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,W�KDV�EHHQ�VKRZQ� LQ�H[SHULPHQW� WKDW�DW� WKH� UHDFWLYH� VLQWHULQJ�RI� FXELF�ERURQ�QLWULGH
ZLWK�DOXPLQXP�XQGHU�KLJK�SUHVVXUHV�DQG�WHPSHUDWXUHV��DGGLWLRQ�RI�7L%��UHVXOWV�LQ�VKLIWLQJRI� WKH� UHDFWLRQ� WRZDUGV� FU\VWDOOL]DWLRQ� RI� DOXPLQXP�GLERULGH� LQVWHDG� RI� KLJKHU�GLERULGHV
DQG� SURYLGHV� WKH� DEVHQFH� RI� UHVLGXDO� DOXPLQXP� LQ� WKH� UHDFWLRQ� SURGXFWV�� 7KH� FDOFXODWHG
YDOXHV�RI�UHVLGXDO�WKHUPDO�VWUHVVHV�LQ�F%1�DQG�7L%��SKDVHV�VLQWHUHG�XQGHU���*3D�DW������.DUH�FRQVLGHUDEO\�ORZHU�WKDQ�WKH�SKDVH�IOH[XUDO�VWUHQJWK�
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3RO\FU\VWDOOLQH� PDWHULDOV� EDVHG� RQ� FXELF
ERURQ� QLWULGH� �3&%1�� DUH� XVHG� PDLQO\� LQ
FXWWLQJ� RI� KDUG� PDWHULDOV� >����@�� 7KH� F%1
FRQWHQW�LQ�FRPPHUFLDO�3&%1�LV����WR������
RWKHU�SKDVHV�LQFOXGH�WLWDQLXP�FDUELGH�RU�QL�
WULGH� �XS� WR� ������ DQG� PLQRU� DPRXQWV� RI
KLJK�PHOWLQJ� DOXPLQXP� FRPSRXQGV� EHLQJ
WKH�KDUG�DOOR\�FRPSRQHQWV��

7KLV� ZRUN� LV� DLPHG� DW� GHYHORSPHQW� RI
QRYHO� F%1� FRPSRVLWHV� ERXQG�ZLWK� WLWDQLXP
GLERULGH�WKDW� LV� LQWURGXFHG�LQ�WKH�UDZ�PL[�
WXUH��VLPLODU�WR�WLWDQLXP�FDUELGH�DW�WKH�VLQ�
WHULQJ� RI� .,%25,7��� FRPSRVLWH�� 7KH� SXU�
SRVH� RI� WKH�ZRUN� LV� WR� VWXG\�SK\VLFRFKHPL�
FDO� DQG� SK\VLFR�PHFKDQLFDO� LQWHUDFWLRQ� RI
7L%��ZLWK�WKH�PL[WXUH�FRPSRQHQWV��F%1��$O�DW�WKH�KLJK�WHPSHUDWXUH�VLQWHULQJ�XQGHU�VXSHU�
KLJK� SUHVVXUH� LQ� WKH� WKHUPRG\QDPLF� VWDELOLW\
UHJLRQ�RI�VSKDOHULWH�%1�PRGLILFDWLRQ�>�@�

,QWHUDFWLRQ� RI� F%1� ZLWK� $O� DW� UHDFWLYH
VLQWHULQJ�UHVXOWV� LQ� IRUPDWLRQ�RI�DOXPLQXP
QLWULGH� DQG� ERULWH� SKDVHV�� 7KH� PDLQ� UHDF�
WLRQV�DUH�

F%1����e�$O�o��e�$O%���� ���

F%1������e���$O�o�$O1�����e���$O%���� ���
7KH�VSHFLILF�IHDWXUH�RI�WKH�UHDFWLYH�LQWHU�

DFWLRQ�XQGHU�KLJK�SUHVVXUH�FRQVLVWV� LQ� WKDW
WKH�$O%��VWDELOLW\�UHJLRQ�EHFRPHV�VKLIWHG�WR�ZDUGV� KLJK� WHPSHUDWXUHV� DQG� RYHUODSV� WKH
VWDELOLW\� UHJLRQ� RI� $O%���� 7KHUHIRUH�� HLWKHUWKH� UHDFWLRQ� ���� FDQ� EH� FRPSOHWHG� RU� WKH
UHDFWLRQ�����GRHV�QRW�UXQ�WR�FRPSOHWLRQ�DQG
UHVLGXDO� $O�%�� VROLG� VROXWLRQ� LV� IRUPHG� >�@�
7KH�LGHD�RI�WKLV�ZRUN�LV�DV�IROORZV��)LUVW��LQ
WKH� SUHVHQFH� RI� 7L%�� SKDVH� �EHLQJ� D� VWUXF�WXUDO� DQDORJXH� RI� $O%�� KDYLQJ� YHU\� FORVHFU\VWDO� ODWWLFH� SHULRGV��� WKH� LQWHUDFWLRQ� EH�
WZHHQ� F%1� DQG� $O� �WKH� UHDFWLRQ� SURGXFWV
FU\VWDOOL]DWLRQ� IURP� $O� PHOW�� VKRXOG� EH
VKLIWHG� WRZDUGV� WKH� UHDFWLRQ� ����� VR� WKH
SURGXFWV� VKRXOG� QRW� FRQWDLQ� $O� PHWDO�� 6HF�
RQG�� WKH� WKHUPDO� H[SDQVLRQ� FRHIILFLHQWV� RI
F%1�DQG�7L%��DUH�FORVH�WR�RQH�DQRWKHU��WKXVZRXOG�SURYLGH�D�ORZ�OHYHO�RI�UHVLGXDO�LQWHU�
SKDVH� VWUHVVHV� LQ� WKH� FRPSRVLWH�� )LQDOO\�
7L%��H[FHHGV�VRPHZKDW�7L&�QRW�RQO\�LQ�KDUG�QHVV� EXW� DOVR� LQ� HODVWLFLW\� FRQVWDQWV�� 7KXV�
VXEVWLWXWLRQ� �SDUWLDO� RU� FRPSOHWH�� 7L%�� IRU

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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7L&�LQ�.,%25,7���FRXOG�EH�DVVXPHG�WR�SUR�
YLGH�LPSURYHG�HODVWLFLW\�FRQVWDQWV�>�@�

7KH� H[SHULPHQWDO� VDPSOHV�ZHUH�SUHSDUHG
XVLQJ� WKH�PL[WXUH�FKDUDFWHUL]HG� LQ�7DEOH���
7KH� VLQWHULQJ� ZDV� FDUULHG� RXW� LQ� DQ� +3$
KLJK�WHPSHUDWXUH� IXUQDFH� ZLWK� JUDSKLWH
KHDWHU�LQ�WZR�VWDJHV��,��VRDNLQJ�ZLWK�$O�PHOW
XQGHU� SUHVVXUH� �S� �����*3D��7� ������.��
,,�� UHDFWLYH� VLQWHULQJ� DW� S� ��� *3D�� 7� 
����� .� RU� S� ����� *3D�� 7� ������ .�� 7KH
VDPSOH� ZDV� FRROHG� ZLWK� WKH� IXUQDFH� IURP
WKH� VLQWHULQJ� WHPSHUDWXUH� WR� DPELHQW� RQH�
WKHQ� GHSUHVVXUL]HG�� 7KH� VDPSOHV� ZHUH� GLD�
PRQG�JURXQG� WR� FOHDQ� WKH� VXUIDFH� IURP� UH�
VLGXDO� JUDSKLWH�� 7KH� SKDVH� FRPSRVLWLRQ� RI
VLQWHUHG� VDPSOHV� ZDV� FDOFXODWHG� EDVLQJ� RQ
WKH� PDVV� EDODQFH� LQ� WKH� W\SH� ���� DQG� ���
UHDFWLRQV� DVVXPLQJ� QR� UHDFWLYH� LQWHUDFWLRQ
EHWZHHQ� 7L%�� DQG� WKH� PL[WXUH� FRPSRQHQWV�VHH� 7DEOH����� 7KH� H[SHULPHQWDO� SKDVH� FRP�
SRVLWLRQ�ZDV�GHWHUPLQHG�E\�;�UD\�VWUXFWXUH
DQDO\VLV� EDVLQJ� RQ� LQWHQVLW\� RI� VWURQJHVW
OLQHV�RI�HDFK�SKDVH�LQ�WKH�;5'�VSHFWUXP�>�@
XVLQJ� F%1±7L%�� UHIHUHQFH� PL[WXUHV�� 7KHKDUGQHVV� �+.1��ZDV�PHDVXUHG�E\�.QXS�LQ�
GHQWHU� XQGHU� ���� 1� LQGHQWHU� ORDG�� GHQVLW\
�U��� E\� K\GURVWDWLF� ZHLJKLQJ� �LQ� DFHWRQH��

WKH�SRUH�IUHH�VDPSOH�GHQVLW\��U���ZDV�FDOFX�ODWHG� DFFRUGLQJ� WR� WKH� �PL[WXUH� UXOH�� IURP
WKH�FRQFHQWUDWLRQV�DQG�GHQVLW\�YDOXHV�RI�LQ�
GLYLGXDO�SKDVHV��7DEOH����

&RQVLGHUDWLRQ� RI� WKH� FDOFXODWHG� DQG� H[�
SHULPHQWDO� SKDVH� FRPSRVLWLRQ� FKDUDF�
WHULVWLFV�VKRZV�WKDW�WKH�FRQWHQW�RI�WKH�SKDVH
LGHQWLILHG� DV� 7L%�� LQ� WKH� UHDFWLRQ� SURGXFWVH[FHHG�WKDW�H[SHFWHG�IURP�WKH�PDVV�EDODQFH�
WKDW�LV��WKH�WLWDQLXP�GLERULGH�FRQWHQW�LQ�WKH
PL[WXUH�� 7KLV� LV� H[SODLQHG� PRVW� OLNHO\� E\
VXSHUSRVLWLRQ�RI�;5'�VSHFWUD�IURP�7L%��DQG$O%�� SKDVHV� LQ� WKH� WRWDO� VSHFWUXP� IURP� WKHVLQWHUHG� VDPSOH�� ,Q� 7DEOH���� SUHVHQWHG� DUH
WKH� ODWWLFH� SHULRGV� RI� WKRVH� SKDVHV� WDNHQ
IURP�WKH�PRVW�SRSXODU�GDWD�VRXUFHV�ZKLOH�LQ
7DEOH����WKH�YDULDWLRQV�RI�WKH�7L%��ODWWLFH�SH�ULRGV�UHYHDOHG� LQ�RXU�H[SHULPHQWV� �VWDWLVWLFDO
DYHUDJHV�DW�WKH�FRQILGHQFH�OHYHO������DQG�WKH
QXPEHU�RI�VDPSOHV�VWXGLHG�IURP���WR�����7KH
GDWD� RI� 7DEOH��� HYLGHQFH� D� VLJQLILFDQW� LQ�
FUHDVH� RI� WKH� 7L%�� ODWWLFH� SHULRGV� DQG� WKHHIIHFW� RI� WKH� VLQWHULQJ� FRQGLWLRQV� �S�7�
WKHUHRQ�� ,Q� WKH� VDPH� H[SHULPHQWV�� WKH� F%1
ODWWLFH� SHULRG� VKRZV� D� WUHQG� WR� LQFUHDVH
DIWHU�VLQWHULQJ�DW�KLJK�S�DQG�7�SDUDPHWHUV�

7DEOH����0L[WXUH�FRPSRVLWLRQ�DQG�FDOFXODWHG�SKDVH�FRPSRVLWLRQ�RI�VLQWHUHG�FRPSRVLWH�EDVLQJ�RQ
WKH�PDVV�EDODQFH�LQ�UHDFWLRQV����Ü����W\SH�
1R� 0L[WXUH��S�F��PDVV &DOFXODWHG������S�F��PDVV &DOFXODWHG������S�F��PDVV

F%1 $O 7L%� F%1 $O1 $O%� 7L%� F%1 $O1 $O%�� 7L%�
� �� �� Ü ����� ����� ��� Ü ���� ���� ��� Ü
� �� �� � ����� ����� ��� � ���� ���� ��� �
� �� �� �� ����� ����� ��� �� ���� ���� ��� ��
� �� �� �� ����� ����� ��� �� ���� ���� ��� ��

7DEOH����3KDVH�FRPSRVLWLRQ��S�F��PDVV��DQG�SURSHUWLHV�RI�VDPSOHV�VLQWHUHG�XQGHU���*3D�DW������.�
1R� F%1 $O1 $O%� 7L%� $O +.1��*3D U�U�
� ���� ���� ��� Ü ��� ��r� �����r�����
� ���� ��� Ü ��� Ü ��r� �����r�����
� ���� ���� Ü ���� Ü ��r� ����r����
� ���� ���� Ü ���� Ü ��r� �����r�����

7DEOH����&U\VWDO�ODWWLFH�SHULRGV�RI�$O%��VWUXFWXUH�W\SH�SKDVHV�
7KH�SKDVH È��QP °��QP °�È D�F�����QP� 5HIHUHQFH

$O%� ������r������ ������r������ ������ �����r���� >�@
$O%� �������r������� �������r������� ������ ������ >�@
7L%� ������� ������� ����� ����� >�@
7L%� ������ ������ ����� ����� >�@
$O%� �������r������� �������r������� ������ ����� 7KLV�DUWLFOH
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KRZHYHU�� WKDW� LQFUHDVH� LV� QRW� DVVRFLDWHG
ZLWK�WKH�7L%��LQIOXHQFH��7DEOH����,Q�JHQHUDO��VXFK�FKDQJHV�PD\�UHVXOW�IURP
SK\VLFRFKHPLFDO� DQG� SK\VLFR�PHFKDQLFDO� LQ�
WHUDFWLRQ�ZLWK�WKH�PL[WXUH�FRPSRQHQWV��7KH
VHTXHQFH� RI� WHFKQRORJLFDO� RSHUDWLRQV� �FRRO�
LQJ� LQ� WKH� +3$� IROORZHG� E\� WKH� SUHVVXUH
UHOHDVH�GRZQ�WR� VWDQGDUG�FRQGLWLRQV��PDNHV
LW� SRVVLEOH� WR� HYDOXDWH� WKH� UHVLGXDO� HODVWLF
VWUDLQV� �H�� DV� WKH� VXP� RI� WKHUPDO� �HWKHUP�DQG�EDULF��HEDU��FRPSRQHQWV�>��@�

H� �HWKHUP���HEDU� �D���'7���'S�e��.� ���
ZKHUH�D� LV�WKH�OLQHDU�WKHUPDO�H[SDQVLRQ�FR�
HIILFLHQW��.��PRGXOXV�RI�K\GUDXOLF�FRPSUHV�
VLRQ��'7�DQG�'S�� WKH�WHPSHUDWXUH�DQG�SUHV�
VXUH� GURS� IURP� WKH� VLQWHULQJ� SDUDPHWHUV
GRZQ�WR�����.�DQG���Ü��*3D��7KH�UHVLGXDO
WKHUPREDULF� VWUDLQV� ZHUH� FDOFXODWHG� XVLQJ
WKH� SURFHGXUH� IRU� PDFURLVRWURSLF� ELSKDVH
FRPSRVLWH� DW� VWRFKDVWLF� SKDVH� GLVWULEXWLRQ
DV� SURSRVHG� LQ� >��@�� 7KH� UHVLGXDO� WKHUPDO
VWUHVVHV�LQ�SKDVH���DUH

