Galasiu, I., R. Galasiu, N. Pops aid V. Chivu, Proceedings of the Ninth i~ernationai Svmposium on
Light Metals Production (cd.. J. Thonstad), Nowegian University of Science and Technology, August 18-21, 1997,
p. 189-194.
Abstract. No abstract available.

Initial stages of aluminum electrodeposition in the presence of CO(IO ions. Sirnanavicius, L.; Stakenas, A.;
Sarkis, A. Inst. Chem., Vilnius, 2600, Lithuania. Chemija (1997), Issue 3,60-63, CODEN: CHM~S; ISSN: 0235-
7216. Journal written in English. CAN 128:120918
Abstract A current min. along with its max. in the reverse scan of potential was detected while examg, cyclic
voltammograms in AlBr3 sobs. dissolved an arom. hydrocarbon contg. ditnethylethylpheny lamtnonium bromide.
Anal. of the current-time transients indicated that a Co(II) addtt. to the electrocute only insignificantly changed tie
character of nucleation and growth of Al electrodeposits.

Thermodynamic and structural aspects of electrochemical deposition of metals and binary compounds “in
molten salts. Danek, V.; Chrenkova, M.; Sihy, A. Institute of horganic Chemistry, Slovak Academy of Sciences,
Dubravska cesta 9, Bratislava, 84236, Slovakia. Coord. Chem. Rev. ( 1997), 167, 148. CODEN: CC~M;
ISSN: 0010-8545. Joumah General Review written in English. CAN 128:160182
Abstract. A review with 140 refs. of the influence of the ionic structure of electrolytes used in the electrodeposition
of molybdenum, titanium and aluminum on the mechanism and kinetics of metal deposition is discussed. Using
eiec~ochem. methods of study and a complex thermodn. and physico-them. anal. it was detd. that in all the
electrolytes investigated the electrodeposition process is significantly facilitated ,bythe formation of compiex anions
with lower symmetry of tie co-ordination sphere. In the case of molybdenum deposition, compiex
heteropolyanions are probably created in the melt by the addn. of B203 or Si02 to the K2Mo04-based electrolytes.
The electrodeposition of titanium from the K2TiF6-based elecmolytes is enhanced by the formation of the less stable
TiF73-, resp, TiF6C13- anions. In the electrolysis of aluminum horn cryolite-ahmtina melts the creation of
oxyfluoroalutninate anions facilitates the electrodeposition of aluminum.

Method and device for water electrolysis to producing strongly acid water and alkaline water. Deguchi,
Katsuhiko; Sugiyam% Shigeshi. (Yugen Kaisha Art Project Japan; Deguchi, Katsuhiko; Sugiyatn& Shigeshi). PCT
Int. Appl., 29 pp. CODEN: PI~2. WO 9745373 A 1 971204. Designated States: W: ~ US. Designated
States: RW: AT, BE, CH, DE, DK. ES, FI, FR, GB, GR, IE, IT, LU, MC, NL. PT, SE. Patent written in Japanese.
Application: WO 97-JP 1779970526. Priority: JP 96-129937960524 CAN 128:66264
Abstract. Three electrolytic cells are arranged in an electrolytic bath contg. 1 YO salt water as an electrolytic soln.
in each cell. a cylindrical internal electrode constituted of an aiuminum piate and a titanium plate is provided in an
electrolytic membrane container which is made of a porous ceramic composed mainly of a tryst. clay mineral and
contains water to be treated. In addn., a cylindrical external electrode is disposed facing the internal electrode on
the other side of the container. A high-frequency a.c. contg. a d.c. component is supplied between, the internal
electrode and external electrode in each cell by periodically inverting the polarity of the cument.

Production of aluminum oxide involving the deposition of aluminum hydroxide in an electrolyzer, rinsing,
drying and calcining. Lamberov, Aieksandr Adoifovich: Liakumovich. Aleksandr Grigorev;. Agadzhanyan,
Svetlana Ivanovna: Vyazkov. Vladimir Andreevich; Levin, O1eg Vladimirovich. (Tovarishchestvo S Ogranichennoj
Otvetstvennostyu Firma “kataliz”, Estonia). Russ. CODEN: RUXXE7, KU 2083722 C 1 970710. Patent written
in Russian. Application: RU 94-94037737941006. CAN 128:8249
Abstract. Title only translated.
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Production of an electrode mass for aluminum electrol.yzers. Derevyagin, Viktor N. (Ao O/t “b~~kij

A]yumkievyj Zavod”, USSR). RUSS.CODEN: RUXXE7. RU 2073749 C1 970220. Patent written in Russim.
Application: RU’94-940 15905940428. CAN 127:19686j
Abstract. Title only translated.

The oxidation of heterogeneous carbon electrodes and furnace liners. Part 11: overall reactivi~ correlations.
J~es, B. J.: Welch, B. J.; Hyland, M. M.; Hiltmartn, F. Department of Chemical and Materials Engtieefing, The
Unjversiw of AuckIand, N. Z. Light Met. (Warrendale, Pa.) ( 1997), 637-641, CODEN: LMPMDF; ISSN: 0147.
0809, Journal written in English. CAM-127:265838
Abstract. Using the method described previously (Light Metals, 1996) the oxidn. reactions of carbon caiode
materials have been characterized for onset temp. and rate of oxidn. at low (less than 550°C) temps. AnaI. of tie
product gases of oxidn. reactions has shown that the onset temp. is low (ofien below 200°C) for catiode cmbons
and the mechmism of oxidn. is controlled initially by oxygen adsorbed onto internal pore surfaces. Gas aal. in
conjunction with SEM revealed links between the sample porosity and oxidn. rate. Structural anal. was conducted
on heterogeneous cathode carbon blocks using X-ray difiction (Part I), the change in intansityof the dO02 peak
for carbon showed the selective nature of the oxidn. process, more amo~hous tictions oxidizittg preferentially.
Surface area anal. was conducted on powd. cathode carbons showing the development of surface area with extent of
oxidn

A study of Ce02 coated composite anodes for aluminum electrowinning in the Hall-Heroult cell. Zhang, Hao.
USA. Electrochem. Sot. Interface (1996), 5(3), 55-56. CODEN: ELSIE3; ISSN: 1064-8208. JO~a] fitie~ ~
English. CAN 125:226990
Abstract. The possibility of developing nonconsumable anodes in aluminum electroiyzers was studied by using Ni
aluminide composites with or without Ce02 coating. Exptl data related to the comosion and technol. properties of
anodes made of alloy Ni 81, Al 9, Cu 10“A,Ni3A1-Cu intermetallic alloy, and Ni3A1-Cu-C02 composite in molten
cryoiite-alumina electrolyte in real conditions of Al electrowinning are given. Stable voltages were sustatied with
very low corrosion rate with the Ni-Al-Cu and Ni-Al-Cu-Ce02 anodes.

Tin dioxide-based ceramics as inert anodes for aluminum smelting. A laborato~ study. Vecchio-Sadus, A.M.:
constable, D.C.; Dorin, R.; Fr=er, E.J.; Femande~ I.; Neal. G.S.; Lathabai, S.; Trigg, M.B. Division of Mkemis,
CSIRO. Port Melbourne. 3207, Australia. Light .Met. (Warrendaie, Pa.) ( 1996), 259-65. CODEN: LMpMDF;
ISSN: 0147-0809. Journal written in English. CAN 124:237814
Abstract. The behavior of tin dioxide-based ceramics as inert anodes was exarnd. in a lab.-scale alumtium
smelting cell over a range of electrolyte compns. with operating temps. between 830- 975”C. ,~odes of a nomtial
compn. Sn02 (96 WA), Sb203 (2 wPA) and CUO (2 wPA), were eiectroiyzed for 90 min at a cd. of .apprx. 1 A cm-
2. The corrosion rate was detd. from the tin and copper concns. in the recovered electrolyte, alumtium metal and
the fime. The corrosion rates were 12.5, 1.6 and 6.j mg (Ah)- 1 in electrolytes with bath ratios 1.5 (975°C), 0.89
(9030C) and 0.74 (830°C), resp. A four-fold @crease in corrosion rate was obtained at open-cticuit demonstiting
the protection provided by oxygen evolution during electrolysis. A preliminary investigation of the dependence of
corrosion rate on firing temps. and additive (Sb203 and CUO)concns. was conducted using a part-factorial design
expt, Post-electrolysis exarnn. of the anodes using SEM coupied with energy dispersive spectroscopy anal. revealed
a depletion of copper horn the anode and a build-up of an alumina-rich surface iayer under certain conditions.

.

The behavior of nickel ferrite cermet materials as inert anodes, Olsen, Espen; Thonsmd, Jomm. Dep~ent of
Eiec&ochemis~, Norwegian Institute of Technology, Trondheim, N-7034, Norway. Light Met. (Warrendale, Pa.)
(1996). 249-57. CODEN: LMPMDF: ISSN: 0147-0809. Journal written in English. CAN 124;237813
Abstract. NiFe204-bmed cermet materials of varying compns. were fabricated using alternative techniques giving
bodies with densities close to theor. The materials were used in aluminum electrolysis tests in a conventional
electrolyte for jO h with continuous bath and metal sampling. Good performance of the electrodes was dependat
on the fomation of a ‘stable oxide layer on the anode surface. Corrosion rates corresponding to tie rnge of 0.12-
0.20 cmlyr were measured. The cathodicaliy deposited aluminum was found to contain”con~in~~ originattig
horn the anode in the range of 3000 ppm. The anode dissoin. process as well as the mass transfer of the
contaminating species from the electrolyte into the metal cathode were investigated. The microstic~re of the



materials before and after testing was compared and very good characteristics were found, indicathg that the anodes “ .!

corroded in a controlled manner.
“,,,

An approach for a co&plete evaluation of resistance to thermai shock. Applying to the case of anodes and
cathodes. Dreyer, C.; Samanos, B. ALUMWIUM PECH~EY Research Center - LRF, St. Jean de Maurienne.
73300, Fr. Light Met. (Warrendale. Pa.) (1997), 585-590. CODEN: LMPMDF: ISSN: 0147-0809. Journal written
in English. CAN 127:265833
Abstract. The aim’of this paper is to describe a new method for characterizing a material in terms of resistance to
thermal shock. Such characterization takes int? account the criteria of thermal shock resistance to initiation
(K~GERY criterion) and propagation (HASSELMAN criteria). It can be applied equaIly well tti ti&~.0~ sofi , ~~ , ,,,
thermal shock. This next approach has the following main advantages:. .bul. Characteri~tion of the Aatefial in
terms of thermal shock is complete. .bul. Thermal shock tests or empirical formulas become unnecessary.
Examples of utilintion of this new approach are presented for anodes and cathodes of aluminum electrolyzers.

Physical origin of the intrinsic cathodic luminescence of an oxide-covered aluminum electrode. H&men, A.;
Laine, E.; Haapakk& K. Department of Physics, Universi& of Turku, Turku, F~-20014, Fkiand. Europhys. Lett.
(1997), 39(3), 311-316. CODEN: EULEEJ; ISSN: 0295-5075. Journal written in English. CAN 127:269736
Abstract Photoluminescence spectra of thin-fih Al oxide samples on Al show spectral linesat .apprx,330 and
420 nm that are attributed to the F+ and F centers of Al oxide, resp. me F centers are responsible for the intrinsic
cathodic luminescence of an oxide-covered Al electrode, too. The mechanism of the luminescence is based on
charge transfer reactions at the oxide/e]ec&olfie inte~ace.

Visual observation of bubbles at horizontal electrodes and resistance measurements on vertical electrodes,
Qian, K.; Chen, J. J. J.; Matheou, N. Dep. of Chem. & Materials Eng., Univ. of Auckland, N. Z. J. Appl.
Electrochem. (1997), 27(4), 434+0. CODEN: JAELBJ; ISSN: 0021-891X. Journal written in English. ”CAN
127:72096
Abstract. In the Hall-Heroult process used in Al redn. cells, the electrodes are set in horizontal orientation and gas
bubbles are generated on the underside of the anode which is immersed in the electrolyte. A comparison was made
of the bubbles formed on a horizontal bottom-facing electrode in a phys. analog model with those formed
electrolytically. Bubbles formed in a phys. analog model by forcing air through a porous plate are larger, with
wetted clear areas between bubbles. By contrast, electrolytically generated gas bubbles are smaller and the
electrode surface is covered with a foamy layer of tiny bubbles. To measure the bubble resistance on horizontal
electrodes, a method was developed for vertical electrodes so that the measurements may be validated by
comparison with published data. Voltage fluctuations were measured and analyzed by using a fast Fourier
transform (FFT), The magnitude of the bubble impedance was obtained at a superimposed a.c. frequency ~. The
phue angle caused by the effects of the double layer capacitance and the faradaic impedance on bubble resistance
was detd. The effects of the faradaic impedance and the double layer capacitance were negligibly small under exptl.
conditions.

The initial stag& of aluminum and zinc electrodeposition from an aluminum electrolyte containing
quaternary araikylammonium compound. Simanav]cius. Leonas; Stakenas. Algimantas: Sarkis. Albenas. Inst.
Chem., Vilnius. LT 2600, Lithuania. Electrochim. Acts ( 1997), 42(10), 1581-1586. CODEN: ELCAAV; ISSN:
00134686. Journal written in English. CAN 126:348789
Abstract. The eiectrodeposition of aluminum and zinc from AlBr3-dimethylethy lphenylmmonium bromide soins.
in arom. hydrocarbon was studied by the chronoamperometic technique. The diffusion coeffs. of the reducible
species detd. by different methods we in satisfactory ~greement with each other. Anal. of chronoampero~s
indicate that the deposition process of aluminum and zinc alike involves progressive nucleation with diffision
controlled growth of the nuclei. The two maxima in the current-time transients are disclosed as apparently due to
sep. nucleation of aluminum and zinc.

.

Properties of a colloidal alumina-bonded TiB2 coating on cathode carbon materials. Oye, H. A.; De Nora. V.:
Duruz. J. - J.; Johnston. G. Institute of Inorganic Chemistry, me Norwegian Universi~ of Science and Technology,
Trondheim. 7034. Norway. Light Met. (Warrendale. Pa.) (1997), 279-286. CODEN: LMPMDF; ISSN: 0147-0809.
Journal written in English. CAN 127:26j807
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Abstract. Lab. studies of colloidal alumina-bonded TiBZhave been earned out. The following properties have
been demonstrated: The thermal expansion ww somewhat higher than for carbon materials. the elec. cond. was of

“OV.. me coating protected by infiltrated aluminumthe same order as graphite, while porosiry of the coating was= ~
exhibited a high. resistance to sodium amck. ne material had a strong adherence to carbon materials even after
thermal cycling. Other properties include high abrasion resistance of the coating and wettabiiity by Iiq. aiuminum.
The coating is an effective barrier to sodium penetration. The barrier action is due to the ability to form a stable liq.
aluminum layer in the pores of the coating. Then aluminum, electrolyte and the sodium stabilizing carbon are no
longer in close contact and sodium penetration 1slimited by SIOWdiffision through the alumtium layer.

Inert anodes for the primary aluminti industw. An update. Pawlek, Rudolf P. Tahnical Info Services md
Consulting, Sierre, CH -3960, Swi~. Light Met. (W~endale, pa.) (1996), 243-8. CODEN: LMPMDF; ISSN:
0147-0809. Journal; General Review written in English. CAN 124:237765
Abstract. A review with 24 refs. Recently developed non-consumable anodes for the prirn~ aluminum industry
are discussed. Development efforts have coned. on metal, cerrnet, ceramic and cerium-oxide coated anodes.
Unfortunately problems such as oxidn. and corrosion, metal contamination of aluminum produce~ anode life, elec.
cond., and cost still remain to be soIved.

Aluminum and manganese electrodeposition from toiuene solutions containing quaternary ammonium
compounds. Stiis, A.; Stakenas, A.; Matulionis, E. kt. Khim., Vihtius, 2600, Litiuania. Chem~a (1996), Issue
4,4347. CODEN: CHMJES; ISSN: 0235-7216. Journal *tten in Russian. CAN 126:319821
AbstracL It was found that from AUBr6.TMPAI or AUBr6”.DMEPAC sohts. in toluene, contg. manganous
stearate and TEA. the deposits of aluminum with manganese up to 4 wt. ‘Acan be obtained. me cathodic p- of
cyclic voltarnmetric curves and anal. of coatings demonstrate that the deposition of aluminum and manganese occur
simultaneously h the same potential region. Afier addn. of manganous stearate to aluminum electrolyte, a potential
overlap on reverse scan curves show that the rate of aluminum-manganese eiectrodeposition is controlled by
nucleation process.

Towards energy saving in aluminum electrolysis. Sen, Utpal. Cen~l Electrochem. Res. Inst., Kami8kudi, 630
006. India. Bull. Electrochem. (1996), 12(9), 537-539. CODEN: BUELE6; ISSN: 0256-1654. Journal written in
English CAN 126:2 1~57

Abstract. In the major aluminum producers in the world. the energy requirements for aIumimun electrolytes are in
the range of 14 to 1j k~g of Al which is more than Wice of the theor. energy requirement for the redn. process.
[t is also a fact that the operational temp.. of Al-electrolysis is about 1233 K which is 573 K above the m.p. of Al-
metal, A theor. calcn. of heat balance suggests that a redn. of about 373 K in the operational temp. of A]-
electrolysis is the limitation of interelectrode spacing and frequent anode changing. A suitable inert anode would
reduce energy losses besides saving high quality carbon uses as anode. The R & D activities undertaken by the
CECW to study such problems are discussed.

Application of nonequilibrium thermodynamics to the’eiectrode surfaces of aluminum electrolysis cells.
Hansen, Ellen Marie: Kjelstrup, Signe. Dep. Phys. Chem.. Norwegian Univ. Sci. Technol., Trortdheim. N-7034,
Norway, J. Electrochem. Sot. (1996), 143(1 I), 3440-3447. CODEN: ~SOAN; ISSN: 00134651. Journal written
in English. CAN lj6: 149705
Abstract. A new method for modeling electrode surfaces. applied to aluminum electrolysis. is presented. The
method uses nonequil, therrnodn. for surfaces and describes the fluxes. the overpotential, and the dissipated energy
at the surfaces in a new way. Examples are given for the interface anode- and cathode-bath to show how the model
may be used to predict surface properties based on obsd. phenomena and tie total energy dissipated in the cell. The
method predicts apparent discontinuities at the surfaces in elec. properties, as well as in temp. and in them.
potentials. The overpotential is viewed as a discontinuity in elec. potential. Local surface heating or cooling effects
can be simulated. and the results can be used to est. surface propenies. The calcns. show that excess surface temps.
of magnitude 0.1 K can occur under certain surface conditions. If the excess surface temp. is of magnitude 1 to 10
K. unrealistically high dissipated energy at the surfaces results. At the anode surface. elec. conductivities 210-7
times their resp. bulk values lead to the measured value for anodic overpotential. Even smaller conductivities lead
to larger overpotentials. and a typical,anode effect value results if the elec. conductivities are smaller than 10-8
times their resp. bulk values.



Electrodeposition of aluminum from nonaqueous organic eiectrolvtic systems and room temperature molten
salts. Zhao, Yuguang; VanderNoot. T. J. Chem. Dep., Queen Mq and Westfield CoIl., London, E 1 4NS, UK.
Electrochim. Acts (1996), 42(1), 3-13. CODEN: ELCAAV; ISSN: 0013-4686. Journal; General Review written in
English. CAN ]26:66577
Abstract. Aluminum electrodeposition from nonaq. solvents and room temp. molten salts is reviewed with 140
refs. The feature of various arom. hydrocarbons, ethers and di-Me sulfone as Al-plating baths were assessed.
ElecNochem. processes and plating conditions of aluminum room temp. haloaluminare molten salts are described.
The haloaiuminate melts including akylpyridinium, alkylimidazoiium and alkylammonium are emphasized. Ionic
equil. and electrode processes in these electrolfiic systems are discussed. ,

The Pt and Al electrode potentials in aluminum electrolyte containing dimethylethylpheny iammonium
bromide. Simanavicius, L.; Stakenas, A.; Ragaleviciene. V. Inst. Chemistry, Vilnius, 2600, Lithuania. Chemija
(1996), Issue 3,64-67. CODEN: CHMJES; ISSN: 0235-7216. Journal written in English. CAN 125:126004
Abstract. The dependence of% electrode potential on the carbonium ion concn. in AlBr3 and
dimethylethyipheny lammonium bromide solns. in mom. hydrocarbons was studied and the potential-detg. reaction
is proposed. The influence of both elecmolyte compn. and the character of surface oxide film on the ,Al electrode
potential was demonstrated.

Recent developments of inert anodes for the primary aluminum industry. Part II. Pawlek, Rudolf P, Tech.
Info.. Serv. Consult., Sierre, Switz. Aluminium (Isemhagen, Ger.) (1995), 71(3), 340-2. CODEN: ALUMAB;
ISSN: 0002-6689. Journal; General Review written in EngIish. CAN 123:68413
Abstract. A review with 28 refs.

Sn02-based Inert Anodes for Aluminum Electrolysis, 11.Properties Variation with Sinteri~tion Temperature,
Galasiu, R., 1. Galasiu and E. Andonescu, Proc. Of VI~hAluminum Symposium, Donovaly, Slovaki& (1995), p.
61-6j.
Abstract. No Abstract available,

Sn02-based Inert Anodes for Aluminum Electrolysis, 1. Method for Increasing of Thermal Shock Resistance.
Gaiasiu, R., 1. Galasiu .md 1.Comanescu, Proc. Of the VI~i’Aluminum Symposium, Slovak -Norwegiti Conference,
Donovaly, Slovakia, ( 1995), p. 55-60.
Abstract. No Abstract available.

Recent developments of inert anodes for the primary aluminum industry. Part 1. Pawlek, Rudolf P. Tech.
Info Services Consulting, Sierre, Switz. Aluminium (Isemhagen, Ger.) (1995), 71(2), 202-6. CODEN: ALUMAB;
ISSN: 0002-6689. Journal; General Review written in English. CAN 123:20273
AbstracL A review with 53 refs. including an update of the ref. list of the review by P.

Investigation of the aluminum electrodeposition process in cryoiite-based me]ts using a rotating ring-disk
electrode: evidence for the existence of a subvaient intermediate species. Stojanovic, R. S.; Dorin. R.; Frazer. E.
J. CSIRO Division Minerals. Institute Minerals Energy Construction, Port Melbourne, 3207, Australia. J. Appl.
Electrochem. ( 1996), 26(3), 249-54. CODEN: JAELBJ; ISSN: 0021-891X. Journal written in English. CAN
124:272086
AbstracL The rotating ring-disk electrode technique was used to study the reaction mechanism of the aluminum
eIectrodeposition process in cryolite-based electroI-ytes. Lab. studies using high temp. gold-molybdenum and
platinum-molybdenum rotating ring-disk electrodes provided evidence for the existence of a subvalent intermediate
species (AI(I)). [n a cryolite-alumina electrol~e (bath ratio: 1.5), two well sepal. convective-diffusion controlled
oxidn. processes were obsd. at both a gold and a platinum ring during aluminum electrodeposition at the disk. From
the data presented. a reaction scheme invo[ving redn. of Al(III) to Al(0) via Al(l), followed by them. dissoln. of
AI(O) into the bulk electrolyte is proposed. ,The loss of current efficiency in aluminum smelting was primarily
attributed to the them. dissoln. of Al(0), rather than to the formation of a subvalent intermediate species.



An electrical model for the catholically charged aluminum electrode. Wang, Mei-Hui; Hebem Kurt R.
Department Chemical Engineering, Iowa State Universiw, Ames, 1A, 50011, USA. Proc. - Electrochem. SOC.
(1996), 95- 15(Critical Factors in Localized Corrosion II), 355-67. CODEN: PESODO; ISSN: 0161-6574. Journal
written in English. CAN 124:273053
Abstract. A math. model was formulated for the surface fihn on Al which considered the film to consist of an inner
barrier high-field conducting layer and an outer, porous. ohmically-conducting layer. It included all relevant
capacitive and faradaic processes. The model was used to study structural changes produced by cathodic
polari~tion in acid solns., which was found,to strongly promote anodic pitting in a.c. etching processes. ne film’s
structural parameters were fit to exptl. current transients following anodic potential steps after catiodic chargtig.
The model was found to represent exptl. current decays realistically over several orders of ma.grtitude vtiation of
cd. (103 A/cm2) and time (105 s). To a 1st approxn., cathodic activation could be described interms of a decrease
of the inner layer thickness (V) from .apprx.30 to 15-20 .ANG. and an increase of the porosity (p) to 0.023; these
changes were interpreted as being due to the formation of micropores in the outer portion of the initial fibn, possibly
by electrochem. dissok. of the oxide.

Coating composition for carbon electrodes: Ray, Sibs P. (Aluminum Company of Americ% USA). U.S., 5 pp.
CODEN: US~AM. US 5492604 A 960220. Patent Mtten in English. Application: US 94-364918941228.
CAN 124:214530
AbstracL A method for producing a metal in an electrolysis cell comprising an anode, a carbon cathode, and a
chamber contg. a metal oxide dissolved in a molten salt bath, said method comprising coating an outer stice
portion of the cathode with a coating compn. consisting of a refictory metal, a paint comprising an org. pol~eric
binder, and aluminum powder, and optionally m org. solvent and an oil; and optionally a boron sowce; curing tie
coating compn. by heating it to an elevated temp., producing an aluminum-wettable coating on the cathode outer
surface ponion; and electrolyzing the metal oxide to a metal bypassing an elec. current in the molten salt bath
between the anode and the coated cathode.

A non-consumable metal anode for production of aluminum with low-temperature fluoride melk. Beck,
neodore R. Electrochemical Technology Corp., Seattle, WA, 98109, USA. Light Met. (Warrendale, Pa.) (1995),
35j-60. CODEN: LMPMDF; ISSN: 0147-0809. Journal written in English. CAN 123:61865
Abstract. A dimensionally-stable alloy anode is being deveioped to operate in the eutectic NaF-AlF3 bati at about ‘
7j0°C as described in Light Metals 1994. A small range of compn. of Cu-Ni-Fe alioy appews to have satisfactory
low anodic oxidn. rate and high oxide cond. The anodic oxidn. rate is similar to air oxidn. rate at tie same temp.
Air oxidn. studies carried out to 6 mo appear to have satisfactory low rates. Operation with multiple, vertical.
monopolar. metal anodes and TiB2 plate cathodes at 0.5 A/cm2 each side promises a 20-fold decrease in cell vol.
compared to conventional H-H cells. and a specific energy consumption of 11 k~g.

Apparatus for electric-resistance preheating of unfired dry materials. Fiesche, W. (Maschinenfabfi Gustav
Eirich. Germany). Faming Zhuanli Shenqing Qongkai Shuomingshu. 9 pp. CODEN: CN~EV. CN 1112233 A
951122. Patent written in Chinese. Application: CN 94-10562940510. Priority: CH 93-1431930510 CAN
1~4:~64~0]
Abstract. The title app. comprises a vertical cylindrical casing (with lid), a core arranged on the center axis of the
casing to form an annular path between them, an inlet at the top of the casing for downward supplying of an unfired
d~ material. an upper- and a lower electrode arranged in the casing for elec.-resistance heating the downward
flowing @ material. and a rotaw discharging device and an outlet at the bottom of the casing for discharging the

. preheated d~ material. The app. is suitable for preheating of unfired C-contg. dry materials in manuf. of electrodes
for prodn. of Al by electrolysis of molten electrolytes.

.
Evaluation of low-temperature c~olite-based electrolytes for aluminum smelting. Vecchio, A. M.; Dorin, R.;
Frazer. E. J. CSIRO Institute Minerals, Energy Construction, Port Melbourne, 3207, Australia. J. Appi.
Electrochem. (1995). 25( 12). 1098-104. CODEN: JAELBJ; ISSN: 0021-891X. Journal written in English. CAN
1~4:158717
Abstract. Aluminum was smelted in a Iab.-sca’le cell at temps. down to 850° from cryoiite-based elecmolytes with
bath ratios in the range 0.7j- 1.50. Electrolysis were conducted for I-2 h using a cd. of 1 A cm-2 on j cm2



electrodes with an anode-cathode distance of 2 cm. Current efficiencies of up to 95.% were recorded. In low bath
ratio electrolytes, operation at alumina concns. of s370 sometimes resulted in the aluminum deposit breaking into
globules which clustered ,wound the cathode. Under const. current conditions, the crit. aiumina concn. for the onset
of anode effect is .appfi.2°/0. The bubble evolution characteristics (i.e., size and frequency) which affect mass
transferand cell voltage were also evaluated. Overall. Iow-temp. cryolite-based electrolytes may offer a viable
alternative to conventional compns. for aluminum smelting.

Aluminum production cell and assembly. De Nora, Vittorio. (Moltech Invent S.A., Luxembourg~. U.S.. 10 pp.
CODEN: USX~M. US 5472578 A 951205J Patent written in English. Application: US 94-307526940916.
CAN 12&69855
Abstract. A cell for the prodn. of aluminum by the electrolysis of a molten electrolyte, in particular the electrolysis
of alumina dissolved in a molten halide electrolyte such as cwolite, comprises anodes immersed in the moiten
electrolyte above a ceil bottom whereon molten product aiuminum is coilected in a pool contg. bodies of aluminum-
resistant material. Under tie anodes is at least one grid of side-by-side upright or inclined walls of aluminum-
resistant material whose bottom ends stand on a cerarnic-coated~arbon ceil bottom covered by the pool of molten
aluminum. The bottom ends of the grid walls form a base which is large compared to the height of the walls, each
grid standing on the cell bottom and being removable from the cell. These ~~idsreduce movements in the
aluminum pool and their top parts may act as a drained cathode.

Characteristics of aluminum deposition and dissolution loss in low-melting-point electrolyte melts. Tie, Jw,
Qui, Zhuxian. North China University of Technology, Beijing, 100041, Peep. Rep. China. Youse Jinshu (1995),
47(3), 704. CODEN: YSCSAE; ISSN: 1001-0211. Journal written in Chinese. CAN 124:69802
Abstract. The aluminum deposition and dissoln. loss in low m.p. electrolyte meIts were studied. The oxidn. ‘of
deposited aluminum involves reaction producing limited amt. of lower-valence alumkum ions. The dissoh. rate of
aluminum is controlled by stationary mass uanspofi through fihns at meta~melr interface fid it is in the order of
14.2 mg. cm-2. h-1.

Effects of additives on the electrolytic consumption of carbon anodes in aluminum electrolysis. Kuang, Z.;
Thonstad, J.”;Soerlie, M. Dep. Elec&ochem., Norwegian Inst. Technol., Trondheirn, N-7034, Norway, Carbon
(1995), 33( 10), 1479-84. CODEN: CRBNAH; ISSN: 0008-6223. Joumai written in English. CAN 123:353034
Abstract. The effect of impurities on the anode carbon consumption in aluminum electrolysis was studied in a
closed lab. cell. which allowed the detn. of the total carbon consumption (CC), the carbon gasification (CG) and the
formation of carbon dust (CD). Addn. of V203 made CC, CG and CD al[ increase while LiCl addn. caused CC and
CG to increase, and CD to remain const. Addn. of 0.5V0AlF3 lowered CC, but higher contents had a neg. effect.
Increasing sulfir content in the petroleum coke caused a marked decrease in CG, which was partly counteracted by
rising CD. Literature data on the effect of additives are discussed together with the results.

Sodium fluoride sinter method for determining molecular ratio of aluminum electrolyte. Qiu, Zhwian; M%
Zhicheng; Zhang, Jinsheng, (Lanzhou Ahuninium Factory, Peep. Rep. China). Faming Zhuanli Shenqing Gongkai
Shuomingshu, 9 pp. CODEN: CNXXEV. CN 1100807 A 950329. Patent written in Chinese. Application: CN
93-11581930923. CAN 123:245661
Abstract. Sodium fluoride (0.25-0.5 g) is added to aluminum electrolyte (0.5- 1.5 g) and followed by sintering at
550-700”C. Afier the sample is cooled down, fluoride std. soln. is added to the sintered sample. After the sample is
completely dissolved and the ionic strength is adjusted, fluoride was dotd. by fluoride-ion selective electrode.
Aluminum can be calcd.

Cathodic process and cyclic redox reactions in aluminum electrolysis cells. Sterten, A.; SolIi, P. A. Univ.
Trondheim, Norwegian Inst. Technol. ~TH), Trondheim. N-7034. Norway, J. Appl. Electrochem. ( 1995), 25(9),
809-16. CODEN: JAELBJ: ISSN: 002 1-891X. Journal written in English. CAN 122:240226
Abstract. The cathode processes in aluminum electrolysis cells are discussed, with detailed descriptions of the
them. reactions and transport processes leading to loss of current efficiency with respect to aluminum. The cathode
current consuming reactions can be described by (i) the”aluminum formation reaction. and (ii) redn. reactions
forming so-called dissolved metal species (reduced entities). The rate detg. steps for the aluminum forming process
are mass transport of AIF3 to the metal surface. and mass transport of NaF away from the metal surface. In corn.
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cells there is continuous feed of impurity species to the electrolve, depressing the concn. of dissolved metal species
to very low equil. values in the bulk phase of the electrolyte. However, the equil. values of reduced entities in the
electrolyte at the metal surface are much higher thm in the bulk phase. This means that polyvaient impurity species
are invoived in cyclic redox reactions in the eiectrode and gas boundary layers. The most impomt rate-detg. steps
related to these cyclic processes are (i) mass transpofl of reduced entities from the metal surface to a reaction plane
within the cathode boundary layer, and (ii) m~s ~~SPO~ of impuriv species from the elec~o~ne bulk ph~e to tie
reaction piane in the cathode boundary layer. nis mems that there is negligible transport of dissoived metal
species through the bulk of the electrolyte phase during normal operation of corn. cells.

Investigation of aluminum eiectrolysi~ in ve~icai type electrolysis cell using carbon-rnwsite cathode
containing titanium boride 11.Evaluation by gas analysis. Sekke, Isao; Tsuk*oshi, Hideki; Koimrni, Furnito;
Yuasa, Makoto; Hayashi, TaEuo; Fuj~oto, K@uo. Fat. Sci. Technol., Sci. Univ. Tokyo; Chib% 278, Japan.
Denki Kagaku oyobi KOgYOBUGUriKag*u ( 1995), 63(7), 660-3. CODEN: DKOKAZ; ISSN: 0366-9297. Journal
written in Japanese, ,CAN 123:125579
Abstract. To investigate the detailed evaluation for aluminum electrowinning in vertical type electrolysis cell using
carbon-composite material titanim boride (TiB2) aS a catiode, the current efficiency was deted. by in situ gas anal.
The current efficiency detd. by the gas anal. WaSlager thm those dettL by metal wt. anal. me c~nt efficiency
was influenced by the distance between anode and cafiode, cd., etc. The Al electrolysis could be ctied out at the
nmow dismce of 1.S cm. The cument efficiency increased with increasing cd. Based on the results obtained it
can be expected to decrease a power consumption in Al electrowirming and increase output of Al.’

Insoluble electrode and its manufacture. KUriSU,Yasushi; Amano, Masahiko. (Shinnippon Seitetsu Kk, Japan).
Jpn. Kokai TokkYo Koho, 6 Pp. ,CODEN: -AF. P 0709069~ A2 950404 Heisei. patent tifien ti Jap~ese.
Application: JP 93-278936930914. CAN 122:324869
Abstract. in the electrode comprising an elec. conductive mother material for the electrode and an outermost elec.
conductive layer made mainly of Ir02, there is a metal layer for bonding on the mother material, a layer-structure
porous nonconductive film parallel to the mother material and is beween the outermost layer and the metal layer for
bonding, and an intermediate layer comprising mainly 1~2 to fill ~ Me voids ~ tie Porous nonconductive fib.
The corrosion resistance of the electrode is excellent even if electrolysis is carried out at a high cd., thus it can be
used not only in elecmoplating but also in electrorefining, etc.

Simulation experiments on multi-compartment electrolytic cell. Qiu. Zhuxian; Zhong, Zhonglin. Notieastem
Univ.. Shenyang. 1I0006, Peep. Rep. China. Youse Jinshu (1994), 46(3), 70-4. CODEN: YSCSAE: ISSN: 0513-
3424. Journal written in Chinese. CAN 122:91455
Abstract. This work is aimed at a theor. in~oduction to the prepns. of multi-compartment ceil in the aluminum
electrolysis. In the expts. a 6-compartment cell was built, in which copper electrodes and cupric sulfate sobs. were
used. Under the various conditions of temps. and current densities, the anodic and cathodic current efficiency as
well as the total cell current efficiency were measured. The current efficiency depression due to the existence of
current by-path amounted up to about 50°/0. It..seemsthat ‘adecrease of by-path current can effectively increase the
prodn. of the muiticomparrrnent electrolytic cell. -

Calculation of bypass currents in molten salt bipolar cells. Rousar, 1.;Thonstad. J. Department
ElectrochemisW; Norwegian Institute Technology, Trondheim, N-7034, Norway. J. Appl. Electrochem. (1994).
24( I I). I 124.32. CODEN: JAELBJ: ISSN: 002 1-891X. Journal written in English. CAN 122:18746
Abstract. A theor. model is given for calcn. of parasitic currents (bypass currents) for a stack of bipolar cells used
inmolten salt electrolysis. A simplified bypass current calcn. was confirmed by the numerical soln. of the Laplace
equation for Galvani potentials in the interelecmode space and in the free space of the cell stack for the aluminum
cel I of the Alcoa Smelting Process (A1C13electrolysis) with 11 bipolar electrodes. Due to the bypass currents the
current efficiency of the eiectrochem. process was lowered to 82°Z0-94Y0.depending on the height of the stack, i.e.
the thickness of the bipolar electrodes. These values were in a good agreement with values obtained from the
simplified approach. The numerical soln. of the Lapiace equation aliowed a detailed description of the influence of
the bypass current flow on the current distribution at the edges of the bipolar electrodes.



Energy efficiency considerations on monopolar vs. bipolar fused salt electrolysis cells. Beck, T. R.: Rousar, 1.:
Thonstad. J. Electrochemical Technology Corp., Seattle, WA, 98109. USA. Metall. Mater. Trans. B (1994),
25b(5), 66 ]-8. CODEN: MTBSEO; ISSN: 1073-5615. Journal written in English. CAN 121:288538

Abstract. The problem of the voltage efficiency for a set of rnonopolar cells (due to the voltage losses in bus
connections be~een cells) and the current efficiency for a stack of bipolar electrodes (due to the bypass cument) is
analyzed. Both values are of the same order for the cases calcd. These values were calcd. for optimum bus cross
section for monopolar ceils, and the loss in current efficiency due to bypass cunent was calcd. for the case of
bipolar electrodes for a given cell stack and free-space geome~ designed for the prodn. of aluminum from a molten
NaC1-LiCI-AlC13 electrolyte.

.

