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7KH� SUHSDUDWLRQ� RI� PDWHULDOV� LQ� DJJUHV�VLYH� DQG� FRQWUROOHG� PHGLD� DW� HOHYDWHG� WHP�SHUDWXUHV� LV�XVXDOO\�GLIILFXOW� WR� UHDOL]H�� HV�SHFLDOO\�GXH�WR�WKH�UHTXLUHPHQWV�WR�WKH�SUH�FXUVRU� PDWHULDO� KHDWLQJ� V\VWHP�� 7KHFODVVLFDO�PHWKRGV� DUH� EDVHG� RQ� WKH� HPSOR\�LQJ�RI�KHDWLQJ�UHVLVWDQFHV�DQG�RU�KHDWLQJ�E\LQGXFHG�FXUUHQWV��+RZHYHU��LW�LV�NQRZQ�WKDWDERYH�D�FHUWDLQ�WHPSHUDWXUH�DQG�LQ�WKH�SUHV�HQFH� RI� R[\JHQ� DWPRVSKHUH�� WKH� UHVLVWRUVDUH�GUDPDWLFDOO\�DIIHFWHG�E\�GLIIHUHQW�UHDF�WLRQV� WKDW� WDNH� SODFH� LQ� WKLV� HQYLURQPHQW�%HVLGHV��WKH�KHDWLQJ�E\�LQGXFHG�FXUUHQWV�UH�TXLUHV� WKH� XVH� RI� FUXFLEOH�PDGH� RI� FRQGXF�WLYH�PDWHULDOV�� EXW� DOPRVW� DOO�PHWDOV� SURQHWR�UHDFW�DW�HOHYDWHG�WHPSHUDWXUHV�DQG�LQ�WKHSUHVHQFH� RI� R[\JHQ��:KHQ�ZRUNLQJ�DW� WHP�

SHUDWXUHV�DERYH������&�DV�ZH�DUH��WKH�RQO\RSWLRQ� LV� WR� XVH� SODWLQXP�� LULGLXP� RU� LULG�LXP�SODWLQXP� DOOR\� FUXFLEOHV� ZKLFK�� KRZ�HYHU�� LQFUHDVHV� WKH� SURFHVV� FRVW�� 7KHUHIRUH�RQH�RI�WKH�PRVW�DGYDQWDJHRXV�PHWKRG�LV�WKHLQGLUHFW�KHDWLQJ�E\�IRFXVLQJ�RI�WKH�KHDW�UD�GLDWLRQ�� +HDWLQJ� V\VWHPV� EDVHG� RQ� WKH� UD�GLDWLRQ� IRFXVLQJ� RI� WKH� OLJKW� DULVLQJ� IURPKDORJHQ� ODPSV�XVLQJ�HOOLSWLFDO�PLUURUV�KDYHEHHQ�GHYHORSHG�DQG�XVHG�IRU�PDWHULDOV�SURF�HVVLQJ�>����@��5HFHQWO\��VWXGLHV�XSRQ�WKH�XVHRI� ;HQRQ� GLVFKDUJH� ODPSV� KDYH� EHHQ� UH�SRUWHG� >�@� DQG�KHDWLQJ�SURFHVVHV� DV�ZHOO� DVWHPSHUDWXUH�GLVWULEXWLRQ�ZHUH�HYDOXDWHG�IRUGLIIHUHQW� IXUQDFH� W\SHV� >�Ü�@�� 1RZDGD\V�HIIRUWV� DUH� JLYHQ� WR� WKH� GHYHORSPHQW� DQGLPSOHPHQWDWLRQ� RI� LQVWDOODWLRQ� IRU�PDWHULDO