¢VLM²���� ��ª¬E����
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)RU� SKDVH� ��� WKH� FDOFXODWLRQ� LV� VLPLODU�
WKH�FRUUHVSRQGLQJ�LQGLFHV�EHLQJ�VXEVWLWXWHG�
)RU� SKDVHV� �� DQG� ���&�� DQG�&�� DUH� YROXPHFRQFHQWUDWLRQV��.�� DQG�.��� K\GUDXOLF� FRP�SUHVVLRQ�PRGXOL��.�� �.��Ü�.���E� ��D.��D�DQG� D��� OLQHDU� WKHUPDO� H[SDQVLRQ� FRHIIL�FLHQWV�� �E!� �&�E����&�E��� �.!� �&�.���&�.��� D� �E��.�Ü��� D�� E��.�� WKHUPRH�

ODVWLF� FRQVWDQWV�RI� WKH�FRPSRVLWH� FDOFXODWHG
XVLQJ� WKHUPRHODVWLF� FRQVWDQWV� RI� LQGLYLGXDO
SKDVHV�� LQFOXGLQJ�WKH�VKHDU�PRGXOL��*��
7� �7VLQWHU�Ü������GLM�� WKH�.URHQHNHU�V\PERO�VXPPDWLRQ�RYHU�UHSHDWLQJ�LQGLFHV��

7DEOHV��� DQG� �� FRQWDLQ� WKH� LQLWLDO� GDWD
DQG�FDOFXODWLRQ�UHVXOWV�IRU�D�WZR�SKDVH�FRP�
SRVLWH��F%1�7L%��SKDVH�YROXPH�UDWLRV�FRUUH�VSRQG�WR�6DPSOHV�������DQG����VHH�7DEOH����
7KH�FDOFXODWLRQV�KDYH�EHHQ�FDUULHG�RXW�IRU
7� ������.��7KH� WHPSHUDWXUH� DQG� SUHVVXUH
GHSHQGHQFHV� RI� WKHUPRHODVWLF�PRGXOL�*� DQG
.�GLG�QRW�WDNHQ�LQWR�DFFRXQW�

7KH�FDOFXODWHG�UHVXOWV�SUHVHQWHG�LQ�7DEOH
��VKRZ�WKDW� LQ�WKH�7L%��SKDVH��WKH�UHVLGXDOVWUDLQV� HWKHUP������ WKHUHIRUH�� WKH� LQFUHDVLQJYROXPH�RI�WKH�FU\VWDO�XQLW�FHOO�UHVXOWV�PRVW
OLNHO\� IURP� WKH� SK\VLFRFKHPLFDO� LQWHUDFWLRQ
RI�7L%�� ZLWK� WKH�PL[WXUH� FRPSRQHQWV�� 7KLVLV� WUXH� DOVR� IRU� WKH� F%1� SKDVH� ZKHUH� WKH
LQFUHDVH�RI�WKH�ODWWLFH�SHULRG�LV�LQGHSHQGHQW
RI� WKH� 7L%�� SUHVHQFH� LQ� WKH� PL[WXUH�� 7KHUHVLGXDO� VWUHVVHV� LQ� WKH�SKDVHV�RI� WKH�F%1±
7L2�� FRPSRVLWH� DUH� PXFK� ORZHU� WKDQ� WKHIOH[XUDO� VWUHQJWK� RI� WKRVH� SKDVHV
�������*3D�>��@�DQG�������*3D�>��@���7KXV�
IURP� WKH� VWDQGSRLQW� RI� SK\VLFR�PHFKDQLFDO
FRPSDWLELOLW\� RI� WKH� SKDVHV� LQ� WKH� FRPSRV�
LWH��WKH�XVH�RI�7L%��ZLOO�QRW�FDXVH�DQ\�WHFK�QRORJLFDO� FRPSOLFDWLRQV� �FUDFNLQJ�� IDLOXUH�
GXULQJ�WKH�VLQWHULQJ��PDFKLQLQJ�RI�WKH�VDP�
SOHV�DQG�IXQFWLRQDO�WHVWLQJ�RI�WKH�WRROV�

7KXV��DW�WKH�UHDFWLYH�VLQWHULQJ�RI�F%1±$O
FRPSRVLWHV� XQGHU� XOWUDKLJK� SUHVVXUH� DQG
KLJK� WHPSHUDWXUHV�� DGGLWLRQ� RI� 7L%�� WR� WKHLQLWLDO� PL[WXUH� VKLIWV� WKH� LQWHUDFWLRQ� WR�

7DEOH���� (YROXWLRQ� RI� 7L%�� ODWWLFH� SHULRGV� DQG� XQLW� FHOO� YROXPH� DW� VLQWHULQJ� RI� F%1±7L%�±$OV\VWHP�

7KH�FRQGLWLRQV�RI�VLQWHULQJ È��QP °��QP °�È D�F�����QP�
0L[WXUH��Ü�����7L%� �������r������� �������r������ ����� ������r�����
����*3D�������z ������r������ ��������� ����� ������r�����
��*3D�������z �������r������� ���������� ����� ������r�����

7DEOH����(YROXWLRQ�RI�F%1�ODWWLFH�SHULRGV�DQG�XQLW�FHOO�YROXPH�DW�VLQWHULQJ�RI�F%1±7L%�±$O�V\VWHP�

7KH�FRQGLWLRQV�RI�VLQWHULQJ È��QP D������QP 9RO����7L%��LQ�WKHPL[WXUH
0L[WXUH�� �������r������� �����r���� �

0L[WXUH�������� �������r������� �����r���� �Ü����
����*3D�������z �������r������� ������r����� �
����*3D�������z �������r������� �����r���� �Ü����
��*3D�������z �������r������� ������r����� �
��*3D�������z �������r������� ������r����� �Ü����
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ZDUGV� FU\VWDOOL]DWLRQ� RI� DOXPLQXP� GLERULGH
IURP�WKH�PHOW�LQVWHDG�RI�KLJKHU�ERULGHV�DQG
SURYLGHV� WKH� DEVHQFH� RI� UHVLGXDO� DOXPLQXP
LQ�WKH�UHDFWLRQ�SURGXFWV��WKH�PDWHULDO�KDUG�
QHVV� UHPDLQLQJ� HVVHQWLDOO\� XQFKDQJHG�� 7KH
FDOFXODWHG� YDOXHV� RI� UHVLGXDO� WKHUPDO
VWUHVVHV�LQ�F%1�DQG�7L%��SKDVHV�DIWHU�VLQWHU�LQJ� DW� �� *3D� DQG� �����.� DUH� FRQVLGHUDEO\
ORZHU� WKDQ� WKH� IOH[XUDO� VWUHQJWK�� WKXV�SUR�
YLGLQJ� WKH� DEVHQFH� RI� WHFKQRORJLFDO� FRPSOL�
FDWLRQV�GXULQJ� WKH�VLQWHULQJ�DQG�PDFKLQLQJ
RI�WKH�VDPSOHV�

5HIHUHQFHV
� ���-�%DUU\�� *�$NGRJDQ�� 3�6P\WK� HW� DO��� ,Q�

GXVWULDO�'LDPRQG�5HY�������1R��������������
� ���1�9�1RYLNRY�� $�$�6KXO]KHQNR�� 1�3�%H]KHQDU

HW�DO���6YHUNKWYHUG��0DWHU���1R��������������
� ���5�+�:HQWRUI��-��&KHP��3K\V������������������
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