Graphite electrodes for electrolytic processing. Takagi, Takashi. (Ibiden Co Ltd. Japan). Jpn. Kokai Tokkyo
Koho, 3 pp. CODEN: J~F. ~ 06155167 A2 940603 Heisei. Patent written in Japanese. Application: JP
9~.3133149211~4. CAN 121:120275

Abstract. The electrode is a graphite substrate impregnated with an oxide ceramic. me electrolytic processing rate
is increased.

Electrodeposition of aluminum in molten AlC13-n-butylpy ridinium chloride electrolyte. Yang, Chao-Cheng.
Department of Humanities and Science, Chemis~ Division, National Yunlin Institute of Technology, Touliu
Yunlin, Taiwan. Mater. Chem. Phys. (1994), 37(4), 355-61. CODEN: MCHPDR; ISSN: 0254-0584, Journal
written in English. CAN 120:333682
AbstracL Electrodeposition of aluminum was cmied out by DC const. current and pulse current methods in the
molten salt system A1C13-BPCat 30°. The aluminum was unable to deposit from a basic A1C13-BPCmelt, whereas
it could deposit from an acidic melt.. The influence of electrodeposition conditions and the morphol. of the layers
were investigated by x-ray diffraction ad SEM, resp. me properties of electrodeposited layers varied with the
electrolysis time, the current form, the electrolyte compn. and the cd. The cd. increased and smaller particle size
and better adhesiveness of the elecmodeposited layer were realized by pulse current compared to d.c.

Volta mmetric study of the electrodeposition of cobalt and aluminum from toluene solutions. Simanavitschius,
L. Z.; Matulionis, E. L. Inst. Khim., Vihtius, Lithuania. Elektrokhimiya ( 1994), 30[2), 235-8. CODEN: EL~;
ISSN: 0424-8570. Journal written in Russiti. CAN 120:309772
Abstract. Electrodeposition of aluminum and aluminum-cobalt and cobalt from org. solvents contg. org. acids was
studied by vohammetry. A difference in deposition potentials of aluminum and cobalt are significantly lower in
toluene than in aq. solns. The elecuodeposition of cobalt started at about 0.6V more pos. potentials than aluminum

tand the process of cobalt eiectrodeposition was a quasi-reversible process. -‘.

Energy efficiency considerations on monopolar vs. bipolar fused salt electrolysis cells. Beck, T. R.; Rousar, 1.;
~onstad, J. Electrochemical Technology Corp.. Seattle.’WA, 98109, USA. Metall, Mater. Trans. B ( 1994),
25b(5), 661-8. CODEN: M~SEO; ISSN: 1073-5615. Journal written in English. CAN 121:288538

—.

Abstract. The problem of the voltage efficiency for a set of monopolar cells (due to the voltage losses in bus
connections between cells) and the current efficiency for a stack of bipolar electrodes (due to the bypass current) is
analyzed. Both values are of the same order for the cases calcd. These values were calcd. for optimum bus cross -,

section for monopolar cells, and the loss in current efficiency due to bypass current was calcd, for the case of
bipolar electrodes for a given cell stack and free-space geome~ designed for the prodn. of aluminum from a molten
NaC1-LiC1-AlC13electrolyte.

.

Effect of temperature and A1C13concentration on mass transfer rate during electrolysis of chloride melt with
liquid aIuminum electrode. Blinov. V. A.: Mikhaiev. Yu. G.: Polyakov, P. V. Russia. Raspiavy ( 1993), Issue 6,
37-41. CODEN: RASPEM: ISSN: 0235-0106. Journal wrinen in Russian. CAN 121:120185
Abstract. An effect of temp. and the aluminum chloride concn, on the mass transfer rate was studied during the
eiectrochem. poiarimtion of a liq. aluminum electrode in chloride melts. Expts. were carried out in potentiostatic
conditions. The current m&ima were explained by a presence’of dissipative structures at the interface due to the
!Marangoni effect.
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ZnO-based Inert Anodes for Aluminum Electrolysis. Galasiu, 1.and R. Galasiu, Proc of V]ZIfhAluminum
Svmposium, Donovaly, Slovakia, ( 1993) p. j7-68 and 69-75.
Abstract. No tibstract available.

Materials characterhation of cermet anodes tested in a pilot cell. Windisch, C. F., Jr.: Strachan, D. M.:
Henager, C. H.. Jr.; Alcom, T. R.; Tabereaux, A. T.; Richards, N. E. Pac. Notihwest Lab., Mchlmd, WA, 9935z,
USA. Light Met. (Wamendale, Pa.) (1993), 445-j4. CODEN: LMPMDF; ISSN: 0147-0809. Journal written in
English. CAN 118:238108
Abstract. Certnet anodes were evaluat~d as nonconsumable substitutes for carbon anodes using a piiot-scaie m“dn.
cell at the Reynolds Manufg. Technol. Lab. Afier pilot cell testing, the anodes were subjected to extensive materials
characteri=tion and phys. properties measurement at tie Pacific Northwest Lab. Significant changes in the
compn. of the cermet anodes were obsd. including the growth of a reaction layer and penetration of elecuol~e deep
into the cermet matrix. Fracture strength and toughness were measured as a function of temp. and the ductile-brittle
transition was reduced by 500° following pilot cell testing. These results imply difficulties with both the anode
material and the control of operating conditions in the pilot cell, and suggest that addnl. development work be
performed before the cemet anodes are used in corn. redn. cells. The results also highlight specific fabrication and
operational considerations that should be addressed in future testing.

Systematic alumina measurement errors and their significance in the Iiquidus enigma. Tarcy, G. P.; Ro~eti,
Sveme; Thonstad, Jomar. Alcoa Tech. Cent., USA. Light Met. (Warrendale, Pa.) (1993), 227-32. CODEN:
LMPMDF; ISSN: 0147-0809. Journal written in English. CAN 118:258491
Abstract. Modem Hall-Heroult.Cells often appear to operate for extended periods of time well beiow the calcd.

.*

iiquidus temp. This paradox has been defined as the Iiquidus enigma. Last year five possible explanations for this
enigma were proposed; this paper shows that a systematic ahunina measurement error is the most likely explanation
for the enigma. This systematic measurement error is larger at low alumina concns. than high alumina concns. and
is caused primarily by the sampling procedure used. The measurement emor can best be eliminated by switching to
a new anal. procedure; however, less radical approaches involving the sampling procedure or post sample treatment
will also eliminate the systematic errors,

Cell testing of metal anodes for aluminum electrolysis. Hryn, John N.; Sadoway, Donald R. Dep. Mater. Sci.
Eng., Massachusens Inst, Technol.. Cambridge. MA. 02139-4307, USA. Light Met. (Warrenda]e, Pa.) (I 993), 475-
83. CODEN: LMPMDF: ISSN: 0147-0809. Journal written in English. CAN 119:31928
Abstract. The tech. viability of a nonconsumable metal anodes was investigated. Chosen according to selection
criteria previously disclosed. the metal anode is desi=~ed to form a protective oxide layer that under cell operattig
conditions is thick enough to prevent them. attack of the underlying metal yet thin enough to allow electronic
current to pass without a substantial increase in cell voltage. Testing involved electrolysis in a 10 A cell fitted with
candidate anodes and TiB2 cathodes. Anode specimens were made of various CU-A1,Ni-Al, Cr-Al, and Fe-Cr-Al
alloys. During cell testing, the anodic cd. wwset at 0.25-2.4 Mcm2. The bath ratio was set at 1.15 and 0.56.
When the bath ratio was 1.15, electrolysis was always conducted at 970°, whereas at a bath ratio of 0.56, expts.
were performed at 750 and 840°. The alumina concn. was varied from satn. to exhaustion. The best results were
obtained at a low temp. in melts with a bath ratio of 0.56. Cells generated O and produced Al contg. <0.10/0Cu and
Cr. The longest test lasted 47 h. Voltages compared favorably with that measured on a cell fitted with a C anode.

Pilot cell demonstration of cerium oxide coated anodes. Gregg, J. S.; Frederick. M. S.; Vaccaro, A. J.; Alcom, T,
R.; Tabereaux, A. T.: Richards. N. E. ELTECH Res. Corp., Fairport Harbor, OH, 44077, USA. Light Met.
(Warrendale. Pa.) ( 1993), 46j-73. CODEN: LMPMDF; ISSN: 0147-0809. Journal written in English. CAN
118:217002
Abstract. Cu certnet anodes were tested for213 to614 h with an in-situ deposited Ce oxyfluoride (CEROX)
coating in an Al electrolytic cell. At high bath ratio (.apprx. 1.j) and low cd. (0.5 A/cm2), a dense coating with a
thickness of 21 mm was deposited on the anodes. At lower bath ratios and higher cd.. the CEROX coating was
thimer and less dense: but no change in corrosion rate was noted over initial conditions. Regions of low cd. on the
anodes and sides adjacent to the C anode sometimes, had thin or absent CEROX coatings. Problems with cracking



and oxidn. of the cermet substrates led to higher corrosion rates in a pilot cell than would be anticipated from lab
scaie results.

*

Testing of cerium oxide coated cermet anodes in a Iaboratov cell. Gregg, J. S.; Frederick. M. S.: King, H. L.:
Vaccaro. A. J. ELTECH Res. Corp., Fairport Harbor. OH. 44077, USA. Light Met. (Warrendale, Pa.) (1993), 4jj-
64. CODEN: LMPMDF: ISSN: 0147-0809. Journal written in English. CAN 118:217001
Abstract. C~iFe204~i0 cermets were evaluated with and without an in-situ deposited cerium oxyfluoride
(CEROX) coatirtg”in 100 h lab. Al electrowinning tests. Bath ratio and cd. were varied. between tests and corrosion
was judged by the contamination of the aluminum and cryolite by cermet components (Cu. Fe, and Ni). Higher
bath ratios of [.j and 1.6 [ed to less corrosion ;nd thicker CEROX coatings. Lower current densities ied to siightiy
less corrosion but much less oxidn. of the Cu cerrrtet substrate. Corrosion of the CEROX coated cerrnets was l/7th
that of an uncoated cerrnet. Corrosion of CEROX coated cerrnets in unsatd. alumina conditions was higher than in
satd. tests. fie elec. cond. of the CEROX coating was .apprx.O.2 Q-1cm-1, resulting in a slight voltige penalty,
depending on the thickness ,ofthe coating.

Behavior and development of NiO-NiFe204 based cermets for aluminum reduction. Yang, Jianhong; Wang,
Hu*ang; Liu, Yexiang; Xie, Xinjun. Dep. Nonferrous MetalI., Central-South Inst. Min. Metal]., Changsh~ Peep.
Rep, China. Zhongnart Kuangye Xueyuan Xuebao (1993), 24(3), 326-31. CODEN: CKYPDO; ISSN: 02534347.
Journal written in Chinese. CAN 120:249787
Abstract. Several kinds of NiO-NiFe204 based cermet electrodes were developed. A better technique for prepg.
cermets has been discovered. The elec. cond. of cermets prepd. by e[ectroless copper plating was better than by
mech. copper mixing. The corros;on rate of the cermets was detd. as inert anode in Al redn.

Fabrication and corrosion of inert anodes in fluoride melt for aluminum electrolysis. Li, Guoxun; Wang,
Chuanfu: Qu, Shuling; Huang, Aiqin; Li, Guobin. Gen. Res. Inst. Nonferrous Met., Beijing, 100088, Peep. Rep.
China. Youse Jinshu ( 1993), 45(2), 53-7. CODEN: YSCSAE; ISSN: 0513-3424. Journal written in Chinese. CAN
120:276077
AbstracL A no. of inert anodes including NiO-Fe203-base cerrnets’and Sn02 ceramics were fabricated for Al
electrolysis. Their propeflies were measured sep. The corrosion resistance of the anodes was detd. during
electrolysis in NaF-AlF3 high-temp. and NaF-KF-AlF3 Iow-temp. systems, and the corrosion rates were
.apprx.O.0015 and 0.0005 cmih resp. Corrosion in the high-temp. system was a factor of 2-3 times ~~eater than that
in the iow-temp. system.

The behavior and improvement of tin(I~ oxid-based inert anodes in aluminum electrolysis. Yang, Jianhong;
Liu. Yexiang; Wang, Hubang. Dep. MetalI., Cent. South Univ. Technol,, Changsha, 410083, Peep. Rep. Chtia.

,-

Light Met. (Wmendale, pa.) ( 1993), 493.5. CODEN: LMpMDF; ISSN: 0147.0809. Journal wrifien in Engiish.

CAN 118:178838
Abstract The elec. cond. of ~ical Sn02-based and rare earth oxide-contg. Sn02-based inert anodes was detd.

-.J

The elec. cond. of Ce02-contg. Sn02-based inen anodes was increased at both room temp. and elevated temp. me
temp. coeff. of its elec. cond. was decreased. The corrosion tests of Sn02-based ine~ anodes under different
conditions indicated that the corrosion resistance of Ce02-contg. Sn02-based anodes was increased. while its
corrosion rate was decreased >4-fold. The nettability of Sn02-bWed electrodes at different compns. of electrolytes
was detd., and the wettabiiity beween electrolytes and inert anodes was excellent.

Operational results of pilot cell test with cermet “inert” anodes. Alcom, T. R.; Tabereaux, A. T.; Richards, N.
E.: Windisch. C. F.. Jr.: Strachan. D. M.; Gregg, J. S.: Frederick. M. S. Manuf. Technol. Lab., Reynolds Met. Co.,
Muscle Shoais. AL. 35661-1258. USA. Light Met. (Warrendale. Pa.) (I 993), 433-43. CODEN: LMPMDF; ISSN:
0147-0809. Journal written in English. CAN 118:238107
Abstract. The operational performance and corrosion rates of a six-pack of cermet anodes were evaluated in a six
kA pilot redn. cell at Reynolds’ Manufg. Technoi. Lab. Two sep. tests were conducted with the cermet anodes; the
first test was in conjunction with the Pacific Northwest Lab. and the second with ELTECH Research Corporation,
Both tests used identicai NiO-NiFe204-Cu anodes manufd. by Ceramic Magnetics, inc. The ELTECH testing
involved in situ coating of the anodes with cerium oxide. PrimaW evaluations for both tests were conducted at
target conditions of alumina sam. and O.j A/cm2 anode cd. Individual anodes remained in operation for 25 days
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during the two and one-half month testing period. Operational difficulties deveioped throughout the test due to
breakage of the anode conductor stems. cracking and breakage of the cerrnet anodes, unequal anode cument
distribution, and alumina muck buiid-up in the cell. These operational problems are discussed as well as an est. of
anode corrosionrates based on metal impurity levels in the aluminum metal pad.

The electrodeposition of A13Ti from chloroaluminate electrolytes. Stafford. G. R.; Janowski. G. M. Mater. Sci.
Eng. Lab., Natl. Inst. Stand. and Technol., Gaithersburg, MD, 20899, USA. Proc. - Electrochem. SOC.( 1993), 93-
30(Corrosion, Eiectrochemis~, and Catalysis of Metastabie Metals and Intermetallics), 296-310. CODEN:
PESODQ: ISSN: 0161-6374. Journal written in English. CAN 120:229852
Abstract. The electrodeposition and structural characterintion of metastabie titaniutn-aiuminide alloys contg. up to
28 at. Y. Ti are reported. The alloys were electrodeposited from a 2:1 A1C13:NaClelectrolyte contg. Ti(AIc14)2.
Electrodeposi~ are single phase and those contg. greater than 4 at. YO Ti reveal eiecmon difiction patterns which
are consistent with the ordered face-centered cubic (fee) L 12 structure (Al at the faces and Ti at the comem). Anal.
of the current transient at the beginning of potentiostatic deposition on tungsten, indicates that A13Ti fores by
instantaneous 3-dimensional nucleation followed by hemispherical difiion controlled growth.

Electrodes for electrolysis of aluminum. Hayashi, Tatsuo; Fujitnoto, Ktiiro; Sekine, Isao; Yuas& Makoto;
Wakas& Tsutomu. @ippon Light Metal Co, Japan; ~kkei Giken Kk). Jpn, Kokai To~o Koho, 8 pp. CODEN:
J~F. JP 05263285 A2 931012 Heisei. Patent written in Japanese. Application:”~ 92-91871920317. CAN
120:147241
Abstract. The elecmode comprises carboneous or graphite composite material contg. 40-70 wt.Yo Zr boride.
optionally in addn. to Zr bonde, it can contains 1 or ~ kinds of borides selected horn Ti, Nb, and Ta boride~ as a
surface layer. Molten salt bath electrolysis can be carried out with a high current efficiency.

Apparatus for the electrolytic production of metals. Sadoway, Donald R. (Massachusetts Instimte of
Technology, USA). U.S., 10 pp. CODEN: US~M. US 5254232 A 931019. Patent written in English.
Application: US 92-832748920207. CAN 120:147216
AbstracL Improved electrolytic cells for producing metals by the electrolytic redn. of a compd. dissolved in a
molten electrolyte are described. In the improved cells, 21 electrode includes a protective layer comprising an
oxide of the cell product metal fomed upon an alloy of the cell product metal and a more noble metal. In the case
of an aluminum redn. cell, the electrode can comprise an alloy of aluminum with copper, nickel, iron, or
combinations thereof, upon which is formed an aluminum oxide protective layer.

Electrode and method for electrolysis of aiuminum from molten salt bath. Inai. ToshiWi: Irie. Yoshko.
~ippon Light Metal Co. Japan: Nikkei Giken Kk). Jpn. Kokai Tokkyo Koho. 7 pp. CODEN: JmF. w
05247679 A2 930924 Heisei. Patent written in Japanese. Application: JP 92-81677920303. CAN 120:119420
Abstract. The electrodes are a carbonaceous anode and a cathode comprising an integration of C and a heat-
resistant and elec. conductive ceramic excellent in nettability with molten Al and the reacting face is arranged in
verticai direction. The method involves placing the cathode opposite the anode, arranging a no. of electrodes
horizontally with heat-resistant elec. insulatorsbe~een them in a molten salt bath, and the A] fo~ed is allowed to
flow downward in the molten salt bath. A high productivity can be obtained in Al prob.

Cathodic processes at titanium diboridelcarbon-composite electrodes during aluminum electrolysis, Raj, S.
C.: Skyllas-Kazacos. M. Sch. Chem. En:. lnd. Chem., Univ. New South Wales, Kensington. 2033, Ausmlia.
Electrochim. Acts ( 1993). 38(5), 663-9. CODEN: ELCAAV; ISSN: 0013-4686. Journal written in English. CAN
118:221897
Abstract. The cathodic overpotential for Al deposition decreases gradually as the TiB2 content of the TiB2/C
composite electrodes is increased. Increasing the TiB2 content of the composite electrodes makes it easier for them
to sustain a thin and continuous film of molten Al metal on their surface. and hence less energy is required to
achieve bulk deposition of Al. The overvoltage data can be piotted as straight lines on Tafel plots in the cd. range
of 0.1-0.7 A/cm2 for those composites which have TiB2 contents .gtorsim.60°/0. For those electrodes whose TiB2
content is .ltorsim.60°/0 and which are not able to sustain a thin. uniform film of metallic Al on their substrates, the
Tafel plots exhibited 2 distinc[ region! corresponding to Na and Al codeposition, resp. The cathodic overpotential
on TiB2/C composite cathodes is of the order of 140-200 mV at 1 A/cm2.



Electrode behavior for the electrolytic production of aluminum-lithium alloy by using molten chlorides. Sate.
Yuzuru: Saito, Sakae: ‘Araike. Eiichi: Suzuki. Takeshi; Yamamura, Tsutomu. Fat. Eng., Tohoku Univ., Sendai,
Japan. Keikinzoku (1993), 43(I), 33-9. CODEN: KEIKA6: ISSN: 045 I-j994. Journal written in Japanese. CAN
118:201202
Abstract., Electrode behavior was studied for producing A1-Li alloys in molten saits contg, LiC1, A cathode is
molten aluminum: and lithium elecrrodeposits into it. The anode is graphite and acts as a chlorine evolution
electrode. The electrolysis were carried out at 973 K by using LiCl single melt, LiC1-NaCl and LiCI-KCl eutectic
mixt. melts in order to study the eiectrochem. behavior of the cathode related to the current efficiency and the
impurities such as sodium and potassium. For the case of LiCl single melt, required compn. of A1-Li alloy up to 10
massVOLi was easily obtained with high current efficiency, 93-99V0,and low level impurities less than 20 ppm
which is comparable to the level in the corn. pure aluminum. For the case of LiC1-NaCl melt, the current efficiency
somewhat decreased and about 320 ppm of sodium was contained in the alloy. For the case of LiC1-KC1melt. the
current efficiency markedly decreased although no potassium in-creasewas obsd. The reason for the decrease ;n the
current efficiency is considered to be that the impurities deposit by concn, overvoltage and dissolve into the melt.
However, these effects are negligible unless the me[t contains large amts. of impurity salts.

electrodeposition of aluminum-manganese ferromagnetic phase from molten salt electrolyte. Stafford, G. R.;
Grushko. B.; McMichael, R. D. Materials Science and Engineering Laboratory, National Institite of Standards and
Technology, Gaithersburg, MD, USA. J. Alloys Compd. ( 1993), 200(1-2), 107-13. CODEN: JALCEU; ISSN:
0925-8388. Journal written in English. CAN 120:17668
Abstract. The femomagnetic A1-Mn ~ phase was directly electrodeposited from a chloroaluminate molten s~lt
e[ectroiyte contg. MnC12. EIectrodeposits were single phase in the compn. range 48-50 at.”zoMn, significantly
lower than the 5j at.VOMn reported in the literature for single-phase alloys made by other techniques. The r
electrodeposits were dense, fine grained, homogeneous, and exhibited strong texture which was primarily a finction
of deposition temp. Magnetic hysteresis loops generated fiorn m-deposited samples yield magnetization values
which are approx. half of literature values for bulk ~ having a compn. of 55 at.YOMn. The measured coercivi~,
however, was twice as large as reported values, particularly for deposits having (112) texture and positioned
perpendicular to the applied field.

Model of conductivity in doped tin dioxide-base inert anodes for aiuminum-electrowinning. Yin, Zhoulan;
Yrmg, Jitiong; Wang, Huazhang; Zhao, Qinsheng; Liu, Yexiang; Gao, Xiaohui. Cent. South Univ. Technol.,
Changsh% 410083, Peep. Rep. China. Trans. Nonfemous Met. Sot. China ( 1992), 2(3), 59-63. CODEN:
~MCEW, Journal written in English. CAN 118:25373
Abstract. Quantum them, calcns. based on exptl. data were used to develop a model predicting the elec. cond. of
them. inert Al electrolyzer anodes made of Sn02 with additives. The elec. cond. of anodes increased with 1-3°/0
addn. of Sb203, ZnO, Mn02, Ti02. C0203, and Ir02 without affecting the physicochem. properties of anodes
operating in cryolite-A1203 melts.

Effect of impurities on the combustion rate of electrode cokes. Sigrist. K.: Jedamizik, J.: Schoen. G. Berlin,
Germany. Freiberg. Forschungsh, A (1992), A826, 48-56. CODEN: FFRAA7; ISSN: 0071-9390. Journal written
in German, CAN 119:186985
Abstract. The kinetics of coke oxidn. in anodes for the electrowinning of Al was detd. from therrnogravimemic
measurements at linear temp. rise. Synergistic effects in the presence of several impurities were taken into account.
Unambiguous dependence of activation energy on the concn, of individual impurities were established. Fe, V, and
Ca catalyze while Si and Ni + Na inhibit the oxiti. of coke.

.
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On the corrosion and the behavior of inert anodes in aluminum electrolysis. Xiao. Haiming; Hovland, Rune:
Rolseth. Sverre: Thonstad. Jomar. Lab. Ind. Electrochem., Norw. Inst. Technol., Trondheim, 7034, Norway. Light
Met. (Warrendale. Pa.) ( 1992), 389-99. CODEN: LMPMDF: lSSN: 0147-0809. Journal written in English, CAN
l17:19jj99
Abstract. The corrosion rate of inert anodes based on either Sn02 or Ni ferrite cerrnets was studied as a function of
operating parameters. LOWalumina concns. led to catastrophic corrosion of the inert anodes. and high current
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densities and high as well as low NaF/AlF3 molar ratios were detrimental. Signs of electrolyte penetration into the
anode and intergranular corrosion were obsd. To investigate the corrosion mechanism, the anodes were obsd. under
extreme conditions, such as use ofhigh-purity cryolite and his~ c-d. Eiectrochem. measurements and SEM studies
were also conducted. Low alumina concn. and high cd. give a high anodic potential. which cause the anode to
decomp. into O and corrosion products. The current efficiency obtained with inert anodes in a lab. cell was slig~t]}
higher than that of C anodes.

A review of RHM cathode development. McMirm, Curtis J. Manuf. Technol. Lab.. Reynolds Met. Co., Muscle
Shoals. AL, 35661-1258, USA. Light Met. (Warrendale? Pa.) (1992),4 19-2j. CODEN: LMPMDF; ISSN: 0147-
0809. Journal: General Review writtemin English. CAN 117:256328.
Abstract. A review, witi 28 refs., of the development and manuf. of refractory hard-metal (RHM) cathodes.

Corrosion mechanism of tin dioxid-based inert anodes. Wang, Hutiartg; Yang, Jianhong; Liu, Yexiang;
Thonstad, J, Cent. South Univ. Techttol., Changsh% 410083, Peep. Rep. China. Trans. Nonferrous Met. Sot. China
(1992), 2(4), 8-13,20. CODEN: TNMCEW. Journal written in English. CAN 119:54443
Abstract. According to the extent of their damage in cwolite melts, the corrosion of Sn02-based inert anodes can
be divided into three types: slight corrosion, marked comosion, and catastrophic comosion. The conditions under
which these three types take place and their mechanisms are different. Our work shows that depletion of oxygen
contg. ions in melts, high d., electrolyte penetration into the electrode, and intergranular corrosion contribute greatly
to marked comosion and catastrophic corrosion and that the redn. reaction by aluminum only ~cks the electrode
slightly.

Electrodeposition of aluminum and magnesium from aprotic organic electrolyte solutions. ‘Eckert. J. Tech.
Hochsch., Leuna-Merseburgj Germany. DECHEMA Monogr. ( 1992), 125(E1ektrochem. Stoffgewinnung:
Grundlagen Verfahrenstech.), 425-55. CODEN: DMDGAG; ISSN: 0070-3 15X. Journal; Generai Review written
in German. CAN 117:120317
Abstract. A review with 16 refs. So far, only molten salts have been avaiiable as electrolytes for the
electrodeposition of Al and Mg. Now these 2 metals can be deposited from org. electrolytes. As compared with
molten salts, org. electrolytes have the advantage that they can be used at normal temp.

Electrochemical studies on nettability of sintered titanium diboride electrodes in aluminum electrolysis. Raj,
S. C.; Skyllas-Kazacos. M. Sch. Chem. Eng. Ind. Chem.. Univ. New South Wales, Kensington, 2033, Austraiia.
Electrochim. Acts ( 1992). 37(S), 139j-401. CODEN: ELCAAV; ISSN: 00134686. Journal written in English.
CAN 117:78626
Abstract. E1ectrochem. studies were conducted to better understand the behavior of sintered TiB2 cathodes in
cryolite-alumina melts. Cyclic voltarnmetry has also been used to identim the origin of the cathodic prewaves seen
when the electrodes are cycled in the unsatd. melts. These cathodic prewaves have been attributed to the redn. of
Ti02 and B203 formed during anodic scannkg of the TiB2. Furthermore, microprobe anal. work has shown that
the sintered TiB2 substrate is susceptible to penetration by the melt components. This has been seen to affect the
long-term wetting properties of the substrate by affecting the surface in contact with the molten bath. It has also
been seen that subjecting the electrode to controlled oxidn. for long periods results in a black deposit formation on
the TiB2 surface. and this hinders the alummum deposition process, particularly in the alurnina-satd. melts. The
overall wetting propenies of TiB2 have been compared to those of graphite as these two materials are the principal
components of the TiB2/C composite cathodes that are being investigated for use in low energy aluminum
electrolysis cells.

Low-tern peracu re electrochemistry at superconducting electrodes. Lorenz, W. J.; Saemmn-[schenko, G.;
Breiter. M. W. Inst. Phys. Chem. Electrochem.. Univ. Karlsruhe. Karlsruhe. Germany. Condens. Matter Phys.
Aspects Electrochem.. Proc. Conf. (199 I). 4j4-73. Editor(s): Tosi, Mario P.; Komyshev, Alexei A. Publisher:
World Sci.. Singapore. Singapore. CODEhT:58AUAB. Conference written in English, CAN 1I7:78606
Abstract. The charge transfer across the superconductor) ionic conductor interface represents a relatively unknown
field at present. This paper deals with the 1st electrochem. studies in this area. Both n-”typeclassical and p- and n-
type high Tc superconductors (HTSC) are considered. Different solid electrolytes (Ag ~“-alumin~ Ag+-conducting
glass. and RbAg4. perp. j) are used in expts. covering a temp. range down to 10 K. A transient technique in the time



domain and electrochem. impedance spectroscopy (EIS) in the fiequendy domain are used to study the Ag
deposition as the faradaic charge transfer process at that interface. The results show an admittance peak in transient ‘

,,, ,,

measurements or a corresponding neg. peak of the polarization resistance in EIS-measurements at T = Tc. These
findings are attributed ‘to an increase of the exchange cd. around Tc. The effect is much lesson an A 1S,.compd.
(Nb76. 1A]17.7Ge6.2) than on HTSCS. The effect can only be interpreted as a quantum eiectrochem. phenomenon
caused by the contribution of Cu pairs crossing the electrochem. double layer as correlated charge carriers. A
proximity-iike phenomenon can be exciuded.

.

Improving the conductivity of carbon block-cathodes. Zhang, Zhuying. Guizhou Alum. Smelter, GuiAou, .

Peep. Rep. China. YouseJinshu(1991 ), 43(3), 56-61. CODEN: YSCSAE; ISSN: 0513-3424, Jouqai tirittefi in “~ :
Chhese. CAN 116:157338 ,,. .

Abstract. Methods for improving the elec. cond. of C block cathodes and new technol. used in fili-scale testing are
described. The potential application of high-cond. C-block cathodes in Al electrolysis and its energy-saving effects
are assessed. The new technol. for martuf. of C block cathodes provides a new approach to energy conservation in
Al manuf.

Energy consumption in alumina reduction cells. Kvande, Halvor. Hydro Alum. A/S, Stabekk, N- 132I, Norway.
Light Met. (Wamendale, Pa.) (1991),421-6. CODEN: LMPMDF; ISSN: 0147-0809. Journal; GeneralReview
written in English. CAN 116:178062
Abstract. A review, with 24 refs., with emphasis on the cell voltage and the anodic cd.

Electrochemical and chemical reactivity of carbon electrodeposited from cryolitic melts containing aluminum
carbide. Oedegaard, Rolfi Midtlyng, Svein Haavard. S~TEF MetalI., Trondheim, N-7034, Norway. J.
Eiecwochem. SOC.(1991), 138(9), 2612-17. CODEN: JESOAN; ISSN: 00 13-46S1. Journal written in English.
CAN 11S:192416
Abstract men used as an anode in Al electrolysis cells, C electrodeposited from cryolitic melts contg. Al carbide
shows a much higher overvoltage toward the C02 evolution reaction than do anodes of graphite and prebake anode
material when tested under identical conditions. The them. reactivity of electrodeposited C in gaseous C02 (std.
petroleum coke reactivity method) was significantly lower for electrodeposited C than for prebaked anode materials.
It was demonstrated in lab. cells that it is possible to form a “spike” on 1 anode out of2. These results give support
to the hypothesis that there is a correlation between electrodeposition of C from dissolved Al carbide md formation
of socalled “spikes” on anodes in Hall-Heroult cells.

Study of pulsed electrolytic deposition of aluminum onto aluminum, platinum and iron electrodes. Manoli,
Georgia; Chryssoulakis, Yarmis; Poignet, Jean Claude. Nat]. Tech. Univ., Athens, Greece. Plat. Surf. Finish.
(199 1), 78(3), 64-9: CODEN: PSFMDH; ISSN: 0360-3164. Journal written in English. CAN 114:255772
Abstract Expts. with electroplating aluminum on alumtiurn, platinum and iron electrodes from an acidic A1C13
and N-butyipyridinium chloride 2:1 melt were made using square-wave pulsating currents at 25°. Results
demonstrate the the main factor detg. the quality of tie electrodeposit is the homogeneous formation of the fwst
nuclei layer. ~is condition is achieved primarily by application of either a double cathodic pulse. followed by an
off-time petiod. or a cathodic pulse foilowed by an anodic pulse of short duration. together with an off-time period.

-..

The electrodeposition of aluminum and aluminum alloys from alkylbenzene-hydrobromic acid electrolytes.
Theoretical considerations and applications. Capuano, G. A. Chem. Dep., Univ. Quebec, Montreal. PQ, H3C
3P8. Can: J. Electrochem. Sot. (1991), 138(2), 484-90. CODEN: JESOAN; ISSN: 0013-4651. Journal; General .

Review written in English. CAN 114:110517
Abstract. A review with 30 refs. “isgiven. Theor. considerations pertaining to the electrodeposition of aluminum
and aluminum alloys (A1-CU,A1-Pb. AI-Sri. Al-Cd. and A1-Zn) from alkylbenzene-HBr elecmolytes are reviewed.
Applications of the aluminum plating process have been reviewed with special emphasis on aluminum alloys
plating, thicker coatings realization by pulse plating and barrel plating of ordinary and aircraft fasteners.

Generalized equations for determination of regime parameters for baking of cathodes of aluminum
electrolytic cells and characteristics of baking with anode molding. Panov, E. N.; Bozhenko, M. F.: Teplyakov.



F. K.; Damiienko, S. V.; Zverev, Yu. A. KPI. USSR. Tsvem. Met. (MOSCOW)( 1991), Issue 4,204. CODEN:
TVMTAX; ISSN: 0572-2929. Journal written in Russian. CAN 1lj: 163512
Abstract. A generalized equation for calcg, the av. temp. of the bottom (cathode) of Al electroiyzers using the
current intensi~ and voltage drop on the electrolyzer was derived. A math. expression is given for the detn. of the
voltage drop rate as a finction of the initial voltage drop and the optimum sintering time of the cathode. Exptl. data
related to the firing of Al electrolyzers with molten metal (Al) at 150-175 W with simultaneous forming of the
anode are given.

Current. efficiency of a ‘bipolar laboratory aluminum electrolysis cell. Fens, Naixiang; Qiu, Zhuxian; Kai,
G~otheim; Haivor, Kvande. NortheasFUniv. Technol., Shenyang, Peep. Rep. ,China. Light Met. (Wa~ndaie, Pa.)
(1990), 379-83. CODEN: LMPMDF; ISSN: 0147-0809. Journal written in English. CAN 113:220] 85.
Abstract. A bipolar lab. aluminum electrolysis cell was studied exptl. with respect to current efficiency and back
emf. The lower part of the ceil, between the bipolar eiectrode and the cathode, had the higher cument efficiency and
the iower back emf. Both current efficiency and back emf. increased with increasing cell current. me leakage of
current from the bipolm eiecmode directly to the side wall of the ceil was reduced by increasing the cell current and
by increasing the height of the bipolar electrode....

Results of 100 hour electrolysis test of a cermet anode: operational results and industry perspective.
Peterson, R. D.; Richards, N. E.; Tabereaux, A. T.; Koski, O. H.; Morgan, L. G.; S@chan, D. M. Manufact.,.
Techttol. Lab., Reynolds Met. Co., Shefiel& AL, USA. Li@t Met. (W-ndaIe, Pa.) (1990), 385-93, CODEN:
LMPMDF; ISSN: 0147-0809. Journal written ti English. CAN 114:10013
Abstract The operating pe~ormance of a 15-cm diam. prototype cermet anode was evaiuated in a lab. Al redn.
cell, me anode was preheated in a muffle furnace and then hot msferred to the electrolysis cell without ticture.
No major operational difficulties were encountered in the electrolysis test which lasted for 113.5 h. Av. current to
the anode was 120.9 A or 0.69 A/cm2 based on conduction through the bottom surface only. A -graphite anode of
comparable size was used to start the test and provide a baseline for comparison purposes. The cell operat~g
parameters including bdividual voltage components, anode cd., alumina content, current scans, and anode bubble
characteristics are discussed,

A materials systems approach to selection and testing of nonconsumable anodes for the Hall cell. Sadoway,
Donald R. Dep. Mater. Sci. Eng.. Massachusetts Inst. Technol., Cambridge, MA. 02139, USA. Light Met.
(Warrendale, Pa.) ( 1990). 403-7. CODEN: LMPMDF;ISSN:0147-0809. Journal written in English. CAN
114:10014
Abstract. Based on an anal. of the Hall cell as a dynamic system. a set of selection critetia was setup to identifi
materials for use as nonconsumable anodes in Al prodn. New materials and anode desi-as were discovered.
Beyond the question of choice of anode. a broader framework for success/failure anal. was constructed so that such
factors as anode design and test conditions are systematically studied.

electrolyte for electrolytic refining of aluminum. Obl&owski. Ryszard: Jarosz. Piotr. (Akademia Gomiczo-
Humicza im. Stanisiawa Staszica. Po].). Pol., 2 pp. CODEN: POXXA7: PL 163036 B1 940228. Patent written in
Polish. Application: PL 90-287128900928. CAN 122:117511
Abstract. The fluoride electrol~e contg. 18 wt. YOof BaF2 was used for the aluminum refining. The electrolyte

~ -,, 24 LiF, 10-14 CaF2, 3842 AIF3 and 22-24 NaF wt. O/O. The electrolyte providedcontg. addnl. 24 MUF?
decreases in the electrolytes and in the elec. energy usages,

Preparation of carbon anodes and cathodes. Deutzer, Manfred. (Elektrokohle Lichtenberg A.-G., Fed. Rep.
Ger. ). Ger. (East). 2 pp. CODEN: GEXXA8. DD 292936 Aj 910814. Patent written in Genan. Application:
DD 90-328803900316. CAN 11j:242493
Abstract. in the prepn. of C anodes and cathodes having holes or grooves, esp. for fusion electrolysis in Al prodn.,
by mixing coke and a binder. shaping, and heat treating, the anodes and cathodes are post-heat-treated in the vicinity
of the holes or grooves.

Results from a 100-hour electrolysis Jest of a cermet anode: materials aspects. Strachan, D. M.; Koski, O. H.:
Morgan, L. G.: Westerrnart, R. E.: Peterson. R. D.: Richards, N. E.: Tabereaux, A. T. Pac. Northwest Lab.,



Richland, WA, 99352, USA. Light Met. (Warrendale, Pa;) (1990), 395401, CODEN: LMPMDF: ISSN: 0147-
0809, Journal written in English. CAN 114:2760j
Abstract. A 15-cm diam. prototype NiO-NixFe3-x04- 17VoCucerrnet anode was tested for Al prodn, The anode
was cut in half. and samples were taken that were above, at, and below the electrolyte level. The microstructure and
phases were different in each of these areas. The Cu oxidized to CUOabove the electro]fle. but CU20 was the
favored oxidn. product in the anode in the electrolyte.

