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0XOWLYDOHQW� V\VWHPV� RI� QLFNHO�� PRO\EGHQXP� DQG� WHOOXULXP� KDYH� EHHQ� FKDUDFWHULVHG� DW� KLJK�
WHPSHUDWXUH� LQ�PROWHQ� JODVVHV� EHWZHHQ������ DQG� �����.�� (OHFWURFKHPLFDO�PHWKRGV�� SRODULVDWLRQ� FXUYHV��

F\FOLF�DQG�VTXDUH�ZDYH�YROWDPPHWULHV��KDYH�EHHQ�PDLQO\�XVHG��7KH�UHVXOWV�REWDLQHG�LQ�WKH�FDVH�RI�QLFNHO�

KDYH� EHHQ� LQWHUSUHWHG� WKDQNV� WR� RWKHU� DQDO\WLFDO� WHFKQLTXHV�� VXFK� DV� 3((/6�� (30$� DQG� PDJQHWLF�

VXVFHSWLELOLW\� PHDVXUHPHQWV�� 1L
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� KDV� EHHQ� HYLGHQFHG� LQ� R[LGLVHG� PROWHQ� JODVVHV�� &RQFHUQLQJ�

PRO\EGHQXP��WZR�R[LGDWLRQ�VWDWHV�KDYH�EHHQ�SRLQWHG�RXW��0RUHRYHU��WKH�ZHDN�SURWHFWLRQ�RI�PRO\EGHQXP�

E\� VLOLFLGHV� �0R[6L\�� ZKLFK� IRUP� RQ� WKH� VXUIDFH� RI� HOHFWURGH�� LQGLFDWHV� WKDW� FRUURVLRQ� RI� 0R6L��EDVH�

PDWHULDOV�VKRXOG�EH�GHWULPHQWDO��)LQDOO\��7H�LV�FKDUDFWHULVHG�E\�RQO\�RQH�HOHFWURDFWLYH�V\VWHP��7H
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,QWURGXFWLRQ�

*ODVV�PDNLQJ�LQGXVWULHV�QHHG�PHWDOOLF�DQG�LQWHUPHWDOOLF�DOOR\V�ZLWK�LPSURYHG�PHFKDQLFDO�
DQG�FKHPLFDO�FKDUDFWHULVWLFV�DW�KLJK�WHPSHUDWXUHV��$V�UHJDUGV�WR�FKHPLFDO�SURSHUWLHV��D�JRRG�
UHVLVWDQFH� WR� WKH� FRUURVLRQ� E\�PROWHQ� JODVV� LV� UHTXLUHG� DQG� LQ� FRQVHTXHQFH�� SODWLQXP� DQG�
SODWLQXP�DOOR\V�DUH�ZLGHO\�XVHG�HYHQ�LI�WKH\�DUH�YHU\�H[SHQVLYH��,Q�RUGHU�WR�ILQG�QHZ�VXLWDEOH�
PDWHULDOV��OHVV�H[SHQVLYH�WKDQ�WKH�QREOH�PHWDO�DOOR\V��WKH�VWXG\�RI�WKH�FRUURVLRQ�UHVLVWDQFH�RI�
VHYHUDO� PDWHULDOV� ZDV� SHUIRUPHG� DW� KLJK� WHPSHUDWXUH� �����.�� LQ� D� VLPSOLILHG� JODVV� PHOW�
�QRWHG� 6*��� 7KH� HOHFWURFKHPLFDO� WHFKQLTXHV� ZHUH� XVHG� EHFDXVH�� DV� PHQWLRQHG� E\� PDQ\�
DXWKRUV� �����WKH\�HQDEOH�WKH�PHDVXUHPHQWV�RI�WKH�UHGR[�SURSHUWLHV�RI�PHWDOOLF�FRPSRXQGV�DV�
ZHOO�DV�WKRVH�RI�GLVVROYHG�PXOWLYDOHQW�HOHPHQWV��6XFK�PHDVXUHPHQWV�OHDG�WR�WKH�DUUDQJHPHQW�
RI�UHGR[�FRXSOHV�LQWR�DQ�HOHFWURPRWLYH�IRUFH��HPI��VHULHV�ZKLFK�DOORZV�L��WKH�SUHGLFWLRQV�RI�
UHDFWLRQ� VSRQWDQHLW\� EHWZHHQ� VSHFLHV� RU� LL�� WKH� LGHQWLILFDWLRQ� RI� SRVVLEOH� R[LGLVLQJ� DQG�
UHGXFLQJ�DJHQWV�LQ�RUGHU�WR�GHWHUPLQH�WKH�FRUURVLRQ�PHFKDQLVPV��,Q�WKH�SUHVHQW�SDSHU��WKH�
HOHFWURFKHPLFDO� IHDWXUHV� UHODWHG� WR� WHOOXULXP��PRO\EGHQXP� DQG� QLFNHO� GLVVROYHG� LQ�PROWHQ�
JODVV�DUH�UHSRUWHG��
�

([SHULPHQWDO�GHWDLOV�

7KH�FRQGLWLRQV�DQG�WKH�H[SHULPHQWDO�HTXLSPHQW�XVHG�LQ�RUGHU�WR�SHUIRUP�YROWDPPHWULF�

PHDVXUHPHQWV�KDYH�DOUHDG\�EHHQ�GHVFULEHG�LQ�GHWDLO�LQ��������7KH�ZRUNLQJ���ZLUH�φ� ��PP��DQG�
WKH� FRXQWHU�� �SODWH� 6�  � �� FP��� HOHFWURGHV� ZHUH�PDGH� LQ� SODWLQXP� DQG� DQ� \WWULD� VWDELOLVHG�
]LUFRQLD� HOHFWURGH� IOXVKHG� ZLWK� DLU� ZDV� XVHG� DV� WKH� UHIHUHQFH� HOHFWURGH�� 7KXV�� DOO� WKH�
SRWHQWLDOV�PHQWLRQHG�LQ�WKLV�SDSHU�DUH�UHIHUUHG�WR�WKLV�=U2��HOHFWURGH��
7KH�HOHFWURFKHPLFDO�LQYHVWLJDWLRQV�ZHUH�SHUIRUPHG�LQ�D�6*�ZLWK�WKH�FRPSRVLWLRQ�������ZW��
1D�2�������ZW��6L2���������ZW��%�2���HTXLOLEUDWHG�LQ�DUJRQ�8��PD[��2��FRQWHQW� ���SSP��
GXULQJ� ��� KRXUV� DW� ����.�� 7KLV� LQHUW� DWPRVSKHUH� ZDV� FKRVHQ� LQ� RUGHU� WR� SUHYHQW� WKH�
DWPRVSKHULF� FRUURVLRQ� RI� WKH� PHWDOOLF� PDWHULDOV� ZKLFK� DUH� VWXGLHG� HOVHZKHUH�� ,Q� WKHVH�
FRQGLWLRQV�� WHOOXULXP� LV� LQ� LWV� UHGXFHG�VWDWH� DQG�FDQ� LQWHUDFW�ZLWK�SODWLQXP�FRQVWLWXWLQJ� WKH�
H[SHULPHQWDO� GHYLFH�� 0RUHRYHU�� DV� VKRZQ� E\� WKH� ELQDU\� 3W�7H� SKDVH� GLDJUDP� ����� WKH�
SDUWLFXODU� WZR� SKDVH�PL[WXUH� ������3W������3W7H�� FRUUHVSRQGV� WR� DQ� HXWHFWLF� FRPSRVLWLRQ�
ZLWK� ORZ�PHOWLQJ�SRLQW� ������.��� ,WV� IRUPDWLRQ�FRXOG�EH� UHVSRQVLEOH�RI� WKH�EUHDNGRZQ�RI�



WKH� SODWLQXP� FUXFLEOH�� 7KXV�� D� SDUWLFXODU� QLNHO�VXSHUDOOR\� FRQWDLQHU� SURWHFWHG� E\� FDWKRGLF�
SRODULVDWLRQ�ZDV�GHYHORSHG�DQG�WKHUHIRUH��DOORZHG� WKH�VWXG\�RI�PRO\EGHQXP�DQG�WHOOXULXP�
V\VWHPV��ILJXUH�����
�
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)LJ�����&UXFLEOH�PDGH�ZLWK�QLFNHO�

VXSHUDOOR\�,1&2�����7KH�FRQILJXUDWLRQ�

OLNH�D�³GRXEOH�HQYHORSH´�HQDEOHV�WKH�

SRODULVDWLRQ�RI�WKH�LQVLGH�FRQWDLQHU��

$�VWDELOLVHG�]LUFRQLD�HOHFWURGH�DQG�WKH�WZR�

ZDOOV�����DQG�����DUH�XVHG�DV�D�FRQYHQWLRQDO�

WKUHH�HOHFWURGHV�V\VWHP���

WKH�VWDQGDUG�JODVV�KDV�WKH�IROORZLQJ�

FRPSRVLWLRQ���������ZW��1D�2�������ZW��

6L2���������ZW��%�2����]LUFRUDP��LV�D�

FHUDPLF�VHSDUDWRU�PDGH�ZLWK����ZW��

&U�2������ZW��=U2���

5HVXOWV�DQG�GLVFXVVLRQ�

6\VWHP�RI�WHOOXULXP�

7KH� UHVXOWV� RI� F\FOLF� YROWDPPHWULF� PHDVXUHPHQWV� SHUIRUPHG� E\� OLQHDU� DQG� VTXDUH�ZDYH�
SRWHQWLDO�VZHHSV�OHG�WR�WKH�IROORZLQJ�PDLQ�IHDWXUHV����

�� LQ� WKH� HOHFWURDFWLYLW\� GRPDLQ� RI� WKH� JODVV� PHOW�� 7H�� DQG� 7H�,9� DUH� WKH� RQO\� WZR�
DFKLHYDEOH�R[LGDWLRQ�VWDWHV��ILJXUH������

�� WKH�KDOI�ZDYH�SRWHQWLDOV� RI� WKH�R[LGDWLRQ� DQG� UHGXFWLRQ�SHDNV� DUH� HTXDO� WR�(R[� � ��
����9�DQG�(UHG� ������9��UHVSHFWLYHO\���

�� WKH�7H�,9�7H��FRXSOH�DSSHDUV�WR�EH�DQ�LUUHYHUVLEOH�V\VWHP�EHFDXVH�WKH�R[LGDWLRQ�DQG�

UHGXFWLRQ�SHDNV�DUH�VHSDUDWHG�E\�PRUH�WKDQ������9��
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�� DFFRUGLQJ� WR� WKH� OLQHDU�YDULDWLRQ�RI�(UHG�YHUVXV� WKH�SRWHQWLDO� VFDQ�UDWH� �ILJXUH�����DQ�
DSSUR[LPDWH� YDOXH� RI� WKH� GLIIXVLRQ� FRHIILFLHQW� RI� 7H�,9� FDQ� EH� GHGXFHG� RZLQJ� WR�

5DQGOHV�6HYFLF�HTXDWLRQ��� 2[
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WKH�YDOXH�RI�'7H�,9�LV�LQ�WKH�UDQJH�RI����[��
���FPñ�V����

7KXV�� WKH� R[LGLVLQJ� DELOLW\� RI� 7H�,9� LV� HTXLYDOHQW� WR� WKDW� RI� )H�,,,� JHQHUDOO\� PHDVXUHG� LQ�
PROWHQ�JODVV��

6WXGLHG�JODVV�

©�VWDQGDUG�JODVV�ª�
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)LJ������F\FOLF�YROWDPPRJUDP�UHFRUGHG�DV�D�

IXQFWLRQ�RI�WKH�SRWHQWLDO�VFDQ�UDWH��VFDQ�UDWH�

 ��������������HW����P9�V������SHUIRUPHG�DW�

�����.�LQ�6*�PHOW��GRSHG�ZLWK��ZW�7H2��

�

)LJ������FXUUHQW�GHQVLWLHV�RI�WKH�FDWKRGLF�

SHDNV�YHUVXV�WKH�VTXDUH�URRW�RI�WKH�SRWHQWLDO�

VFDQ�UDWH��7KH�YDOXHV�RI�FXUUHQW�GHQVLWLHV�DUH�

PHDVXUHG�RQ�WKH�ILJXUH����

�
6\VWHP�RI�PRO\EGHQXP�

7KH� YROWDPPRJUDPV� VKRZQ� RQ� ILJXUH� �� ZHUH� SHUIRUPHG� RQ� D� SODWLQXP� HOHFWURGH� E\�
VXFFHVVLYH� FDWKRGLF� VZHHSV� IRU� ZKLFK� WKH� ILQDO� SRWHQWLDO� LV� LQFUHDVHG� DW� HDFK� F\FOH�� 7KH�
UHVXOWV�REWDLQHG�LQ�WKHVH�FRQGLWLRQV�DUH�LQ�SHUIHFW�DJUHHPHQW�ZLWK�WKRVH�RI�%DOD]�DQG�5�VVHO�
������

�� WKH��D��DQG��I��SHDNV�DUH�GXH�WR�WKH�0R�9,�0R�,,,�V\VWHP��,WV�UHODWHG�(����LV�HTXDO�WR��
����9���

�� WKH��E��DQG��G��SHDNV�DUH�FKDUDFWHULVWLF�RI� WKH�0R�,,,�0R��V\VWHP��,WV� UHODWHG�(���� LV�
HTXDO�WR������9����

�� ZKHQ�WKH�ILQDO�SRWHQWLDO�UHDFKHV�YDOXHV�ORZHU�WKDQ�����9��F���WKH�VLOLFD�LV�UHGXFHG�LQWR�
VLOLFRQ� �� WKH� ODWWHU� IRUPV�PRO\EGHQXP� VLOLFLGHV�ZKLFK� DUH� R[LGLVHG� VXEVHTXHQWO\� DW�
KLJKHU�SRWHQWLDOV��H���

7KHVH�UHVXOWV�ZHUH�FRPSOHWHG�ZLWK�WKRVH�RI�WKH�0R�DQG�0R6L��FRUURVLRQ�VWXGLHV�SHUIRUPHG�
LQ�WKH�6*�GRSHG�ZLWK�����ZW��)H�2����

�� DW� ����� .�� WKH� IUHH� SRWHQWLDO� RI� SXUH� PRO\EGHQXP� LV� HTXDO� WR� ��9� DQG� WKXV�� LW�
YDOLGDWHV� WKH� FKDUDFWHULVWLF� YDOXH� (����  � �����9� GHWHUPLQHG� IRU� WKH� 0R

�,,,�0R���
V\VWHP���

�� WKH�FDWKRGLF�SRODULVDWLRQ�RI�SXUH�PRO\EGHQXP�HOHFWURGH�\LHOGV� WR� WKH� IRUPDWLRQ�RI�
VLOLFLGHV��EXW� WKHLU�HIILFLHQF\�DV�SURWHFWLYH�FRDWLQJ� LV�YHU\�SRRU��7KLV�ZDV�FRQILUPHG�
E\� WKH� HOHFWURFKHPLFDO� DQG�PHWDOORJUDSKLF� VWXGLHV� RI� SXUH�0R6L�� WHVWHG� LQ�PROWHQ�
JODVV�DW�KLJKHU�WHPSHUDWXUH�������.����L��WKH�FXUUHQW�GHQVLW\�RI�FRUURVLRQ�HVWLPDWHG�E\�
SRODULVDWLRQ� UHVLVWDQFH� PHDVXUHPHQWV� UHPDLQV� KLJK� HYHQ� DIWHU� ORQJ� WLPH� RI�

LPPHUVLRQ��5S� ����Ω�FP��DQG�UHODWHG�,FRU
0R6L

�� �����P$�FP����� WKLFNQHVV�UHGXFWLRQ�

RI�LQWHUPHWDOOLF�PDWHULDO�PHDVXUHG�DIWHU����K�RI�LPPHUVLRQ�WHVW�∆H� �����P���LL��WKH�
ZHDN�DGKHVLRQ�DQG�WKH�SRURVLW\�RI�WKH�FRUURVLRQ�SURGXFWV�FDQ�QRW�SUHYHQW�WKH�DWWDFN�
RI�WKLV�PDWHULDO�E\�WKH�PROWHQ�JODVV��ILJXUH������

7KXV��WKH�R[LGLVLQJ�DELOLWLHV�RI�ERWK�0R�,,,�DQG�0R�9,�DUH�UHODWLYHO\�ORZ�FRPSDUHG�WR�WKDW�RI�
)H�,,,�JHQHUDOO\�PHDVXUHG�LQ�PROWHQ�JODVV��
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GXH�WR�6L,9�6L��DQG��H��WR�0R[6L\�

)LJ������VXUIDFH�RI�WKH�0R6L��HOHFWURGH�DIWHU�

LPPHUVLRQ�LQ�PROWHQ�JODVV�DW������.�

GXULQJ��K��6XSHUILFLDO�OD\HU�RI��0R��

[)H[��6L����QHHGOHV�RI�VLOLFD�DW�WKH�

JODVV�HOHFWURGH�LQWHUIDFH���SUHFLSLWDWHV�RI�

0R[)H\6L]�LQ�WKH�JODVV��
�

6\VWHP�RI�QLFNHO�

7KH�UHGR[�EHKDYLRXU�RI�QLFNHO�VSHFLHV�ZDV�LQYHVWLJDWHG�LQ�D�SODWLQXP�FUXFLEOH��7KH�F\FOLF�
YROWDPPHWU\�SHUIRUPHG�E\�XVH�RI�D�SODWLQXP�ZRUNLQJ�HOHFWURGH�UHYHDOHG�FOHDUO\�WKH�H[LVWHQFH�
RI�WZR�GLVWLQFW�UHGR[�V\VWHPV�DW�������9�DQG�������9��UHVSHFWLYHO\��)LJXUH�����

�
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)LJ������VTXDUH�ZDYH�YROWDPPRJUDP�

UHFRUGHG�DW�����.�LQ�6*�PHOW��GRSHG�ZLWK�

�ZW��1L2�

�∆(� ����P9��I� ����+]��YE� �����9�V����
�

)LJ������G\QDPLF�SRODULVDWLRQ�RI�D�1L�

HOHFWURGH�UHFRUGHG�DW�����.�LQ�6*�GRSHG�

ZLWK���ZW��1L2��

�YE� ������P9�V
����

7KDQNV� WR� WKH� OLQHDU� SRODULVDWLRQ� RI� D� QLFNHO� HOHFWURGH�� WKH� ILUVW� YDOXH� ZDV� DFFXUDWHO\�
DWWULEXWHG� WR� WKH�1L�,,�1L�� V\VWHP� EHFDXVH� WKH� IUHH� SRWHQWLDO� RI�PHWDO� LV� HTXDO� WR� ������9�
�)LJXUH�����
7KH� XVH� RI� FRPSOHPHQWDU\� DQDO\WLFDO� WHFKQLTXHV� ZDV� KHOSIXO� IRU� WKH� LGHQWLILFDWLRQ� RI� WKH�
VHFRQG�V\VWHP��,Q�D�ILUVW�VWHS��JODVVHV�ZHUH�SRODULVHG�UHVSHFWLYHO\�DW�����9�DQG�����9�GXULQJ���
KRXU��WKHQ�TXHQFKHG�LQ�ZDWHU��,Q�D�VHFRQG�VWHS��(QHUJ\�(OHFWURQ�/RVV�6SHFWURVFRS\��((/6��
DQG�PDJQHWLF� VXVFHSWLELOLW\�PHDVXUHPHQWV� ZHUH� FDUULHG� RXW� RQ� HDFK� NLQG� RI� JODVV� VDPSOH��
7KH�UHVXOWV�REWDLQHG�E\�((/6�DUH�UHSRUWHG�RQ�ILJXUH�����L��ERWK�VSHFWUD�RI�1L2�VWDQGDUG�DQG�
SRODULVHG�JODVV�DW�����9�DUH�VLPLODU��LL��WKH�VSHFWUD�RI�WKH�WZR�W\SHV�RI�JODVVHV�H[KLELW�D�VKLIW�RI�
��H9�HTXDO�WR�WKDW�REVHUYHG�ZKHQ�VSHFWUD�RI�1L2�DQG�1L�2��DUH�FRPSDUHG�� LLL��WKH�/,,,�/,,�
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SHDN� UDWLR� LV� ORZHUHG� LQ� WKH� FDVH� RI� WKH� ����9� SRODULVHG� JODVV�� &RQFHUQLQJ� PDJQHWLF�
PHDVXUHPHQWV�� WKH� UHVXOWV�REWDLQHG� LQ� WKH� FDVH�RI� JODVV�SRODULVHG�DW� ����9� OHG� WR� YDOXHV�RI�
PDJQHWLF�VXVFHSWLELOLW\�FRPSDWLEOH�ZLWK�WKH�H[LVWHQFH�RI�ZKHWKHU�VLQJOH�1L�,,,�RU�D�PL[WXUH�RI�
1L�,,�DQG�1L�,,,�ZKHUH�WKH�ODWWHU�VSHFLHV�LV�SUHGRPLQDQW��
,Q� FRQVHTXHQFH�� DOO� WKHVH� H[SHULPHQWDO� IHDWXUHV� OHDG� WR� WKH� IROORZLQJ� FRQFOXVLRQV� �� L�� WKH�
YDOXH�RI� WKH�FKDUDFWHULVWLF�SRWHQWLDO�(����RI� WKH�1L

�,,�1L�� FRXSOH� LV�HTXDO� WR�²�����9�DQG� LV�
ORZHU� WKDQ� WKRVH� PHQWLRQHG� E\�.�� 7DNDKDVKL� HW� DO����� DQG� 5�VVHO� HW� DO������ LL�� 1L�,,,� FDQ� EH�
VWDELOLVHG�LQ�JODVV�PHOWV�FRQWUDGLFWLQJ�WKH�FRQFOXVLRQV�RI�PDQ\�DXWKRUV�ZKR�FDOFXODWH�WKDW�WKH�
FKDUDFWHULVWLF� SRWHQWLDO� (���� RI� WKH�1L

�,,,�1L�,,� FRXSOH� LV� KLJKHU� WKDQ� WKH� SRWHQWLDO� RI� JODVV�
PHOWV�R[LGDWLRQ�����0RUHRYHU��RQH�FDQ�QRWH�WKDW�WKH�H[SHULPHQWDO�UHVXOW�LQWHUSUHWDWLRQV�GR�QRW�
UHIHU�WR�WKH�SRVVLEOH�H[LVWHQFH�RI�WHWUD��RU�RFWD�FRRUGLQDWHG�1L�,,�LQ�WKH�JODVV������EXW�WKH\�GR�
QRW�FRQWUDGLFW�WKLV�DVVXPSWLRQ��
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)LJ������((/�VSHFWUD�RI�SXUH�1L2��

JODVV�ZLWK�1L2�DQG�����9�SRODULVHG�

JODVV�ZLWK�1L2�

$FNQRZOHGJHPHQWV�

7KH�DXWKRUV�JUDWHIXOO\�DFNQRZOHGJH�$��9HUQLqUH��0DvWUH�GH�&RQIpUHQFHV���8QLYHUVLWp�+��
3RLQFDUp�� IRU� WKH� PDJQHWLF� PHDVXUHPHQWV� DQG� )�� 'LRW� DQG� 6�� %DUGD� �6HUYLFH� &RPPXQ�
G·$QDO\VHV�SDU�6RQGHV�(OHFWURQLTXHV�²�8QLYHUVLWp�+��3RLQFDUp��IRU�WKH�HOHFWURQ�PLFURSUREH�
PLFURDQDO\VHV��
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