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
1HZV�RI�7HFKQRORJ\
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JURZLQJ� ZLWK� VHSDUDWLRQ� RI� PHGLD� >����@� DVZHOO�DV�IRU�YDULRXV�LQYHVWLJDWLRQV�LQ�VSDFH�>�@�:H� SUHVHQW� KHUH� WKH� LQVWDOODWLRQ� IRUFU\VWDOV� JURZLQJ� IURP�PHOW� LQ� D� FRQWUROOHGPHGLXP��DVVLVWHG�E\�WKH�SUHVHQFH�RI�R[\JHQDV� WKH� JURZLQJ� DWPRVSKHUH�� %\� HPSOR\LQJ&]RFKUDOVNL�PHWKRG�IRU�PDWHULDO�JURZLQJ�LQGLHOHFWULF� R[LGH�EDVHG� FUXFLEOH�� DQ� XQLIRUPWHPSHUDWXUH� GLVWULEXWLRQ� DQG� DGGLWLRQDOO\WKH� DSSURSULDWH� JUDGLHQW� UHTXLUHG� E\� WKHJURZWK� SURFHVVHV� VKRXOG� EH� UHDOL]HG�� 2XUDSSURDFK�DLPV�WR�LPSOHPHQW�DQ�KHDWLQJ�V\V�WHP� EDVHG� RQ� IRFXVLQJ� RI� WKH� UDGLDWLRQHPHUJLQJ� IURP� KDORJHQ� ODPSV� XVLQJ� SODQH�HOOLSWLFDO�PLUURUV��$OWKRXJK�WKLV�PHWKRG�H[�KLELWV�D�ORZHU�HIILFLHQF\�WKDQ�WKDW�REWDLQHGZLWK�HOOLSWLF�PLUURUV��LW�HQDEOHV�WR�DFKLHYH�DKLJK� ORQJLWXGLQDO� WHPSHUDWXUH� XQLIRUPLW\RYHU�WKH�H[WHUQDO�FUXFLEOH�VXUIDFH��7KH�WHP�SHUDWXUH�JUDGLHQWV�QHFHVVDU\�LQ�WKH�JURZLQJSURFHVVHV� ZHUH� REWDLQHG� E\� WKH� XVH� RI� GH�IOHFWRUV�DW�GHILQHG�SRVLWLRQV�LQ�WKH�V\VWHP�

7KH�FKDPEHU�IRU�JURZWK�SURFHVV�LV�PDGHRI� D� TXDUW]� WXEH� LQWR� ZKLFK� WKH� FUXFLEOHFRQWDLQLQJ� WKH� SUHFXUVRU� PDWHULDO�� WKH� UR�WDWLQJ� VXSSRUW� DQG� WKH� VHHG�ZLWK� LWV� FRUUH�VSRQGLQJ�GHYLFH�DUH�SODFHG��)LJ������7KH�UR�WDWLRQ� V\VWHP�RI� WKH� FUXFLEOH� WRJHWKHU�ZLWKWKH� GHYLFHV� SURYLGLQJ� URWDWLQJ� DQG� D[LDOPRYHPHQW�RI�WKH�VHHG�DUH�SODFHG�RXWVLGH�WKHFKDPEHU�� $OO� PRYHPHQWV� DQG� DOLJQPHQWVFDQ� EH� FRQWUROOHG� DQG� LQGHSHQGHQWO\� DG�MXVWHG��7KH�PRYHPHQW�WUDQVPLVVLRQ�V\VWHPVDUH� WLJKWHQHG�� 7KH� JURZWK� FKDPEHU� LV� FRQ�QHFWHG� WR� D� YDFXXP� SXPS� DQG� WKHQ� WR� DV\VWHP� IRU� TXDQWLI\LQJ� DQG� PL[LQJ� WKHJDVHV�� 7KH� KHDWLQJ� V\VWHP� ZLWK� UDGLDQW� DQGIRFXVLQJ� HOHPHQWV� LV� SODFHG� RXWVLGH� WKHJURZWK�FKDPEHU��7KH�KHDWLQJ�V\VWHP�LV�FRP�SRVHG�RI�KHDWLQJ�HOHPHQWV�HDFK�FRQVLVWLQJ�RID� SODQ�HOOLSWLFDO�PLUURU� DQG� KDORJHQ� ODPS� RIURG�VKDSH�SODFHG�LQ�WKH�ILUVW�IRFDO�FHQWHU��7KH�PLUURUV� DUH�PDGH� IURP� ��PP� WKLFNEUDVV� SODWH� FRDWHG� ZLWK� D� UHIOHFWLQJ� OD\HU�IROORZHG� E\� FRDWLQJ� ZLWK� D� SURWHFWLYH� WKLQFKURPH�OD\HU��)RU�WKH�UHIOHFWLQJ�OD\HU��RQO\PDWHULDOV�ZLWK�DQ�LQFUHDVHG�UHIOHFWLRQ�LQ�UD�GLDWLRQ� VSHFWUXP� RI� WKH� KDORJHQ� ODPS� DUHXVHG�� ,Q� WKLV� UHJDUG�� WKH�PRVW�VXLWDEOH�PD�WHULDOV��)LJ�����DUH�DOXPLQXP��JROG��DQG�VLO�YHU��6LOYHU�KDV�EHHQ�FKRVHQ�LQ�RXU�VWXG\�GXHWR� LWV� LQFUHDVHG� UHIOHFWLRQ� RI� DERXW� ��� WR������7DEOH����RYHU�WKH�HQWLUH�YLVLEOH�VSHF�WUXP��EXW�DOVR�EHFDXVH�RI� LWV� ORZ�FRVW��7KHIRFXVLQJ�RQ�WKH�FUXFLEOH�KDV�EHHQ�SHUIRUPHGLQ�D[LDO�SODQH��:H�VWXGLHG�WKH�WHPSHUDWXUH�YDULDWLRQ�DVD� IXQFWLRQ� RI� WLPH� �)LJ����� LQ� WKH� VHFRQGIRFDO� FHQWHU� RI� WKH� SODQ�HOOLSWLFDO� PLUURU�1RPLQDO� YROWDJH� KDV� EHHQ� GHOLYHUHG� IRU� DOO

)LJ�����5HIOHFWDQFH�LQ�89�9,6�1,5�IRU�DOXPLQXP������JROG�����DQG�VLOYHU�����

)LJ�����5DGLDQW�KHDWLQJ�V\VWHP�

7DEOH���
0HWDOV $YHUDJH�5HIO��9LV���,5 5HJLRQV�RI�KLJKDEVRUSWLRQ &RPPHQWV

$OXPLQXP ����� ���Ü����QP 6HQVLWLYH�GHSRVLWLRQ�SDUDPHWHUV�QHFHVVDU\�WRSUHYHQW��%OXHLQJ���VFDWWHU�LQ�YLVLEOH���7KLQ�OD\HURI�$O�2� LV�IRUPHG�RQ�VXUIDFH*ROG ����� ���Ü����QP $GKHVLRQ�SUREOHPV�ZLWK�JODVV��9HU\�VRIWVXUIDFH��8VH�FKURPH�DV�LQWHUOD\HU6LOYHU ����� 89 7DUQLVKLQJ�SUREOHPV��9HU\�VRIW�VXUIDFH�

1HZV�RI�7HFKQRORJ\

)XQFWLRQDO�PDWHULDOV������������� ���



V\VWHPV��7KH�PDWHULDO� SODFHG� LQ� WKH� VHFRQGIRFDO� FHQWHU� KDV� WKH� DEVRUSWLRQ� LQGH[� RI�����LQ�YLVLEOH�VSHFWUXP��PDVV�RI���J�DQGWKH�HQWKDOS\�RI������-�.⋅PRO��7KH�WHPSHUDWXUH�LQ�WKH�VHFRQG�IRFDO�FHQ�WHU� DV� D� IXQFWLRQ� RI� WKH� DSSOLHG� YROWDJH� WRWKH�V\VWHP�IRUPHG�IURP�RQH�DQG�WZR�UHVSHF�WLYHO\� PLUURU�EXOE� DVVHPEOLHV� LV� VKRZQ� LQ)LJ�����7KH�SODQH�HOOLSWLFDO�PLUURUV�KDYH�WKHKHLJKW� RI� ���PP��)�� DW� ���� )�� DW� ���PP�DQG� WKH� DQJOH� VHHQ� E\� WKH� ODPS� LQ� WKH� HO�OLSVH� SODQH� LV� ������ 7KH� WHPSHUDWXUH� LQ�FUHDVHV� DSSUR[LPDWHO\� OLQHDUO\� LQ� ERWKFDVHV��RQO\�WKH�VORSH�LV�GLIIHUHQW��7KH� WHPSHUDWXUH� GLVWULEXWLRQ� DORQJ� DQD[LV� SDUDOOHO� ZLWK� WKH� ODPS�� ZKLFK� LQWHU�VHFWV�WKH�VHFRQG�IRFDO�SODQ��IRU�WKH�FRQILJX�UDWLRQV� ZLWK� �� DQG� �� UDGLDQW� V\VWHPV� LVVKRZQ� LQ�)LJ����� ,Q�FRPSDULVRQ�ZLWK�GLVWUL�EXWLRQV� DFKLHYHG� ZLWK� HOOLSWLF� UHIOHFWRUV>��@�� WKH� WHPSHUDWXUH� LV� FRQVWDQW� RQ� DKLJKHU� OHYHO� �SODWHDX��� WKXV� DGYDQWDJHRXVIRU� WKH� FU\VWDO� SURFHVVLQJ� LQ� GLHOHFWULF

)LJ�����7HPSHUDWXUH�YROWDJH�GLDJUDP�WKH�V\V�WHP�IRUPHG�IURP�RQH����� DQG�WZR�����UHVSHF�WLYHO\�PLUURU�EXOE�DVVHPEOLHV�)LJ�����7LPH�WHPSHUDWXUH�GLDJUDP�LQ�WKH�VHF�RQG�IRFDO�FHQWHU�RI�WKH�SODQ�HOOLSWLFDO�PLUURU�

)LJ����� $[LDO� WHPSHUDWXUH� SURILOH� DW� GLIIHUHQWORFDWLRQ�IRU����D��DQG����E��V\VWHPHV�
7DEOH���
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R[LGH�EDVHG�FUXFLEOH�HYHQ�LI�WKH�HIILFLHQF\�LVORZHU�)RU� WKH� WZR� DERYH� GHVFULEHG� FDVHV� WKHHTXDWLRQ�FRQVWDQWV�SUHVHQWHG�LQ�7DEOH���7KH�GHIRFXVLQJ�RFFXUV�GXH�WR�WKH�PLUURUVKDSH� GHYLDWLRQ�� LPSOLFLWO\� RI� IRFXVLQJ� GH�WHUPLQHG�E\�GLODWDWLRQ��7KLV�KDV�EHHQ�PLQL�PL]HG�E\�WKH�XVH�RI�D�IRUFHG�FRROLQJ�V\VWHPZLWK�DLU�FXUUHQWV�DQG�DGGLWLRQDOO\�E\�XVLQJILODPHQW� ODPSV� RI� PD[LPXP� DYDLODEOH� GL�DPHWHU�� $W� IRXU� UDGLDQW� V\VWHPV�� WKH� WHP�SHUDWXUH� GLVWULEXWLRQ� LQ� WKH� IRFDO� FHQWHU� LVPRUH� XQLIRUP�� HVSHFLDOO\� WKH� UDGLDO� RQH�)LJ������ 7KH� XVH� RI� D� JUHDWHU� QXPEHU� RIV\VWHPV�JLYHV�ULVH�WR�XQMXVWLILDEOH�PHFKDQL�FDO�DQG�GHVLJQLQJ�SUREOHPV��7R� FRQFOXGH�� WKH� RSWLFDO� IXUQDFH� ZLWKSODQH�HOOLSWLF� PLUURUV� LV� UHFRPPHQGHG� IRUPHOWLQJ� JURZWK�PDWHULDOV� LQ� DJJUHVVLYH� DW�PRVSKHUH�� $V� UDGLDQW� HOHPHQWV�� URG�VKDSHGKDORJHQ� ODPSV� FRXOG� EH� HPSOR\HG�� $V� FRP�SDUHG�WR�IXUQDFHV�ZLWK�HOOLSWLF�PLUURUV��WKHD[LDO� GLVWULEXWLRQ� RI� WKH� WHPSHUDWXUH� LVPXFK�PRUH� XQLIRUP�� $� GHYLDWLRQ� IURP� WKHSODQH�HOOLSWLFDO�PLUURU� VKDSH� DIIHFWV� GUDVWL�FDOO\�WKH�WHPSHUDWXUH�REWDLQHG�LQ�WKH�VHFRQGIRFDO� FHQWHU�� 7KH� ORZHU� HIILFLHQF\� DIIHFWVVRPHZKDW� WKH� ZRUNLQJ� WHPSHUDWXUHV�� KRZ�HYHU�� WKLV� KDV� EHHQ� RYHUFDPH� E\� LQFUHDVLQJWKH�SRZHU��7KH�FRROLQJ�RI�WKH�DVVHPEOH�PLU�

URU�ODPS�FDQ�EH�HIIHFWHG�XVLQJ�FROG�DLU�FXU�UHQWV��7KH�WHPSHUDWXUH�JUDGLHQWV�DUH�HDVLO\UHDOL]DEOH� E\� GHILQHG� DOLJQPHQW� DQG� SRVL�WLRQLQJ�RI�WKH�UDGLDWLRQ�GHIOHFWRUV���$FNQRZOHGJHPHQWV�� :H� WKDQN� 0LQLVWU\IRU�(GXFDWLRQ��5HVHDUFK�DQG�<RXWK� IRU� WKHHQWLUH�VXSSRUW�SURYLGHG�ZLWKLQ�WKH�1DWLRQDO3URJUDP�0$71$17(&+�JUDQWHG�WR�WKH�,Q�VWLWXWH� IRU� 5HVHDUFK� DQG� 'HYHORSPHQW� IRU(OHFWURFKHPLVWU\�DQG�&RQGHQVHG�0DWWHU��7L�PLVRDUD�� 5HIHUHQFHV���+�*�5LYHURV��:�.�&RU\��5�7RFD��(�&DPDULOOR�-��&U\VW��*URZWK�������������������-�*�%HGQRU]�� +�$UHQG�� -��&U\VW�� *URZWK�� �����������������&�:�/DQJ�� -�&�/HX�� <�+�8DQJ�� &U\VW��5HV�7HFKQRO����������������������5LYDV�� &�9D]TXH]�(VSL�� -��&U\VW�� *URZWK� $GY�6SDFH�5HV��������������������.�.LWD]DZD��.�1DJDVKLPD��7�0L]XWDQL�HW�DO��-��&U\VW��*URZWK��������������������'�5LYDV�� &�9D]TXH]�(VSL�� -��&U\VW�� *URZWK��������������������$�(\HU�� 5�1LWVFKH�� +�=LPPHUPDQ�� -��&U\VWDO*URZWK��������������������$�(\HU�� %�2�.ROEVHQ�� 5�1LWVFKH�� -��&U\VW�*URZWK��������������������$�%ROWRVL�� 6�1RYDFRQL�� ,�*UR]HVFX�� ,QYHQWLRQ&HUWLILFDWH��1R�$��������������

)LJ�����6FKHPDWLFDO�GHVLJQ�RI� WKH�RSWLFDO� IXUQDFH�ZLWK� IRXU�PLUURUV�DQG�GLVWULEXWLRQ�FXUYH RI� WKHWHPSHUDWXUH�

1HZV�RI�7HFKQRORJ\
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