Pilot reduction ceil operation using titanium diboride-graphite cathodes. Alcom, T. R.; Stewart. D. V.:
Tabereaux. A. T.; Joo, L. A.: Tucker, K. W. Manufact. Technol. Lab., Reynolds Met. Co.. Shefield, AL. 3j660.
USA. Light Met. (Warrendale. Pa.) ( 1990), 4 G- 18. CODEN: LMPMDF; ISSN: 01474809. Journal written in
Engllsh. CAN ] 14:1]039

Abstract, A 4-wk operation of a pilot redn. cell using TiB2-graphite cathode elements demonstrated the corn.
viability of the material. Using 2 different TiB2-graphite cathode shapes under sep. anodes, the materials served as
the primary cathode, effectively decreasing anode-cathode distance and cell voltage. Testing under various
operating conditions, including close anode-cathode distances, demonstrated excellent cell stability using the
cathode elements, The TiB2-graphite cathode material exhibited excellent thermal Shock propenies withstandtig
startup and removal from the cell during operation. Dissoln.. of the TiB2-graphite material in the Al metal showed
acceptable life; however, dissoh. rates of the SiC holders exposed to cryolite were unacceptable.

Some important performances of titanium diborid~coated cathode carbon block. Liao, Xianan; Liu, Yexiang.
Dep.. Metall., Cent. South Univ. Technol., Changsha, 410083, Peep, Rep. China. Light Met. (Warrendale, Pa.)
(1990), 409-12. CODEN: LMPMDF; ISSN: 0147-0809. Journal written in English. CAN 114:28833.
Abstract. Elec. cond., resistance to corrosion. and nettability by molten Al of TiB2-coated cathode C biock~ were
exarnd. The coating had better cond. than common cathode block. The modified M, B. Rapoport test ( 1957)
showed that the expansion of C block from Na penetration of coated block is 40% less than that of uncoated block.
The wetting angles of molten Al on =mphite or C block are .Itorsim. 180° in the cryolite melt-Al electrode system,
but <70° between molten Al and TiB2-coated block. No polarization effects were obsd. on the wetting angle.

Reversibility of aluminum electrode potential in aluminizing electrolyte containing
dimethylethylpheny lammonium bromide. Sirnanavicius, L.; Sarkis, A, Inst, Khim. Khirn. Tekhnol., Vihius,
USSR. Chemija (1990), Issue 1,31-6. CODEN: CHM~S. Journai written in Russian. CAN 114:236488
AbstracL The current-voltage characteristics and the concn. dependence of the Al electrode potential were
analyzed. The elec. potential of the Al electrode was reversible in toiuene contg. dimethylethylpheny lammonium
bromide. The studied system can be used as a ref. electrode. ..

Anode current density distribution in an aluminum electrolysis cell with sloping electrodes. Kasheman, Djen;
Skyllas-Kazacos, Maria. Sch. Chem. Eng. Ind. Chem., Univ. New South Wales, Kenstigton, Austraiia. Alurninium
(Duesseldo@ (1990), 66(12), 1157-60. CODEN: ALUMAB; ISSN: 0002-6689. Journal written in English. CAN
114:216703
Abstract. Math. models were developed to est. the effects of changing mode-cathode d. distribution for an Al
electrolysis cell employing a sloping inert-wettable cathode material and a sloping C anode. The models show that
the anode cd. at the bottom section (sloping) increases as anode-cathode distance decreases, which leads to a higher
anode overvoltage and a higher local C consumption rate. The current distribution in the presence of bubbles has
also been math. modeled. The magnitude of anode cd. variations depends strongly on the nature of the bubble
layers so that any parameter which influences the gas vol. fraction or layer thickness (e.g., cryolite temp., additives
or interfacjal properties of C anode), could have a marked effect on the anode current distribution in Al electrolysis
cells. Therefore. the significance of these changes will have to be accounted for in the design and operation of new
long-energy ceils.

.....

Electrochemical study of the aluminum carbide or oxycarbide formation in acidic cryolite-alumina melts at
1300 K. Ch~ssoulakis. Y.: Righas. G, Dep. Chem. Eng., Natl. Tech. Univ.. Athens. 15773, Greece. Bull. Sot.
Chim. Fr. ( 1990). Issue Sept:-Ott.. 63540 CODEN: BSCFAS: ISSN: 0037-8968. Journal written in French. CAN .
114:71091



,.

Abstract. The electrochem. reaction was studied of the aluminum carbide or oxycarbide formation ti acidic-
cryolite-aiumina m. 1300 K using rnangular voltarnmetry on graphite electrodes. Five reoxidrt. peaks are obsd. The
first of them (obsd. at the most cathodic potential) is attributed to the aluminum reoxidn. reaction. while the other
four characterize the reoxidn. of the aluminum carbides or oxycarbides which are formed during the cathodic
potential sweep. The study of the vohammograms obtained and the comparison of the obsd. reoxidn. peak
potentials with the calcd. ones using appropriate available therrnodn. data permit to propose three reoxidn. schemes
for the compds. A14C3. A1404C and ADOC.

Eiectrodeposition of aluminum. aluminum jrnagnesium alloys, and magnesium from organometallic
electrolytes. Mayer, Anton. Mater. Sci: Technol. Div., Los Alarnos Natl. Lab., Los Alamos, NM, 87545, USA: J.
Electrochem. Sot. (1990), 137(9), 2806-9. CODEN: ~SOAN; ISSN: 00134651. Journal written in English.
CAN 113:180250
Abstract. The possibiliw WaSexplored of plating an alloy of Al from organometallic sobs. Also Mg was
considered as an alloying constituent because Mg alkylds are inexpensive and readily avaiiable corn. chems. All the
operations were carried out under pos. pressure with a continuous flow of dry N or Ar to prevent reactions with air
or water. Most electrolysis expts. were conducted with Iiq. vols. of 100-500.mL. In the plating SOW. for the Mg,
an attempt was made to form complexes of Mg”alkylds and alkali metal fluorides analogous to the Ziegler
organoahuninum electrolytes, but complex fomtation did not occur. The plating sohts. can be prepd. by combining
the alkyl M#diethyl ether sok. with the alkyl Al and slowly heating the mixt. to .apprx. 100° to boil off the ether
solvent. Toluene is then added to the sob. followed by S1OWaddn. of the akdi metal fluoride. me sob. is then
heated and stirred to form the compiex saits that areelec. conductive species of the electrolyte. A typical bath
compn. for depositing pure Mg was: CSF 1, Et2Mg 2, Et3Al 4, (iso-Bu)3Al 2 and toluene 3 (mol ~tio). A fo~l
electroformed in this bath at 1,A/cm2 under moderate agitation at 40° was 99.4 aP/0 Mg. A typical bath for
depositing a Mg/Al alloy was: H 1.Et2Mg 0.67, Et3A12.5, (iso-Bu)3Al 0.83, and toluene 1.5 (mol ratio). A brass
pane] plated in this bath at 1 Wdrn2 at a cell voitage of 1-5 V and 109° produced a bright deposit of .apprx.50 at.%
Mg -50 at.VOAI as analyzed by x-ray fluorescence spectroscopy. The alloy deposits were generally smooth and
bright in the 10-90% compn. ranges of both metals.

Viscosi@, specific conductivity, and density of organic electrolytes used in electrodeposition of aluminum.
Ladouceur, M,: Capuano. G. A. Dep. Chirn., Univ. Quebec, Montreal, PQ, H3C 3P8, Ca. Can. Metall. Q. (1990),
29( 1), 87-92. CODEN: CAMQAU: ISSN: 0008433. Journal written in French. CAN 112:109388
Abstract. The viscosi~, cond. and d. of solns. of A12Br6 in several arom. solvents and solvents mixts., have been
detd, The cond. and viscosiw increase spontaneously with time. At a cond. of2.j x 10-3 Q-1 cm-1 and 20°,
pseudocumene gives the highest viscosi~ value and ethylbenzene-to luene (1:1 vol.) produces the lowest viscosity.
The obsd. results have demonstrated a non-Stokesian behavior for all the soins. studied and a relay we mechanism
for the cond. The data presented should be usefil in the design of indusrnal plating systems for aluminum
eiectrodeposition from org. electrol-wes.

Electrodeposition of metals from nonaqueo~ organic electrolytes. Landau. Uwe. MIB Metall., Berlin, Fed.
Rep. Ger. Jahrb. Obeflaechentech. (1990). 46, 163-74. CODEN: JBOFAN; ISSN: 0075-2819. Journal: General
Review written in German. CAN 113:63413
Abstract. A review with 79 refs. on the electrodeposition of metals from org. electrolytes with special attention to
the electrodeposition of Al and Al alloys.

Electrode for electrolysis. Hirakata, Kaoru: Fujii. Akihiko: Okabe, Yoshio. (Japan Carlit Co., Ltd.. Japan). Jpn.
* Kokai Tokkyo Koho. 6 pp. CODEN: ~AF. JP 01298189 A2 891201 Heisei. Patent written in Japanese.

Application: JP 88-125984880525. CAN 112:206646
Abstract. An electrode comprising a Pt-group metal an~or its oxide on a valve-metal substrate has an ion-.
irradiated middle layer of Pt. ir, Ru. 0s. Rh, Pd. Ti. Ta, Nb, Zr. Mo, W, Fe. Co, Ni, Mn, Pb. Sn. Sb, Bi, In, T], Al,
andor their oxides. The electrode is durable.

Steel cathode rod system for aluminum electrolysis bath. Zhang,.Zuming. (Zhengzhou Light Metals Institute,
Peep. Rep. China). Faming Zhuanli Shenqing Gongkai .Shuomingshu. 6 pp. CODEN: CNXXEV. CN 1032682 A
890502. Patent written in Chinese. Application: CN 88-10677880913. CAN 115:37460



Abstract. A steel cathode rod system used in an Al electrolysis bath comprises an upper steel rod, a iower steei rod.
an internally connected steel rod, and an externally connected steel rod with the upper and the lower steeI rods
parallel to each other and connected through the othe~ steei rods by welding to ‘form an inteqal structure. The
structural parameters of the rod system are so selected to give an optimum magnetic field distribution in the
electrolysis bath, resulting in high current efficiency, reduced electricity consumption, and proionged bath life.

Electric-conductivity meters for determination of electrolyte concentration. Sate, Kimiyasu: Miyaki. Yoshuki:
Hirao, Kazuhiro; Matsumoto, Y.ukie. (Tosoh Corp., Japan: Permelec Electrode Ltd.). Jpn, Kokai Tokkyo Koho. j
pp. CODEN: JUXAF. JP 01203952 ,A2 890816 Heisei. Patent written in Japanese. Application: JP 88-29886
880210. CAN 112:201272
Abstract. The metal electrodes (e.g., Ti, Ta. Nb. Zr) for the elec.-cond. meters are coated with oxides of Pt, Ir. 0s,
Pd, Ru, an~or Rh, with optional Pt, h, 0s, Pd, Ru, antior Rh, Ti, Ta. Nb. Zr, Hf. Al, Si, Sn. Sb, antior Bi to
increase the corrosion resistance.

ElectrochemicalIy producing a desired product from a reactant during electrolysis in a molten salt
composition. LaCamera, Altied F.; Van Linden, Jti H. L.; Pierce, Thomas V.; Parkhill, James O, (Aluminum Co.
of America, USA). PCT Int. Appl., 23 pp. CODEN: PIXXD2. WO 8906289 A 1 890713. Designated States: W:
AU, B~ NO, US, US. Designated States: RW: AT, BE, CH, DE, FR, GB, IT, LU, NL. SE. Patent written in
English, Application: WO 88-US456j 881219. Priority: US 87-138391 871228; US 88-197889880524 CAN
111:183124
Abstract. In the ceil and process, metals and metal alloys are formed from oxides or nirndes in a molten salt;
without the evolution of halogen or halogen compds.. with less corrosion and reduced power consumption. by the
use of an electrode having an extended or substantially increased surface area, effective for the evolution of O and C
oxide, and a molten sah electrolyte effective at low temp. Preferably, Al is produced from A1203 using the cell and
process.

Electrodeposition of aluminum from solutions based on triethylaiuminum. Kazakov, V. A.: Titov~ V. N.;
Petrova, N. V. Inst. Fiz. Khirn., Moscow, USSR, E1ektrokhimiya (1989), 25(7), 1006-9. CODEN: EL~X;
ISSN: 0424’8570. Journal written in Russian. CAN 111:104495
AbstracL The electrodeposition of Al was studied horn org. solvents (toluene, xylene, mesi~lene) contg.
NaF.2AlEti. The effect of temp., cd.. and Al salt content was examd. The elec. cond. of the electrolyte bath and
the surface smcture of the Al electrodeposits were also investigated.

The behavior of inert anodes as a function of some operating parameters. Wang, H.; ~onstad, J. Lab. Ind.
Electrochem., Norweg. Inst. Technol., Trondheim. Norway. Light Met. (Warrendale, Pa.) (1989), 283-90.
CODEN: LMPMDF; ISSN: 0147-0809. Journal written in English. CAN 110:234976
Abstract The comosion behavior of Sn02-based anodes was studied at varying bath compn., and also Ni ferrite
anodes. With the Sn02-based material, high LiF contents and high as well as low NaF/AlF3 molar ratios had a
detrimental effect on the anode performance, At> 5% LiF, the corrosion rate increased sharply at 2 A/cm2 cd.,
whereby the anode disintegrated. The effect of increasing excess AIF3 was far iess dramatic, but it appears that the
optimum NaF/AlF3 molar ratio is 2.6-3.0. The Ni ferrite anodes aiso showed increased corrosion rates at hi~
excess AIF3 contents. The corrosion mechanism is discussed.

The development of cerium oxide coatings from cryolite melts. A self-forming anode for aluminum
electrowinning. Walker. J. K.: Kinkoph, J.: Saha. C. K. ELTECH Res, Corp., Fai~ort Harbor, OH, 44077j USA.
J. Appl. Electrochem. (1989). 19(2). 225-30. CODEN: JAELBJ; ISSN: 0021-891X. Joumai written in English.
CAN 110:221429
Abstract. The anodic deposition of Ce oxide from cryoiite melts onto Sn oxide substrates was investigated. Such a
coated structure offers promise as an O-evolving anode in Hall-Heroult cells. The development and dimensional
stability of the coating is established by the equii. between the bath components and the Ce oxide. The coating
thickness and morphol. is shown to be dependent on the initial Ce oxide bath concn. and. to a lesser extent, on cd.
The presence of the Ce oxide coating greatly diminishes dissoln. of the anode substrate and increases the purity of
the elecmowon Al. The protection afforded by the coating is achieved by reducing the exposed substrate surface
area.
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Studies on ineti electrodes in aluminum electrolysis. Xue. Jilai; Qiu. Zhuxian. Northeast lnst..Technol..
Shenyang, Peep, Rep. China. Zhenkong Kexue Yu Jishu ( 1988), 8(5), 55-9,49. CODEN: CKKSDV: ISSN: 0253-
9748. Journal written in Chinese. CAN 111:30232
Abstract. Sn02-based inert anodes with oxides or metal as modifier was prepd. for Al elecmorecove~. me
appwent d.!of the catiode was 4.6-6.7 ~cm3 and the resistivity was 0.0082-0.021 ~.cm (960- 10OOO).Gmphite
cathode with an intermediate layer and coated with TiB2 (on the intermediate layer, i.e. outermost layer) was prepd.
for Al electrorecovery. in the electroreeovery of Al in a 100 A exptl. cell witi the above ~~e.and ~~~e, .~e ~~
current efficiency reached .apprx.90% and the anode corrosion rate decreased to 0.0035 #cm2.h.

Studies on inert electrodes in aluminum electrolysis. Xue, Ji]ai; Qiu, Zhuxian. Northeast Inst. Techo].,
Shenyang, Peep. Rep. China. YouseJinshu(1988), 40(4), 55-9,49. CODEN: YSCSAE; ISSN: 0:13-3424.
Journal; General Review written in Chinese. CAN 117:35556
AbstracL Sn02-based inert anodes with oxides or metal as modifier was prepd. for Al e]emomcove~. me
appmnt d. of the cathode was 4.6-6.7 #cm3 and the~esistivity was 0.0082-0.021 Q.cm (960- }OOOO).G~phite
cathode with an intermediate layer and coated with T1B2(on the intermediate layer, i.e. outermost layer) was prepd,
for Al electrorecovery, In the electrorecovery of Al in a 100 A exptl. cell with the above anode tid Mtiode, tie
cument efficiency reached .apprx.90% and the anode comosion rate decreased to 0.0035 ~cm2.h.

Preparation of carbon electrodes for use in aluminum electrol~ers. Romovacek, George R.: Lytmak, E~ward
P.; Buxton, James H.; Pascoe. Frank J. (Koppers Co., Inc., USA). Braz. Pedido PI, 12 pp. CODEN: BPXXDX.
BR 8606516 A 880712. Patent written in Portuguese. Application: BR 86-6516861230. CAN 110:123905
Abstract. The electrodes are prepd. by mixing C particles with tar, molding the resultant mixt. to the shape desired,
measuring the packing state of the article, remolding it with altered propornons of tar and C if necess~ to obtain
the desired packing propeflies, and then baking the electrode to its final hard condition.

Baking process and apparatus for production of carbon electrodes. Dreyer, Christian; Thomas, Jean Claude;
Vanvoren. Claude. (Aluminium Pechiney, Fr.). Faming Zhuanli Shenqirtg Gongkai Shuomingshu, 22 pp.
CODEN: CNXXEV. CN 87104218 A 880106. Patent written in Chinese. Application: CN 87-1042 I 870615.
Priori~: FR 86-8987860617: FR 87-j466 870414 CAN 110:103911
Abstract. C blocks which are used as electrodes in electrolytic cells for prodn. of Al or in eiectrol~ic alloying
processes are produced by mixing coke with asphalt at 120-200° to forma mel~ shaping into block, and baking at
1100-1200° under vacuum for 100 h in an app. comprising preheating, baking. and cooling chambers. The app.. in
which the vacuum and temp. are carefully controlled and monitored. is also claimed.

Method of controlling an aluminum electrolyzer.’ Borzyti, S. D.; Kapp, V. A.; Timofeev, N. A. (Bratsk
Aluminum Plant. USSR). U.S.S.R. CODEN: .~RXXAF. “SU 1435666 A I 881107. Patent written in Russian.
Application: SU 874219103870402, CAN 110:65728
Abstract. The interelectrode distance is controlled by monitoring resistance.

Eiectrocatalytic activity of doped carbon anode in aluminum electrolysis process. Xiao. Hafiing; Liu,
Yexiang: Liu. Longyu. Dep. Nonferrous MetalI., Inst. Min. Metal].. Changsha. Peep. Rep. China. Zhongnan
Kuangye Xueyuan Xuebao ( 1988), 19(3), 279-8j. CODEN: CKYPDO; ISSN: 0253-4347. Journal written in
Chinese. CAN 110:47334
Abstract. The anode ovemoltage of C anode in the existing Al electrolysis process is 0.4.appm.O.6 V. The
reducing of anodic overvoltage to save energy was carried out by increasing the catalytic activities of the C anode
with dopants. The anodic overvoltage of C anodes in Nti AlF6-A1203 (satd.) melt was measured by means of
steady state technique. Obvious electrocatalytic activities were obsd. on the C anodes with Ru, Cr and Li dopants.
The anodic overvoltage was reduced by >0.2 V under the industrial c. ds. The estd. energy savings were 6.OVOwhen
this technique was used. A prima~ discussion related to the function of dopants in C anode and the mechanism of
the above mentioned electrochem. process are also described.



Pilot plant testing of the petroleum cracking pitch in the preparation of anodes. [tskov. M. L.: Denisenko. A.
G,; Skripnik, A. G.; Belik, T. M.: Konyaeva, A. P. USSR. Tsvem. Met. (Moscow) (1988), issue 6. j8-9, CODEN:
TVMTAX; ISSN: 0372-2929. Journal written in Russian. CAN 109:153546
Abstract. Petroleum ‘cracking pitch (softening temp. 78°, a 1-fraction content O.12V0.a-fraction content 4°A.ash
content O.130A)can be used in place of coai pitch as a binder in self-baking anodes in Al electrolyzers. The
petroleum cracking pitch is less carcinogenic than coal pitch.

Improving the quafity of self-baking electrodes. Kulesh. M. K.; Frizorger, V. K.; Zalivnoi, V. I.: Teplyakov. F.
K. USSR. Tsvem. Met. (Moscow) (1988), Issue 6. 53-j. CODEN: TVMTAX; ISSN: 0372-2929. Journal written
in Russian. CAN 109:153545

-

Abstract. The qua[ity of se[f-baking anodes in Al eIectrolyzers was improved and consumption of anode mass
decreased by decreasing the level of Iiq. coke-pitch mixt. in the anodes during the winter season.

D.C. pulse plating and barrel electrodeposition of aluminum and aluminum alloys from alkylbenzene
electrolytes. Capuano, G. A. Dep. Chem., Univ. Quebec, Montreal, PQ, H3C 3P8, Can. Can. Metall. Q. ( 1988),

‘ 27(2), 155-61. CODEN: CAMQAU; ISSN: 0008-4433. Journal; Gened Review written in English. CAN
109:114384
Abstract. A review is given with 28 refs. An increase in coating thickness is achieved by using pulse plating.
Barrel plating of steel and Ti fasteners promotes enhanced corrosion resistance foliowing a chromating.

A new bath for the electrodeposition of aluminum. III. The electrochemical behavior of the rotating
aluminum disk electrode in pure aluminum trichlorideflHF-toluene solutions. Badawy, W. A.; Sabrah, B. A.
Fat. Sci., Cairo Univ., Cairo. Egypt.. J. Appl, Electrochem. ( 1988), 18(2), 2204. CODEN: JAELBJ: ISSN: 0021-
891X. Journal written in English. CAN 108:228368
AbstracL The kinetic parameters controlling the electrode processes were investigated. ne effect of the concn. of
A1C13,the speed of rotation of the rotating disk electrode and the temp. on the cathodic and anodic cd. was
analyzed. me results were compared with those for AlC13-LiAlH4~F-to luene sobs.

Future uses of inert materials for the electrolysis of aluminum chloride. Delimarskii, Yu. K.; Makogon, V. F.;
Gudymenko. A. M.: Chesnokov, A. S. Inst. Obshch. Neorg. Khirn., Leningrad, USSR. Ionnye Rasplavy Tverd,
Elektroli~ ( 1988), 3,46-50. CODEN: IRTEEE; ISSN: 02344483. JoumaI; General Review written in Russian.
CAN 108:212331
Abstract. A review with 7 refs. is given on some electrode materials b&ed on borides and carbides used as
cathodes in the eIectrochem. prodn. of Al from chloride melts. Also some electrode materials used as anodes are
described. The comparison between the properties of the ~=phite as the electrode material and several other was
made.

Effect of certain organic additives on the electrodeposition of.aluminum from a m-xylene electrolyte.
Spiridonov, B. A.; Bobryashov. A. 1.:Falicheva, A. 1.-Voronefi. Politekh. Inst., Voronezh, USSR. Zashch. Met.
(1988), 24(2), 316-20. CODEN: ZAMEA9: ISSN: 0044-1856. Journal written in Russian. CAN 108:194721
Abstract. Cathodic and anodic polarization studies were made during the elecmodeposition of Al from a bath
comg. AlBr3 (50 wt.”io),m-xylene with the addn. of paraffin additives, polynuclear arom. compds. not contg. amino
groups (biphenyl, diphenylmethane, naphthaiene) and those contg. such groups (4,4’-diarninobiphenyl; 4,4’-
diamino-3.3’-dimethoxydiphenylmethane ([)). The concn. of the additives varied from 1 to 10 @L. Polarization
curves were measured on a potentiostat. Fine-tryst., corrosion-resistant Al electroplates of good quaIity and <5 Km
thick can be obtained from a bath of the following compn.: A1Br3 500-550, 15,0, and m-xylene the remainder; at
cathodic c,d. 1-1.5 A/dm2 and electrolysis duration 20-30 min. The anode was Al and the anodic potential was -0.1
to 70.2v,
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Rotating disk electrode studies in cryolitic melts. Tellenbach. J. M.; Landolt. D. Mater. Dep., Swiss Fed. Inst.
Technol.. Lausanne. CH- 1007. Switz. Electrochim. Acts ( 1988), 33(2), 22 I-5. CODEN: ELCAAV; ISSN: 0013-
4686. Journal written in English. CAN 108:S4146
Abstract. A rotating disk electrode assembly for use in molten c~olite at 1020 K is described. The electrodes,
press-fitted into a BN insulator. were made of W plated with Au or of TiB2. The performance of the rotating disk
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system was tested by mexuring limiting currents for Mn2- redn. on AUat rotation rates up to 1600 rpm. The rate
of Al loss from a TiB2 cathode was measured as a function of the rotation rate and found to be m&s transport-
controlled.

Mel-ratio determination of aluminum smelting electrolyte by potentiometric titration with fluorid~ion
selective electrode. Geissler, Manfred: Kunze, Reiner; Roeder, Heino. Forschungsinst. NE-Met., VEB Mansfeld-
Komb. “Wilhelm Pieck”, Freiberg, DDR-9200, Ger. Dem. Rep. Z. Chem. (1987), 27(8), 306-7. CODEN:
ZECEAL: ISSN: 0044-2402. Journal written in German. CAN 107:249147

A titrimetric detn. of the NaF/A1F3 ratio in the smelting electrolysis of Al is described. The samples were sintered
with NaF at 600°, The cooled sinter wa5 dissolved in H20 and titrated with a Lam03X soln. The e~ point of tie
titrn. was indicated by a F--sensitive electrode.

Overvoltage on Inert Anode Materials in Cryolite Melts. Thonstad~ J., Y. X. Liu and S. Jarek, International
Light Metals Congress, Leoban, Vienna (Aluminium Verla~ (1987) p. 150-154.
Abstract. No abstract available.

Electrochemical polarktion studies on copper and.copper<ontaining cermet anodes for the aluminum
industry. Windisch, Charles F., Jr.; Marschrnan, Steven C. Pac. Northwest Lab., Mchlan& WA, 99352, USA.
Light Met. (Warrendale, Pa.) (1987), 351-5. CODEN: LMPMDF; ISSN: 0147-0809. Journal written in Engtish.
CAN 106:164520
AbstracL Recent work showed that a Cu-contg. oxide cermet has promise as an inefi anode material for the
primary Al prodn. industry, in order to understand the reactions occurring at the Cticeramic/melt interface d.tig
polarization in cryolite melt electrochem. poltization techniques were applied to Cu metal and Cu-contg. oxide
cermets. Distinct oxidn. and redn. waves were obsd. for the materials; these waves are correlated with electrochem.
reactions involving Cu in cryolite melt. Addnl. material characteri=tion was used to support the proposed reaction
mechanisms.

Selection and testing of inert anode materials for Hall cells. McLeod, Alan D.; Ltiann, Jean Marc; Haggerty,
John S.; Sadoway, Donald R. Dep. Mater. Sci. Eng., Massachusetts Inst. Technol,, Cambridge, MA, 02139, USA.
Light Met. (Warrendale, Pa.) (1987), 357-65. CODEN: LMPMDF; ISSN: 0147-0809. Journal written in English.
CAN 106:164521

A new set of criteria for Hall cell anode materials is given and fundamental thermodn. data used to est. how well a
varie~ of oxides will satisfi these criteria is discussed. The decompn. potentials and the soly. of the oxides in the
Al electrol~e consisting of Na3AlF6. A1F3. CaF2 and A1203 were aiso taken into account. Data are given for
many oxides.

of aluminum-tin alloys from organic electrolytes. Platis, F. S.; Capuano, G. A. Dep. Chem., Univ. Quebec in
Montreal. Montreal, PQ, H3C 3P8. Can. J. Electrochem. Sot. (1987), 134(10), 2425-9. CODEN: JESOAN; ISSN:
0013-4651. Journal written in English. CAN 107:224917’
Abstract. Al-Sri alloys were electrodeposited onto steel from aikylbenzene, AlBr3-HBr electrolytes. Bright,
adherent. and coherent Al-Sri plates were obtained at cathode efficiencies approaching 100V0. The compn. ‘of the
cathode deposit can be readily controlled by using Al-Sri anodes of specified Sn content. If the cd., agitation. and
specific conductance are maintained const., the electrolyte Sn concn. acquires a const. value after a working up
period. With electrol~es having conductivities of 3-6 x 10-3 Q-1 cm-1. 100V0of the Sn dissolved from the anodes
is transferred to the cathode. whereas. with electrolytes having conductivities of 2-3 x 10-3 Q-1 cm-1, only about
half the Sn content from the anodes is actually electroplated. The codeposition of Sn in the electrodeposition of A1-
Sn alloys was found to be a diffision rate controlling process.

Studies of the anodic process at tin dioxide-based electrodes in aluminum electrolysis. Liu, Yexiang; Xiao,
Haiming. Dep. Metal 1..CenI. South Univ. Technol., Changsha. Peep. Rep. China. Proc. - Electrochem. Sot.
( 1987). 87-7( Proc, Jt. Int. Symp. Molten Salts), 751-2. CODEN: PESODO; ISSN: 0161-6374. Journal written in
English. CAN 107:18j944



Abstract. The use of inert anodes and stable cathodes in the Al electrolysis industry is of significance for saving
energy. The electrochem. characteristics of Sn02-bmed electrodes in Al electrolysis are interesting not only for
understanding the mechanism of the anode process and infering indirectly the structure of cryoiite-alumina meh, but
also for developing new techniques for AI metallurgy with inert anodes. The anode process on Sn02-based
electrodes in Al electrolysis was studied by severai electrochem. methods and some initial results were obtained.

Electrodeposition of aluminum-zinc alloys from organic electrolytes. Bizabalimana. S.; Capuano, G. A. Dep.
Chim.. Univ. Quebec. Montreai, PQ, H3C 3P8. Can. Can. Metall. Q. (1987), 26(1), 13-19. CODEN: CAMQAU:
ISSN: 0008-4433. Journal written in French. CAN 107:164044
Abstract. A1-Zn alloys were electrodeposited -onto‘steel substrates from org. electrolytes. Adherent plates, usually
brighter than deposits obtained with pure Al,were obtained with the same electrolyte. The compn. of the cathodic
deposit can be readily controlled by using A1-Zn anodes of specified Zn content, if the cd. and specific conductance
are maintained const. With electrolytes having conductivities of (2-4) x 10-3 Q-1 cm-1, about half the anode Zn
content is transferred to the cathode, whereas with electrolytes having conductivities of (4-6) x 10-3 Q-1 cm-1,
100% of the dissolved Zn from the anode is electroplated at the cathode. me codeposition of Zn in the
electrodeposition of A1-Zn alloys was controlled by diffusion.

Cathodic processes in the electrodeposition of aluminum from ethylbenzene electrolytes. Petrov~ N. V.;
Titova, V. N.; Ktiov, V. A.; Biallozor. S. Inst. Fiz. Uim., Moscow, USSR. Ele&oMimiya ( 1987), 23(1), 56-
60. CODEN: ELKKAX; ISSN: 0424-8570. Journal written in Russian. CAN 106:109949
Abstract. Cathodic processes occurring during the elettrodeposition “ofAl from ethylbenzene electrolytes. as a
function of the operating time of the electrolyte, were examd. Together with the basic process (AI redn. on the
cathode), the electroredn. of H occurs, as well as of the solvent, with the formation of the anion-radical and its
firther protonation.

Effect of cell operating parameters on performance of inert anodes in Hail-Heroult cells. Ray, S. P. Alcoa
Lab., Alcoa Center. PA, 15069, USA. Light Met. (Warrendale, Pa.) (1987), 367-80. CODEN: LMPMDF; ISSN:
0147-0809. Journal written in English. CAN 106:184898
Abstract. Recently, the selection and evaluation of a no. of cerrnet anodes having compns. in the Ni-Fe-O and ,Ni-
Fe-Cu-O systems have been described. A discussion is given on the effect of electrolyte pbeters, e.g., temp.,
A1203 concn., bath ratio, and additives on the performance of anodes. The AD03 concn. in the electrolyte has a
strong effect on the anode performance, Anodes perform best when A1203 concnk. in the electiolye are at or near
sam. Anodes tend to decrepitate and fluorinate in tests with low @aF/AlF3) ratio electrolytes with low AU03
level.

Corrosion and passivation of cermet inert anodes in c~olite-type electrolytes. Tarcy, Gary P. Smelt. Process
Dev. Div., Alum. Co. America Alcoa Center, PA, 15069, USA. Li@t Met. (Warrendale, Pa.) (1986),2, 309-20.
CODEN: LMPMDF; ISSN: 0147-0809. Journal written in English. CAN 104:190200
Abstract Expts. on reaction-sintered Ni-56 NiFe204- 14 NiO [101995-91-9], isolated N,imetal Ni-64 NiFe204- 16
NiO [101995-92-O], reaction-sintered Ni-3 Cu-j6 NiFe204- 14 NiO [101995-93-1 ], isolated metal particie CU-4
Ni-64 NiFe204-16 NiO [10 1995-94-2], and Pt-64 NiFe204- 16% NiO [101g95-95.~] ce~e~ show that Ni is an
unacceptable metal phase in a cerrnet anode due to its anodic dissoln. The Cu-rich Cu-Ni alloy cermet is
recommended. The stabili~ of the metal phase depends on: ( 1) the use of a cermet to provide a mech. barrier to
spalling, (2) the use of CU-Ni alloys to catholically protect the Cu metal during the initial phase of electrolysis, and
(3) high A1203 activity in the electrolyte to assure the formation of a passivating CUA102. The resistance of
various alloys and metals to anodic dissoln. in c~olite-base melts is given.

Manufacturing Processes Used for the Production of Inert Anodes. Weyard, J. D,. Ljght Metals 1986, p.
321-359.
Abstract. Manufacturing processes have been developed for the production of commercial size inert anodes. These
inert anodes can be used to replace carbon anodes in Hall-Heroult electrolytic cells for the production of aluminum.
Commercially available raw materials in eluding FeA, Fe203. NIO, Fe, Ni and Cu were evaluated and selected for
fabrication of anode shapes. Several manufacturing process flow sheets have been developed and used to produce
inert anodes ror testing in 60 and 2500 ampere electrolysis cells. Raw materials were agglomerated by spray drying

.
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in open and closed systems to produce free flowing pressable powders. Consolidation of shapes was completed b>
cold isostaticaliy pressing at 100 to 207 MPa and sintenng in an inert atmosphere fimace at 1200* to 1400*c.
Electrical-mechanical connections were made to the manufactured inert anodes by severai methods including
diffision welding. mechanical connections and the use of br=e alloys. Final sintered properties. ,inciudirrg physical
and microstructural, were evaluated before Hall cell testing.

Inert anodes for H~ll cells. Ray. S. p. Ceram. Div., Alum. Co. America, Alcoa Center. PA. 15069, USA. Light
Met. (Warrendale. Pa.) (1986), 2,287-98. CODEN: L~PMDF; ISSN: 0147-0809, Journal ,written in English.
CAN 104:176572
Abstract. lt is well known that the usefif inert electrodes may lead to compact cell designs and improved efficiency
in Hall cells for Al prodn. Refractory hard metal. e.g., TiB2 is clearly the leading inert cathode material. In the past
no materials have been proposed for use as inert anodes, but most of these materials lacked the stringent
requirements that must be met. The selection and evaluation of a no. of certnet materials in the Ni-Fe-O and Ni-Fe-
CU-O systems were seiected and evaluated. we cerrnet materiais have acceptable elec. cond. The Al produced
during bench scale electrolysis tests using these anodes contains iow levels of anode constituents. The effect of Hall
cell operation on anode microstructure is discussed.

One hundred years of carbon for the production of aluminum. Wikening, S. Ver. Alum.-Werke A.-g., Bonn,
D-5300/l 1, Fed. Rep. Ger. Erdoel Kohle, Erdgas, Petrochem. (1986), 39(12), 551-60, COD~:”E~AB; ISSN:
0014-0058. Journal written in English. CAN 106:83578
AbstracL A history is given of the use of C in the electrode material for the molten salt electrolysis o? duntitta in
Al prodn. -,

Manufacturing Processes Used for the Production of Inert Anodes. Weyard, J. D., Light Metals 1986, p.
321-339.
Abstract. No abstract avaiiable.

Solubilities of oxides for ine~ anodes in cwolit~based melts. DeYoung, David H. Alcoa Lab.. Alum. Co.
America, New Kensington, PA, 15068, USA. Light Met. (Warrendale, Pa.) ( 1986), 2,299-307. CODEN:
LMPMDF; ISSN: 0147-0809. Journal written in English. CAN 104:190199
Abstract. The solubilities of Fe203, NiO, and NiFe204 were measured in NaF-AIF3-CaF2~AU03 melts as a
function of temp. and melt compn. The solubilities of Fe203 and NiO for melts contg. 1j-6.5% AU03 and for
bath ratios 0.7- 1.j are represented as log[% Fe] = 4.71-7080~ and log[% Ni] = 6.27 -9740~, resp., T = abs. temp.
The solubilities of Fe203 and NiO increase with decreasing concns. of AU03 in the melt, esp. at< 1VO AU03. The
soly. of Fe203 decreases moderately with decreasing bath ratio (wt. NaF/wt. A1F3), while no change occurs for
NiO, The soly. of NiFe204 is less than the solubilities of Fe203 and NiO, and there is good agreement between the
free energy of formation of NiFe204 calcd. from the me~ured sohtbilities of Fe203, NiO, and NiFe204 and the
free energy of formation reported in the }itera~re.

Anodic process of tin dioxide-based electrode in aluminum electrolysis. Xiao. Haiming; Liu. Yexiang. Cent.
South Univ. Technol.. Changsh& Peep. Rep. China. Youse Jinshu ( 1986), 38(4), 57-62. CODEN: YSCSAE; ISSN:
0513-3424. Journal written in Chinese. CAN 106:40415
Abstract. The anodic overvoltage on a Sn02-based electrode of 0.1-0.2 V at indusrnal cd. was found by the
steady-state technique. The occurrence of 2 straight segments on the anodic Tafel pIot impIied a 2-step O discharge
reaction. The .Iinear potential sweep curves obtained from Sn02-based anode showed that O artd F discharged sep.
No anode effect appeared at high cd. 12 A/cm2. which could be explained from the good wetting of Sn02 materials
by the molten eiecrrolye. The chronoamperomernc measuremen~ showed that O evolution on a Sn02-based anode
was an irreversible process. The chronopotentiometric measurements showed that the O evolution on a Sn02-based
electrode was an irreversible process accompanied by a them. reaction preceding it. The rate-detg. step was a 2-
electron transfer step.



The effect of anode-cathode distance on the current efficiency in aluminum electrolysis. Part I: mechanical
stirring in laboratory cells. Muftuoglu. T.; Thonstad, J. Metail. Div., Norweg. Inst. Technol.. Trondheim,
Norway. Aluminium (Duesseldo@ (1986), 62(8), 589-92. CODEN: ALUMAB; ISSN: 0002-6689. Journal written
in English. CAN 105!142066
Abstract. A study was made of the relationship of the anode-cathode distance (ACD) and the current efficiency
(CE) in the electrowinning of Al in the Hall-Heroult ceil. The CE measurements were made in a closed cell without
A1203 feeding. In addn. to the ACD/CE relationship a series of expts. were made in cells with forced convection
using a mech. stirrer. The CE was detd. as a function of the stirring intensi~ and of the. location of the stirrer within
the cell at a fixed ACD. Results are given in several graphs and they show that the CE decreases with increasing
intensi~ of stirring and the effect of stirring oh CE is far more pronounced when the stirrer is iocated hear the
metal-bath interface or within the metal pad,

Reaction of electrode products in aluminum electrolytic cells. Bumakin, V. V.; Polyakov, P. V. Krasnoyarsk.
Inst. Tsem. Met., Krasnoyarsk, USSR. Izv. Vyssh. Uchebn. “Zaved., Tsvem. Metal]. (1986), Issue 3,47-52.
CODEN: IVUTAK; ISSN: 0021-3438. Journal written in Russian. CAN 105:122962
Abstract. A possible method was examd. for calcg.’the losses of Al in the them. reactions of electrolysis products
in the electrorecovery of Al, It is 1st necessary to det. the “basiccharacteristics of 2-phase flow. The method of
successive approxns. was used. The calcd. values are presented of the sp. flows of C02 (106 k#m2-s) for
electrolyzers witi baked and self-baking anodes. The conducted anal. agrees well with exptl. data and with data
obtained in practice and allows one to det. the principai directions for solving the problems of improving the tech.-
economic indicators of the electrolysis process.

observation of the dissolution process of aluminum in c~olite-aiumina electrolyte through a transparent
quartz ceil. Fan, Liman; Qiu, Zhuxian; Kai, Grjotheim. Northeast inst. Technol., Shenyang, Peep. Rep. China.
Dongbei Gongxueyuan Xuebao ( 1986), 46, 97-101,4 plates. CODEN: THYPDK; ISSN: 0253+258. Journal
written in Chinese. CAN 105:68997
Abstract. Direct observatiort was made through a transparent quartz cell for the dissoh. of metallic Al in cryolite-
A1203 melt and the anode effect. The compn. of the electrolfie was 85V0cryoiite + 5% AU03 + 10% NaC1. When
Al was dissolved, a large amt. of small bubbles was formed followed by floating of blue brown metallic fog. The
dissoln. of Al was regarded as electrochem. nature and the cathodic polarization controlled the dissoln. of Al.

Carbon electrodes in the Hall-Heroult cell: a century of progress. Belitskus, David. Alcoa Lab., Alum. Co.
American. Alcoa Center, PA, 15069, USA. Light Met. (Warrendaie, Pa.) (1986), 1, 130+3. CODEN: LMPMDF;
lSSN: 0147-0809. Journal written in English. CAN 104:185537
AbstracL A history is presented that reviews the state of the art of C electrode technol. a century ago and traces the
developments in raw material processing and electrode manuf.

Correlations between ability of pitch to penetrate coke and the physical characteristics of prebaked anodes
for the aluminum industry. Couderc, P.; Hyvemat, P.; Lemarchand, J. L. Sot. H.G.D., Lens. 62304, Fr. Fuel
(1986), 65(2). 281-7. CODEN: FUELAC: ISSN: 0016-2361. Journal written in English. CAN 104:92772
Abstract. With respect to pitch selection for electrode prodn., the optimum exptl, conditions for the use of an
automatic app, that monitors pitch penetration into a coke bed are investigated. The penetration test described can
be used to select pitches with good affini~ for petroleum coke and to correlate this quality with the phys. properties
of electrodes produced therefrom. The test suggests the suitability of certain pitches which would not satisfi the
usual selection criteria. The temp.-dependent ability of a pitch to penetrate a coke bed, in conjunction with the
traditional criteria, assists in the selection of binder pitches used in the Al industry.

Electrode processes preceding the deposition of aluminum in a toluene electrolyte. Simakavicius. L. E.;
Sarkis. A. USSR. [ssled. Obl. Osazhdeniya Met. (1985), 96-101. Publisher: Akad. Nauk Lit. SSR. Inst. Khim,
Khim. Tekhnol.. Vilnius, USSR. CODEN: j50QAE. Conference written in Russian. CAN 106:204072
Abstract. Exptl. data show that in a toluene electrolyte contg. Me2EtPhNBr for Al electroplating on metals with a
low or intermediate H overvoltage. the electroplating of Al precedes the evolution of H, which on a Pt (and
probably on Ni also) electrode under conditions of mixed kinetics is also complicated by passivation, and on a Cu
(and probably aiso on Ag. Sn and glassy C) electrode is detd. basically by diffusion limitations.

.

.
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Electrodeposition of aluminum in iow-temperature molten hydride electrolytes. Kazakov. V. A.: Nakamura.
N.: Ioshio, M. Inst. Fiz. Khim., MOSCOW.USSR. Elektrokhimiya (1985), 21(10), 13314. CODEN: ELKKAX;
lSSN: 0424-8570. Journal writien in Russian. CAN 104:1225j
Abstract. The kinetics were studied of the elecmodeposition and dissoln. of Al in coned. THF hydride baths for Al
electroplating. A modified THF bath was used, which contained an increased concn. of Al (15-20 molVO).The
studied baths consisted of A1C13-LiAlH4-THF-benzene. All the tests were conducted at 35°. By using baths with a
low value of diffusion overvoltage and high concn. of Al, one can obtain high-quaii~ electroplates at considerable
cathodic cd. values; attaining 2100 mA/cm2.

=

of anode carbon during aluminum electrolysis (11~. Houston, Geo&ey J.’;Oeye, Harald A. Inst. inorg~ Chem.,
Univ. Trondheirn, Trondheim, Norway. Aluminium (Duesseldo@ (1985), 61(6), 426-8. CODEN: ALUWB;
ISSN: 0002-6689. Journal; General Review written in English. CAN 103:108114
Abstract. Part 111of a review with many refs. is given. Calcination of the filler coke, baking the anodes, effect of
temp. differences, pitch quality, anode addns. and impurity levels, and anode protection are considered.

A rotating ring-disk study of the aluminum electrode in molten aluminum chloride+ sodium chioride +
potassium chloride electrolytes. Takahashi, Setsuko; Ko~ Nobuyuki. Fat. Sci. Technol., Tokyo Univ. Sci.,
Nod% 278, Japan. J. E1ectroanal. Chem. Interracial Electrochem. (1985), 188(1-2), 245-55. CODEN: W~C;
ISSN: 0022-0728. Journal written in English. CAN 103:61354
AbstracL It is thought that the electrode kinetics of Al in a AIC13+ NaCl + KC1melt proceed by a 3-eiectron
reaction, but there is some doubt as to the existence of certain intermediate products. Rotating ring disk elecqode
{RRDE) measurements were carried out to analyze the electrode reaction and to confirm the existence of the
intermediates. The disk electrode was of glassy C or 99.990/0Al and the ring was of glassy C. Men the disk was
cathodicaliy polarized at a sweep mte of 100 mVs- 1 and the ring was potentiostated at a certain potential, 2 waves
were obsd. on the disk polarization curve and a significant anodic current was detected at the ring as soon as the
disk current reached the 2nd stage of rise. The anodic ring current is considered to confm the existence of the
intermediates. The ratio of the no. of electrons for the intermediate formation reaction on the disk to the no. for the
disappearance reaction on the ring was calcd. to be 2. It is therefore assumed that Al(III) (i.e., A1C14-)is reduced to
AI(I) on the disk and that the AI(I) is oxidized to AI(II) on the ring. Some intermediates were also detected in the
anodic reaction of Al. but the details are still under investigation.

Determination of the lithium content of molten aluminum using a solid electrolyte. Yao, P. C.; Fray, D. J.
Chung Shari inst. Sci. Technol., Taiwan. Metall. Trans. B (1985), 16B(I), 4].6 CODEN: M~CR; lSSN: 0360-
2141. Journal written in English. CAN 103:16032
Abstract. A Li probe was used for the dem. of the Li content of molten Al alloys. The electrolyte was a 2-phase
mixt. of Li3P04 and Li4Si04 to give an overall compn. of ,Li3.6Si0.6P0.404. This electrolyte was slightly attacked
by pure Iiq. Li. but no attack was detected in the A1-Li melts. However, exposure to high humidity caused the
electrolyte to degrade. A satisfactory ref. elecqode was decompd. Li2Ti307 consisting ofLi4Ti5012 and Ti02.
An activi~ vs. compn. plot showed that Henry’s law was obeyed, and the activity coeff. was 0.17 at 984 K and 0.26
at 1050 K.

A study of the voltage and current efficiencies of fused salt aluminum chloride electrolysis using bench scale
cells. Hauksson. Trausti: Foulkes. Frank R. Dep. Chem. Eng. Appl. Chem., Univ. Toronto, Toronlo, ON, M5S
1A4. Can. Can. J. Chem. Eng. (1985), 63(2). 257-43. CODEN: CJCEA7; ISSN: 00084034. Journal written in
English CAN 10~:~~~168

Abstract. The fused salt electrolysis of AIC13dissolved in LiC1-NaCl m. 700° was studied using ‘bench scale cells
using graphite electrodes. The effects of AIC13concn., forced convection. interelectrode spacing, and cd. on the
voltage, current. and energy efficiencies of the process were investigated. At a practical cell voltage of 3.05 V and
cd. of 15 kA.m-2 the elec. energy consumption per kg of Al produced by the A1C13process was .apprx.32 MJ,
compared with a typical value of 52 MJ.kg- 1 for the Hall-Herouit electrolysis.

Operation of a ring chamber furnace for the production of electrodes containing carbon. Oderbolz, Stefan;
Bouwmeester. Gerhard. (Swiss Aluminiurn Ltd. , Switz.). Eur. Pat. Appl., 18 pp. CODEN: EPXXDW. EP 133842



,7.1,

A 1 850306. Designated States: R: CH, DE. FR. GB. IT, LI, NL. Patem written in German. Application: EP 84- “’ ‘ .:!
810355840720. Priority: CH 83-4381830811 CAN 102:194019
Abstract. A procedure is described for operating an open ring chamber fimace with firewalls at least partially
fastened together for the prodn. of C-contg workplaces. esp. electrodes for Al prodn. from molten salts;, Esp. in
combination with control of the operation, the procedure leads to uniform qualities independent of the Position of
the workpiece in the furnace., Control of the temp. and vacuum in the furnace is described. The controi.devices are
removable slide vahtes operated by a servomotor.

.

Cycling ‘of ~-lithium-aluminum (LiAl) in organic electrolytes - effect of electrode contaminations and
electrolyte additives. Besenhard. J. 0.: Fri~. W. P.: Wudy, E.: Dietz, K.: Meyer. H. Anorg.-Chemisch~ Inst.; r : . ;.,

Tech. Univ. Muenchen, Garching, D-8046, Fed. Rep. Ger. J. Power Sources ( 1985), 14(1~3), 193-200.”’‘CODEN:
JPSODZ; ISSN: 0378-7753. Journal written in English, CAN 102:188009
Abstract. The mobility of Li in P-LiAl formed by cathodic Li incorporation is drastically reduced by small amts. of
Si in the parent Al: this is shown by 7Li NMR and electrochem. expts. During long-term cycling, the detrimental
effect of lower Li mobility is compensated by the less spongy m.orphol. of Si-doped electrodes. Addn. of> 100 ppm
1,2-propanediol [57-55-6] or 2-methoxyethanol [109-86+] improves the 1st cycie Li recovery from Si-doped ~-
LiAl in propylene carbonate electrolytes; paraffin oil is a non-reactive surfactant which slightly decreases the
corrosion of ~-LiAl.,

Reactivi~ of pitch cokes as a function of the group composition of pitch. Litwinowic~ Andrzej; Golec, Marian;
Zmud& Wieslaw. Pol. Gomictwo (1984), 8(l), 71-j. CODEN: GORNDL. Journal written in Polish. CAN
101:57471
Abstract. The reactivity towards oxidn. by C02 of semicokes produced by carbonizing coal-tar pitches increases

,-

as the a 1 and a2 group content (Polish anal. method BN 79/0511-34) is increased. The foregoing is significant
when coal-tar pitches are used as binders for anodes in the electrolytic prodn. of AI. The durability of these anodes
depends on the resistance of binders to oxidn.

iron for conductors for carbon blocks of aluminum electrolysis cells. Frizorger, V. K.; Koz’min, G. D.;

I

Shpakov, V. I.; Nepomnyashchii, V. N.; Abramov, A. A.; Mo~aev, V. M.; Gro~ov, B. S.; Polyakov, P. V.;
Kuiinich, G. G.; Kunichkin. S. M. (USSR). U.S.S.R. CODEN: U~AF. SU 1073318 A 1 840215, Patent
written in Russian. Application: SU 82-3515161820928. CAN 100:196034
Abstract. The voltage drop is decreased in the carbon block-conductor contact by adding 0.01-0.05% Ga to the
cast iron [90 144+-8] cont~. C 3.2-3,6, Si 2.6-3, Mn 0.35-0.5, Al 0.15-0.25, and Cu 0.08-0. 15°/0.

Energy reduction in the manufacture of prebaked carbon containing electrodes for electrolytic production of
metah such as aluminum. Withers, James C.; Upperman, Gary V. (Metallurgical, Inc., USA). U,S., 6 pp.
CODEN: USXXAM. US 4431 j03 A 840214. Patent titten in .English. Application: US 81-275940810622.
CAN 100:147506
Abstract. Improved C-contg. anodes for Al recove~. are described. The anodes are formed in 7.5 cm diam. molds
with pressure of8500-28000 psi at 1000. After’the anode was set it was cooled. removed from the mold and coked
to 1IOOO.Holes 0,6 cm diam. and 2.j cm apart were dtilled after pre-curing prior to coking. Good results were
obtained horn the anodes contg. holes by coking for 24 or 48 h.

Studies on nettability of carbon electrodes in aluminum electrolysti. II. Qiu, Zhuxian; Wei, Quingbin; Yuo,
Kwantsung. Dep. Non-ferrous Met., Northeast Inst. Techol., Shenyang, Peep. Rep. China. Aluminium
(DuesseidorO ( 1983), j9( 10), 7j3-6, CODEN: ALUMAB; ISSN: 0002-6689. Journal written in English. CAN
g9:~o~40~

.4bstract. [improvement of nettability of C electrodes is influenced by many factors, the 2 most important of which
are addn. of Al to the electrolyte and increasing the cd. Electrolytic polarization curves and motion pictures were
used to study the wetting of C electrodes by the A1203/c~olite melt. A short period of reverse electrolysis may be
beneficial in the Al electrowinning process. These results are also helpful in understanding the mechanism of the
anode effect and of penetration of electrolfie into the cathode blocks,

●
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DSA in aluminum reduction cells.
Sumitomo Alum. Smelting Co., Ltd..

Horinouchi. Kao; Tachikawa, Noboru; Yarnada, Koichi. Kikumoto Works.
Niihama. Japan. Proc. Int. Symp. Molten Salt Chem. Technol.. 1st ( 1983). 65-

8. Publisher: Moiten Salt Comm. Electrochem. SOC.Jpn., Kyoto, Japan. CODEN: 53FZAG. Conference written in
English. CAN l’~~:1~978~

Abstract. Several elec~oconductive comPlex oxides e.g. NiMn204, SnZn 1.8Ni0.204. SnO.3Ni1.3Fe1.4o4 are
presented as candidates for dimensionally stabie anode (DSA) for use in Al redn. cells. Properties of oxides such as
the stability in cryolite melt, reactivity With tie dissolved aiurnina, and anodic oxidn. by oxygen evolved were
studied. AnOdic behavior of complex oxides were smdied by the electrolysis of alumina in the melt. Their anodic
overpotentials were detd. by a cufient ~terruptor metiod at 10000. The 10SSof Al during electrolysis was measured
in relation to the rate of reoxidn. of Al pbduced. The redn. of energy requirement of the newiy desi~e,d cell with
DSA is roughly estd.

Ceramic electrode material. Energy balance in aluminum electrolysis. WindfeldG A. Sentralinst. Ind. Forsk.,
Oslo, Norway. Repo~ ( 1983), IssueSI-R-79010 I- 1; Order No. DE84750388, 11 pp. Avail. N~S (U.S. Sales
Only). From: Energy ’Res. Abstr. 1984, 9(9), Abstr. No. 16811. Report written in Norwegian. CAN 101:100188
AbstracL The report compares tie energy baiance when using C anodes and ceramic anodes for industrial
electrolysis of A1203 melts. The ceramic anodes can be made pemanent. The calcns. show that it is possible to at
least maintain the present specific ener=q consumption by reducing the electrode distance.

studi~ on nettability of carbon electrodes in aluminum electrolysis. I. Qiu, Zhuxian; Wei, Qingbin; YUO,
Kwantstmg. Northeast Inst. Technol., Shenyan~ Peep. Rep. China. Ahtminium (Duesseldo@ (1983), 59(9), 670-
3. CODEN: ALUMAB; ISSN: 0002-6689. Journal written in English. CAN 99:148418
Abstract. The nettability of C electrodes being polarized in Al electrowinning melts was studied. The melts

,.,:

consisted of NaF/AlF3 and Na3A1F6/AU03 a well as salt additives. Photog. was used in the study of the anode
effect in addn. to the wetting phenomena of the C electrodes at current intensities of 0.1-5.0 A or c.ds. of 0.084.0
A/cm2. Anodic and cathodic polari=tions were carried out and the influence of cd. and concn. of alumina was
studied.

Electrode for “determining alumina concentration in an electrolytic aluminum cell. (Sumitomo Aiuminium
Smelting Co., Ltd.. Japan). Jpn. Kokai Tokkyo Koho, j pp. CODEN: ~F. R S7100344 A2 820622
Shows, Patent written in Japanese. Application: JP 80-177700801215. CAN 97:192459
Abstract. An app. for the potentiometric dem. of AD03 present in the melt of an electrolytic Al cell consists of a
main electrode prepd. by immersing a metal lead into a fused salt satd. with A1203 and contained in a muitiDorous
e]ec, insulator tube with a closed end and a metal wire serving as a counter eiectrode to be immersed in the test melt.

Charge transfer reaction on a bromine electrode in molten aluminum bromide-potassium bromide.
Krasnoperov. A. V.: Nekrasov, V. N.: Ivanovskii, L. E. Inst. EIektroMim., Sverdiovsk. USSR. Deposited Dec.
( 1982). IssueV~ITI5178-82. 10 pp. Avail. V~lTI. Report written in Russian. CAN 99:202354
Abstract. Direct measurements were made of Ihe fast charge-transfer reaction mte by using the method of dual
puises on a Br electrode in a melt of the eutectic AlBr3-KBr (25.8 molYO)at 370470 K. The expts. were conducted
in a cell with 2 electrodes of glassy C. The method allows one to obtain direct exptl. information on the kinetic
p~ameters of the ch’mgetransfer reaction. a knowledge of which is necessary for understanding the process on the
stated electrode.

●
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Application of solid oxide electrode in aluminum electrolysis - continuous determination of aluminum oxide
concentration in aluminum electrolytes. Wang. Huazhang. South Cent. Coil. MetalI., Peep. Rep. China. Youse
Jinshu [ 1982). 34(6), 28-33. CODEN: YSCSAE. Journal: General Review written in Chinese, CAN 99:186391
Abstract. A review with 9 refs. on the emf. metiod for continuous dem. of A1203 concn.

Electrodes for aluminum electrolyzers. Berdnikov, Yu, [.; Ryzhov, V. A.; Nikishev, A. A.; Kiselev, V. S. (All-
Union Scientific-Research and Design Institute of the Aluminum. Magnesium, and Eiec~ode industry, Irkutsk,
USSR). U.S.S.R. CODEN: URXXAF. SU 933808 A I 820607. Patent written in Russian. Application: SU 80-
2938010800602. CAN 97:117489 ,



Abstract. Electrodes for Al electroiyzers were prepd. by mixing coke with a binder. adding an inorg. additive and
then baking the raw material of the anodic mass. A high quality anode was obtained by using as inorg. additive a
H3B03-A1 powder mixt. in a (0915-093) to (5-1) ratio.

Electrode for electrolytic aluminum production. (Sumitomo Aiuminium Smelting Co., Ltd.. Japan). Jpn. Kokai
Tokkyo Koho, 4 pp. CODEN: J~AF. JP 57051277 A2 S20326 Shows. Patent written in Japanese.
Application: JP SO-12742S S009 12. CAN 97:465j3
Abstract. In manufg. an electrode for Al electrowinning by blending fine, medium, and coarse coke powder with a
binder. precalctied coke mostly in the medium particle-size range is used constituting up to 30V0of the total amt. of
coke. Ener=~ conservation is achieved during llectrode prodn.

Electrodeposition of aluminum from an aromatic hydrocarbon electrolyte. Kume, Michiyuki. Nagoya Munic.
Ind. Res. Inst.. Nagoya, Japan. Nagoya-shi Kogyo Kenkyusho Kenkyu Hokoku (1982), Issue 64,9-12. CODEN:
NAS~R; ISSN: 0369-3333. Journal written in Japanese. CAN 97:13992
Abstract. The electroplating of Al on Cu was smdied. As a bath, a soln. of AlBr3 in the mixt. of ethylbenzene and
naphthalene was used. The optimum conditions obtiined -were as follows: concn. of AlBr3 2.2.5 mou, temp. 2S0
and cd. 1 A/dm2. Under these conditions, a silvery white, c,ompactdeposit was obtained. The activation
overpotential vs. cd. curves, obtained by a galvanostatic method. showed a good linear relation at cd. 0.6-3 (150),
0.4-3 (250), and 0.6-3.6 A/dm2 (350), resp., and in these Tafel regions, the charge-transfer process: A13+ + AU+,
was the rate-detg. step.

Electrode processes in production of aluminum by electrolytic reduction of aluminum chloride in molten
chlorides of alkali metals. Ortnan, Zofia; Oblakowski, Ryszard; Jarek, Stanislaw. Inst. Non-Femous MetaiI., Univ.
Min. Metall., Wakow, Pol. Metal. Odlew. ( 19S1), 7(3), 2S7-305. CODEN: MEODD6. Journal written in English.
CAN 96:171066
Abstract. Anode and cathode potentials, as well as the overall potential drop, were measured during electrolytic
redn. of AlC13 in equimol. mixts. of NaC1-KCl and NaC1-LiCl for AIC13concns. of5-20°A; temps. of970, 1020,
and 1070 K; and cd. values of 0.1- 1.2 A/cm2. The potential drops between the elecmodes and the anode potentials
were higher in NaC1-KCl mixts. than in the NaC1-LiCl system. ht both electrolytes, the cathodic polarimtion was
negiigib[e. The preferred concn. of AIC13was 5°/0. Some increase in potential was obsd. at higher concns.

Inert electrodes in Hall-Heroult cells. Billehaug, K.; Oeye, H. A. Norw. Tech. Sch., Trondheim, Norway.
Leichtmetalltag. (1981), 7th, 250-2. CODEN: ~LEDD. Journal; Geneml Review written in German. CAN
96:131934
AbstracL A review with 16 refs. is given, based on patent literature of Al manuf. in the title cells.

Electrode for detecting alumina concentration in an electrolytic aluminum cell. (Sumitomo Aluminim”
Smelting Co., Ltd., Japan). Jpn. Kokai Tokkyo Koho, 6 pp. CODEN: J~~F. JP 56 15SSS9 A2 811207
Shows. Patent written in Japanese. Application: JP SO-63136 S00513. CAN 96:115164

“
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Abstract. In an AD03 concn. detectin~ electrode for an electrolytic Al cell and consisting of a monitor electrode
and a ref. electrode. that part of the electrode which comes into contact with the fused salt is the monitor electrode
which is a metal (e.g. Ti. Zr. Hf. Si, V, Nb. Ta. Cr, Mo. W) coated with a them, stable and redn,-resistant carbide
(carbides of Ti, Zr, Hf. Si. V, Nb, Ta. Cr. Mo. W).

Arrangement of the electrodes in a fused bath electrochemical cell for producing aluminum. Alder. Hanspeter:
Schalch. Eugen. (Swiss Aluminium Ltd. , Switz.). Fr. Demande. 17 pp. CODEN: F-L. FR,24S2629 A 1
811120. Patent written in French. Application: FR S1-9625 S10514. Priority: CH SO-3873 S00514 CAN 96:94039
Abstract. The manuf. of Al by electrolysis in a salt melt was carried out in a cell with dimensionally stable anodes
and a cathode of deposited liq. metal. The Al surface which is in direct contact with the electrolyte melt is opposite
the active surface of the anodes but placed lower. On the floor of the C vessel is a device for collecting the liq.
metal and this is sepal. by an insulating material. The basin filled with Iiq. Al communicates with all the various
parts by tubes or channels. The total of all the surfaces of Al exposed in the bath amts. to 10-90°Aof the active
sun-ace of the anodes. [n an exampie. the anode consists of Sn02 with 2 wt.”/OCUO and 1 wt.”zoSb203.

.
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products formed from titanium diboride. Hmel, John Grant: Steiger. Roger Arthur. (PPG Indus&ies, Inc. .
USA). Fr. Demande. 21 pp. CODEN: FRXXBL. FR 2468564 A 1 810508. Patent written in French.
Application: FR 80-23344801031. Priority: US 79-9084079 I I02 CAN 96:90537
Abstract. TiB2 articles of d. >9j% for use in electrolytic cells for the manuf. of AI are prepd. horn TiB2, produced
by reaction of Ti02, B203, and C, by grinding the particles in an inert O-free liq. in a mill which does not introduce
any impurities to spec. surface >S m2/g, cold-forming, and firing at 1800-2500°. The inert -grindhg ]iq. is a liq. Cj-
8 hydrocarbon or a halogenated C2-4 hydrocarbon. Thus, 300 g of TiB2 contg: Ti 69.2. B 30.8, C 0.28,0 0.3j, N
0.05, and Fe 0.5% and having spec. surface 0.8- 1.1 m2/g was ground in 750 cm3 heptane”for 168 h, dried. and
passed through a 495 v screen giving a powder of spec. surface 9.9 m2/g and av. particle size 1.03 y which was
formed into plates and fired at 2100° f~ 1 h giving articles of d. 96:2%.

Electrode arrangement in a fusion electrolysis cell for producing aluminum. Alder, Hanspeter; Schalch, Eugen.
(Swiss Alumittium Ltd., Switz.). Ger. Offen., 19 pp. CODEN: G~BX. DE 3022232 Al 811224. Patent
written in German. Application: DE 80-3022232800613. CAN 96:59998
Abstract. The deployment of the dimensionally stable anodes in relation to the melt and the Iiq. Al is descfibed.
The anodes are ceramic oxides and are held vertically in contact with the mojten Aj which is collected in the lower
part of the C vat in sumps divided by insulating mate@al. The total of all the melt of the discharged Al antts. to 10-
90% of the anode surface. This arrangement increases the stability of the anodes.

Electrode kinetics of the aluminum deposition from tetrahydrofuran electrolytes. Ecke~ J,; Galovq M. Sekt.
Chent., Tech. Hochsch. “Carl Schlorlemmer”, Merseburg, DDR4200, Ger. Dem. Rep. Electrochim. Acts (1981),
26(8), 1169-75. CODEN: ELCAAV; ISSN: 00134686. Joumaj written in Engiish. CAN 95:22791 I -
Abstract. The kinetics and mechanism were studied of the ejecmode process for Al deposition from an electrolyte
consisting of A1C13and LiAlH4 in THF or THF- benzene mixts. Kinetic parameters such as the exchange cd. and
transfer coeffs. depend to a great extent upon the mojar ratio of both componen~. An elecmode mech~ism was
suggested in agreement with the exptl. results obtained.

Apparatus for jammed tap or simijar rod, mandrei removaj or placing, especially for mandrek applied in
aluminum electrolysis baths. Karojy, Ede; Titli, Janos. (Inotai Ajuminiumkoho, Hung.). Hung. Te~es, ]2 pp.
CODEN: HUXXBU. HU 19393 810128. Patent written in Hungarian. Application: HU 78-10269781130. CAN
95:46888
Abstract. A mech. device is described for the removal and placing of spent electrode-holdtig mandrels applied in
A1-elecmolysis cells.

The effect of an alumina layer at the electrolyte/aluminum interface. A laboratory study. Thonstad. Jomar:
Liu. Yexiang. Norwegain jnst. Technol., Univ. ‘Trondheirn. Trondheirn, Norway. Light Met. ~. Y.) ( 1981). 303-
12. CODEN: LMPMDF; ISSN: 0147-0809. Jomal wrinen ti English, CAN 94: 16~639 ‘ ‘ ‘
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Abstract. Alumtia particles can accumulate at the interface between Al and cryolite-alumha mejts, due to the high
interracial tension (.apprx.450 mN/m). Theor.. calcns. ind]cate that alumina spheres of sizes up to 7.5 mm diam. can
rest at the interface. Alumina which was carefujly added to the system, accumulates at the interface, as evidenced
by them. anal. and by microscopy. The rate of oxidn. of dissolved metal when C02 was passed over the melt,
decreased strongly when excess alumina was added. Correspondingly, current efficiency of a lab. electrolytic cell
increased in the presence of an alumina layer at the interface. The concn. of dissolved metal in the bujk of the melt
decreased. and a concrt. gradient was setup within the alumina layer. Evidently, mass transfer of dissolved metal
was impeded by the presence of the layer. Settling of alumina at the ba~metal interface probably plays a part h

,. the mechanism of alumina dissoln. in corn. Al cells.

Submicron titanium boride powder. Hoekje. Howard H. (PPG Industries, Inc. , USA). U.S., 31 pp. Cont.-in-part
●

of U.S. Ser. No. j46,838. abandoned. CODEN: USXXAM. US 4282195 810804. Patent written in English.
Application: US 7j-546838 7j0203. CAN 9j: 174250
Abstract. Submicron TiB2 powder (an&or ZrB2 and H~2) is prepd. by vapor phase reaction of the corresponding
metal halide (e.g. TiC14) and”a B source .~e.g.BC13) in the presence of H and substantial absence of O in a reaction
zone. The TiC14 and BC13are mixed in a hot stream of H from a plasma heater. The reaction zone is maintained at
metal boride-foming temps. and the boride powder is removed promptjy from the reactor and cooled. The TiB2



powder, contg. TiB2 >99. metal impurities <0.4. C <0.1.0<0.20, and halogen <0.15 wt.VOand having surface area
of .apprx.3-25 m2/g with 290°/0of the TiB2 particles having diam. <1 y, well-developed faces, and a no. mean
particle size of 0.08-0.6 ~, is suitable for hot- and cold-pressing and sintering to prep. articles of d. 290Y0. A metal
boride powder contg. a minor concn, of C, e.g. O.l-j wt.YOis prepd. by adding a source of C, e.g. 1,1,2-
trichloroethane [79-00-5], in the reaction zone or by adding submicron metal carbide powders or finely divided C
and blending with the powd. metal boride product. Thus, TiB2 powder was prepd. by vapor reaction of TiC14 and
BC13 in a stream of H, HC1,and Ar, recovered, and degassed under H to give a TiB2 powder contg! B 32.3,00.44.
and Cl 0.030/0and”having a surface area of 3.3 m2/g. A portion of this powder was hot-pressed to a plate of d. 97°/0
and resistivity 7 ~Q-cm contg. 0.050/0O which when operated as the cathode in an Al redn. cell for 100 h had no
signs of deterioration or penetration of the electrolyte.

Use of modified solvent refined coal as an electrode binder. Bullough, V. L.; Daley, L. O.; Gates, E. J:; Pipes.
William D. Reynolds Metals Co., Sheffield, AL. 3j660, USA. Light Met. m. Y.) (1980), 483-8. CODEN:
LMPMDF; ISSN: 0147-0809. Journal written in English. CAN 95:84127
Abstract. The suitabili~ of modified solvent-refined Coal(SR~) as a binder in the prodn. of C electrodes was
investigated. The SRC can be used as a starting material for the manuf. of satisfactory electrode pitch. While the
properties of this pitch are marginal, the plant evolution andelectrode formulation adjustments wiii produce
satisfactory anodes for Al manuf, by the Hall-Heroult process.

Electrode for determining alumina concentration in an aluminum electrolysis cell. (Sumitomo Aluminium
Smelting Co.. Ltd., Japan). Jpn. Tokkyo Koho. 10 pp. CODEN: JAXXAD, JP 55036104 800918 Shows. Patent
written in Japanese. Application: JP 76-62556760528. CAN 94:57593 -.
Abstract. The monitoring elecmode (to be used with an Al, Pt. or TiB2 ref. electrode) used to det. the AU03
concn. in an Al electrolysis celI is made of a compiex oxide having precise compn. (Sn02.Ta205, LaY03,
CoCr204, LaCr03, La2Sn207, or NiO.Nb205).

Stud y of the kinetics of aluminum electrodeposition in electrolytes based on aromatic hydrocarbons.
Kuznetsov, V. V.; Kazakov, V. A.; Grigor’ev, V. P.; Titova, V. N.; Davidenko, T. N.; Skibin& L. M. Nauchno-
Issled. Inst. Fiz. Org. Khim., Rostov, USSR. Elektrokhimiya (1980), 16(5), 646-50. CODEN: EL~X; ISSN:
0424-8570. JoumaI written in Russian. CAN 93:56756
Abstract. The kinetics and mechanism were studied of the electrodeposition of Al from org. electrolytes. The
introduction of MBr (KBr, LiBr) in the system A1Br3-ArH, (where ArH is tiom. hydrocarbon) increases and
stabilizes the elec. cond., not affecting the realkylation of ArH. The role of diffision Imitations in the kinetics of
eiectroredn. of Al decreases in the ordec benzene> mesitylene > toluene > m-xylene. > ethylbenzene, The
connection was established between polarization, elec. cond., the stability of complex species and the magnitude of
the ratio MBr-AlBr3 in Al electroplating baths based on ,mom. hydrocarbons. The principal effects on the kinetics
of the process are the dissocn. and adsorptive properties of the soivent.

Secondary anode paste for Soderberg-type electrode for aluminum electrolysis cells.. Mochizuki, Shogo;
Sawai, Mitsugi; Hayashi, Tatsuo: Fujimoto, Kazuhiro: Yano, Kunihiro. @ippon Light Metal Co., Ltd.. Japan;
Nippon Light Metal Research Laboratory, Ltd.). Jpn. Kokai Tokkyo Koho. 3 pp. CODEN: J~F. JP
j5002724 800110 Shows. Patent written in Japanese. Application: JP 78-75987780619. CAN 92:188262
Abstract. The anode paste used to fill the spike holes when replacing the vertical anode spikes in a Soderberg-type
Al electrolysis cell is prepd. by using a layer proportion of fine powder in the aggregate (pitch coke) as well as a
larger proportion of binder (pitch) compared to the prepn. of the primary anode paste, The anode potential is lower
when a paste having the above compn. is used.

Carbon electrode coated with antioxidant for aluminum electrolysis. lnao, Junichi: Yamada, Koichi; Matsui,
Atsuro: Murase. Mitsutoshi. (Sumitomo Aluminium Smelting Co.. Ltd.. Japan). Jpn. Kokai Tokkyo Koho, 5 pp.
CODEN: JUXAF. JP 54137412 791025 Shows. Patent written in Japanese. Application:JP 7845765780417.
CAN 92:1 18j39
Abstract. A C electrode for Al electrolysis is coated with a flux (A. being solid at the electrolysis temp.) contg. 21
of Ca. Mg, and Al oxides and binder and theh with a flux (B being liq.) contg. 21 compds. of K, Na, C~ Mg\ and Li
fluorides. and 1 compd. from NaBF4. B203, HBF4, and KBF4. and a binder. Loss due to combustion of the

.
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e]ectrode exposed to air is prevented. The binder used is an akali metal silicate or A1P04 for tie fomer (fiuX A).
and 1 compd. from alkali. ak. earth metal, and Al nitrates, alkali metal and A}phosphates for the”ia~er (flux B) and ‘
an electrode is coated with the former and the latter in a (30-90):(10-70) ratio in 0.2-20 mm total thickness. ~us a
3 diarn. x 7 cm petroleum coke electrode was coated with a j:4 mixt. of ADOS and No. 3 water glass (36°/0solid,
Na20:Si02 1:3) and then with a mixt. of CaF2 42, NaF 42. NaBF4 16, and 50% NaH2P04 50 pm, and dried so as
to be coated to a 1.j mm thickness in a 1:1 ratio. When heated at 500, 600. or 800° for 16 h in a ‘vertical elec.
fimace with free access of air, the wt. loss was 12, 15, or 13 g’m2-h, vs. 350, 920, or 970 #m2 w]thout the coating.

Electrodes for producing aluminum. Fischer, Werner Karl; Keller, Felix; Haenni, Max. (Swiss Alumtiium Ltd.,
Switz.). Ger. Offen.. 22 pp. CODEN: GWXBX. DE 3013294 801023. Patent written in German. Application
DE. PrioriW: CH 79-3194790405 CAN 93:227570
Abstract. A procedure is described for prepg. the material to be mixed (dry material and eiectrode binder), for
producing the title electrodes, by mixing, degassing and temp. variation. The@ material antior the material to be
mixed are simultaneous fluidized, degassed and homogenized, as well as heat treated, in an at least partially dust-
and gas-tight system.’ During the mixing a coolant liq., such as water, can be added to completely’ wet the mixt.
The mixed materiai is then led to molding equipment. In an example, the following operating parameters are
presented: throughput of material to be mixed 14 tow, temp. at the lower mill exit 150& 3°, temp. of the pressed
anode 104 &6°, quantity of cooling air 28,000* 2000 m3h, anode wt. (=-en) 456 kg &6, anode height
(controlled) 512 +2 mm. The finished anode had a d. of 1.539 k#dtn3, sp. eiec. resistance of 60~4 ~-m, and
breaking stren=ti 85 daN/cm2.

efficiency in the electrolysis of aluminum chloride. Ichikaw% Hachiro; Iuchi, Toshiaki; Ishikaw~ Tatsuo..
Nippon Light Met. Res. Lab., Ltd., Shizuoka Japan. Light Met. @. Y.) ( 1979), 363-72. CODEN: LMPMDF;
ISSN: 0147-0809. Joumai written in English. CAN 94:147420
Abstract. The redn. of AIC13to Al was studied with ~mphite electrodes in a 20 A cell at 750°. The A1C13gas was
continuously fed to the electrolyte. The current efficiency was detd. by the metal wt. Relations between the
operating and design parameters and current efficiency were found. The following electrolysis conditions are
recommended in view of ener=~ saving: electrode angle of 30°, electrode, distance of 13 to 16 mm, cd. of 0.7 to 1.j
A/cm2, and solvent comp. of20 to 30 mol.~o MgC12 an~or CaCU and 80 to 70 mol.VOof NaCl andor LiC1.

Electrode processes in the electrolysis of an aluminum bromid-potassium chloride molten system.
Vashchenko. V. B.: Chovnyk, N, G. USSR. Fiz. Khim. EIektrokhim. Rasplavl. Tverd. Elektrolitov, Tezisy Dokl.
Vses. Konf. Fiz, Khim. Ionnykh Raspiavov Tverd. Elektroiitov. 7th (1979), 2, 67-9. Publishec Akad. Nauk SSSR.
Ural. Nauchn. Tsentr. Sverdlovsk. USSR. CODEN: 43RCAU. Conference written in Russian. CAN 93: 13990j
Abstract. In a polarog. study of AlBr3-KBr and AlBr3-KCl fused systems. varying the ratio of componenu
affected the shape of the polarogratns. In the AlBr3-KBr system. increasing the excess of AlBr3 above the theor.
increased the limiting current in the cathodic wave. and increasing the excess KBr increased the limiting current in
the anodic wave. The excess KBr may have been dissolved in KAlBr4. The AlBr3-KCl fised system behaved
similarly. The shape of anodic wave for a systgm contg. excess KC1was explained by the reaction (AlBr3Cl)- + Cl-
= (A1Br2C12)- + Br-.

Correlations between special tar sagging point and dynamic viscosity determined at various temperatures.
Dumitrescu. C.: Dan. Valeria: Mititelu. Tincuta. Inst. Cercet. Metal., Bucharest. Rem. Metalugia (Buchmest)
( 1979),3 1(5), 213-16. CODEN: MTURAA: ISSN: 0461-9579. Journal written in Romanian. CAN 91:213519
Abstract. The relation between the viscosi~ and the softening point of petroleum tar, which is used as binder in the

. . manuf. of electrodes for Al electrolysis. was studied. Nomography are given for detg. the ring-and-ball softening
point of the tar as a function, of its viscosity.

.
Characteristics of the electrodeposition of aluminum from an ethylbenzene electrolyte. Kazakov. V. A.;
Titova. V. N.; Smimova, S. A, Inst. Fiz. Uim.. Moscow, USSR. Zashch. Met. (1979), 15(2), 235-7. CODEN:
ZAMEA9: lSSN: 0044-1856. Journal writien in Russian. CAN 90:212148
Abstract. Al can be electroplated from relatively stable baths contg. 1 mol AlBr3 in 3 mols of ethylbenzene (1)
[1004 1-4]. Upon aging. the sp. cond. (L) of the bath increases and transalkylation of 1occurs. At L = 2 x IO-3 Q- I
cm- 1. the current efficiency falls from 800/0to 3j% as the cd. increases from j to 50 mA/cm2. The ductility of the



electroplate decreases. but the microhardness changes li,nle as the cd. increases. Deposits become mor~ comse as
the cd. increases.

Electrodeposition of aluminum-copper alloys from alkyl benzene electrolytes. Capuano. G. A.; Ducasse. R.;
Davenport, W, G. Dep. Chem., Univ. Quebec, Montreal, Que.. Can. J. Appl. Electrochem. (1979), 9(1), 7-13.
CODEN: JAELBJ: ISSN: 0021-89 IX. Journal written in English. CAN 90:94294
Abstract. A1-CUalloys (0-3 .j wt.% Cu) can be plated on steel with the resulting plates being bright, adherent. and
less porous than equiv. piates of pure Al. The compn. of the plates can be readily controlled by using AI-CU anodes
of specified Cu content. About half the Cu dissolved from the anodes is transferred to the cathode, the remainder is
pptd. from the electrolyte as CuBr. Plate comfin. varies with cd. and this parameter can also be used to control the
process. In a parallel investigation. the pd. bemeen Al and a no. of other metals (Zn, Pb, Cd. Sn, Cu, Ag) was
measured. The p.ds. in the alkyl benzene baths were 10-30 fold less than in aq. baths which indicates that the
alkylbenzenes should be used for plating other alloys in addn. to those of Al and CU.

Continuous treatment of electrode materials. Chevrolet, Lebn; Meier, Robert Reinhard. (Buss A.-G., Switz.).
Swiss, 7 pp. CODEN: SWXAS. CH 606498 781031. Patent written in German. Application: CH 76-14460
761117. CAN90:31125
Abstract. The continuous treatment of electrode materials is described, in which pitch, coal dust, and other solids
are treated by mixing and kneading with addn. of heat to form a C-contg. paste. Such anode material cart be used h
Al recovery by electrolysis of a melt.

Pitch for electrodes used in aluminum electrolysis. Wada. Tetsuo: Iguchi. Kenji. (Mitsui Coke Co., Ltd., Japan).
Japan. 3 pp. CODEN: JAXXAD. 1P 53006976 780313 Shows. Patent written in Japanese. Application: JP 74-
14419740206. CAN 89:149384
Abstract. Coal-tar pitch is mixed with heavy oil and heated continuously in a reactor at 350+50° and 0.1- 1.0
k#cm2. Thus, 144 vol. parts pitch (contg. C6H6 insois. 22.1, quinoline insols. 5.5, and fixed C 52. lVO)was mixed
with 16 vol. parts heavy oil and heated in a reactor at 400° and 0.7 k#cm2 for 5 h to obtain a pitch (sofiening point
87.10, d. 1.307 ~cm3, C/H ratio 1.68, and contg. C6H6 insols. 32.6, quinoline insois. 9.0, and fixed C 56.8Yo),
which is suitable for the manuf. of electrodes.

Firing of carbon electrode for aluminum electrolysis. Ishiwara, Yoshio; Sakae, Tadashi; Uno, Tetsuo.
(Sumitomo Toyo Aluminium Seiren K. K., Japan). Japan. Kokai, 6 pp. CODEN: J~XAF. JP 53033206 780329
Shows. Patent written in Japanese. Application: JP 76-107521760907. CAN 89:97132
AbstracL To prevenr damage from taking place at the point when the electrode rod is connected to a C electrode
for Al electrolysis, the raw C electrode obtained from pitch coke or petroleum coke and pitch (binder) is covered
with powd. coke (pardcle size <0.2 mm) at the point when contact is to be made with the electrode rod and then
fred. .. :

Significance of coal tar pitch for aluminum manufacture. Collin, Gerd; Gemmeke, Wi]fied. Ruetgerswerke A.-
G., Duisburg-Meiderich, Ger. Erdoel Kohle, Erdgas, Petrochem. ( 1977), 30(1), 25-9. CODEN: EWPAB. Jomal
written in Germm. CAN 86:109442
Abstract. Coal-tar pitch. the main binder for C electrodes used in electrolytic Al prodn. contained 14% quinoline-
insol., and 250/0benzene- insol. components. During the process of manuf. by dism., the lower and medium mol. wt.
components are polymd. Aromaticity and binder properties are discussed with respect to the manuf. of C
electrodes.

Electric current and voltage during alternating current electrolysis of aluminum. One. Yukiko; Sate,
Toshihiko. Shibaura Kogyo Univ., Tokyo. Japan. Aruminyumu Kenkyu Kaishi ( 1977), 122.39-40. CODEN:
AK~DN. Joumai written in Japanese. CAN 89:81887
Abstract. The cathodic and anodic current passing through the oxide coatings during a.c. treatment of Al were
measured for the cases when Al and Pt counter electrodes were used. The anodic treatment showed very little effect
on the electrode surface area ratio regardless of the counter electrode. but the cathodic current showed a significant
dependence on the ratio when an Al counter electrode was used. The voltage dependence of barrier layer thickness
showed a linear relation at low voltage, but deviated from the straight line at higher voltage.

.
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Nonconsumabk electrode for aluminum electrolysis. Yamada. Koichi; Hashimoto. Tadanon; Horinouchi,
Kmo. (5umitomo Chemical CO.,Ltd.. Japan). Japan. Kokai. 4 pp. CODEN: JKXXAF. JP 52153816 771221
Shows. Patent written in Japanese. Application: JP 76-71860760617. CAN 88:112535
Abstract. The part of the anode (optionally cathode) contacting the melt is perforated. The evolved O is readily
removed. attd the melt is homogenized to lower the elecmolysis potential and extend its life. Thus. ZnO. Sn02, and
NiO were mixed to obtain spinei-type Zn 1.7Ni0.3Sn04, calcined at 1200° for 10 h, vibration-milled to 400 mesh,
plasma-sprayed on a Ni lattice of 100 X=l00 cm of perforation area ratio 40Y0. Men 10VOA1203 in c~o]ite was
electrolyzed with this anode and a Ni lattice of 100 x 100 cm of perforation &ea ratio 25% pl~ma-sprayed with TiB
-40tJ mesh as cathode for 3 mo, the current efficiacy was 94 vs. 88% with floating Al on the melt when tie
perforation area ratio for both electrodes was OYo.

Electrodefor electrolytic aluminum manufacture. Yama@ Koichi; Hashimoto, Tadanori; Hofiouchi, KaZUO.
(Sumitomo Chemical Co., Ltd., Japan). Japan. Kokai, 5 pp. CODEN: ~F. JP 52140411 771124 Shows.
Patent written in Japanese. Application: JP 76-58208.,760519. CAN 88:96670
Abstract. The title electrode, at least the part in the molten sal~ is of spinel-type oxide, @ixM1-x)(FeyN2-y)04
(M= Sn, Zr, or Ti; N = Zn, Ni, or Pb; 0.5s x < 1; 1< y < 2), is them. resistant to the moiten At and is electron
conducting. Thus, NiO 40.1, Fe203 36.7, and Sn02 23.2 parts was ball-milled for 15 h; rubber-pressed at 1000
k#cm2. and sintered at 1400° for 24 h to give NiO.6Sn0.4Fe 1.2Ni0.804. The elec. cond. was 5 Q-1 CM-1at 10000.
men used at 950° in a cryolite melt contg. AU03 at 1 Alcm2 and 4.0 V for 3 mo, the decompn. potential was 2.2
V with little overvoltage and current efficiency 95V0.

“In situ” determination of the alumina content in aluminum electrolysis baths. M- B.; Pedefern. P.; Re, G.
15t.Chim. Fis. Elettrochim. Metall., Politec. Miiano. Milan, Italy. Metall. Ital. (1976), 68(12), 582-90. CODEN:
MITLAC. Journal written in Italian. CAN 88:57898
Abstract. The crit. cd., .hivin.ic, for onset of the anodic effect in cryolite @a3AlF6)/AD03 elecmol~ic baths
depends on the AU03 content. Factors affecting its use in the detn. of the AE03 content are the nawe, shape, she,
and positioning of the electrodes. The min. value of the deviation in .hivin.ic vs. AD03 content relation is obtained
with wire-shaped electrodes of glassy C. a material for which .hivin. ic shows little temp. dependence. Industial use
of the method wil i depend on corn. availability of electrode materials resistant to anodic attack and obtainable in the
required geometry.

Effect of anth racite properties and formulation on properties of bench scale cathode biock. Belitskus. David.
Alcoa Lab,. Alcoa Cent., Pa.. USA. Light Met., Proc. Sess.. AIME Artnu. Meet. (1976), 1,411-32. CODEN:
LMPMDF. Journal wrinen in English. CAN 87:87612
Abstract. Calcined anthracite was formed with pitch binder into cathode liner blocks for Hall electrolysis cells.
Bench-scale cathode blocks having an aggrega~e of 70% anthracite caicined at 1135°C and 30% ball-milled ~~phite
and a coal tar pitch binder were fabricated. baked at 1135°C. and tested for eiec. resistivity and expansion during
electrolysis in a test cell. Cathode expansion during electrolysis increased with increasing S content of the
anthracite but appeared to decrease with increasing Si content. Elec. resistivity decre~ed with art increase in the
fraction of green anthracite exhibiting a conchoidal rather than lamirtar fracture. Aggregate size and binder also had
effects.

Calcined electrode for aluminum molten salt electrolysis. Morimoto. Shingo; Kawamoto, Kiyoyoshi. (Shows
Denko K. K.. Japan). Japan. Kokai, 3 pp. CODEN: JWXAF. JP 76132107 761117. Patent written in Japanese.
Application: JP 75-j6036 750j 14. CAN 86:124805
Abstract. The terminal part of the C electrode is coated with a mixt. of coke, pitch, A1203. and cryolite. Thus. the
C electrode was coated with ( 1) a 2:1:1:1 mixt. of coke, pitch, A1203. and cryoiite, or (2) a 3:2:5 mixt. of coke,
pitch. and ppt. contg. c~oiite 44.5, (CaF2 - A1F3) 8.3, and balance a-A1203. Erosion was 10 and 3°4 for
electrodes coated with. 1 and 2. resp. Men a conventional 4:1 mixt. of coke and pitch was used for coating, 17.50/0
electrodes were eroded.



Study of the mechanism of an anodic process during electrolytic production ‘ofaluminum using a rotating
electrode. Vetyukov, M. M.; Dyblin, B. S.; Ivanov, S. N. USSR. Tr. Leningr. Politekhn. In-ta (1976), Issue 348,
53-7. From: Ref. Zh., Khim. 1976, Abstr. No. 18L462. Journal written in Russian. CAN 86:23419
Abstract. Title oniy ‘translated.

Carbon materials used for smelting aluminum. Watanabe, Tohru. Nippon Light Met. Res. Lab.. Ltd.. Shizuoka.
Japan. Nenryo Kyokai-Shi (1975), j4(8), 644-j2. CODEN: NEN~U. Journal: Genera} Review written in
Japanese. CAN 85:163985
Abstract. A review with 23 refs. on the use as anodic and cathodic electrodes of C materials in the electrolytic
smelting of aluminum.

.

Prevention of sulfiding of iron material in contact with carbonaceous’ material containing sulfur (in
Soederberg aluminum electrolysis cell). Ikeuchi. Haruhiko; Tomita. Takeshi. (Mitsubishi Chemical Industries
Co., Ltd., Japan). Japan. Kokai, 2 pp. CODEN: JKXXAF. JP 7659005 760S22. Patent written in Japanese.
Application: JP 74-133386741120. CAN 85:127743 -
Abstract. At least 1 akdi metal or ak. earth oxide; carbonate, or fluoride is added to the title paste. A Li compd.
is preferred. Thus, petroieum pitch contg. 2.50/0S was mixed with an equiv. amt. of powd. Fe and Li2C03 and
heated at 900° for 3 hr in a graphite crucible in a N stream; 6.8V0S as FeS was formed. vs. 15.9% without Li2C03.

Carbon electrode for an aluminum electrolysis furnace. Natsume, Isamu; Sasaki, Yoshito; Ito, Keiichi; Fujii,
Takayuki. (Mitsubishi Chemical Industries Co.. Ltd., Japan). Japan. Kokai, 4 pp. CODEN: ~F. JP 7654011
760512. Patent written in Japanese. Application: JP 74-127771741106. CAN 85:101251
Abstract. Calcined anthracite (1) is mixed with j-30% of powd. coke whose macro-pore vol. is larger than the
micro-pore voi. Thus. a mixt. of I caIcined >1300° and sieved to give j-10, 0.2-5, and <0.2 mm in 23:40:29 parts
was mixed with coke (macro-pore vol. of 74 and micro-pore vol. 55 mm3/g) 8 parts. Pitch 30 parts were added to
the above mixt. of 100 parts at 150° for 20 rein, extruded at 90° and 50-60 k@cm2 to a slab of 590 x 520 x 2600
mm size, and heated at 1200° for 2 wk. The compressive stren=fi was 350 k#cm2, sp. resistance 7100 cm,
swelling 0.9°/0,apparent d. 1.5j, and porosity 15.9°/0,vs. 360, 6700, 0.8, 1.51, and 16.1 with micro powder of I in
place of the coke.

Mechanism of the electrolytic working of ether baths for aluminum electrodeposition. Levinskas. A. USSR.
Elektrokhirniya ( 1975), 11(12), 1905. CODEN: ELKWX. Journal written in Russian. CAN’84: 127950
Abstract. Addrd. data considered in abstracting md indexing are available from a source cited in the originai
document. High quality Al eiectrodeposits from ether batis are detd. by the high degree of Lewis baaicity of the
ether medium, During Al electrodeposition, with the decrease in cathodic current and simultaneous increase in cd.
(0.06-0.08 A/cm2), the current efficiency of metal increased (.apprx. 100Y0). The mechanism of electrolytic
working of an ether-ammoniacal bath is confined by ir’da~ them. anal., change in the Al deposit structure, and
transport.

Aluminum electrodeposition in the presence of Lewis bases. Levinskas. A.: Armalis. S.; Ingaunfie. B. Vi~nyus.
Gos. Univ. im. Kapsukasa, Vilnius. USSR. Deposited Dec. (1975), Issue V~ITI 1073-75, 13 pp. Avail. BLLD.
Repofl written in Russian. CAN 87:92537
Abstract. With the presence in the compn. of ether electrolytes of Lewis bases with strong donor action such as
pyrrolidine. bipyridine. hexamethylenimine, ethylarninocyclohexane, diethylamine, triethylamine, bu~larnine.
NH3. etc.. the high basicip of the medium required for optimal electrocrysm. of Al is attained by the supplemental
operation of purifi, by electrolysis. The process of purifi. of ether electrolytes by electrolysis possesses a no. of
general features, to which belong the disappearance of the limiting current ilim by the complex H.ether+ and a
decrease in cathodic polarization, a spasmodic increase in the basiciy of the medium at the end of the process, and
an increase in the content of Al in the cathodic deposit as a result of disappearance of parallel org. transformations.

Apparatus for producing carbon electrodes for the aluminum industry. (Fives-Cail Babcock, Fr.). Fr.
Demande. 11 pp. CODEN: FRXXBL. FR 22630j 1 751003. Patent written in French. Application: FR 74-07925
740308. CAN 84:124828



Abstract. A vibrating molding machine comprises a solid mold on a vibrating table resting on rubber blocks. The
mold is fastened to a fixed structure by several rods disposed in a horizontal piane and distributed around the mold.
so as to restrict its horizontal movements.

Device for connecting bus bars of aluminum or copper with electrical conductors of steei in electrolysis
furnaces, especially for producing aluminum. (Vereinigte Aluminium-Werke A.-G.. Ger.). Fr. Demande. 3 pp.
CODEN: FRXXBL. FR 2246091 750425. patent written in French. Application: FR. Priority: DE 73-2349151
730929 CAN 84:78460
Abstract. Use is made df a composite element clad by explosion, for instance A! or Cu on steel. The element has a
high mech. strength and an improved ebc. cond.

Caicined carbon electrode of aluminum electrol.mers. Ryaguzov, V. N.; Turchenkov, V. I. U.S.S.R. CODEN:
URXXAF. SU 378524 730418. Patent written in Russian. Application: SU 710928. CAN 79:99898
Abstract. The title anode includes a C block with adapter receptacle, and adapter, and a cast Fe lining between the
adapter and the walls of the adapter receptacle. To reduce the loss of elec. ener=q, in the body of the C block

m around the adapter receptacle are placed vertical cast Fe rods connetied by cast Fe crosspieces with the -t Fe
;.

lining. The cast Fe rods in cross section have an oval,fomt and have a comgated surface. The cast Fe rods are
tapered downwards.

.
Electrode system for electrolytic celk. Jacobs, Stanley Carlton. (Aluminum Co. of America). Ger. Offen., 17 pp.
CODEN: G~XBX. DE 2244040730329. Patent written in German. Application: DE. Priority: US 71-178282
710907 CAN 78:143232 ..

Abstract. The electrode system for passing current into and out of a chamber in a corroding surrounding comprises
a conducting member extending into the chaniber which would be exposed to the corrosive action, a conducting
casing which is impermeable for gases and liqs. which surrounds the conducting member and protects it against
contact with the corroding medium, addnl. elements to maintain a protective gas shield around the conductor, the
pressure of said gas being sufficient to keep away the corroding medium, and addnl. coolant means which ensure
freezing of the corroding medium and thus also inhibits the contact between the corroding medium and the
conductor. Preferably, the conducting member is part of an electrode system in an electrolytic AI cell which
contains a corroding mixt. of gaseous Cl and A1C13dissolved in a molten solvent having a higher decompn.
potential that AIC13.

Equipment for producing high-density green carbon electrodes. Hirt. Wilhebn; Ringelmm, Hetiz; Weckesser,
Ernst: Weinhold. Gotied. (Vereinigte Aluminium-Werke A.-G.). Brit.. 5 pp. CODEN: BRXXAA. GB 1253908
7111 I7. Patent written in English. Application: GB. Priority: DE 680904 CAN 76:135107
Abstract. A method of and a vibrating app. for producing a high-d. green C electrode for the A1-produchg indus~
are disclosed. A mass comprising C and a binding or cementing agent is deposited in a mold and compacted by
vibration, wherein the mold and its charge are evacuated before or during compaction of the mass. in the vibrating
app. an addnl. sealing plate is spaced above and rigidly atiched to the covering ,M. in such a manner that the
sealing plate. the addnl. sealing plate, the covering wt., and the mold define (be@een themselves) 3 superposed
chambers. the lower 2 of which are in communication through a peripheral clearance gap and are evacuable through
an evacuating connection. The upper chamber can be vented at any time through a valve before or during the
vibrating process.

Electrochemical behavior of the aluminum electrode in molten salt electrolytes. Del Duca, Betty S. Lewis Res.
Cent.. NASA. Cleveland, Ohio, USA. J. Electrochem. Sot. (1971), 118(3). 405-11. CODEN: JESOAN. Journal
written in English. CAN 74:93779
Abstract. The kinetics for dissoh. and deposition of solid Al in molten AIC13.N ~Cl and AlC13-(LiCl-KCl eutectic)
electrolytes were studied by means of galvanostatic and potentiostatic techniques at 175-313°. The apparent
exchange c.ds, varied from 1 to j6 mA/cm32 Surface diffusion was the rate-detg. step at low overpotentials, and
char ge transfer the rate-detg. step at high overpotentials. The most probable anodic rate-detg, step was Al + Al+ +
e-: the most probable cathodic rate-detg. step was Al+- * e- + Al++ in A1C13-(LiC1-KCl eutectic) electrolyte and
AIL -- e- + Al+ in AIC13.NaC1eiec~oi-we. Current efficiencies for dissoln. were close to 10OO/O.



Cooling apparatus for newly compressed carbon electrodes used for electrolytic aluminum production.
Wilkens, Kurt. (K1oeckner-Humboidt-Deutz A.-G.). Ger. Offen.. 12 pp. CODEN: GWXXBX. DE 1928424
701210. Patent written in German. Application: DE 690604. CAN 74:70999
Abstract. Green electrodes for Al prodn. are cooled immediately after compacting them “byfeeding the upper side
of the conveyor belt through a shallow pan with coolant, while coolant sprinklers are arranged on both sides of the
belt above the pan. Sufficient electrode stability for removal and storage is claimed.

Model of the aluminum-electrolysis cell and its electrodes. Schwarz-Bergkampf, Erich. Leoben, Ausrna. Int.
Leichtrnetalltag., jth ( 1969), 347-9. Publisher Aluminum Verlag, Dusseldorf, Ger. CODEN: 22MEAG,
Conference written in German. CAN 74:601 jl
Abstract. Aluminum Verlag: Dusseldorf, Ger. Graphs are constructed to aid in detg. the most economical
operation in terms of cell voltage, cd., and cell configuration.

Carbon for aluminum electrolysis electrodes. Maugweiier, Gotiied. (Swiss Aluminium Ltd.).. Ger. Offen., 23
pp. CODEN: GWBX. DE 2005064 700813. Patent written in German. Application: DE. Priori~: CH
690204 CAN 73:89634
Abstract. This carbon is prepd. by compacting a rnixt. con%. powd. coke, additives, and bindem, e.g. pitch, in a
shaking app. The app. consists of a container on a shaking table and a cover which is pressed down with increasing
pressure durtig the process, optionally while being vibrated.

Aspects on potential-current curves of aluminum electrolyte (preliminary experiment on electrode reaction in
aiu minum electrolyte). Matsushim& Tomoo. Res. Inst. Miner. Dressing Met., Tohoku Univ.. Sendai, Japan.
Keikinzoku ( 1969), 19(9), 373-82. CODEN: ~IKA6. Journal written in Japanese. CAN 73:31004
Abstract. The potential-current curves of fused electrolyte with or without Al were measured at 1000” by
chronoamperometry with linearly variable potential. The electrolfies consist of cryolite, AU03, and one of the
following fluorides; NaF, BaF2, CaF2, A1F3, and MgF2. The electrodes were graphite anode, Moor Al cathodes,
and Mo as the reference electrode. Concn. polarization of A1203 resulted in each case. The difference beWeen
acid and base electrolytes were observed with respect to poltization potentials and the mechanism of cathodic
polarization are discussed.

Correlations between pitch binder properties and properties of Soderberg electrodes. M~on, Clifford Robert.
Coal Tar Res. Assoc., Cleckheaton, Engl. Fuel (1970), 49(2), 16j-74. CODEN: FUELAC. Journal written in
English.CAN73:20838
Abstract. Eight coal tar pitches, of similar softening point but of v~ing coking values and solvent anals., have
been evaluated for their suitability as elecrode binders, particularly in producing electrodes for aluminum
electrolysis. The correlations found be~een pitch properties and properties of lab. made test electrodes indicate
that current specifications tend to select those binders giving carbonized electrodes of greatest strength and lowest
porosi~, although desirable levels of the electrode properties do.not coincide with the min. binder content to give
desired flow properties of the uncarbonized electrode paste. The results also indicate a relation between electrode
compressive strength and the wetting propefiies of the pitch used as a binder and that the rate of consumption of the
electrode is influenced by the coking value of the lower mol. wt. constituents of the binder pitch.

One solution to the anode problem in the electrolytic production of aluminum. Stender, V. V.; Trofnenko, V.
V. Dnepropetrovsk. Khim.-Tetiol. Inst., Dnepropetrovsk, USSR. ~im. Tekhnol. ( 1969), No. 12,41-5.
CODEN: KTRMAQ. Joumai written in Russian. CAN 72:23726
Abstract. The principle of workino~ “gaseous” anodes has been discussed. Certain gas reducing agents, e.g. natural
gas. CO. and H. have been tried. Porous, conducting, and corrosion-resistant anodes of graphite and magnetite in
hermetically sealed construction (to allow the access of gas under any requisite pressure) were used. Electrodes
were prepd. from graphite of porosi~ =50°/0 in the form of truncated cones of 30 mm av. diam. and 10 mm height.
Electrolysis was done at 970° in the electrolyte having a cryolite ratio of 2.7. With natural gx, depolarization of the
order of 0.4 V was observed, but the process soon changed over to anodic oxidn. of C due to the blocking o f
electrode pores by soot formed by cracking of hydrocarbons. ,A const. vake of depolarization was obtained with H
and CO. The depolarization occurred at a high rate in the presence of H. It was due to strong disintegration of
porous graphite electrodes. The surface oxides decomp. to give CO, C02, and C. Magnetite electrodes having a

.
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porosity of 40-5°A were prepd. by powder metallurgy from Feat a pressure of 600 k#cm2, and were baked in a
mild reducing atm. at 1400°. De-polarization of the order of 0.2 V was observed. These electrodes was more stabie
in the presence of CO.

‘.,.

Electrochemical behavior of the aluminum electrode in molten salt electrolytes. Del Duca Betty S. Lewis Res.
Center. Cleveland, Ohio, USA. NASA Tech. Note (1969), Issue NASA-TN-D-5j03, 29 pp. Avail. CFSTI.
CODEN: NASCA2. Report written in English. CAN71:II8951
Abstract. The kinetics of dissoln. and deposition of solid AI in molten AlC13.NaCl and AIC13.-(LiC1-KCl)eutectic
electrolytes were studied by means of gaivanostatic and potentiostatic techniques at 175-3130. The appment
exchange currents varied from 1 to 56 ~./crn.2 Surface difision was the rate-detg. step at low overpotentials, and
charge transfer the rate-detg. step at high overpotentials. The most probable &odic rate-detg. step was Al + Al+ +

e-; the most probable cathodic rate-detg. step was AJ3+ + e- + AU+ in AlC13-(LiCI-KC1)cutectic electrolyte and
AU+ + e- + Al+ in A1C13.NaClelectrolyte. Current efficiencies for dissoln. were ciose to 10OYO.

Change of the reactivity of graphite by additions of mineral substances. Robozerov, V. V.; Ve~kov, M. M.
USSR. Khim. Tverd. Topl. ( 1968), Issue 3, 128-33. CODEN: KTVTAX. Joumd written in Russian. CAN
69:56525
Abstract. The effect of the inhibitors in the electrolysis of AU03 was studied with graphite electrodes, evaluating
the activity by the rate of oxidn. by C02. At 1200 and 1250° in a cons~ c-nt of C02 the most effective Mibitor
of oxidn. was B203. The rateof oxidn. decreased as the content of B203 increasedto O.17°/0. The ativation
energy of graphite contg. B203 and Na20 was 114.8 and 64.5, resp. This compared with that of’graphite witiout
additive of 80.1 kcai./mole, Much’weaker inhibitors were B203 + AU03, Na2B407, and AU(S04)3. But AE03,
MgO, and W03 were weak catalysts and CaO, BaO, Na20, and Cr203 were effective catalysts. me results
confirmed the hypothesis of the electron mechanism of inhibition.

Activation of c~oiit~alumina compositions. Diner, Isaac M. U.S., 3 pp. CODEN: USXXAM. US 3392092
680709. Patent written in English. Application: US 630830. CAN 69:48730
Abstract. A cell for the electrolytic redn. of Al (U.S. 3,244,604) was modified by inserting into the pot walls
auxiliary firing anodes of Ti and Zr diboride contained in a resistant-ceramic tube. A single auxiliary electrode
(area .apprx.2% of the regular electrode) can be used in conjunction with the regular electrodes. The refmctory hard
metal or other firkg electrodes should contain <10 ppm. V. A low voltage was applied to the pair of firing
electrodes several sec. before use for firing and was maintained during the moderate high-energy fting. To avoid
excessive loss of surge energy, low voltage conditioning current was conducted through an impedance to a fast rise
surge. Thus. Ti diboride and Zr diboride electrodes were placed in tubes made of SiC bonded with Si oxynitride
and inserted in a pot contg. 10 lb. c~olite (contg. 30/oLiF), 1 lb. A1203, and 3 oz. Al at 990-1010°. A polarizing
d.c. voltage was placed across electrodes to deliver 40 amp. Afier 10 sec. of the Ist firing, the bath temp. dropped
to 30° and was restored in 1 min. The current rose to,450 ~p. and, after lowering the voltage from the source, was
restored to the initial value. The new voltage between the electrodes was 1.9 v.

Effect of electrolyte sorption on the physiochemical properties of carbon blocks. Nikitin, V, Ya. Tsvetn. Met.
(1967). 40(8), 6j-8. CODEN: TVMTAX. Journal written in Russian. CAN 68:8647
Abstract. The concns, of F, Na. and A1203 sorbed by carbon blocks, lining the bottom of electrolflic Al cells,
increased with service life. The apparent and the true ds. of the blocks increased curvilinearly with the amt. of
elecmolMe sorbed. The phase compn. of the sorbate approximated the triple eutectic 12.3V0A1203 + 11.O”/OAIF3 +
76.7V0NaF of the system Na3AlF6 + 3NaA102 + 2A1203 + 6NaF, m.872”. The electrolyte sorption probably
assists the graph itization of the blocks, although the mechanism is not clear. Sorption data confm observations
that the carbon bottom lining expands during the operation of the cell.

Effect of lithium on the carbon materials of an aluminum electrolysis cell. Rapoport, M. B.; Kudryavtsev, V. 1.;
Shifman, G. A. Izv. A~ad. Nauk SSSR. Met. (1967), Issue j, 151-9. CODEN: IZNMAQ. Journal written in
Russian. CAN 68:j 155
Abstract. Li. as all alkali metals added as salts to the AI eiectrol.ytic cell, penetmtes at certain temps. into the
interiayer space of coke. themtoanthracite, or graph]te. The deforming effect of the penetration decreases gradually
with increasing temp. and ultimately ceases. The degree of deformation during the penetration is iower than that of
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Na and much lower than during the penetration of K, which is to be expected inview of the considera~ly smaller
ionic radius of Li. Addns. of LiF to an ordinary electrolyte of an Al bath considembly reduce the defamation of a ,
C cathode. me effect of Li on ungraphitized materials is much greater than the effect of Na. It promotes a
reversible structural change and the attainment of a higher degree of structural order than that of the intiial material
on removal of the vapor of the penetrated meral. The basic difference between Li and all the other alkaii metais is
its capacity for spontaneous ,formation of Li2C2, for which a temp. range of jOO-800°. a relatively hiyA..Licontent.
and an adequately long reaction with C materials are essential. In this temp. range, dependent on the last 2 ,

conditions, products of 2 different processes. namely the penetration of Li into the interlayer space and the
formation of Li2C2. cart be observed. 18 references.

,.

Electrode processes during electrolytic deposition of aluminum from xylene Soiutions. Sim~a~iciu~, L.; ‘ ‘
4,

Levinskiene, A. Liet. TSR Mokslu Akad. Darb., Ser. B (1966), Issue 4, 39-47. CODEN: ,LMDBAL. Journal
written in Russian. CAN 67:60247
Abstract. The cathodic polarization of xylene contg. 25 mole VOAlBr3 and of the 3-component system xylene-
AlBr3-HBr was measured. On polarization curves, 2 waves were established. The height of the 1st wave [E 1 =
0.65-0.75 v. (Pt-electrode) or E2 = 0.15-0.20 v. (Cu~electrode)] was propo~ionai to the HBr concn. and to the water
content of the soht. The mechanism of the cathodic processes for the 1st wave was: C6H4Me2 + AUB~6 + HBr
.dbiarw. [C6H4Me2,H]+ + A12Br7-; 2[C6H4Me2H]+ + 2e + C6H4Me2 + C6H6Me2 (dihydroxylenes):. The 2nd
wave (E = -0.10 to -0.15 v.) represented the Al electrodeposition by the scheme: [AlBr2.nC6H4Me2]+ + 3e + Al +
nC6H4Me2 + 2 Br-. The depolari=tion effect of HBr on Al deposition was established. The Al deposition from
solns. contg. 28 mole”AHBr was interrupted, because of the increased rate of Al dissoin. The effective ener~ of
activation for Al deposition [9-12 kcal./mole] was calcd. from the dependence of the cathodic polarization on’the
temp. During electrolysis, the Al anode dissolved and and A1Br3 was formed: with a Pt anode, Br sepal, and
interacted with xylene.

Fluid coke aggregate and electrode. Loevenstein, Hirsch. (Harvey Aluminum). U.S., 4 pp. CODEN: US~M.
US 5322663 670530. Patent written in English. Application: US 620801. CAN 67:46163
Abstract. Fluid coke electrodes used for obtaining Al from its ores are described. The process includes briquetting
fluid coke particles. calcining the bnquets, -tiding the briquets such that a compn. of3346% total frees, 14-26%
medium. and 37+7°A total coarse is obtained. This compn. is mixed with a suitable binder, e.g., hard pitch, to
produce a paste. The paste is compressed and baked to form a conventional electrode or it may be used to form a
self-baking electrode. The proportion of very fines to total fines should be 60-700/0by wt. Previously desulfurized
fluid coke may be used. To illustrate, fluid coke bnquets were ground to size and mixed with 33. l% hard pitch to
form a paste. The paste was then used in a 100,000-arnp. vertical stud cell. The anode filled with this paste was
ready to be put into operation in 12 days, as compared with the normal prebakirtg time of 3 weeks. The following
propeflies were observed: 190% elongation; 1.371 apparent d.; 3625 psi. crushing stren@; 0.00337 OWCU. in.
resistivity. The percentage of very frees of the total fmek in the aggregate was 69.2°/0.

Molded carbon materials, Metrailer, William J. (Rso Research and Engineering Co.). U.S., 5 pp. CODEN:
US~AM, US 3320150 670516. Patent written in English. Application: US 630906. CAN 67:46162
Abstract. The C electrodes used in the manuf. of Al by elecmolytic redn. of alumina contain relatively active and
relatively inactive coke material to provide uniform oxidn. to minimize dusting of the electrode. The cokes used are
delayed cokes formed by destructive distn. and fluid cokes formed by surface deposition. Both are caicined. The
relative reactivity, which is the’wt.”zoC which reacts with C02 at 1740°F., is listed for the delayed and fluid coking
petroleum residues and delayed coking coal tar pitch. The samples are 14-35 mesh. The coarse aggregate particles
have a wt. av. size 10/1 to 40/1 times the wt. av. particle size of the fines aggregate. The ratio of coarse particles to
frees particles is 1/1 to 10/1. Depending on the size dis~ibution and relative size, the coke fines material has a ratio
of relative reactivi~ to the relative reactivi~ of the coarse material of 1/2 to I/5: The coarse aggregate has 290
wt.O/Oof the particles 300-10.000 W. The fines aggregate has .appm.90 wt.O/Oof the particles <150 wand 240 wt.”/O
<44 p. The overlap of coarse and fines aggregate is <20 wt.O/Oof the total aggregate. Samples prepd. by mixing the
coke aggregate and pitch binder 30 min. at 300°F. were molded and baked at 1800-2000°F. for 10-50 hrs., then
contacted with C02 up to 16 hrs. Men the coarse aggregate is .apprx.3 times as reactive as the fines. it is
consumed at approx. the same rate as the binder - fines. resulting in essentially no dust. The source of coke, fluid
or delayed. is not important.
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APPENDIX A-2

SAMPLE OF FORM FOR ASSESSING PATENTS
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Patent #t
Paper Title:,

Inventor/ Assigneel
Author - AMiiation

Material: _Ceramic _Cermet _Metal _Cathode _Other.

Merit _High _M;dium _Low

Technical

Environmental/OS~

Economic

Viabili~ High— Medium— Low—

Failure
Mechanism

-.
Implications

Follow-Up
Steps

Does it Address Roadmap Selection
Criteria?
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Review of the Eltech and Moltech Patents

The de Nora ~oup, which includes Eltech and Moltech, has obtained an impressive array

of patents in the area of inert anodes and related technologies over the past two decades.

For this reason, the TWG felt it was appropriate to set aside a special section of this
* report to suvarize the content of these patents and make reco~endations. for fiture

research using the Eltec~oltech approaches.
* “-

CEROX Patents
,.

.
The original 1986 CEROX patent (1 986: 4,614,569) descfibes the novel use of a cetium-

based coating to protect an anode fiorn corrosion in.molten c~olite. The patent covers

E:
coatings formed by either in-situ deposition of an oxide in the melt or ex-situ fabrication

on an anode substrate (ceramic, cerrnet, or meti). ~ the most common embodiment, a

cenum fluoride compound is added to the molten bath with the restdt that a protective

~ cerium oxyfluoride (CEROX) coating forms on the anode. Later work showed that the
! electrolyte COU14in fact, penetrate the CEROX coating, mtiy through craoks and other

defects. Not surprisingly, the penetration resulted in excessive corrosion of the anode

substrate. Several patents followed that tried to address this difficulty. The basic

strategies were either to change the composition of the coating so that it had fewer

defects or to promote the formation of a “barrier layer” between the substrate and the

CEROX coating.

Changes in coating composition were effected by adding other rare earth elements to the
bath in addition to cerium, including yttrium, lanthanum, and praseodymium (1 987:
4,683,037). The presence of the additional rare earth elements appeared to seal the

cracks in the CEROX coating. A later patent (1990: 4,966,674) extended the range of

“additional additives” to include all pentavalent metals and also covered ex-situ

application of the coating where a mixture of the pentavalent metal and cerium

components were sintered onto a substrate.

The barrier-layer approach took several forms. These included the in-situ fomation of a
“cont~lnmt inhibitor barrier” of spine] composition (1987: 4,680,094) by addition of

magnesium fluoride to the bath along witi the cenum fluoride. The magnesium (Iitium

behaved similarly) fluoride penetrated imperfections of the CEROX coating to block

channels and cracks. Another form of the barrier layer (1 989: EP-0306 11, 1991:

5,069,77 1) was a separate fi~, usually of chromium oxide deposited or formed prior to

use in the reduction cell @atents also include Pt, Pd, Au, and several alloys). With

1 chromium oxide, it is preferred that a chromium-containing alloy (including nickel, iron,

aluminum, and other elements) substrate be used and the fihn be formed by heating in

oxidizing atmospheres (1990: 4,956,068). Patent 5,069,771 also covers the application of.
a third “oxide ceramic” layer, on top of the oxygen barrier layer, to serve as an anchorage

for the CEROX coating to be formed later. Several compositions are proposed for the

oxide ceramic layer, including copper oxide and copper oxide in solid solution with other

oxides or oxyfluorides. . ..,

. .



A very recent patent (1 996: 5,578,174) discusses an alternate method for preparing

anodes with a CEROX coating. ~ ttis case, a microporous anode is infiltrated with a
colloid containing CEROX precursors, typically using a stabilized aqueous liquid carrier,

prior to its deployment in a reduction cell. men the anode is first used, a CEROX

coating forms early, so that the anode 1s protected even in the beginning stages of

operation. The patent also calls for adding alumina precwsors to the colloid so that

alumina forms at the anode where it can be consumed instead of the anode material,

should conditions favor corrosion. The patent also refers to a similar use of colloids for

pretreating carbon anodes. -

Manufacturing of Non-Carbon Components

These patents address the fabrication of non-carbon components for both anodes and

cathodes. Cathode-related patents cover mairdy boride-based cermets (1 986:4,585,618,

1986:4,610,726, 1987: 4,650,552) made by pressin@sintering or hot pressing mixtures of

aluminum or aluminum alloy and ceramic powders. Sintering or pressing takes place at

temperatures up to 1700°C and a chemical reaction actually occurs during fabrication.

men the met~ is in excess, the result is a cerrnet containing an aluminum met~-

containing phase and a boride. ~ one case, ceriurn oxide, boron oxide, and aluminum

were the starting materials and the cermet contained cerium boride, alumina, and

aluminum metal. This cerrnet was supposed to be useful as a wetted cathode. Two other

patents (1990: 4,961,902, 1991:5,017,21 7) refer to a process for mbg fie-grained

ceramic or cemet composites, again with their application to boride-type cathodes

primarily in mind, by using a unique heating schedule, The result was a sm~ler grain
size (of 1 ~m) in the fished product than in the origin~ powders and improved

interconnectivity and mechanical properties.

Two patents (1990: 4,956,068, 1990: 4,960,494) covered fabrication of anodes with both

oxygen barrier layers and ceramic layers to be used in conjunction with the CEROX

coating. Barrier layers of chromium oxide were grown on chromiurn-conttig alloys

by heating them in oxidizing atmospheres; while the copper oxide ceramic layers were

generally made by oxidizing a copper-conttig met~ layer previously put down on the

non-copper-containing substrate. The copper oxide layer could reportedly be stabilized

by being in solid solution with nickel or-manganese oxide. One patent (1985: 4,552,630)

was very similar to patents by Alcoa on splnel-based inert anodes but, instead of adding a

metal phase, the Eltech anodes were made more conductive by partial substitution of

another ion, using a nonstoichiometic composition, or by doping. The lowest dissolution

rate reported for these anodes was about 8.8 ctiyr for a ferritelzircotia composition.

-,

*
Finally, fabrication of a (ceritialumina)/(Ce + Al or Ni or Fe or Co) cerrnet was described

(1990: 4.948,676). (The metallic phase would be maidy A12Ce, which melts at 1360°C.)

This was reported to be a good candidate for a substrate for the CEROX coating in

aluminum reduction cells since the main corrosion products would be cerium or

aluminum, which would be in the bath anyway. Hot pressing powders generally make

the cermet and the powders react during hot pressing. Dopants can be added to increase

conductivity.



New Cell Designs

.
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Twopatents oncelldesign (1987:4,681,671, 1998: 5,725)covera vertical arrangement
of inert anode’plates. The earlier design is unusable (as noted in the latter patent~.because
the cathode is under the piates, resulting in significant current flowing horn the bottom of
the plates instead of from the faces as anticipated. The latter patent places the anodes and
cathodes in parallel in a multi-monopolar arrangement with a spacer between them. The
design is reported to be advantageous because it uses gas lifi to facilitate circulation of
electrolyte.

:

Other patents describe a multi-monopolar arrangement of inert anode tubes with wettable
cathode rods inside them (1994: 5,368,702), a true bipolar electrode design that uses a
cerium oxyfluonde-type anode material and a cerium hexaboride cathode bonded to a
common ceritnn meti substrate (1991: 5,019,225), and a modification of tie Hdl cell
cathode that calls for putting chunks of a retictow mattid in the molten dumin~ pad
to reduce magnetohydrodynamic movement (1989: 4,824,53 1). ....

Additional Remark on the CEROX Coating and Accompanying Modflcations

me original CEROX patent is an elegant portrayal of a novel idea to protect “partly
consumable” anodes horn corrosion and thus render them “nonconsumable” within the
cuentiy established boundaries for that rather vague tern. The key advantage of the
CEROX process is that it uses a constant supply of ceriurn ions in the bath to maintain a
protective coating of cerium ox~uoride on the anode. The anode material is not

involved so it is not cons~ed in making or maintaining that coating. The primary
disadvantage is that the cerium has to be removed from the durninum metal later, but dl
indications are that this can be done economically.

Unfortunately, the cerium oxyfluoride coating was found to be unsuitable afier early

testing due to the presence of cracks or charmels in the coating. Electrolyte penetrated

these defects and reacted with the anode substrate. To rectify the problem with cracks in
the coating, Eltec~oltech investigated essentially three strategies: (1) ~corporating

other elements (in addition to cerium) in the bath so the coating that fores has no defects,

(2) using another coating in addition to me CEROX coating, and (3) modi~ng the anode
composition completely.

The first of these strategies is not practical because h involves spiking the bath with more
impurities. Getting the aluminum companies to accept cerium 1s arguably feasible, but

compounding the problem by requiring the separation of elements like yttrium or

praseodymium 1s probably not feasible.

The third approach, completely modifying the anode composition, is intriguing. The
idea, discussed at length in patent 4,552,630, involves making a cermet anode composed
of a cerium-containing oxide and an aluminum-cerium intermetallic phme. This idea is
ftithful to the original CEROX approach with the added benefit that a reduced amount of
comosion from the substrate only results in putting more cerium in the bath. Since the



industry would already be prepared to remove ceriurn from the aluminum, the additional
“irnpfi~” would have very little impact on operations. Unfortunately, this idea was not

pursued in later research, apparently due’to excessive dissolution of the cerium-b~ed

anodes and their high resistance. Currently, Eltec~oltech have focused on the ~~

micropyretic~OVANOR anodes and their modification. ..

The second approach listed above, using an additional coating, has received the most
recent and intensive attention fio~ Eltec~oltech researchers. It has many -

embodiments. The most comprehensive description involves using a chroti@-
containing metal as a substrate and coating it with a layer of copper-containing alloy.
Both the copper-containing layer and the substrate are oxidized to give two oxide layers.
The layer next to the remaining metal substrate, termed the “oxygen barrier layer,” is a
chromium-rich oxide that protects the substrate from attack by the electrolyte, even if the
CEROX coating leaks. The second lajer, c~led the “cer~ic oxide layer,” is on top of
the btier layer. It is rich in copper (oxide) and porous, and serves as an anchor for the
CEROX coating that forms on top of it. Recent work has adapted this multi-coating
approach to use with micropyetic NOV~OR anodes. These anodes are porous multi-
component, compositiondly graded, metal anodes designed to give both a protective
coating during oxidation and a morphology that is optimal for binding to the CEROX
coating. The results of recent testing are promising with wear rates. horn 100-arnp tests
reported at about 1.8 dyr. This is reasonably close to the most stringent requirements
recentIy considered by the hert bode Technical Working Group for a successful tiert
anode. h spite of these promising results, however, reviewers remain somewhat
skeptical.

There are two main concerns regarding the NOVMOR anodes. First, as far as can be
determined, the recently reported successes were not accompfied by diagnostics of the
anode microstructure after testing. For this reason, it is unclear whether the anodes are
changing internally or not, i.e. oxidizing, despite injecting small quantities of impurities
into solution or remaining dimeWiondly stable. Chemical changes in the anode can alter
their mechanical and electrical properties so that they may “fail” despite giving
acceptable metal quality or remaining the same shape.

A second difficulty is that the approach involves the fo~ation and maintenance of

several layers to succeed. Unfofiately, with more components in the system, the more

failure modes become possible and tie more potential impurities are present for the

aluminum product. This is not to conclude that Eltec~oltech discovered an inert anode
with NOVANOR. If wear rates of 1.8 tiyr are.achievable in bench-scale tests, longer

term testing is clearly warranted.

Cell Redesign

.

I.. ,
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Several designs call for vertical anodes and cathodes, and other laboratories have

proposed similar versions, as well. There are distinct advantages to gas li~ in a vertical

design and this has been demonstrated and modeled numerous times. h fact, work has
been done to determine optimal anode shapes and orientations for gas bubble-induced



circulation and alumina dissolution. It is probable that a successful deployment of inert
anodes will use a vertical design or some orientation off-horizontal to take advantage of
this mixing effect. The tubular design by Moltech is novel but not necesstily superior to
the parallel vertical plate design. (The tubular design will give lower anode current
densities but changing the size and number of vertical plates may also accomplish this.)
The tubular design may also make less efficient “use” of cell space. Large portions of

w

. . electrolyte between the anode tubes appear to be unutilized, compared to the plate design
where only electrolyte between the plate array and the sidewalls is unused. Current*
efficiency and bubble flow may alsb not be optimized in the tubd~ arrangements that
the alumina does not dissolve and circulate efficiently. Under these conditions, most
inert anode materials will corrode. ~other problem with the tubular design is that some
spacer will probably be required to keep the anode tube and cathode rod apart, especi~ly
if the annulus is kept small. Since there needs to be room for gas to flow up and

t, aluminum to flow down, desitig spacers that do not contribute toplugging up the tubes
will not be trivial.

-.. .f bother interesting design patent by Eltec~oltech is the proposed bipolar electrode
that uses a cerium oxide/ox~uoride anode and a cerium hexabonde cathode, bonded to a
common cerium metal substrate. It is not clear if the materials would exhibit adequate
performance as the patent describes (e.g., the cerium oxide anode is probably not
conductive enough and may be too soluble, based on other reports), but the basic idea is
ciearly within the spirit of a “new approach.” Variation of composition of the two
cerium-based electrodes may solve some of the problems and, coupled with the distinct
advantages of a bipolar configuration, would take inert anode research onto anew and
exciting path.

●
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INERT ANODES FOR ALUMtNUM Production

.

The primary purpose./r.

togic for seeking an
~

by

ERNEST W. DEWING

--

INTRODUCTION

of this paper is to give a

inert (i.e. non~consumabie)

critical anaiysis of the

anode for use in the

: production of aluminum by electrolysis of alumina dissolved in molten

cryoiite. A secondary purpose is to look at the generic probiems which

face a~l such anodes, and the celi-systems in which they would be used,

without going into much detail about specific materials. The two areas

overiap: it is obviousty useiess to consider that something would be nice

if there are fundamental reasons for believing that the objective is

unattainable.

..

The author was closeiy associated with ALCAN’S research in this field for

over ten years. and indeed baa, for much ionger than that. responsibility
.

for looking into and considering any possible novel ideas for making
.

aluminum. It is on that background that the present work is based, but it

should be made ciear that, aithough the author has permission from ALCAN
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to discuss what was done, the views expressed are entireiy the views Of ~

the author and not of ALCAN. The author ret!red from ALCAN elg~t years

,, .
ago, and has no knowledge of any research ALCAN may have pursued since

that time.
v

ENERGY CONSIDERATIONS

The usual reasons advanced for wanting inert anodes for aluminum

production ce~ls relate to saving fossii carbon consumption, producing

oxygen instead of COZ, t~ere~y reducing greenhouse warming, and

generaily having a much “greener” operation. Analysis shows, however,

that these considerations ultimately boil down to considerations of

energy; how, and from what,

consumed in making a kiiogram

it is generated, and how much of it is

of a~uminum.

..-,

The first thing to understand is the equivalence between energy

cons~mptton and the Vojtage on the electrolysis cell. In an electrolytic

process Faraday’s law requires that 96,485- couiombs of charge be passed -

through the ceil to generate one ‘gram-equivalent (9 g) of Al. Coulombs are .

amperes times seconds. Multiplying by the ceil voitage gives the energy

consumption as voit-ampere-secon ds, or watt-seconds; conversion to
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kWh/kg is a straight multiplicative relationship, and, to a convenient

first approximation, each volt corresponds to 3 kWh/kg. There is a

correction, for IOSS of Faradaic efficiency, but efficiencies of commercial

cells are over 90 Vo and vary litt~e from one to another, so the matter can

be ignored for the current discussion.

The chemical reaction taking piace in’ a conventional cell is

2Ai203+3C=4A/+3COz [1]

The thermodynamic minimum energy required (i.e. the reversible energy)

can again be expressed as a voltage, and is 1.2 v. For an inert anode the

reaction becomes

2 A1203 =4 AI +302 [2]

and the reversible voltage is 2.2 V. The difference of ? V naturally
.

corresponds to the reversible energy of burning carbon:
*

“c +02 = CO* . [3]
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The heat absorbed in reactions [ 1] and [2] is not the same as the energy

used because there is a significant increase in entropy involved in the
.

produ’ctjon of the gas. In fact. for reaction [ 1 ] l~e vo[~age equivalent to

the heat absorption is 1.7 V: and for

voltage on the ceil, regardless of its

The consumption of carbon in a

reversible; there is an overvoltage of

.

the inert anode it is 2.7 V. A// other

origin, generates heat .

conventional c,eil is not, in fact,

0.5 -0.6 V. This means that oniy 40

- sO vo of the theoretically avaiiable combustion energy is recovered.

That, however, is better than can be achieved in a thermal electricity

generating station. which runs at about 35 % efficiency. This fact is

central to the whole of the discussion which follows.

As I understand it, the oil industry must produce petroleum coke - it is an
—.

unavoidable by-product. What is- going to be done with it if the aluminum

industry does not take it? Answer: it will be burned as fuel to generate

electricity with less efficiency than if it-is used in an aiuminum ceil . .

Thus, the argument that going to inert anodes saves C02 generation is .

inherently specious. The extra voit needed wiii be generated by burning

more carbon than is burned now. ‘
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The above argument, which has been given in its simpiest form in order

that the priri’cipie may be cleariy seen. is in fact overstated bbcause it

ignores th,e fact that energy was used in caicining

coke to make anodes, that energy was

is a certain amount of air oxidation of

the caicination

the green coke

is suppiied by burning

used in baking

an anode in a

the green petroleum

them, and that, there

ceil.

the voiatiies in the

were burned in a power station that energy

power. I do not have figures

my guess is that the outcome

The energy for

greeri coke; if

wouid”generate
,.

avaiiabie to do any more detaiied sums, but

would be somewhere around break-even, i.e.

that the extra power needed could be generated by burning the coke, but

that any overall benefit wouid be marginai.

The above discussion applies to the case’ of

anodes

nothing

hot. If

are pulled out of a ceil and simliar-size

else changes. The ceil must operate 1

something is done to reduce voitage in

full retrofit where carbon

inert ones are put in, and

V higher or it wiil not stay

order to save power, then

something must also be done to give an equivalent

losses. Subsequent discussion thus comes down to:

an inherent penalty of a voit; what can

other inherent properties (notably that

be done to

its face can

An

reduction in heat

inert anode carries

take advantage of its

be shaped to release
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.

gas and that the cell can be better cjosed since access to change the anode

.
reguiariy is no longer requ;red) to reduce power consumption ‘“and heat

losses?
“..

The voltage breakdown on a conventional cell looks something like this:

Reversible Voltage 1.2 !

Anode Overvoltage 0.55

Electrolyte Drop 1.5

Extra for Gas Bubbles 0.15

Cathode 0.4 -

Anode 0.4

Busbar (external to next cell) 0.3

.

Totai 4.5

.J

Where can one hope to reduce voltage with an ineft anode? Let us look at

each of the items in turn.

(a) Overvoltage.

This can only be determined by experimental measurements on the

individual materials which may be proposed. However, in my experience I

have not come across any candidate materiais with overvoltage

substantially less than with carbon.
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.

(b) Electrolyte Drop.
.

Here there IS real room for improvement if and only if the inert anode is

combined with a stable (drained) cathode . Then the anode - cathode

distance (acd) could be redueed substantiality with savings up to I v (?).

However, the comparison must be made with simitar cells with

anodes. Uniess one goes to a muitipotar ceil (see below),[~

advantages of the stabte cathode can be obtained by co~biniflg

r.

carbon anodes just as well as by combining it with inert anodes.

carbon

all the

it with

(c) Gas 5ubbte Drop.

Even ;f it couid be reduced 50 Yo by suitabie anode design, it is probably

not enough to be wotih ail the trouble and complication.

(d) Cathode Drop.

The cathode drop could probably be reduced. but the question arises: do we

want to reduce it? The

conductors are also good

by Seager who showed

question stems from

thermal. conductors.

that, in the case

the fact that good electrical

The situation was anaiyzed

of a conducting bar in a

temperature gradient, the overall energy consumption was minimum when

the bar was sized such that the heat flowing out of the bar at its cold end

was e~uai to the heat generated in the bar from its electrical resistance.

This means that no heat was ftowtng in or out at the hot end. Quite apart
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from the mathematics, the Seager condition makes intuitive sense. If too
.

much heat IS generated in the bar (because it IS too small), then the bar is

being used as a resistance heater to heat the cell. This is obviously SIily. -

Conversely, if the bar is too- big, then heat flows to it out of the ce~l and

it becomes a cold spot with risk of freezing in. Real linings, of course, do

not consist solely of conducting bars; there is a lot of non-conducting

insulation there as well. But the basic principle applies; in the ge~efal

case the heat lost from the cell through the cathode lining should be

baianced by the heat generated in the lining, and it is uniikely that

dramatic savings can be achieved. To make the cathode drop too low is

asking for trouble with freeze and sludge, especially if the ceil is

operating ciose to alumina saturation. (See below. )

(e) Anode Drop. .,1

All the above considerations apply to the anode just as much as the
--

cathode: one cannot risk freezing in the anodes because the anode

connectors are not generating enough heat, especially if one is reiyjng on

any specialized gas-flow channeis which wwld become blocked.

(d) Bushar Drops.

Busbars are sized for minimum overall cost (material plus energy loss);

the only way to achieve anything is to eiiminate them by going to a
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multipolar ceil construction. This is discussed beiow, but ine~ anodes

would be

would be

:.

vital to such a development and a major part of the sav[ngs

attributable to them. Indeed.’ it is only in such celis that inert

anodes make any sense and have any possible future.

So, on the other side of the ledger, what can be done to reduce heat

losses?
,-..

All existing aluminum cells are insulated thermally at the sides by frozen

cryoiite; this prevents erosion of the carbon side

dissolution of aluminum carbide. The top of the

linings by formation and

bath is also allowed to

freeze in and it and the anodes are

prevent a[r oxidation and excessive

(in fact freej top cover. but it can

then covered wiTh powdered aiumina to

heat loss. This not oniy gives a cheap

be broken without causing any harm or

chemical contamination when an anode needs changing:

[n order to maintain the freeze a relatively high heat flux is needed. If

this flux is to be reduced by adding insulation, then the inner temperature

will come up and

this is regarded

freeze wiil no longer form. In

as a disaster. In a low-loss,

conventional

inert anode

operation

ceil new
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materiais, designs, and construction techniques would be called for to

.

contain the system. No suggestions can be made in a general paper such as

this, but the difficulties of finding suit~ble materiais, and the operational “

problems that arise when access to the cell becomes, restricted shouid not

be underestimated. (See the next section for a note on the behavior of

metais. )

INERT ANODE MATERIALS

Structural metais can be divided, into two ciasses - those that do not form

an oxide fiim in air (the noble metals), and the rest. It does not take much

calculation to reaiize that, from an economic point of view, buik nobie .

metals are out. A coating of platinum 1 mm thick on the faces of the

anodes of a single 200 kA cell would weigh 400 kg, and it is not worth ..

attempting to calculate its cost since a new use for the metal would send

-:

tbe price far higher than it is today. Only if one considers coatings of the

order of microns thick do the economics come down into a reasonable

range. There are, however, two problems. - If the coating is on a metallic

substrate (e.g. Fe or Cu) it will di~se into it and disappear in a matter of .

a day or so, and, on any substrate, Pt and the other nobie metals are not

barriers to oxygen. Oxygen has a suficient solubiiity in the soiid metal
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that it readiiy difises through and. owing to the overpotential for oxygen

discharge, the inside of the metal is supersaturated and oxygen hubbies

can nucjeate either internality or at the interface with the substrate. in

any case, a coat;ng oniy m~crons thick is so fragile that damage to it

whiie handling and installing the anodes would be virtuajiy inevitable.

,- Nobie metals can thus be ruied out.

r.

Ail that remains are electronically conducting oxides. From the’ chemical

point of view

to a metaiiic

or a cermet;

it matters not whether it is a

support and current lead, or a

the problems are exactly the

large block of oxide connected

thin oxide coating on a metal,

same. The surface in contact

w;th the bath is oxide; by definition any

one of the nobie metals to be stable.

terms of the oxides.

.

exposed metai woula have to be

All further discussion is thus in

INERT ANODES - GENERIC PROBLEMS

All oxides have some soiubility in cryoiite. This is inevitable - cryolite is

used precisely

the oxide goes

be explained

because it dissolves alumina. In general the solubiiity of

up as the aiumina content

generically in terms of

of the melt goes down. This can

the common ion effect - the
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“!
...

equilibrium

.

‘“(solid) = ‘Z+(soln) t Oz-(soln) [4]

,,

is obviousiy driven to the right as

other consjderat]ons may enter ‘in

same direction.

.
,., ,., , ,

,, ,, .,;,.,
‘, ,, :.

the oxide content goes down. Although

specific cases, they always work in the

anodes, even at

cases the limiting

of the material,

There are few, perhaps no, oxides with soiubiiities sufficiently

they can be contemplated for use as

concentrations c~ose to saturation. In most

not so much the physical disappearance

appearance of the foreign metai as an impurity in the alu~inurn produced. -

The industry is based on making

more stringent as time goes on,

alloys, and second because with

more and more necessary that

“sweet” in order ‘to dilute the inevitable impurities in the scrap. (1 note -

that the Inefi Anode Road Map says that “almost any element” can be

toierated at up to 0.1 Yo, Fe at up to 0.1, VO, and Si at up to 0.2 VO. That is

low that

aiumina

factor is

but the

pure metal, and indeed the need becomes ~-.

first to meet the requirements of special

increasing recycling of scrap it becomes

the new “metai entering the stream be .
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absolutely untrue. For some eiements (e.g. Sn) even ppm are not

acceptable, for N; the limit is certainiy iess than 0.1 VO. and metai

.
containing’ 0.1 ~0 Fe andior 0.2 ~~ Si wou~d be unsalabie for any purpose

other than making low-grade “garbage” alloys. The specifications for’

“commercial grade metal” being quoted bear no relatlon

-. commercial market and the needs of modern high-performance

do not forget that there are other sources of impurities beside
F-

to the real

alloys. And

the anodes,

notably the raw materials; there is aiready enough troubie keeping purity

acceptable in the conventional process without a new source of problems

in the supposedly inefi

the anodes, the quoted

UP to a factor of ten.?

anodes. Depending on the eiements contained in

“acceptable” erosion rate of 10 mm/year is high by

From rime to time one hears suggestions that a piant could be buiit to

make a speciai alloy where the contamination coming from the anodes was

acceptable as a usefui part of the product. This is, in my view, completely

unrealistic. The industry could not accept such a loss of flexibility. If

the particular product to w~ich that ailoy was going lost market, the piant
.

wouid be totally useiess.

personnel because people

The lack of flexibility would extend aiso to the

could not ~be transferred in (or out) without
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retraining for a totaily different operation.

.

Apart from the slow erosion of the anodes due to soiubility, and the

question of how long it can be toierated, there are three mechanisms

which can lead to specific faiiure of an anode: ionic conduction; surface

alteration; and internal electrolysis in porosity, This is apart from the

obvious - but rareiy mentioned - problem of

pieces break off from time to time. but they

float on top of the bath and burn off. If

breakage. Carbon anodes have

do no damage. The fragments

they do happen to bridge the

eiectrode gap and cause a short circuit they heat up so rapidly that they

probably disintegrate from thermal shock. A fragment of an inert anode,

on the other hand, will sink to the bottom and contaminate the metal

produced. Such a sudden spike in contamination would be diiuted

exponentially

cell could be

as new metal was produced, but the metal coming from the

unacceptable for an. extended period of t~rne.

It was specified above that the oxide must- be electron/ca//y conducting.

Unfortunately, most oxides are not inherently electronically ‘conducting;

.

they become so in general only w~e~ they contain ions of metals with

more than one valency. Examples are iron oxides (Fe Z+/Fe3+) and cerium

.

.
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oxides (~e3+iCe4*). Other oxides which in pure form are insulators or

ionic conductors Can have electronic conduction induced by doping with

,
suitable impurities, or in some cases by treating them in a reducing

e
atmosphere. Unfortunately, =ail of these materiais must, in the nature of

the system, retain a residuai ionic conduction, and it causes trouble in

that the oxide behaves pafily as an e~ectrolyte, and the metallic substrate

or connector becomes to the same extent an eiectrode and suffers
r.

corrosion. The only figure I can quote is for cerium oxide where the ionic

conduction is about 0.’1 Yo. It seems smail, but the resulting current

density of the order of a miiiiamp per square centimeter can cause a lot of

corrosion over a period of months or years.

The problem of surface alteration can take several forms, and can best be

illustrated by events that I have witnessed in practice.

(a) ZnO is electronically conducting when reduced during manufacture.

But it is being used to generate oxygen, and the surface becomes oxidized

and loses its conduction. Materials based on Fe304 should simiiarly
.’

. convert to Fe203.

(b) Materials which have been doped (e.g. with Mn) to induce electronic
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conduction may have the dopant preferentially leached
.

was chosen for its

(c) Some oxides

electrical properties, not because of

are converted to aluminates in the

alumina concentrations. ZnO ‘IS again a case in

to ZnA1204. I have also seen NiFez Oq (one

materials) convert to NiA/204, and I t~in~

out. After all, it

its low soiubiiity.

presence of high

point; the surface converts

of the favorite candidate

its long-term stability

questionable. NiAi20d is an insuiator. F~r any particular oxide there is

is

a

.

critical activity of alumina above which the aluminate becomes

thermodynamically stable: obviously the cioser to alumina saturation one

succeeds in operating, the more likely one is to encounter this problem.

The effect of porosity in an anode is perhaps poorly understood in detail,

but its resuit is ail too obvious in practice. If some oxygen discharge --

takes place inside a pore, then the liquid ;nside becomes dep/eted in -.’

alumina because there is insufficient circulation to repiace it . As a

result the soiubiiity of the anode materiai increases, and the anode is

literally eaten away from the inside. Be;ng short of aiumina, the anode “

eiectroiyzes itseif! This is not what one terms non-consumable! .

One last point may be mentioned in ‘this section, although it does not
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really beiong, and that

protective oxide films.

hoods and covers than

ideas for

letting it

anodes made

form its own

ferrous metals) which,...
I?,

is the question of the oxidation of metais to form

This is of

to anodes

x

relevance more to the construction of

themselves, aithough one can conceive

simply by taking an oxidation-resistant metal and

coating. Unfortunately many metais (notably the

are protected in air are not protected in an

atmosphere containing fluoride. This is because the F- ion is exactly the
?.–.

same size as the 02- ion, and substitutes for it in the lattice. The charge

deficit leads to compensating vacancies in the cation lattice, ionic

conduction ensues, and the film is no longer protective. Inconel, for

exampie, which will last for years in air at 1000 ‘C wiil survive barely

days if the atmosphere contains fluoride, and steels are simiiariy

affected,

CONTROL OF ALUMINA CONCENTRATION

It has already been stated that the solubiiity of all oxides from which

anodes might be manufactured increases as the aiumina concentration

goes down. The effect can be dramatic; ZnA120Q at 1020 “C, for example,

has a soiubiiity of 0.02 VO Zn in a melt saturated with alumina, and Z YO Zn
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at 1 ‘A aiumina. The corollary is that alumina concentrations must be kept
..

as close to saturated as possibie; if

wili be scrap and the anodes will

destroyed.

One must first understand

saturated concentration is

>,

aiumina is depieted the product metal
. .

be severely damaged or completely

the situatio~ in a typical conventional ceil. The

7 wt % A1203. The normal operating level is 3

VO. If it goes above 4 YO some of

forms sludge on the ~ottom; if it

the added alumina does not dissolve but

goes below 1 YO an anode effect (when

fluorine is discharged instead of oxygen) ensues.

For a mass transfer process to proceed at a finite rate a concentration

gradient is needed, and the above figures give us the vital information.

There are two such processes involved: dissolution of the alumina. and

transport of the dissolved alumina to the working face of the anode. With

the conditions of stirring ex;st;ng ;n a conventional cell a gradient of 3 79

(between 7 % saturation at the

is needed to get the alumina to

surface of ~he particles to 4 YO in the bulk)

dissoive fast enough, and a 1 % gradient is

....

—.:

.

needed to transpofi the a{umina from the bu~k to the anode interface.

Thus the htghest ;nterface concentration which can be achieved is 3 % (=
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7-3- 1), tess than half of saturation, and the normal interface operating

level is 2 Yo.” This dramatically

. it will be easy to operate inert

.
problem is getting the alurnlna

illustrates the unreai;ty of supposing that

anodes close to saturation. The biggest

dissolved; it wiil aimost certainiy need a

special stirrer to reduce

p.!..

The other point to note
r- .

the 3 VO gradient currently existing.

is the conventional method of controi of alumina

concentration. Periodically (every few days or oftener) aiumina feeding is

stopped until the ceil has an anode effect with a conspicuously high

voltage. At that point the concentration is known to be 1 Yo, and feeding is

resumed. No chemical analysis is ever done in routine operation . An

anode effect leads to the forrnatiofl of CF4, but that causes the cell no

harm. An analogous event with “inert” anodes would be an utter disaster.

They are Inert to oxygen, not fluorine, and there would not even be a sharp

voltage rise as a warning. The anodes wouid just quietly dissolve.

THE MULTI-POLAR CELL
.

Near the beginning of this paper it was indicated that the only application
.

of inert anodes that seems to make any sense is in a multipolar cell. Such

a cell contains several electrolysis units in electrical series in one pool
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of electrolyte; it is constructed from a series of slabs each of which acts

as an anode on one side and a cathode on the other. This is the route that

the magnesium industry has taken to achieve dramatic reductions in power

consumption, but the magnesium ceil has three advantages which are not

present in the aluminum case. F;rstly, the same material (graphite) can be

used for both the anode and cathode sides of the sjab since magnesium

does not form a carbide, and the anode product is chiorine, not oxygen.

Secondly, the chloride electrolyte used has a low soiubiiity for oxides, so

oxide refractories can be employed for linings and for electrical

insulators. Thirdly, the celj is not working close to the Iiquidus

temperature of the bath (i.e. it is not close to saturation with anything),

so cooiers can be used to

up. Additional points are

electrolyte and is easy to

readily soluble in the bath

extract unwanted heat without becoming frozen

that the metai produced floats on top of the -

reach for tapping, and that the MgCl~ feed is -:,

(or it may be dissoived externally and fed as a

!iquid).

In addition to all

multipolar cell for

Firstly, the sjab

the problems of inert anodes already discussed, a -

a}uminum production brings some new ones of its own.

construct~on becomes a sandwich, since the anode
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materiai and the cathode material cannot be the same. The cathode will

undoubtedly be a Ti~2 comp~ex of some sort. The anode is curre~tiy

*
unknown, but one has the probiem of

.

electrical bond between ‘materials

obtain;ng a good mec~anical

with different coefficients

and

of

expansion and very likely incompatible chemistries. Thus, TiB2 is a

r=
.-, “ reducing agent, especially if it is porous and permeated with liquid

~’
aiuminum, and it wiil

as iron and nickei.

cermet with which it

differential expansion

react with the oxides of all the ferrous metais such

Likewise, permeating aluminum would destroy. any

came in contact. And the shearing

in the joint of a siab, say, one meter

from room temperature to nearly 1000 ‘C are more easily

calculated. In any case, what does one use for glue?

forces due to

square heated

imagined than

Another compatibility problem arises

at an anodic potential, the other. is

gradient exists, and the joint in the

at the edges of the stab. One face is

at a cathodic, potential: in between a

sandwich must be situated at exactly

the right place or one or other of the materials wiil find itseif in a

potentiai range

edges of the

straightforward

where it is not stable. The ideal soiution is to cover the

slab with an insulator, but that is by no means

either. ,
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The other problem

magnesium celi is

is controi of heat generation. As mentioned above, a
.

fitted with coolers (steel pipes through which air is

blown). AS the inevitable - erosion of the anodes occurs (mainly due to

traces of Oxides) the acd increases and heat generation goes up. The cell

has to be taken out of service and rebuilt when the coolers no longer have

the capacity to keep the temperature where it shouid be.

In a cryolite electrolyte close to saturation any cool surface becomes

covered with a crust of corundum crystais. Air coolers are thus not

feasible. It is hard to see how a variable and controllable heat removal

can be achieved.

GENERAL DISCUSSION
-...

There is always a risk when assessing new technology of ascribing to it

beneftts which arise from modifications to existing practice that,

although essentiai to the new technology, couid equally well be .

implemented on the old. A case in point is the elimination of 2,500 t of u

perfluorocarbon emissions (= 2 Mt COZ equivalent). If an inert anode cell

can be made to run with Ihigh alumina concentrations, so can a carbon
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anode cell, and With vastly less technological risk if something goes

wrong. It would seem that one initiative that the panei should sponsor on

an urgent basis is a demonstration that a conventional ceil can be run for,

say, a year without an anode effect and without the ceil becoming sludged

up. Success wouid do three things: it wouid immediately give technology

that could be implemented to save

give an experimental

can be maintained in

the performance of

number for the

the perfiuoride emissions, it would

jevel of ajumina concentration that

practice, leading to a more reajistic assessment of

inert anodes, and, ironically, it would reduce the

justification for wanting an inert anode because the potentiai for saving

emissions would be reduced. Faiiure, on the other hand, would make the

chances of a successful ine~ anode so remote that any R&D program in

place could be abandoned.

The first conclusion to emerge in the

retrofit of existing ceiis was not feasible,

is a very important conclusion the logic

here.

general anaiysis was that fuil

nor even desirable. Since that

will be repeated and amplified

.On an existing cell it is virtually impossible to reduce heat losses. The

. .
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cell is designed to run with certain heat fiuxes to maintain freeze, and
.

replacing carbon anodes with inert ones would do nothing to change them.
d

Consequently the cell wouid run 1 V higher. This woutd involve new
.

rec~lfiers and transformers (to give the higher voitage arid ha~ale’ the

extra power), new transmission lines and, somewhere, a new power

station to generate the extra power. That power stat~on (or another one

somewhere else) would be fuelied by unwanted petroleum coke. To a first

approximation, the coke which would have gone into the carbon anodes

would be just about the quant]ty needed to generate the extra power.

Meanwhiie a new piant has been buiit to make the

existing carbon plant has been

this expenditure of capital?

operating inert anodes, and

abandoned. So what has

Nothing, except the

increased impurity

produced. Plus the problem, weil u~de~s~ood but not

anodes, while the

been gained for aji

technological

eveis in the

risk of

metal

previously mentioned _

here, of operating the cell when the voiume of the metai produced is no

\onger compensated

Full, direct, retrofit

by the reduction in volume of the carbon consumed.

is out of the question.

~Suppose, now, that an inert anode is to be combined with a stable cathode
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in an otherwise convent;onai cell. What advantage

inert anodes that could not be gained just as well

The only answer apparent is that one might be abie

gas bubbles from under the ‘-anodes with

important when operating at low acd. On

could be gained with

with carbon anodes?

tO better remove the

special channels, which cou}d be’

the other hand, one has the Ievei

control problem referred to above. There does not seem to be any+.,...

incentive to justify the technological risk and research effort involved.
r

The oniy prospect to have any real advantage is the multipolar cell; that is

.

.

where one can genuinely begin

However, it means that from the

with the development, not just of

cathode sandwich as the oniy

to save power and capital investment.

outset research must be aimed at that,

inert anodes,

objective.

structures with individual current connectors

but of the requisite anode- .

Developing little anode

is a dead end since the

retrofit-type installation in which they might be used is known to be a

non-starter. And that electrical connection, which will give so much

trouble, wili not be needed in a multipolar cell except for the end

electrode which will have problems all its own. In fact, it could well be

advantageous

horizontal slab

to make the end anode of

electrodes so that the end

carbon, especially if the cell had

anode was on top and accessible
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for changing.

The overall tone of this paper has been pessimistic; I make no secret of

the fact that I do not think-that any further work on inert anodes can be

justified. This is not because I am so conceited as to feel that if I cannot

solve the probiems no-one eise can either. It is because at the end of ten

years work (involving many others beside myself in several different

companies and with a very wide background of experience), ~~~e of the

problems had been solved, and a lot of new ones had been found. Although I

am not in touch with

aware of anything on

everything which has happened since 1990, I am not

the horizon which could transform the situation.

‘

.
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CONCLUSIO~S

1. Regardless of the availability of suitable mater[als, retrofit of inert

* anodes in ?xisting ce~is is neither feasibie nor desirable. Green-house gas

-,.

.
emissions would be essentiality unchanged,

capitaj expenditure would be enormous, and

faced with ve~ severe operating and controi

energy use

the modified

problems.

would increase, ~

piant wouid be

?-,,

2. No research or development of inert anode systems intended for

replacement of carbon anodes in existing or modified conventional cells

should be pursued.

3. The only use for inert anodes which carries with it any advantage is in

a multi-polar cell. This raises a whoie new set of problems, but is the

only objective Which could be worth pursuing. However, unless specific

and plausible ideas are available.. as to how the requirements could, at

least in principie, be met, there is no justification for going beyond the

study stage.

4. The author IS not aware of any materials and/or anode systems w~ich

have any prospects of satisfying the ~equirements for satisfactory long-
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term operation.

5. Regardless of other considerations, work shouid be undertaken on an
‘

urgent basis to find out Whether a conventional ceil can be operated

indefinitely (minimum one year) without an anode effect. Such technology

would be vaiuable in its own right to reduce green-house

(fluorocarbon) emissions. The experiment would also provide data on

aiumina concentrations are reasonably attainable in practice: such

are essent~al for assessing and predicting the performance of any

anode materiais and cell systems which might be proposed.

gas

what

data

inert
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Aluminum Production Paths in the
New Millennium

Ba~ J Welch

EditoFs Nofe A h~mxt-cti vemlonof Ws pawI
M & faud on 10M’s W* s!te at w.m.org/puos,
jomk/10M/Wj/WSWelti~

in the iast two decades, the aluminum
industy has seen the demise of the ASP
chlorideprocessasanaltmtiueproduction
path and a reductionqf paperson carbo-
therma[production options. At the same
time.$herehas beena steady stream of ar-
ticlesproposingtheuse of drained~thode
technology(bya wetfable)ittiium-dibotide
coating)andothersextollingthernrtuesand
potentialmaterials~ inert-anodetechnol-
ogy.Therewasatia rushofsmeltertechnol-
ogy papers in the early 1980s ctiiming an
achtiable energyconsumptionof less than
12.j k~hg. However, the recmt emphasis
has been ash+ to high amperage technolo-
~“es that are less ener# @cient but more
cost @cient. Current *czena’es in excess
of 96 pmcent can be routineiy obtained by
new technologies, and even aged technole
gies can be retrofitted top-at 95 per-
cmt. Thechallengeis to lowercellvoltages,
but one of the@ limitations is the need to
maintain adequate superheat to avoid sludge
formation andelectrolute-concentration gra-
dients. Electrocherniml technoio~’es,face the
same problems and challenges as present
technolo~: the requirements are even more
acute and dernanamg. These cbilenges can
probably be met, however, and the lndUSt~

is undoubtediy,facea w’th interesting tzmes
as it continues to strive to be competitive,

INTRODUCTION

Thedriving force for deveio~ing new
processes for al~urn smeltmg usu-
atiy revolves around one of tiee maior
cost factors: electricai+ner~ reduction
demands because of the s~called mei-
hciency), capital-cost reciuchon of the
reactor perannud production tonne, and
envmorunentai considerahons because
of both the high cost of comphance with
existing fluoride re@ations and also
because 01 greenhouse considerations).

Earlier analvsls arrddiscussions 01 al-
ternative processing} demortsrrated that
the fundamental ener~ requirements
for all Options do not aifier substantialiv
since all stan with m aiuminous (oxide)
raw material and aU tish with alumi-
num at a temperature above its smelting
point, with oxygen and carbon oxide b\-
prociucts. From a theorehcai energy con-
sideration, different processes do not
hold much uotential to make substantial

differertces,dthough there can bea trade
off be~qen electici~ and carbon as the
energy source used. Thus, from an en-
ergy perspedve, the differences in pro
cesses usdvrevolvearound differences
in efficiencies of both the reactions un-
solved h tie process and the ener~
utition. Some of the alternative pro-
cesses considered and investigated have
been based on m incomplete tiysis of
the process energyrequirements, while
others have not considered either ec~
nornics or praticdty.

Monopolar dectrochernid CW are
always capiti intensive because there
action rates are low per unit reaction
area and ako low per tit reactor vol-
ume. These cew have a limited finite

“-stie based on feeding tetiology and
the need to have a hquid-metti cathode.
Thus, if Were is to be a significant break-
through in the capi~ cost btier, elec-
trode arrangements and design need to
be considered so that there is an increase
in reactor area per unit volme. fiother
contributor to the capital cost is the b-
ited cell Me through tmosion and ero-
sion of matenah. Mthough ce~ lives
have increased, so too has the cost of the
better materials of construction.

W%enever altia is used m the pres-
.

Capital Eieanc~

,@

,.

(Excluding :S>tiZ, ~,
Camon) -~<*%.~L7..;...%G,’
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Figure ,1, (a) Contrrbutlons to the cost of
alummum Production and (b) potent}alareas
forcost reduction wtthalternative technology,

ence of :luoriaes, as seerrm Figure 1, the
capital cost of the smelters is a si@fi-
cant contributor to the overau ~etai pro-
duction cost. TypicaUy, equipment for
environmental comphmce contributes
about ten percent of this cost wMe ex-
tensive occupational healti and compli-
ance monitoring programs are also sig-
ticant contributors to the production
costs. Fluoride emissions are generated
at the ce~ because of hydrolysis reac-
tions. Thus, environrnentdy, smelters
must get away from either the moisture
bearing oxide or the fluoride solvent.
Mtemativdy,cdredesign forthemuch
more efficient capture of d ceU emis-
sions may help costs. Candidate non-
oxide feed materiais” ‘have been anhv-
drous aiumirumt tioride and al~-
nurn stide.

The second environment driver is
Med to the carbon~xide greenhouse
emissions. On a tonnage basis, the
amount of carbon oxide produced is
greater than a tonnage of metal pro-
duced. However, the ordv alternative to
carbon oxide is eietiti~, since a iorrn
of ener~ is alwavs required for metal
production. }Vith incremental electrical
ener~ usua~v being generated by inei-
flclent combustion processes, the poten-
tial for reducing the greenhouse impact
depends on how electricity generation
is accounted.

There is much more toaltemativepro-
cesses than simply getting the chemis~
right or lowering the ener~ demands
for any process. Four kev aspects for any
alternative process are

●

●

●

●

.4need for a satisfacto~ chemisti’
path for atievmg the production
of the metals from the raw materi-
als.
A suitable and practica~v operable
reactor svstem that is much less cap]-
tal-titensive on an annual tomage
basis than the present process.
A suitable material to construct the
reactor and electrodes.
The abiii~ to meet stringent envi -
ronrrtental standards without in-
creasing costs excessively.

MODERN HALL.HEROULT
TECHNOLOGY—THE

BENCHMARK

Beginning in 1980, new cell technol-
ow broke throuzh the 17j,000 A barrier,

“. ,.
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~~.bilebeing ma~neticaiiv compensated
iitteci with point reeders and reslstance-
trackinq process control.: ~is enabled
operation m a narrower alumma soiu-
blli~ range, which led to electroivte
chem:st~ moalficanon ror high currenr
efficiencies and low energy consump-
tion. ~epract2caI annual op,eraM~mini-
mum was typically between 12.9 DC
k~/kg Al and 13.2 DC k~ikg Al.
me modeeifect trequencv was aho ~i-
ca[lv lowered by an order of magnitude.

By the mid-1980s, key engineering
desl~ features ot the new breed of even
larger ce~s included point feeders dis-
charging less thm 2 kg .A120jper addi-
tion; single- or dual-draft hooded emis-
sions collection svstems; a microproces-
sor-based process control system that
takes readings oicell+ner~ parameters
everv Five seconds or less and utilizes
feedbg and ener~-change strateg ac-
cording to predetermined logic; and,
q~icallv, an automated conveying svs-
tem for introducing the aiurnina to the
hoppers at the cell for a more dust-free
environment.

A a consequence of further gains in
process control, the trend in the 1990s
has shifted further toward increasing
the amperagd or size of the cetis because,
of the economic gains through reduced
capital expenditure per unit annual
production. me larger cetis (especiaUv
when exceeding 310,000 A) do not
achieve the low energy consumption 0!
the sfightlv smaller cells of the earlv
1980s. fis is as a result of a number oi
issues, including operation at higher
(cathode) current densi~; the existence
oi concentrated gradients tiough less
ei~t mixing end-to+nd in Me ceU;
reduced cell life because oi the more

Features

throu:n the reduction oi
the capital cosr section oi
Figure 1than through the
increase mrneener~-cost
sector.

In rev]ewlng all new
tectioloq and develop-
ments since the earlv
1980s, the following iea-
tures stand out:

●

●

●

●

●

●

Current eiiiciencles
h excess of 96°6 m
be achieved.
me uresent process
eger~ eificiencv IS
approxlmatelv j“09L,
with the excess en-
ere~ beirrgdissipated
as heat loss from
ceUs.

111 -,, /
0.70.7j0.80,850.90.95 I 1.c5 1,1 1.15 1,2 l,2j

CurrentDensity(Ncm2)

=—Uncomoensafeo A+agnerrwl~ Cornoansarao, ~mmsd Carrrme

fi?ufe, 2.. Red,ucti,p~s in energy consu”mptibti iehieWed by
Comaleo’” using dramea cathades In exlstlng technology.

Despite concerns gbout excess an-
ode consumption, its utikation ei-
iicien~ exceeds 857., thus oifering
limited ‘scope for future gain.
me limit to reducing ceU voltage is
no longer the anod=atiode dis-
tance constraint from the turbtient
metal pad that leads to the risk of
direct shorting. Ratier, it is to en-
sure sufficient heat is generated to
maintati stable operation.
Despite design md materiab ad-
vances, it remains imperative that
the ce~ sidewalls maintairr a protec-
tive freeze. Otherwise, metal qud-
i~ and cell Me are unacceptable.
Because of constraints through op-
erating procedures and the empha-
sis on the capture of emissions, there
are odv limited variations for re
ductig” the top heat loss from the
:eU. ~us; the present tetioiogy is
constrained by both upper and
lower tits ior heat generation.stringent heat balance requirements for

freeze protection and the increased cath-
ode corrosion with current densi~; and
the tendency to term sludge because oi
tie higher iced frequenq and limited
mixing. Despite these Mtations, the
overall economics are more favored

.,
-.

Tah!e 1.Alternative Processes Investigated for Aluminum Produtiion

Production Process -

Based on these features~as Wustrated
in Figure lb, it isevident that the greatest
scope ior reducing metal production
costs is to reduce, capital cost, have a
reactor design that can operate witi a
lower heat loss uer unit Production, or

eliminate the anode carbon and substi-
tute a more cost+fficient option. ~s
shifts the future emphasis to operabie
reactor designs with a low capital cost
per armud torme wtie complying with
enviro~ental requirements. Hence, it
becomes understmdabie why increas-
ing he current has become favored.
fis increases productivi~ at near con-
stant heat loss but, for an installed
technology, it is ~variablv less energy
efficient.

ALTERNATIVE ALUMINUM
PRODUCTION PRWESSES

Regsrdessoi themethodology prm
posed, aU alternative” processes have
some common”elemenb. me prim~
inpu& W bedtia, eI~cd ener~,
some cmbon, and possibly some other
rqdable chernic~; outputs are alurni-
nm and va~g amomts of carbon
oxides. Heat WU dwavs be released,
becauseti dtemativesinvolvehi@ tern-
peratures. U an impure alumina source
is used, the processing wodd be s~ar,
but witi a second~ metal or Wov as a
by-product. h several of the process
options, tie de is converted “toa
more easdv decomposed (relative to the
process) intermediate, such as AC1,$

Dramed<ell TKhnoio~”

Inert Anode Ceils”
(Oxygen Et’oiut~on)

ChlorideProcess”

Sulfide Process’

CJrOothermai Reduction’

Catiode sloptng and coated with alurnmurn-wettable TiB..
Bv elimmatig metal ?ad, anori~athode gap could be haived to -X mm, embhg substantial voltage Iowerirrg,
Other basics would remain the same as ?resent ttioio~ (EO-,1.2 volts, ~m__ = 6.M kw/kg).

Elimmate consumable carbon anode DVhaving an ei-ode material that evolves oxygen.
Although the ei-trochemical potenha] wou~d in=ease bv 1 V (E” -2.2 volts), the voltage uraease wodd

be (hopetillv) Lessbwause of lower anode poiaaaon (4&a, ,,_,W = 9,26 k~l kg).
The superstructure of the exlstrng c~licould be reiined, reducing capital costs.
If drained-cell matenais development were successti, further design options are possible.
.A[ummous material converted to (anhvdrous] AlCl, oi adequate pun~.
AIC1, elecrrochemlcallv dwomposed ]n a muiti+l~troae ceU at -jOO°C (E” -1,8 volts,

JH-. ,. .,Km, v,,,
= 6.34 kWh/ kg).

Electrocnemcaiiv generated cMorrne ISre~cled.
.+~umlno~s materlai convertedto Ihvarous) ALS, or adequate pun~,
.+~ummum suitide el~trochemlcallv dwomposea to r~clabie S: and alummurn (E” -1.0 V) in

J muitluoiar (JH- = 5.24 kWh/ kg) cell.
Convert a’iumirrous ~a%I~~ to an lntermealate A14C, (or oxvcarbide) chemically at T > 1,700°C.
React carbide wItn turther oxide to evoive CO and proauce aiurninum (or aiiov) at T > 2,000”C.
Retme the metal ~uaii~to a usable grade (M_. ----- = Q.OkWh/ke).

,,!.

.

.
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.
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For the Composite
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Figure 3. The parallel development paths followed by Comal-
Co!oin developing ooated drained techn0109Y.

Us$ A+C~,or d-urn oxy carbide.6
~kse W involve separate rea~ors and
asstiated heat losses, matenti rq-
chg Menges, and mateti transfer
needs. htemediatas involve additioml
reactor systems. Problems with reatior
Me md construdon maten~ do not
disappear simply by bringing in a new
proces-a~ processes have material-
restn~g consdtu~ts, SUA as reactive
ti~urn and slags or salt melts.

Based on these gaerd featies, the
best process wotid be one that occurs at
as low a temperature as possible, but
witi the h~est productivi~ per tit
volume w~e possessing the fewest
number of ?rocessmg stages in the over-
all conversion process h tie last 25
vears, there has oniybeensustained R&D
on tie first two of hve discussed altema-
h~e urocesses (Tabie I ).

Drained-Cell Technology

Titanium dibonde was tistpromoted
as a useti cathode material for alumi-
num smelhng cek in the 19jOs.71thas an
exceedingly low soiubtih product in

,the metal, w~e the metal conttia-
hon 1ssometimes considered an advan-
tage because oi tie re~g processes to
tvtich the metai IS subiect. Tltaruum
dibonde 1s wetted b? aiutrunurn, thus
potennally Iowemg mteriaclai voltage
crops. Other potenaal acivanrages have
mciuded Iowermc the cathode-lining
onrrucarop, enabimq a dramea cell con-
tiwrabon, and acMg as a barrier to
sodium penetranon mto a subdibonde
carbonaceous Itic.

Because of Its rerracto~- nature, high
meltig point, and the kgn cost oi the
raw matentis rrom u’hich TiB. is pro-
duced, there hale oeen s]~i]c-~t eco-
nom]c and prachcai cha~enges to iuliv
tesmg and mpiemenmg wetted cells,

in order to reduce the costs and iabrlca-
hon diinculhes tor TiB:, considered aF-
proacnes have mciuded bonding tiles
and other snaDesto the carbon substrate”

Oraltemative]v applvmg
a composite coatmg.;]~k
the last two decades, the
main driver has been to
develop draltred cells
that, bvetianon otthe
metal pad and, hence, its
magnetically}’ induced
turbulence, enable cells
to be operated at a much
reduced interelectrode
distance. This would
lower the energy con-
sumption through the
lower voltage. However,
the external design and
features of theceU would
essentially be the same,
and, thereiore, a reduc-
tion in voltage must be
accompanied bya reduc-
tion in heat loss.

Theoreticdy,inmkg thetickess
of the mt cover and redutig dratig
at the top of thecefl wodd lower the heat
loss. However, withihaeasingthe thick-
ness of the top cover, the mst homes
softer and risks ,co~apsing. Likewise,
reducing the drafting veloti~ leads to a
greater rate of release of emissions to the
environment. Therefore, the reductions
in top heat loss are extremelv con-
stratied. The bottom heat loss of he ceu
has generaUy akeady been reduced as
muti as possible witi modem insol-
ation materi~ and is a small contributor
to the total.

hdating the sides of the ce~, which
~icallv account for a quarter of the
heat loss, resdts in a Ioss of the protec-
tive sideireeze because of the consequen-
tial increase m superheat. The npor-
tance of retaining this has alreadv been
noted. PracticalIv, it is oi even ~~eater
importance ior T~B.-coated ceUsbecause
of the accentuated ~orrosion that would
occur at the threphase interface be-
~een the hquid bath, carbon, and alu-
minum-wetted coating.

Drained ceU~have other desi~ and
operating challenges that must be met
beiore imuiementations, ~ciud~g

●

●

●

●

●

How””shouldthe aiurnina be led to
the ceU so that it mixes uruiormll
\vith the reduced eiectrolvte vol-
ume?
How urill the metal be tawpedirom
the cell, and how trequentl} will it
be tapped if there is Iitile or no metai
pad?
HOMp~vill the anodes be changed
and set without iorrnmg a rreeze on
the bottom that extends and aci-
heres to the TiB.-wetteci coating?
How u’ili an anode eiiect be extin-
guished automatically since there is
no metai Dad to Spiasnonto the
anoae surjace, as IS done In the
present automat]c process?
What should be the o~timum sioDe
and direction ior the’dramed ca~h-

ode, and how sno,uid the sio?e be
aer.eiopea ior netv anodes?

● Hot\ can a new cathode be pre-
heated and startea ;vith such a reac-
tive materiai as the coattng (Ti6: in
the powder form IS a pyrophorlc
substance)?

Desiemwovahonand hard slog R&D
can answer these questions sat]sracto-
rily, but mevitab]v SOiUhOnS wilI ha~’e a

price tag that detracts irom the perce]vea
economics.

The coating material itself must also
satisfy several criteria. First, its thick-
ness must be sufficient to give the de-
sired ceUMe after recogniztig the metal
it dissoives to saturation in the metal.
%cond, any binding phase of the com-
posite must cerrode at a sWar rate to
the TiB.. ~-:, the coefficient of thermal
expansion should match that of the sub-
strate to whi~ it is bonded. Fintiy, the
material must be imperviou to the eiw-
trolyte (or el~oiyte Uptake totaUypr~
vented), since the ele~ol-yte can lead to
gaivardc corrosion if it is &o in contaa
with a carbomceous substrate.

With the existing cathode potential
gradient, the formation of M4C: bmornes
enhanced by the thermod~amically fa-
vored gdvtic corrosion reaction within
any coating material that has also taken
up ele~oivte. With the 4uminum-wet-
ted cathode surface being at a more an-
odic potential, and there being a, con-
tinuing supply of aiurninum and car-
bon, we have

,4Al + 4 M;-+ 12e

in the zone above the electrolyte that has
penetrated the coating, and

12e + 3C + 3C+

at the carbon suriace with the conse-
quential reaction in the electrolyte phase

4 MS-+ 3C- + Al:C, (sohd)

fie gro~i.~ of ~s deposit can lead to
debonding and acce~erated coating
failure.

Three se~arate approaches have been
used ior developing coatings-a colloi-
dal alumina-bonded TiB: composite
(Tinor~’ and Thictiorn’) developed by
.Voltech,. a plasma-sprayed TiB: coatinS
develo?ed b~’SGL Carb,on,li and a car-
bon-bonded ‘TiB: composite deveioped
bv Comalco.’~Plant trials of the Moltech
coatings have beeq conducted with posi-
tive indications oi enhanced cell perfor-
mance, es~eclali~’ in reducing the so-
dium uutake.:~W“hilethere have been no
performance data published ior the
piasma coating, more extensive details
have recently been revealed ior the
Comalco coating.”!

The energ!’ performance gains
achieved DVComalco’s,triais :n test cells
are presen~ed in Figure 2. Of parhcuiar
interest is the o~,ercommg of a heat defi-
cit w’heno~eratin~ at a lot;; mterelectrode



spacirtg in a drained cell by increasing
the line current. The ma~tucfe of the
[tie-current increase (-30°/0)Is similar to
that predictable irom an appropriate
ce~-voitageequation and ener~balance
moaeh. ‘3;4

men increasing the Iirte current, the
gains are lowered by ‘consequential is-
sues, such as cathode voltage drop in-
creases, higher anode stub drops, and
the reslstivi~ losses of the titerconnect-
ing busbars. Perhaps equaily re~’eal~g

is that they found it necessa~ to de-
\-elopnot oniv the coatig to meet the
specifications, but also the ce~ design
and operatig strategy (Fiegure3).

me data presented,;o together with
other publications on the performance
of Tinor,iz demonstrate that while the
era oi wetted<athcrde technology is now
a practical option, the econorrdc and pro-
duction gti are not Uely to be dra-
matic urdess the design and heat-bal-
ance constraints can be overcome.

OWgen-Evolution Options

Considerable laborato~-scale effort
has been directed toward developing a
suitable material that will resdt in oxv-
gen evolution at the anode when elec-
trolvzing eitier a conventional or low-
temperatureij,le fluorid~al~a elec-
trolyte. For tis path, the overaU electro-
tiemical reaction

2~03+4Al+30:

wotid require an electrochemical volt-
age of approuatelv 2.2 V as compared
to 1.2 V when using a conventional car-
bon anode. We it has been argued that
the anode polamation wifl be less and
will, thus, lower the necess~ voltage
incie~se, this feature can ordv be benefi-
cial if the heat-balance constraint can be
overcome. This means that electricd-
energy reductions w1ll not be achieved
tiess a ma]or design bge is also
implemented. The increased power cost
would, however, be patiy offset by simp-
ler operations and elimination of the
carbon-anode costs.

Hitherto, no suitable anode material
has been iomd as techrdcal difficulties
arose through corrosion and subsequent
metal contamination (at a time when tie
mdus~ is stif~g to more hjgn-puri~
metai applications); the 10ssoreIectronic
conduction of the oxide surtace, caustig
passlvahon and high voltages; and prob-
lems of adhesion of the oxide surface
coating to the metal substrate when
manufacturing at thenecessa~ electrode
size. At best, it appears the eiectrocie
desl~ w]ll necessitate the abili~ to pe-
rlodlcallv remo~rethe electrode trom the
cell for surrace refurbishment m a simi-
iar manner to the practice tor the chlor-
alkali industry. This, coupIed Iwith the
chailen,Kes!or heat insulation (especially
to reduce top-heat Losses] and alumma
:eeulng, also em~haslzes that design

and operating chaUenges must be ad-
dressed.

Carbothermai Processing

This IS the otiv noneiectrocnemicai
process that has been considered, ai-
though the high temperatures necessi-
tate the use of considerable electrical
energy m order to achieve these tem-
peratures. It is based on the idea of an
aluminum reduction process analogous
to the oid iron-matig blast timace,
which is a high producti~’i~ unit per
~’olume reactor. However, direct trans-
lation- 1s not possible for a number of
reasons.

AJ,C, formation is favored at tem-
perakres below alutium and,
therefore, becomes a necessa~ in-
termediate.
The process temperaties are high
(k excess of l,900°C for arrv reac-
tion stage), resulting in si~cant
heat losses for afl designs,
CO is the over~ gaseous product,
leading to a high greenhouse pen-
alty (even. though some energy
credit cotid be atieved).
Aluminti has si@cant vapor
pressure at the re;ction tempera-
ture, thus lowetig reaction effiaen-
ties. This is aggravated bv a poten-
tial for suboxide formabon. Both
can be reduced by a~oy formation
(as has been proposed).

The considered tw~stage redu&on
prcrcessfirstforms acarbide(T> l,900°C)

2 ~03 + 9C + M,Cj +6C0

(although, the presence of excess MO,
cotid ako lead to m oxvcarbide phase)
and then react the carbide with more
oxide (at T > 2,000°C)

N4C; + Al:O, + 6N + 3C0

The staging of the reactions reduces
potential dusdng problems through the
high gas volumes otherwise released.
However, it nec~sitates accurate tem-

perature controi for two reaction se-

quences irran environment Mat is ciiffi-
cult to conmol. Furthermore, the \’tscos-
itv-composlrion-temperamre re)ation-
Skps for the reac~g charges present
enormous &aUenges for operations and
design.

men evduatirtg the process from *e

reactor design and operations perspec-
tives, it changes from an extremeiy at-
tractivealtemative to the most chaUeng-
ing one. On an ener~ anaivsis, it is also “

extremelv poor. .No titi have been suc-
cessful in obtatig reaction eificienc~es
that hold promise for refinement.

Multipolar-Electrolysis Processes

As seen in Table I, the remainirrg pro-
posed altemativeprocess~ tivoiveelw-
trolvsis of a ptied intermediate ~u-
tiurn<ontigcompoud. The eiec~
trodes are assumed to be noncon-
sumable or tiert, me various com-
pounds considered at different times are
aluminum tioride (e.g., the ASP pr~
cess4), aluminum stide,~ md conven-
tional purified durnina (as per the tieti
anode).

men titing the sequence of reac-’
tions, it is ktereiting tonote that, Me the
carbothermd option, carbon is invoived
as a significant material in * of these
processes (except the o~gen~voiving
ceU). Consequently, they WU W have
sMar overti theoretical ener~ efi-
Cierraes. Memnces wti revolv;on the
va*g proportion of Ch@cd versus
electrical energy input and varying reac-
tion effiaencies.

For wv of these three options to be
successti, irtert anodes are required.
Other reqtiements include an operat-
tig temperature above 7W”C to form
hquid titium; an inert drtied cath-
ode; an anode that is meactive to the . ~-
anode products (e.g., tiorine, stide or
oxygen); a corrosive ei~olvte, because
of the need to have it in a iOtic form at
elevated temperaties; a desi~ that en- ~~
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Figure 4. A schematic of the key features of a horizontally oriented multiple bipolar cell showing
(a) the desired current path and (b) the bypass current paths.
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Figure 5. A schematic of a Companmentalized vertically ori-

ented multiple bipolar cell highlighting the necessay design

features.

ables the effiaent separation of the fi~
uid album product from the gas-
eous anode produ~; and enm~ effi-
uenaes that reduce heat 10ssper unit
prodution.Notordy indtiUMsmelt-
ing, but in d other meta~urgicd and
high-temperature prweases, the best r-
adorprottion isahyer of froza read-
tig rnixtie, and if the deeigrt does not
atieve this, there is another tienge.

Multipolar electrodes such as the
mdtiple bipolar design patented for the
ASP’ have the obvious advatage that
higher produdvities per tit reactor
volumes are possible. However, these
cannot operate at *e high ment effi-
cienQes Mentiv experienced because
of by-pass aents that are inevitably
present. Figure 4 shematicallv Mus-
trates a mdtiple bipolar ce~ that has
near horizonta~v oriented ele~odes
together with the preferred current flow
path. The eiectrolvte in both the cavi~
that enables the gas to be released (Fig-
ure 4b )and m the cat’1~ where the metal
drains (Fi-~e 4a) presents an altern-
ativepath ror bv-pass current flow’. The
equivalent c~cuit is complex, and the
design ~~enges to obtain high<urrent
efficiencies are considerable. Beck,
Rouser, and Thonstad17have compared
these with the tiefficient monopoiar ar-
rangement and shown enero~ efficien-
cies are Wely to be the same as a conse-
quence.

Compatientaked multiple bipolar
cell desl~s~b stiar to that in Figure j
overcome the by-pass mrrent problem,
but present new materials, design, and
oDeratin~ tiallenges. For exampie,

●

●

●

●

Hoi short c-m the intereietiode
separation (versus electrode height)
be made because of the rising gas
volume?
How wouldthemetalbetaupedor
drained irom each (isolated) elec-
trode compartment?
What insulattig material can be
used ior eiectrode support and con-
tatiing the metal reservoir?
How will the snodic and cathodic
sides of the bipolar electrodes be

bonded?
Cell desi~s probably

need to incorporate
readily replaceable mul-
tiple electrodes.

CONCLUSIONS

h reviewing each al-
temat]ve, it is evident
that there are several con-
siderations for develop-
ing any new or altern-
ativetehoiogy, includ-
ing having the right ma-
terials for the key reac-
tions or electrodes (this
has been fairly heavily
researched); having a
feasibie reactor desi~

that hasa mu~higherrateof producti-
vityper tit volume than ~ent te&-
nology (this must include design fea-
tures for feeding and removing the reac-
tants and produ~); ~in=g heat
balance; and, after au other aspe~ are
addressed, dete~ g good, safe, and
envirorunentiy responsible operating
pratices. U the researti is c~ed out
sequentia~y it WN ties verv long time.
The experience in deveiophg drairted-
ce~ tetiolo~]o is important in that it
emphasizes *at design and pratice are
as importat as having favorable tiem-
is~ and suitable materi~.

The economic gains oiaiternativesare,
however, not kelv to be dramatic. me
development costs whenconsideringthe
above iacets are considerabl~o mufi
so that it is impractical for snv one com-
panv to do it alone. ~us, it WU necessi-
tate consortiums “picking a wtier,”
urdess tiere is a tiange in dfivmg force
tiom economics alone.

The cha~enge becomes even harder
when it is recoL@ed hat here are sev-
eraI viable paths, open to unprove the
etistmg process, so any new technolo~
is iaced with a movfig target. men
pickings technolofl, it is crucial that the
concept be developed h its entire~ with
para~el effort on design, operating prac-
tices, materials, and reaction concepts as
otherwise the development tie could
extend to hali a centum.

Titaniurn-diboriae cathode technol-
ogy is, however, just around the comer.
W~e a need exists ior fufier develop-
ment, cost reduction, and design irn-
provernents, there are aiready two dis-
tinct benefits: the abiii~ to do substan-
tial retrofits (with 30?0 productivity
ga-) toexis~gaging tecbologies and
the abdi~ to extend the life O!cells and
cathodes. .Morelm~ortantly, however, it
1sa start ior iurther development, since
it opens the door ior Woi’ative mu-lti-
eiectrode cells.
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(Presented at the Queenstown (New ZeaIand) Muminum Smelting
Conference, November 26, 1998.)

T~2 Coated Muminium Reduction CeW:
Status and Future Direction of Coated CeW in

Comalco.

G.D. Brown, G. JGH~ k W. $haw andM. P, Tqfor

BA=GRO~D

Since 1985,follo~ WJYwork by M* Metta COrp,Corndco has been
developing a T@2based coadng for use on the caWe of d-urn reducsion

ce~s. ~s deveiop~ent program has involved exrensive tidamen@ research
into wear m~ ~ properties,~cation -&gies and ceUffuid
dynamics as we~ = O~O@ til xde O~tiOn ofhi~ @O~ ~ desi~,
The MW for W work h the acbiavent- of major reducrio= in power
~ptim mmpared to those possiblewith the present best magntidy
comp-ted di designs. ~s paper tie~ some of the srepsb to+ this
god and Oudinesthe blended futuretistiom

. .

~ TU$C COA~G

W ebm techology tich b Wo- tri* of 10- anode cathode
Q=, tigh pbrman= *U designs, is tie Cotico oomposite coating. ~
aaring is a combination of titanium diboride particles and *G ho@ed by a
novel phenotic resin basedbinder SYS= ~e key propem of the material is
wbtiy by duminiq which mdcr ti ce~ conditio~ dts in ~
cxncmely low wear rata of tie co- tien wm~aredtoanyof& avail&le
catiodecarbontypes.

Wear of ~ode oarbons, in dti- redu~on cek, is b~eved to be driven
111. ~lc~ r~OVd, @@cWIY~mtily by - intemcting mec~ . c

duminium carbide dissolution), physi~ abrasion,@ysl~e orthemom me~
pad)andpartieti dxe~ w~ is found to be p~y severe h
wbulm re@o* and where electrolyte has rex =cess to the mthode[l]’[2].
Th- conditions dJ”w @d remoti and j or dissolution ofcomsion products
(~C3), by ti elcmiwe, foilowed by tier combtied chetid ad / or
ei~tic~ a-k hdw expa= *O showsthatgraphibedcathodes
- si@ficarrdy tier than hose witi an anthracitic binder -[3].

~c TiB2/Ccoanng rnaterid *uces we= by ens- an daum fik is

rnain~ed over the catho* at d tics. ~e meud ~m excludesb electrol~
from accessing tie a~ arrosion produm and tiereby simcdy slows the
carbide mvd and rcfo-uon rate. In additio~ as dow w= of rhe carbon
ma- &es pro~q T@ is released horn tie upper ~ime~s of he coating,
but remams on the cmbode-, therebyheipmg to stabfise tie m- fih m

529



give a more cff=tive barrier. ~s viscous slurry layer effectivdy provides a
thiCM dminium fiWtiA4]’[5]”[6], ~~ sjo~ng he m~ ~f=mov~ of
carbi&s and carbon by diffusion or elecuoiyte access to the cathode.

~e prot=tive mechanisms descri~ above, have allowed development of a
d

group Of&ll technologies,which utise the coaring properties to _entiy
change the fluid m=hanics ad physi~ operation of the ce~. ~ enabling .

t~hnology can bepracticdy appti~ both to improve cathode life and to tie ‘

improvements in ce~ performance.

~e simplest applicationof tie we=ble coating is on conventio~ bobnti
c~ode cefls, ~ initial advantageof~s appro=h is significant hprovement in
cathodeUfe. Mdtiple Ml scale celk of tis type have been op-d at *O
dtimnt test sites A and B. Table 1 beiow shows the average,wear rate obsewed
on coated ceUs, when mmpared to standard cathodes of dibt grades.

Table 1: Cathode Wear ~tes for Coati d Uncoated CeUs
I I I

Sib A
Coated FUy MLI SG 4 “hioi
Graphitised
Uncoati Carbone Savoie HC3 8 “J
3oYoqhitic ~ SGL 5BDN
Uncoated F~y MLI SG 40 ““’
Graphitised ~

Sib B

Coated CerborieSavoieHC3 4 “J
3oY-hitic
Co- Fully Carbone Savole G 4 1’”

*titisd

Uncoated Carbona Savoie HC3 - 8-12 ‘7J
3ovwtiptitic

Uncoa&d my MLI SG 30 LIWJ

Graphtised

8

.

~e\=mof4mmperyeer~ for mated cells, is tie w- ~ of the
coax iself ti wear ra* m- that tie CO* can be m-to provide
protection for the c-t iiftiime of a no- CCII(-2000 Days). Beyond this
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age, * viscous slu2rycontinues to offm ongoingcatiodc prot~on. Clearly tis
ofirs a corresponding extension in =tiode life, tich is norrna~y fimited by
cathode erosion.

Site A .
At the first smelter where rnd cells bvc b- op-ed, cxcestive cathode erosion
is bo~ to cause a M@ ercentage of ce~ fdures through loctised, acwlerti

remsioa or ~tho~”[12. As seen above, the *ode wear experiencedwas
si@lcandy reduced for those cells X W TiB2coadng. Ftiy graphitisd
cati Mthout a pro-ve coa~, were found to experien- an unacceptably
high level of general wear (4-), ltiting their use in the ~rotected format
this site, deapit8the po=tid VOIWC=*S. C* fdure through coUcotorbar
a-k typtiy W- whm gen~ wear~es 15&16~ at Site A. Hence
tiawe~efora =fl~ticatide ~ewoddhl~
days. h conq coated cch * this gradehave operated for 2500 days
without -Ode Mure.

b-y, autop~ed celk *o tiwd a Completeabsence of pothohg,
#the@ uneven wear W fil foti in the tap hole regiom ~ls is si~cat
be=use c-e erosion ~ures rarely occur due to gened wear at Sites A and B,
rather Wure typtiy occurs = a At of lo- “pothoting”. ~le the depth
of pothok found b uncoated ceus has been exciuded from the g- wear data
in Table 1, = rates across the coated ce~ were VerY~ with W heights
measured fding within a 20mm range wts are from 3 cells with an average
age of 1500 days). Coated =h have therefbre consistentlypovided exce~ent
protection from cathode erosion as a ftilure mechanisma Site A.

The protive abfity of the TiB2/C coating dso offers oppotities for cost and
voltage savings via tie u of more graphitisedcathodes, reduced height carbode~
and lower meti hei~ without acing d Me. The second W sde trial of
@C technology exa tiese fkctors in addition to came w=.

Wts again showed a signific~t reducrionin erosion rate, comparable to that
experienced at Site A, (see Table 1). The av=age voltage savings achieved dting
12months monitored operation is given in Table 2.

Table 2: Vol@ge Savings Achieved by CoatedNormal C* at Site B.
HC3 Cathode (30V0 Gnphitic) G Grade Cathode (Grapbitised)

-bw Metsl Hei#t - -Low Meti Heigb&
-Reduced CathodeHe@t

VOLTAGE SAVWG VOLTAGE SAWG
160mVi’J’ 220mvL”J
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We the catiode we~ was si@cantiy redwd, the cell life potenti was not
resdiseddue to cells Ung through*C sidewl. ~= mode offil~ w not

specifi to @ techohgy and k since been removed by be~r side WM
design[’l]. Autopsies of tise ceus showed sti= cathode coating performan~
to W observed at Site A. Hence, for CCUtechnologies ltited by cathode
msion, tie composite coating protides a very effective pathwy to immved ce~
Ii&.

Even in the case of coated convendod ce~s, &ere - a number oftecticd
chw~ w be overcome, as shorn in the bology developmentpath for tie
coatig, ~i~rc 1),

F~re 1: DeveloumantPa* for Key“E1emmtsof ~ed Catiode T&oiow.

For tie Composite

19is 19h 1&s 2000

“

.
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DW~D CA~ODE CEUS

The ~dmate god for a fiticndy resism cathodemattid is development of a
cell design able to operate witiut a rnetd pad. E-tioa of the m~ pad

promises large power savings boti bough diowing operation at vew low anode
to cathode distmes (ACDS), *thout an unstablem~ interf- and thro~h
~kg mnv-vc heat loss to b ceil walls.

--

—
Compared to Other A~ian ~melters[’4].

-.

11 1 , , 1 [

0.7 0.75 0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2 1.25

533



Once tie poImti~ of tic drtied design was cofim~ cell life became a major

foc~ of development wok F@re 3 Mows ti inmase in ce~ age achieved
dti~ tie developmentpro-so fm. Significantirnprovemmu have been
achieved as a redt of improvedcomposite robmmcss and evolution of tie cell
desi~ DevcIoprnent of comtruction, sIart ~ and cell operating prti~s dtig
ti period rdso,conrrib~d si~candy to improvedperformance and tife. ficac
advances in materi~, design and o~tions arc summarisedin the tcckoiogy
development pqti Figure-1. It shouid dso be noted ia Figure 3 thaK-Y ~f the
drained ceUshad their tives ctied pmamrely so tit CCUautopsieicod’d be
done and * improved ceil cons- with the newly ac4ti bowledge.

Fi~re 3: Life of Drained Ceh Opemtedat Site A

F-4 shows the basic deti-of a typical tied ceUin cross sectiom
Appropriate mthode agles have been fo~ to k irnpon=t to ~e cell
voltage md catiode wear.

,. ,1,
,,, ,,, ,

.,, ,

8

,

Pcrfo~ rdts over the Metime of one of tie more mt long term drained
CCUde~~, (CeU2 of Fi~es 2 ad 3), ere *W k F~re S. ti d was
operated waler similar oparatingconditiom (tine ~ent, U chex and
ternpcraw) to the nod smelteroperation to provide a soud bash for
comparison. ~ potential of the ttiology to opcm witi qtivdent currmt
efficiency, at gready reducd power consumption, for an emmdcd period is
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Fi@re 4: Cross Section of a TypicalDrti Cathode Cell
..

The average perfo~ of CeU2, shown in Figttte 5, does not indioate the Ml
pot~d of the t-hnology due to the deterioration h the c~ efflcienoy seen at
tic end of tie cell life. Gil petio~oe deteriorated due to pti demkcnt
and degradation of the&deco-. Sidetil degradation was& observed
to have contibutcd to mating damage. Soludons to these problems have sin=
b- su~ly tridd d M xde in the planned aubpsy dls of Fi~ 3.

It shodd &o be notd that the ~ sho~ in Fi~re 5 is MW more than two
Y= oIL me interv~ period bas = si@can4 cell design indepcnden~
improvetnent in ptibrrnanoe at Site A, which wo~d ~so be ex~ted to flow on

to tied cell operation.

The rcbtion of o~tig within an cti~ potiine, using a sd =U by
mod= ~ bas impod.~tatiom on the DC k- perfo~ due to
heat bdanw m~. ~e abdity to more fly u~c the porentid of drained
cd-logy, has been suwcssMy demonstrated h a short m test C*
which deliberately compromi~ the longevi~ of tie XU -, to tia redwe
heat loss. The power savings ticved were increased to 2.4 k~g (CeU1 of
Fire 2). A larg~ ce~ simik to tiosc k most operadng smelters today, witi a
more advantageous -e area to volume ratio, is better suited to tic fu~
a~tidon of draind coil tmhnology. A a minimum howevct, it m *
e~~ted that tbe appti*on of tined mtbode tihnology in any smd~ til
provib = oppo-ty for 20V0Mgheratnprage and Submtitiy improved N
k- pcti~c as shown in Hwre 2.

“d

.,
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Spectic achievements of the drti cell programto damate:
..

●

●

●

CCUoperation for 150days at an averageACD of 20rnm, yielding a
power efficiencyof 12.8DCkW kg, at Cmnt density of 0.97 Wcmz
Stable, contro~cd operation in _ mode for 700 days,aver@ng
13.3DCk-, at a cment density of 0.99 Mcm2.
Sustainable long term coatingwear rates of between2 and 6- year
on draind ce~s.
Robw sump design Uowing tied operation.
optimised catho& slopes.
Development of technologies and a fdV for coating ~.
Opera* pratices appropriate for drainedcathode *ls.

~m are still -d O&@~ C~C~= tO be 0VMC0222S and Opti~tiOm of
composite cathode fabrication for qtity and cost. - issues are in tint of us
today but are not @damcnti ~i-ons to tie cornmerctisation of tie drained
cathode tectilogy.

LOW ENERGY CELLS

A ti design -tion b-don asti drained system is dso tir
development A group of these hybrid drained ce~s is prc=dy under ti, again
raking advantage of the Ti~C coating’s abfity to resist erosion and thereby
enable design of novel cathode gcometies. ~s ce~ designhas my
de~ 50% of the voltage and power savings of the fi~y bined ceil and
is better matched to the specific retrofit r~bcnts of tic Co@co smelter site.

COACO remains wmmitted to the commetid e~loitation of the mating
technob~. A team of researchandoperating -is working toward
tipbention of low energy C* at the test site. Cmt and K work
tivolvea estab~shing the M of the hybrid desi~ foflowedby a Iqe scale,
mdtiall proving W for tie technologywithin the reduction k.

Work is dso progressing to de-ne tic mos~appropriatecornmercidisation
route for both ~ly drained and coated nod cefl technologies.

~e -rs wodd NC to - a very large group of people tirn a diverse range
of organisdons, who have conrnbutd to dte developments~rted h this paper.
In phcdu, pm and present COACO Resemh staff, Comdco CDC and R~C
& the CS~O, Melbourne Universityand support tim Pomoms staff at tic
various Co~co Smeltingsites is grate~ly ackowlcdgd

...{

- .,

K

538



r

-.

3

r

APPENDIX A-8

REFERENCES



References

1)

,,..

4)

,- .

5)

6)

7)

8)

9)

10)*

*

11)

GQotheim, K., C. Krohn, M. Malinovsky, K. Matiasovsky, and J. Thonstad.

1977. Aluminum Electro[vsis, fie Chemist~ of the HaI1-Herouii Process,
Aluminum - Verlag GmbH-Dusseldorf, p. 333.

The Aluminum Association, Inc. 1998. Inert Anode Roadmap: A Framework for
Technolo~ Development. =Washington, DC.

Leber, B. P., Jr., A.T. Tabereaux, J. Marks, B. Lamb, T. Howard, R. Kantamaneti,

M. Gibbs, V. Bashi, and E.J. Dolin. 1998. “Petiuorocarbon (PFC) Generation at
Primary Alminum Smelters,” Pages 277-285 in B.J. Welch, ed. Lighz Metals
1998. TMS, Warrendale, PA.

Scientific Assessment Working Group ‘of the ktergovernmenti Panel on Climate
Change (ECC), World Meteorological Orgtization, and the United Nations
Environment Pro~am. 1994. Radiative Forcing of Climate Change: Summaq
for Poliqmakers.

Htisch, J., 1.S. Wing, H.D. Jacoby, and R.G. Prinn. 1998. Prima~ Aluminum
Production: Climate Poiiq, Emissions and Costs. Report No. 44. WT Joint
Program on the Science and Policy of Global Change. Massachusetts hstitute of
Technology, Cambridge, MA.

G~otheim, K., and B.J. Welch. 1980. Aluminium Smelter TechnoIo~: A Pure
and Applied Approach. Aluminium-Verlag, Dusseldorf, p. 101.

G~otheim, K., C. Krohn, M. Malinovsky, K. MatiAovs&, and J. Thonstad
1982, Aluminium Electro~vsis: Fundamentals of the Hall-Heroult Process, 2n~

edition. Aluminium-Verlag, Dtisseldorf, p. 411.

G~otheim, K., and B.J. Welch. 1980. Aluminium Smelter Technolo~: A Pure

and Applied Approach. Alurninium-Verlag, Dusseldorf, p. 25.

Huglen, R., and H. Kvande. 1994. “Global Considerations of Alminiurn
Electrolysis on Energy and the Environment.” Pages 373-380 in UT.Mannweiler,

ed. Light Metals 1994. TMS, Warrendale, PA.

Dorreen, M.M.R., D.L. Chin. J.K.C. Lee, M.M. Hyland, and B.J. Welch. 1998.
“sul~ and Flourine Containing Gases Produced during Normal Electrolysis and
Approaching an Anode Effect.” Pages 311-316 in B.J. Welch, ed. Light Metals

1998. TMS. Warrendaie, PA.

G~otheim. K; C. Krok, M. Maiinovsky, K. Matiasovsky, and J. Thonstad. 1982.,
Alumjnium, ~lec[ro~vsis, Z“d Edition. Auminium-Verlag, Dusseldorf. Section
7.2.2, “Primq anode product. ”



.

lQ) G~otheim, K, C. Krohn, M. Malinovsky, K, Matiasovskj, and J. Thonstad. 1982.
Aluminium Electrol.vsis, 2nd Edition. Aurninium-Verlag, Dusseldorf. Section
7.2.6, “Mechanism of anode process,”.

...

.-,



. .

.

I

r
i’

APPENDIX A-9

DETAILED PRESENTATION OF THE THERMODYNAMIC DATA,
CALCULATIONS, TABLES, AND BOUDOUARD REACTION
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Thermodynamics of Electrochemical Reduction of Alumina

Thermodynamic calculations are required to analyze power consumption and cell voltage in
aluminum production. The standard Gibbs energy of reaction is used to calculate the standard
potential. This and’activity are used to calculate the equilibrium. reversible or Nemst potential
sometimes called the decomposition potential. The enthdpy of the overall cell reaction is
required for calculating the heat balance of the cell and energy efficiency.

Definition of Terns

a = Activity (thermodynamic concentration) ,,

Bemf = Back electromotive force or counter electromotive force (V)

b = Mole or volume fraction of COZreaction with carbon (Boudouard reaction)

CE = Current efficiency (%)
f-:

E“= Standard potential

EoE=Equilibrium or reversible potential (V)P
, EAI= Aluminum production potential (V)

E.l = Voltage within the heat loss boundary (V)

E..[l= Total voltage of celi (V)

F = Faraday’s constant 96.485 kJ /volt equivalent

AH”= Standard enthdpy of reaction (kJ)

I = Cell current (kA)

n = Number of electrons transferred in the reaction as written

~ = Overvoltage (V)

R = Electrical resistance (ohm)

ROS = Relative oxide saturation

T = Temperature of electrolyte (K)

T~= Temperature of electrolyte (°C) =

T,= Ambient temperature (°C)

1= Liquid state

g = Gaseous state

s = Solid state

y = Gamma crystalline state

a = Alpha crystalline state

R: = Ratio CO/COz of unburned cell g=

x = Fractional current efficiency, x = 7GCE/ 100



Subscripts:
,. ’,(:

el = electrolyte
bub = bubbles
an= anode
ca = cathode
ex = external
sa = surface overvoltage at anode
ca = concentration overvoltage ai anode
cc = concentration overvoltage at cathode

.

, %
‘,:, ‘., ,,

Ceil Voltage

~ The voltage in a cell is the sum of the back ernf (counter electromotive force), the electrolyte’s
ohmic voltage drop, the additiond ohtic voltage drop caused by anode gas bubbles in the
electrolyte, the voltage drops through the anode and cathode, and voltage drops extemd to the
ceil. In heat balance calculations we are interested in the voltages within the heat boundary and
will omit the voltages external to the cell. However, the extemd voltage drop must be included
in calculating the energy consumption (kW~g A 1) and in calculating the costs ($Ag M).

The Bemf is made up of the equilibrium potential plus overvoltage. The equilibrium potential
(reversible potential or Nemst potential) is the voltage required to hold the cell in equilibrium.
The kinetics of producing products requires additiond voltage at both electrodes (overvoltage).
These overvoltage result from concentration gradients and surface reactions at the electrodes.

Bemf = EE+ qsa + qca + qcc 2.

fiowing the cell reaction, the equilibrium potential cart be calculated from thermodynamics.
Overvoltage are caused by electrode kinetics and must be measured.

Equilibrium Potential

The standmd potential. E“, is calculated from AG”’the Gibbs free energy change for the cell
reaction with dl reactants and products at electrolyte temperature and at unit activities:

E“ = AG”/(nF) 3.

By thermodynamic convention, AG” in the above equation should have a negative sign. This
would make E“ negative. By this convention the cell voltage and all components’of it are
negative because energy is consumed rather than produced. However, engineers and cell
operators consider the cell voltage to be positive: hence the sign of all cell voltage components
has been made positive.

.-
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The cell reaction for Hall-Heroult cells with carbon anodes is

.-

2Al~03(u,Tb)) + 3C(S,Tb)= 4A1(1,Tb)+ 3COZ(g.Tb)...

With inen anodes, the reaction is:

4.

2Al~03(a.Tb) = 4A] (1, T~) + 302(g, T~) 5.

Alpha alumina was used in the.cell retiction because gamma and other non-alpha a~umlnm.
convert to alpha as they go into solution. The p[imary mode gas with carbon anodes is COZ.
Substituting n = 12, F = 96,485 J/volt eqtiivrdent and numerical values for AG” as a function of T
K, E“ for cells with carbon anodes becomes

E“ = 1.898-0.0005728 T 6.

For cells with inert anodes, E“ is

E“ = 2.922-0.0005712 T 7.

This means that the cell voltage would be about 1.OV higher for inert anodes if the overvoltage
were the same. However, measurements of overvoltage indicate that the overvoltage on inert

anodes is about 0.4 V less than on carbon anodes. The net effect of inert anodes will be about a

0.6 V increase in cell voltage.

The Nemst equation corrects the standard potential for the actual activities to sive the
equilibrium potential, EE:

EE=E”+~ln a;[a;o~
nF a2 3

A1203ac

Al. C02. and C are close enough to their standard states that they
The activity of alumina must be obtained from measurements.

8.

can be assigned unit activities.

Activitv of Alumina

A recent analysis by Dewing and Thonstad4 of cryoscopic data, showed that the slope of log

[a(Alz03)] vs. log (%AIz03) was 3 in dilu{e solutions and 1.5 in concentrated solutions
corresponding to species containing, respectively, 1 and 2 atoms of oxygen. The entire range can
be fitted with the equation:

a(Alz03) = -0.03791 (ROS) + 2.364 (ROS)’ - 2.194(ROS)S + 0.868(Ros) 4 g.

ROS = % Alz03/(sat % A1203) 10.



At 960°C the equilibrium potential, EE, for cells with carbon anodes is 1.191V for electrolyte
saturated with aIumina. At I/3 saturation, EEis 1.222V. For an inert anode at 960°C, EE is
Q.217V at saturation and 2.278v at 1/3 saturation.

Voltage Equivalent of Energy to Make Aluminum

Haupinz coined the term “EAl”to simpiify the calculation of a static heat brdance. Multiplying
the cell current by EM gives the ener~y in kW used producing durninum. The remaining energy
becomes heat. This avoids having to make a materials balance to calculate the heat balance.

h deriving EM, Haupin chose for heat loss boundaries the steel pot shell, the top of the ore cover,
and the top and exposed sides of the anodes. EAI,the voltage equivalent of the total energy
(enthalpy) to make aluminum becomes

EA,=AH”(x)l(nF) 11.

Where No is the standard enthalpy of the cell reaction for reactants entering at ambient
temperature and products leaving at electrolyte temperature. h the static state. the route from
input to output need not be considered. htermediate steps do not change AH” for the overall
reaction. Current efficiency as a fraction, x, enters into the equation because only the durninum
actually made consumes energy.

The primary reaction in the cell is:

M203(Y,T,) + 1.5C(S,T,) ~ 2A1(l,Tb) + 1.5 C02(g,T~) 12.

However, some of the metal made at the cathode, through a series of reactions, dissolves into the
electrolyte and back reacts with COZmade at the anode forming alumina and CO.

2( 1-x)A](l ,Tb) + 3( I-x)COZ(g,Tb)~(l-x) Alz03(a,T,)+ 3(1-X)CO(g,Tb) 13.

h addition to the C02 reacting with dissolved metal, a small fraction, b reacts with carbon to
make CO (the Boudouard reaction).

bC02(g,Tb) + bC(s,Tr) ~2bCO(g,Tb) 14.

Adding reactions 12 + 13 + 14 we get

x A1203(y,T~)+ ( 1.5+b) C (S,Tr) ~ 2X Al

(3-3x+2b)CO(g,Tb)
(i,Tb) + (3x - 1.5-b) COz (g, fi) +

15.

Calculating AH”for reaction 15 allows US to calculate EA1=M (x)/(nF).

The number (n) of electrons transferred= 6 (x). Therefore,

EA1 = AH” (X) / [6(x)F] = AH”/6F 16.

4
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TOcalculate AH”for the overall cell reaction. equation 15, requires knowledge of b, the mole

fraction of the COZreacting with carbon. Its value can be calculated by equation 17, if one

knows the curreni’efficiency, x, and the CO/COZ ratio, Rg.

b =[3 (X) Rg - 1.5Rg + 3x – 3]/(2+Rg) -17.

The CO/COZ ratio can be estimated using equations 18 and 19 from Beck3.

%CO = [200G -2 (%CE) - 8] /G 18.

%co~= 100- %Co 19,

G-= 1.05 for cells with prebaked anodes
G-= 1.19 for cells with Soderberg anodes

The value of G for cells with Soderberg anodes is larger than for cells with prebaked Modes
because Soderberg anodes are of poorer quality leading to more dusting, more Boudoumd
reaction, and a higher amount of CO in the unburned gas from the ceil. bdeed, the Boudouard
reaction is about 20 times greater for Soderberg anodes.

Using equations 17, 18, and 19 we can estimate b for prebakes and Soderbergs.

For prebaked anodes: b-= -0. 1132+ 0.198 (X) - 0.0704(x)2 20.

For Soderberg anodes: b- = 0.0712+ 0.2252 (X) -0.08 (X)2 21.

The CO/COz ratio can be obtained more accurately from a chemical analysis of the unburned cell
gas. Then equation 17 can be used to calculate b accurately.

With inert anodes. the cell reaction for calculating AH” is

AlZ03(y,Tr) ~2Al( 1.Tb)+ 1.5 Oz (g,Tb) 22.

Tables I. 11, and 111give AH” calculated for several electrolyte temperatures, several current
efficiencies. and several values of b. Table N gives AH”cdcuiated for inert anodes using
reaction 22. Ambient temperature was assumed to be 25°C. J~M table~ values were used to
make the calculations.

Table I. Enthalpy Increase Per Equation 15, Prebaked Anodes. No Boudoumd Reaction
100(x)= AH” in kJ for 6 Faradavs Current

% CE ~ b 950°c I 960°C 970°c 980°C
100 0.00000 1211.46 1212.93 1214.41 1215.89
95 0.00000 1164.73 1166.14 1167.55 1168.96
90 ] 0.00000 1118.37 1119.35 1120.69 1122.04
85 I 0.00000 1071.27 1072.55 1073.83 1075.11



Table III. Enthalpy Increase Per Equation 15. Soderberg anode with Boudouard Reaction
100(x)= A~” in k.J for 6 Faradavs Current

VoCE b 950°c 960°C 970°c 980°C
100 0.2164 1251.40 1252.75 1254,25 1255.75
95 0.2129 1204.05 1205.48 1206.92 1208.33
90 0.2091 1156.60 1157.95 1159.32 1160.69
85 0.2048 1109.12 1110.42 1111.72 1113.02

Table W. Enthalpy kcrease Per Equation 22. Inert Anodes
100(x) = AH” in kJ for 6 Faradavs Current

% CE 950°c 960°C 970°c 980°C
100 1779.06 1780.23 1781.39 1782.56
95 1690.11 1691.21 1692.32 1693.43
90 1601.15 1602.20 1603.25 1604.30
85 1512.20 1513.19 1514.19 1515.18

The AH” values in tables I, U, ~. and N were converted to voltages by dividing by 6F, or
578.91 kJ / Volt equivalent, giving EAIvalues per equation 16. Multiple re~ession analysis of
these values produced equations 23 and 24. Tb is in ‘C,

EAI= 0.23706+ 4.6757e4(T~) -2.25,e-7(T~)2+x[1.4024+2.23e+(Tb)]
b[O.3086 - 1.97e-5(Tb)]

For inert anodes:

Ew = X (2.881 + 0.0002016 Tb)

+

23.

24.

Equations 23 and 24 are vaiid for steady state operation. -They neglect the minor heat content of
electrolyte fume. Also, in equation 23, the heat generated by air burning of the anodes is
negiected as well as the heat content of the spent prebaked anode. An ambient temperature of
~5°C was assumed.

E~l is useful in calculating both steady state heat loss and energy efficiency,

Heat 10<s (kW) = I (ECI– EAl)o 25.



e“

.

Energy efficiency is often based upon the heat loss and considers as productive all electrical
power input that does not become heat loss. On this btiis,

“ Energy efficiency= I- [(Heat loss)/(power input)] ;, 26.

Substituting values, .

Energy efficiency = 1-[(1 E~~II-~Atfl EceIi)l
--

Which simplifies to

Energy efficiency = EA,ECell 27.

Using equation 27, the power efficiencies would be 48.1% for carbon anode cell and 69.6% for
an inert anode cell if both operated at 960°C, 4.2 volts, and 9590 current efficiency. ,



Tables

.
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Assume:
Hall Heroult Reaction: A1203+ (1 .5/(1 -n))C ---> 2AI + (1.5( 1-2n)/(1-n))C02 + (3n)C0 (l-n) = CE

A1203 + (1.5/(CE))C ---> 2AI + (3-(1 .5/(CE)))C02 +( 3(1-(CE))/(CE))CO
Inert Anode Reaction A1203 -—> 2AI + 1.502
Operating temperature = 960 C = 1233 K
Current Efficiency between 94% and 100%
State of the Art Hall Heroult Cell Performance, 4.1 Volts, 94Y. CE or 5.90 Kwh/lb Al

Theoretical Energy Requirements Based on Enthalpy Requirements for Heating Reactan&;
Chemical Reaction, and Withdrawing Products at Ceil Temperature

Curr. Eff. I 9470 / 95% I 96Y, / 97Y. I 98%1 .99%( ‘

Hall Heroult Cell
1oo%

Cal/gin m 298,231 297,496 296,760 296,025 295,289 294,554 293,818
Kwh/kg 6.423 6.408 6.392 6.376 6.360 6.344

Kwh/ib 2.914
6.328

2.906 2.899 2.892

Energy Eff
2.885 2.878 2.871

at 5.9 kwh~ 49.4% 49.3% 49.170 49.0% 48.9y0 48.8% 48.7%
Inert Anode Cell

Cal/gin m 429,223 429,223 429,223 429,223 429,223 429,223 429,223
Kwh/kg 9.245 9.245 9.245 9.245 9.245 9.245 9.245
Kwh/lb 4.1’93 4.193 4.193 4.193 4.193 4.193

Needed Eng “
4.193

Eff for 5.9 KwhM 71!170 71.1~0 71.1~0 71.1% 71.1% 71.l% 71.1%
Comparison to K. Grjotheim and B. Welch, Aluminum Smelter Technology - A Pure and
Applied Approach, Aluminum Verlag GMBH, Dusseldorf, 1980, p. 83. for Hall Heroult Cells

H(Total) = (1.43/(CE)) + 4.91 Kwh/kg Al (at 1250K)

Kwh/kg I 6.431 I 6.4151 6.4001 6.384/ 6.3691 6.3541 6.340
Kwhllb 2.917] 2.910] 2.9031 2.8961 2.8891 2.8821 2.876

Specific Energy Consumption = (2.98V/(CE)) kwh/kg
Hall Heroult Cell Energy E~ciency = (0.48 + (1.65CE))N (at 1250K)

Hall Heroult Cell Energy Efficiency for various voltage and current efficiency levels

Current Efficiency
Voltage 9070 I 92% I 94% 96% I 98% 1000/0

2.2 89.3Y0~ 90.8Y, 92.370 93.8V, I 95.3% 96.8%
2,4 81.9% 83.3°h 84.6% 86.0% [ 87.4% 88.8%
2,6 75.6% 76.8% 78.1% 79.4V0 80.7% 81.9%
2.8 70.2% 71 .4~0 72.5YQ ?3.7Y0 74.9% 76.1%
3.0 65.5% 66.6% 67.7% 68.8% 69.9% 71.Oyo
3.2 61.4% 62.4% ~ 63.5% 64.5% 65.5% 66.6%
3.4 57.8% 58.87. 59.7% 60.7% 61,7% 62.6%
3.6 54,67. 55.570 56.4% 57.3% 58.3% 59.2%
3.8 51.70h 52.6V0 53.4yo 54,3V0 55.2V0 56.1%
4,0 49.1% 50.0°h 50.8% 51.6% 52.4yo 53.3%
4.2 46.8% 47.6% 48 40/o, 49.170/ 49.9% 5~.7yo



Specific Energy Consumption = (2.98V/(CE)) kwh/kg

Inert Anode Cell Energy Efficiency = 3.093 (CEN) kwh/kg
Inert Anode Cell Energy Efficiency for various voltage and current efficiency levels

.,
Current Efficiency (

Voltage 900/0 9270 9470 9670 9a70 100%
2.2 ..- -- -- --- --
2.4

---
--- --- --- --- -—

2.6
---

--. --- .- .— ---
-2a

.—
99.4% --- -- .— --

3.0
.—

92a% 94.9% 96.9% 99.0% ---

3.2
-.

a7,0Yo a8.9% 90.9% 92a% 94. 7% 96, 7%
3.4 al,9yo a3.70h a5.5Yo a7.3% a9.2Yo 91.OVO
3.6 77.3% 79.0% ao<a~o a2.5% a4.2%
3.8

85.9%
73:3% 74.9% 76.5% 7a.l% 79a% al.4%

4.0 69.6% 71.1% 72.7% 74.2% 75a% 77.3%
4.2 66.3% 67a% 69.2% 70.7% 72.2% 73.6%

Specific Energy Consumption = (2.98V/(CE)) kwh/kg Al

Current Efficiency
Voltage 90% 9270 94% 96% 9ayo 100%

2.2 7.284 7.126 6.974 6.a29 6.690 6.556
2.4 7.947 7.774 7.609 7.450 7.298
2.6

7,152
a.609 8.422 a.243 8.071 7.906. 7.748

2.8 9.271 9.070 a.a77 a.692 a.514 a.344
3.0 9.933 9.717 9.511 9.313 9.122 a.940
3.2 10.596 10.365 10.145 9,933 9,731 9.536
3.4 11.258 11.013 10.779 10.554 10.339 10.132
3.6 11.920 11.661 11.413 11,175 10.947 jo.72a
3.a 12.5a2 12.309 12.047 11.796 11.555 11.324
4.0 13.244 12.957 12.6al 12.417 12.163 11.920
4.2 13.907 13.604 13.315 13,03a 12.771 12.516

Specific Energy Consumption = (1.34V/(CE)) kwh/lb Al,

Current Efficiency
4

Voltage 9070 9270 94% 96Vo 9a% 100%
2.2 3.27a 3.207 “ 3.139 3.073 3.011 2.950
2.4 3.576 3.499 3.424 3.353 3.2a4 3.219
2.6 3.a74 3.790 3.709 3.632 3.55a 3.4a7
2.8 4.172 4.oa2 3.995 3.912 3.832 3.755
3.0 4.470 4.373 4.2ao 4,191 4.105 4.023
3.2 4.76a 4.665 4,565 4,470 4.379 4.292
3.4 5.066 4.956 4,a51 4.750 4.653 , 4.560
3.6 5.364 5.24a 5,136 5.029 4.927 4.a2a
3.a 5.662 5.539 5.421 5.309 5.200 5.096
4.01 5,960 5.a31 5.707 5.5aa 5.474 5.364
4.21 6.25a 6.122 5.992 5.a67 5.74a 5.633

..
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All Data is from Thermodynamic Properties of 65 Elements - Their Oxides, Halides, Carbides, and Nitrides
C E Wcks and F E. Block, Bulletin 605. Bureau of Mines, U.S. Government Printing Office, WasNng\on, DC: 1963

Calories per Gram Mole
t{(T)-1{298 }Ieats of Formation

Temp. K A1203 c A1203

298 0 0 -400300
1000 18710 2310 -404400
1100 21710 3320 -404000
1200 24?40 3850 .403600
1300 27790 4390 -403200,
1400 30850 4930 -402800

A1203 + (3/2x)C --. --> 2AI +1 5((2x-1)/x)C02 + 3((1-x)/x)CO

x A1203 c

100 100 150
090 100 167

080 t 00 188

070 1.00 214

060 100 250

0.50 1.00 300

Conversion Fac{or Derivation

Form[Ila Basis. 1 gm mole A1203, or 2 grn mole Al

I.el II = Calories per gram mole A1203

Calories per gm Al = J = ii/(2 x 26.98)

Calories per kilogram Al= K = 1000x J

kg Calories per tilogram Al = L = KJIOOO

Kwh per kilogram Al = M.= L x 0.00116222

Kwh per pound Al = N = M/2.2046226

Overall Conversion Factor

Al

1.00

100

i 00

100

100

1,00

C02

-94050
,94400
-94250
-94300
-94300
-94300

C02
1.50
133
113
0.86
050
0.00

100Y. CE, Enlhalpy RqWernent

co Normal Inert Ratio
100% 100%

-26400 259225 400300 1.544
-26750 284975 423110 1.485
-26900 289315 425710 1.474
-27000 292665 428340 1.464
-27300 296125 430990 1.455
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Production of Carbon Monoxide in Hall-Heroult Cells
(Boudouard Reaction Effect)

.

There is good evidence that the anode reaction does not produce any carbon monoxide
(CO) at normal current densities [11]. men oxygen (0) discharges onto carbon (C), it
forms a stable C–O surface compound on the anode. At low oxygen evolution rates,, the
surface compound can slowly detach from the surface and produce CO. But at normal
current densities (high oxygen acti~ity), additional oxygen atoms react with the CO’
surface compound before it can detach from the surface as CO. This forms an unstable
carbon dioxide (COZ)surface compound that detaches rapidly horn the surface as C02,
and leaves fresh carbon for oxygen to deposit upon and fom new C-O surface
compound. Hence; the anode product is C02 [12].

r“
Most of the CO in the off gas is produced by a.redox reaction between C02 and metal, M,
in the bath: either dissolved sodium, monovalent aluminum species, or impurities in the

~ bath Mat were reduced to a lower valence state at the cathode. This restits in a loss ofj“
current efficiency. One mole of C02 produces one mole of CO by this mechanism.

. C02+M+CO+M0

CO can also be produced by the Boudouard reaction, whereby C02 reacts with carbon in
pores of the anode or with carbon dust in the bath, forming two moles of CO for each
mole of C02.

C02+ c + 2C0

Production of CO is not part of the anode reaction and therefore does not affect the
reversible potential. Production of CO does, however, enter into the enthalpy of the
overall cell reaction and therefore affects the heat balance.

.-
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APPENDIX A-10

FURTHER PERSPECTIVES ON INERT ANODES



Fufiher Perspectives on Inert Anodes

Wear rate has been the most commody used term for a quantitative measure of the
susceptibility of anode material to dissolve during electrolytic production of aluminum
metal. The convention for expressing wear rate is in thictiess per time (usually

* millimetem,per year or mini-inches per year [mpy]), and the rate is determined by
measting geometric changes in the anode directly or is calculated horn metal ptity

* measurements, assuming values foFcertain physical properties of the anode such x
., density.

The target for the wear rate of inert anode materials, as specified irt the Inert Anode
Roadmap, is less than 10 mm per year. As previously mentioned, however, a target for
this parameter that does not inco~orate some aspects of the comosion mechanism may

r,. not be a good predictor for the most important metrics in dtium production kwb
and costilb.

~.
I There are WO principal shortcomings in using wear rates to gauge the performance of

inert anodes. First, it is assumed that the failure of the anode is equivalent to =cess
dimensional loss. This is correct if the anode material simply dissolves similariy to the
following reaction of the hypothetical metal oxide M,OY:

M.OY + 2yF- = MXFZY+ y02- (1)

It is acknowledged that

● the oxide MXOYmaybe more complicated than a simple oxide,

● fluoride may exist in the melt as complexes involving M3+and 02-,

● the metal fluorides that form may contain 02- ions as well (i.e., altiates),

● the 02- ions that form are most Iikel.yin the form of complexes,

● bath chemistry at the anode maybe different than in the buk electrolyte and that
this will complicate matters, and

● wear may well not be uniform over an entire anode surface.

Nevertheless, the equation is a general representation of a volubility reaction and the size
of its equilibrium constant will indicate the volubility of the oxide. Oxides that dissolve
according to these generai “rules” are plentifil and include the well-studied Sn02, NiO,

& and various copper and iron oxides.

. Components of inert anode materials may also oxidize and then’ dissolve as illustrated by

the following reactions for the hypothetical (non-noble) metal M and metal oxide MXOY,

respectively:

M+fi-=~x+xe . (2)



MXOY+ (2y+w)F” = MXF2Y+W+ y02- + we ~ (3)

Oxidation of a lower-valence-state oxide prior to or during dissolution (Equation 2) has
been observed for the nickel ferrite phase, nominally NiFe20Q,of some cerrnet anodes
because the ferrite was non-stoictiometic, i.e., contained Fe2+ions. me Fe2+readily
oxidized under anodic polarization and the subsequent chemical changes involved
dissolution. h the above cases (Equations 1 through 3), collectively temed unzform
dissolution, oxide and metal convert to ions and these diffise away born the electrode, so
that wear @rovided it is uniforzn) tan be accmately equated with a dimensional loss.
Equations 1 through 3 do not frequently illustrate the reaction mechanism of inert anodes,
however. If anode materials form solid phases according to the following reaction for the
hypothetical metal M:

XM+ yo2- .= MXOY+ 2ye, (4)

the dimensions of the anode may increase as solid corrosion products fom and expmd its
volume. me anode may deteriorate, that is, its important properties like conductivity
may change, but its volume can increase or remain the same. (Of course, if this type of ~
corrosion is not linear, the discrepancy between dimension changes and chemical
stability could be less even afier the passage of a large amount of time, afier some steady-
state oxide layer thickness is obtained.)

me second problem with using wear rates to indicate the stability of inert anodes is that
wear rates do not describe how dissolution varies in three dimensions across the suflace
or throughout the volume of the anode material, Many of the mechanisms of corrosion,
especially those involving polycrystalline materials, involve localized phenomena.
Anodes can degrade by localized corrosion as a result of ion tigration along grain
boundaries and through pores. Both of these types of ftilure modes might not be
“sense&’ using a simple wear-rate measurement. me anode’s mechanical and electrical
properties could be changed dramaticdiy, however, as electrolyte migrated through the
material and Wher reacted at the grain boundary stiaces or within pores. Several cases
have been noted where ceramic anodes with very tie grain structure (of 1pm) visibly
swelled over very short exposure times due to “grain-bomd~ uptie” and the
subsequent reaction of electrolyte with the anode material.

hert-anode wear can also be attributed to de-alloying or selective oxidative dissolution of
one component of metal or metal-containing anodes. ~s generally occurs because one
part of the anode is inherently more reactive than another. A cermet, for example, may
ftil because the metal phase oxidizes and subsequently dissolves fmter than do the
original oxide phases. ~s was observed for nickel metai-containing cermets, that were
under development at Alcoa in the early 1980s. me resulting morphology of this type of
failme is a surface devoid of the more reactive phase. Sometimes solid reaction products
form in the vicinity of the voided regions but the products are not protective and the
reactive phase is continually reacted preferentially through the balance of the material as
long as mass transport is not limiting.

,
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Aside note. The formation of solid oxide corrosion products that do not readily dissolve
in the fluoride melt would appear to be desirable under some circumstances. First, the
tendency for the oxide to fom generally means the fluoride is not as favored (Equation
1). Second, Many oxides that form dting corrosion are passive. They serve as tinetic
barriers to further corrosion by severely retarding both electronic and ionic transport.
Usually, passive oxide fihns are thin and very dense (without pores to diow solution
ingress). Unfortunately, solid oxide corrosion products have a potentially important
disadvantage for inert anodes. They are generaily resistive, with the resistance d~entig
on the thickness of the corrosion layer and its resistivity. A resistive element placed ti
series with the anode itself will add a potentially significant voltage penalty to cell
operation. The layer may also contribute to catastrophic anode ftilure during operation if
it is either too resistive or too thick to support the electrolysis current. The resultig
voltage developed across the fih maybe high enough to cause physiochemical ctiges
in&e fih including rupture antior promotion of ion migration through defects that
would normally be inaccessible. Variations in temperature cotid dso cause mechticd
failure when we oxide and meti have therrnd expansivities that are poorly matched.
Similar ftilures of passivated anodes have been observed in cMorine electrolysis cells
that employ paasivated titanium electrodes. ~ese failures may dso be responsible for
‘whypure copper has not been used successfully as a material for inert anodes. Copper
fores copper oxides that have low volubility in molten fluorides, but the oxides spdl,
probably for one or more of the reasons discussed above.

Selective oxidative dissolution has dso been observed for meti alloys. Copper-nickel
alloy anodes, for example, have shown preferential oxidation of the nickel component
during electrolysis in fluoride melts. The resdting morphology was porous near the
surface, indicating loss of &ckel, with a surrounding region enriched in copper. A
similar behavior was observed in the metallic phase of the NiFe204-NiO-cu ce~et

material tested by ALCOA and the Pacific Northwest National Laborato~. The metallic

phase in this cermet is actually a copper-nickel alloy containing about 15 percent nickel.

Mer testing, the metallic phase of the anodes was depleted near the sutiace to a depth
that varied depending on test conditions. Under the metal-depleted zone, the met~lic

phase in the cerrnet exhibited an enrichment of copper, again to a depth that depended on
the conditions. k some cases, a layer of cerrnet was observed containing ahnost pure

copper metal. ..

To complicate matters, selective oxidation of a metal alloy maybe advantageous if the

selectively oxidized component forms a solid, protective, oxide phase. Copper-altiu

bronzes investigated at MIT showed this type of behavior. Under certain conditions, the

aluminum component oxidized selectively and a protective layer of alumina formed on
the anode. More recently, alloy systems that contained up to five metal components have
been studied by Eltec~oltech to try to optimize both the protective and conductive

properties of the passivating layer.

Other localized reactions that would be overlooked in a simple dimensional memurement

of stability include reactions at “hot spots” or “cold spots” Where c~ent densi~ is

significantly higher or lower than average because of geometric non-uniformities in the



reduction cell, reactions of fluoride vapors with the anbde material above the liquid
electrolyte level, localized erosion of the anode material by bubbles under conditions
where the ,bubble flow is non-unifom, the formation of cracks from thermal shock or
other sources, and the reactions of elec~olyte with anode matenai exposed as a result of
this cracking. .

$
Finally, reactions of the anode material with aluminum, in dissolved or droplet form, or
with other reductants in the melt, may occur under open circuit conditions. Cem-et ●

anodes lefi in the molten electrol-ye without polarization have showed accelerated wear
(compNed to polarized anodes) even afier a few hours. Passivated metals will also be
susceptible to this mode of failure because, under open circuit conditions, the passive
layer will tend to reductively dissolve. Consequently, any development work on @efl
anodes should consider reactions under open circuit conditions or a strategy for
minimizing time in the unpolarized state in the electrolyte.

Recommendations Regarding Wear Rates. Considering the foregoing discussion, it is
strongly recommended that researchers use wear rates to evaluate potential inert anode
materials only in conjunction with metal quality measurements. ~s would help
eliminate from consideration anodes with low wear rates that corrode according to
mechanisms not equivalent to unifom dissolution (Equations 1 through 3). bother way
to accomplish this objective would be to establish additional perfonance targets related
to corrosion layer thichess and properties, microstructure and compositio~ and “
corrosion uniformity. Ntiough this task would be very difficult, anode performance
could, in principle, be determined by taking cross-sections of mode components afier
testing was completed and analyzing their microstructure and microchemistry. ~s
would also provide a more mechanistic understanding of the ftilure modes of anode
materials, and allow reviewers and the aiuminum industry to make a more informed
decision on whether to pursue future development of a particular material or cell design.
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