
1RQFRQWDFW�PHWKRG�RI�WKHUPDO�OLQHDUH[SDQVLRQ�FRHIILFLHQW�GHWHUPLQDWLRQIRU�YDULRXV�PDWHULDOV�LQ�WHPSHUDWXUH�UDQJH����WR������&
$�6�%RU]\NK��9�3�3RSRY
��9�6�6DYFKHQNR

�/�9�6NLELQD


��0�0�&KHUQLN


��.�$�<XVKFKHQNR



1DWLRQDO�6FLHQWLILF�&HQWHU��.KDUNLY�,QVWLWXWH�RI�3K\VLFV�DQG�7HFKQRORJ\����$NDGHPLFKHVND\D�6W���������.KDUNLY��8NUDLQH
9�.DUD]LQ�.KDUNLY�1DWLRQDO�8QLYHUVLW\���6YRERG\�6T���������.KDUNLY��8NUDLQH

(�3DWRQ�(OHFWULF�:HOGLQJ�,QVWLWXWH��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI8NUDLQH�����%R]KHQNR�6W���������.LHY����8NUDLQH


%�9HUNLQ�,QVWLWXWH�IRU�/RZ�7HPSHUDWXUH�3K\VLFV�	�(QJLQHHULQJ�1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�8NUDLQH����/HQLQ�$YH���������.KDUNLY��8NUDLQH
5HFHLYHG�-XO\���������
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7R�GHWHUPLQH�WKH�7/(&�RI�GLIIHUHQW�KHDW�UH �VLVWDQW DOOR\V�� FDUERQ�JUDSKLWH�� DQG� FHUDPLFPDWHULDOV� LQ� WKH� ���Ü�����&� UDQJH�� D� QRQ�FRQWDFW� PHWKRG� ZDV� GHYHORSHG� WR� PHDVXUHWKH� VSHFLPHQ� OHQJWK� GXULQJ� KHDWLQJ� DQG
FRROLQJ�� 7KH� VHWXS� IRU� 7/(&� PHDVXULQJ�)LJ����� LV� D� F\OLQGULFDO� ZDWHU�FRROHG� YDF �XXP� FKDPEHU� ���� HTXLSSHG� ZLWK� D� YDFXXPSXPSLQJ�V\VWHP���������D�SRZHU�XQLW��������DQG�D�WKHUPDO�DVVHPEO\�������������������7KH

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
1HZV�RI�7HFKQRORJ\

)XQFWLRQDO�PDWHULDOV������������� ���



SXPSLQJ� V\VWHP� LQFOXGHV� WZR� �195��'0URXJKLQJ�GRZQ�SXPSV�����FRQQHFWHG�LQ�SDU�DOOHO�� DQ� 1����� SXPS� GLIIXVLRQ� ����� DQG� DYDFXXP�OLQH� V\VWHP��7KH�SRZHU�XQLW�RI� WKHVHWXS�LQFOXGHV�WKUHH�SDUDOOHO�FRQQHFWHG�268�������'� WUDQVIRUPHUV� ���� �WKH� WRWDO�SRZHULV�����N:��DQG�D�51����YROWDJH�UHJXODWRU�����7KH�WKHUPDO�DVVHPEO\�FRQVLVWV�RI�FRSSHU���� DQG� JUDSKLWH� ���� OHDG�LQ� ZLUHV�� KHDWHU������ DQG� JUDSKLWH� SODWHV� ���� IDVWHQLQJ� WKHKHDWHU�WR�WKH�OHDG�LQ�ZLUHV�E\�JUDSKLWH�EROWV�����7KH�FDUERQ�JUDSKLWH�DQG�FHUDPLF� VSHFL �PHQV������DUH�VKDSHG�DV�����PP�ORQJ�F\OLQ �GHUV� RI� ��� PP� LQ� GLDPHWHU�� 7KH� F\OLQGHUEXWWV�DUH� WDSHUHG�RII�ZLWK��� � DQJOH�DW�WKHFRQH� YHUWH[�� 7KH� VSHFLPHQ� LV� IL[HG� LQ� DJUDSKLWH�VXSSRUWLQJ�ULQJ�������7KH�VXSSRUW�LQJ� ULQJ� ZLWK� WKH� VSHFLPHQ� LV� PRXQWHG� DWWKH� ERWWRP� RI� D� JUDSKLWH� FRQWDLQHU� ����ZKLFK�LQ�WXUQ�LV�SODFHG�ZLWKLQ�DQRWKHU�FRQ �WDLQHU� ������7KH�ZKROH� V\VWHP� LV�SXW� LQVLGHD�JUDSKLWH�KHDWHU������$�KHDW�UHVLVWDQW�DOOR\�VSHFLPHQ�LV�D�SODWH���×�×���PP���ZLWK� D���PP�GLDPHWHU�KROHLQ�WKH�XSSHU�SDUW��$�FRUXQGXP�WXEXODU�URGLV� IHG� WKURXJK� WKH� KROH� WR� VXVSHQG� WKHVSHFLPHQ� �WKH� PRXQWLQJ� EORFN� IRU� PHWDOVSHFLPHQ�LV�GHWDLOHG�LQ�)LJ�����

:LWK�WKLV�FRQVWUXFWLRQ�RI�WKH�WKHUPDO�DV �VHPEO\�� WKH� VSHFLPHQ� FDQ�EH� VHW� LQ�D�YHUWL �FDO� SRVLWLRQ�� *UDSKLWH� VKLHOGV� ����� ZLWKFDUERQ� IHOW� ����� DQG� D� FDUERQ�FDUERQ� FRP�SRVLWH� FDS� ����� DUH�XVHG� WR� WKHUPRVWDWH� WKHZRUNLQJ�]RQH�RI�WKH�IXUQDFH�ZLWK�WKH�VSHFL �PHQ� �)LJ������ 7KH� JUDSKLWH� VKLHOGV�ZHUH� LQ �VXODWHG�IURP�WKH�OHDG�LQ�ZLUHV�ZLWK�FHUDPLFSODWHV� ������%HORZ������&�� WKH� WHPSHUDWXUHZDV� PHDVXUHG� ZLWK� D� GLIIHUHQWLDO� :±5HWKHUPRFRXSOH� IL[HG� DW� WKH� PLGGOH� RI� WKHVSHFLPHQ�XVLQJ�D�6KFK�����GLJLWDO�YROWPHWHU������ 'XULQJ� KHDWLQJ� DQG� FRROLQJ�� WKH� WHP �SHUDWXUH�ZDV�UHFRUGHG�XVLQJ�D�.63���SRWHQ �WLRPHWHU� FRQGLWLRQV�� $Q� $O�2� FDVLQJ� ZDVXVHG� WR�SUHYHQW� WKH� WKHUPRFRXSOH� FDUEXUL] �LQJ��$ERYH� �����&�� WKH� WHPSHUDWXUH� DW� WKHORZHU� DQG� XSSHU� HQGV� RI� WKH� VSHFLPHQ�ZDVDGGLWLRQDOO\�FRQWUROOHG�WKURXJK�WKH�YLHZLQJZLQGRZV� ����� XVLQJ� D� 3URPLQ±� S\URPHWHU�7KH� VSHFLPHQ� OHQJWK� ZDV� PHDVXUHG� E\� D9���� FDWKHWRPHWHU� ����� WKURXJK� WKH� FKDP�EHU� ZLQGRZV� DQG� WKH� VORWV� FXW� LQ� WKHVKLHOGV��WKH�KHDWHU�DQG�WKH�FRQWDLQHUV�7KH�PHDVXUHPHQWV�ZHUH�PDGH�LQ���Ü� 7RUUYDFXXP�� 7KH� LQLWLDO� VSHFLPHQ� OHQJWK� DWURRP�WHPSHUDWXUH�ZDV�PHDVXUHG�XVLQJ�D�PL �FURPHWHU�DQG�D�FDWKHWRPHWHU��7KH�GLIIHUHQFHEHWZHHQ� WKHLU� UHDGLQJV�ZDV�DW�PRVW�������7KH�FDWKHWRPHWHU�REMHFWLYH�ZDV�DW������PPGLVWDQFH� IURP� WKH� VSHFLPHQ�� 7KH� VSHFLPHQLQLWLDO�WHPSHUDWXUH�ZDV�IRXQG�IURP�WKH�WKHU �PRFRXSOH� UHDGLQJV� � DQG� FRQWUROOHG� ZLWK� DODERUDWRU\� WKHUPRPHWHU�� 7KH� VSHFLPHQ� ZDVKHDWHG� DQG� NHSW� DW� WKH� PHDVXUHPHQW� WHP �SHUDWXUH�XVLQJ�D�KLJK�SUHFLVLRQ�957���FRQ �WUROOHU�� 7KH� KHDWLQJ� UDWH� ZDV� DERXW��&�PLQ�� 7KH� VSHFLPHQ� OHQJWK� ZDV� PHDV �XUHG� DW� VWHDG\�VWDWH� KHDW� IORZ� DW� LQWHUYDOVRI���Ü���&��7KH�H[SRVXUH�DW�HDFK�WHPSHUD �WXUH�ZDV�DERXW���PLQ��7KH�WHPSHUDWXUH�ZDVPDLQWDLQHG� WR�ZLWKLQ� ±��GHJ��2QH�PHDVXUH�

)LJ����� 7KH� EDVLF� VFKHPH� RI� WKH� VHWXS� IRUPHDVXULQJ� 7/(&�� ��� ZDWHU�FRROHG� YDFXXPFKDPEHU�����1�����GLIIXVLRQ�SXPS������195��'0�YDFXXP�SXPS�����268��������'�SRZHUWUDQVIRUPHU�� ���51���� YROWDJH� UHJXODWRU�� ��ZDWHU�FRROHG� OHDG�LQ� ZLUHV�� ��� EXON� JUDSKLWHFXUUHQW� EHDULQJ� EDUV�� ��� JUDSKLWH� EROWV�� ��JUDSKLWH� SODWHV�� ���� FHUDPLF� VXSSRUWV�� ���PRXQWLQJ�EORFN�IRU� WKH�VSHFLPHQ�� ����FRUXQ�GXP� WXEH�� ���� VSHFLPHQ�� ���� ORRNLQJ� ZLQ�GRZV������9����� FDWKHWRPHWHU�� ����6KFK����GLJLWDO� YROWPHWHU�� ���� ���� JUDSKLWH� FRQWDLQ�HUV�� ���� JUDSKLWH� KHDWHU�� ���� JUDSKLWH� FDS�����FDUERQ�IHOW������KHDW� VKLHOGV������IURVWHGJODVV������OLJKW�VRXUFH�

)LJ����� 0RXQWLQJ� EORFN� IRU� KHDW�UHVLVWDQWDOOR\� VSHFLPHQV�� ��� VSHFLPHQ�� ��� FRUXQGXPWXEH�����WKHUPRFRXSOH�����FHUDPLF�URG�IRU�IL[�LQJ�WKH�VSHFLPHQ����� ORRNLQJ�ZLQGRZV�����FH�UDPLF� URG� IRU� VXVSHQGLQJ� WKH� VSHFLPHQ�� ��KHDWHU�
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PHQW� UXQ� WRRN� DERXW� ��� V� DQG� ZDV� PDGHWZLFH� IRU� HDFK� WHPSHUDWXUH�� 7KH� VSHFLPHQOHQJWK�DW�WKH�PHDVXUHPHQW�WHPSHUDWXUH�ZDVIRXQG� DV� WKH� DULWKPHWLFDO� PHDQ� RI� WZRPHDVXUHPHQWV��WKH�GLIIHUHQFH�EHWZHHQ�WKRVHEHLQJ� DW� PRVW� �� ��� $V� PHQWLRQHG� DERYH�WKH�WHPSHUDWXUH�RYHU������&�ZDV�PHDVXUHGDGGLWLRQDOO\� E\� D� S\URPHWHU�� 7KH� WHPSHUD �WXUH�GLIIHUHQFH�EHWZHHQ�WKH�ORZHU�DQG�XSSHUHQGV� RI� WKH� VSHFLPHQ� GLG� QRW� H[FHHG� �� �&DQG� SUDFWLFDOO\� GLVDSSHDUHG� DERYH� ���� �&�7KH� WRWDO� H[SDQVLRQ� RI� WKH� V\VWHP� FDQ� EHQHJOHFWHG�LQ�WKLV�PHWKRG�%HFDXVH� RI� WKH� UDQGRP� PHDVXUHPHQWHUURU�� WKH� H[SHULPHQWDO� WHPSHUDWXUH� GH �SHQGHQFHV�RI�WKH�UHODWLYH�HORQJDWLRQ�H[KLELWD�FHUWDLQ�GDWD�VFDWWHU��7KH�HVWLPDWLRQ�RI�WKH7/(&� GLUHFWO\� IURP� WKHVH� UHVXOWV�� L�H�� GLI �IHUHQWLDWLRQ� RI� WKH� UHODWLYH� HORQJDWLRQ�ZLWKUHVSHFW� WR� WHPSHUDWXUH�� ZRXOG� IXUWKHU� LQ �FUHDVH� WKH� VFDWWHU� DQG�PDNH� LW� GLIILFXOW� WRFOHDU� XS� WKH� UHJXODULWLHV� RI� WKH�7/(&�YDUL �DWLRQ�ZLWK�WHPSHUDWXUH��7R�DYRLG�WKLV�SURE �OHP�� WKH� H[SHULPHQWDO� UHVXOWV� RQ� WKH� UHOD �WLYH� HORQJDWLRQ� ZHUH� DSSUR[LPDWHG� ZLWK� DWKLUG�GHJUHH� SRO\QRPLDO� �0LFURVRIW� ([FHO3URJUDP��� 7KH� 7/(&� ZDV� WKHQ� HVWLPDWHGIURP�WKH�UHVXOWLQJ�VPRRWKHG�FXUYH�2Q�KHDWLQJ��WKH�7/(&�ZDV�IRXQG�DV
α = ∆/ ⁄ /�(7� − 7�)�� ���

ZKHUH� α LV� WKH� DYHUDJH� 7/(&� YDOXH� LQ� WKH7�Ü7� LQWHUYDO�� /��� WKH� LQLWLDO� VSHFLPHQOHQJWK��∆/��WKH�VSHFLPHQ�HORQJDWLRQ�DW�KHDW �LQJ�IURP�7� WR�7���7KH�7/(&�PHDVXUHPHQWHUURU�ZDV�DW�PRVW������(OHFWURO\WLF� QLFNHO� ZDV� FKRVHQ� DV� D� SUL �PDU\� VWDQGDUG� VSHFLPHQ� IRU� FKHFNLQJ� WKHGLODWRPHWHU��$V� FRPSDULVRQ� VKRZV�� WKH� GLV �FUHSDQF\� EHWZHHQ� WKH� PHDVXUHG� 7/(&� YDO �XHV� DQG� WKH� FRUUHVSRQGLQJ� OLWHUDWXUH� GDWD>�@� GRHV� QRW� H[FHHG� ����� 7R� WHVW� WKH� UHOL �DELOLW\�RI�7/(&�PHDVXUHPHQW�DW�KLJKHU�WHP �SHUDWXUHV�� WKH� 7/(&� RI� FRPPHUFLDO� $3%JUDSKLWH� ZDV� PHDVXUHG� DORQJ� WKH� FRPSDFW �LQJ� D[LV�� 7KH� UHVXOWV� REWDLQHG� ZHUH� FRP �SDUHG�ZLWK� OLWHUDWXUH�GDWD� >�@�� 6R� WKH� ODUJ �HVW� GHYLDWLRQ� RI� FRPPHUFLDO� $3%� JUDSKLWH7/(&� IURP� WKH� WDEXODWHG� GDWD� DW� WHPSHUD �

WXUHV� XS� WR� �����&� KDV� EHHQ� VKRZQ� WR� EHZLWKLQ�����$V� DQ� H[DPSOH�� ZH� VKRZ� KHUH� WKH� WHP �SHUDWXUH�GHSHQGHQFHV�RI�WKH�UHODWLYH�HORQJD �WLRQ�DQG�WKH�WKHUPDO� OLQHDU�H[SDQVLRQ�FRHI �ILFLHQW�IRU�WKH�5HQH����KHDW�UHVLVWDQW�DOOR\�7KH�GHSHQGHQFHV�ZHUH�WDNHQ�XVLQJ�WKH�QRQ �FRQWDFW�PHWKRG�GHVFULEHG�LQ�WKLV�VWXG\��7KHFKHPLFDO� FRPSRVLWLRQ� RI� WKH� DOOR\� LV� SUH �VHQWHG�LQ�7DEOH�7KH� DOOR\� KHDW� WUHDWPHQW� SURFHVV� LQ �YROYHG� KHDWLQJ� WR� �����&� DQG� NHHSLQJ� WKHVSHFLPHQ� DW� WKLV� WHPSHUDWXUH� IRU� ��� PLQ�7KH�DOOR\�ZDV�WKHQ�FRROHG�WR���� �&�DW�D�UDWHRI� ����&�PLQ� DQG� NHSW� DW� ����&� IRU� ��� K�7KLV� KHDW� WUHDWPHQW� UHVXOWHG� LQ� IRUPDWLRQRI�D�WZR�SKDVH��γ ��γ′��VWUXFWXUH��WKH�γ SKDVHKDV� D� )&&� ODWWLFH�ZKHUH� WKH� DWRPV� RI� HDFKDOOR\� FRPSRQHQW� FDQ� RFFXS\� DQ\� SRVLWLRQ�L�H�� WKH� SKDVH� LV� GLVRUGHUHG�� ZKLOH� WKH� γ′SKDVH�DOVR�KDV�D�)&&�VWUXFWXUH�EXW�ZLWK� 1LDQG� $O DWRPV� RFFXS\LQJ� VWULFWO\� VSHFLILFVLWHV� LQ�WKH�FU\VWDO� ODWWLFH�� L�H��WKH�SKDVH�LVRUGHUHG�7KH� WHPSHUDWXUH�GHSHQGHQFH�RI� WKH�UHOD �WLYH� HORQJDWLRQ� IRU� WKH� 5HQH� ��� DOOR\� LVVKRZQ�LQ�)LJ����7KH�WHPSHUDWXUH�GHSHQGHQFH�RI�WKH�WKHU �PDO� OLQHDU� H[SDQVLRQ� FRHIILFLHQW� IRU� WKH5HQH����DOOR\�LV�VKRZQ�LQ�)LJ����+HDW�UHVLVWDQW� 1L�EDVHG� DOOR\V� ZHUH� GHYHO�RSHG�IRU�DSSOLFDWLRQV� LQ�JDV�WXUELQH�DQG�WXU �ERMHW�HQJLQHV��7KHVH�DOOR\V�DUH�WZR�SKDVH�� γ �
γ′��V\VWHPV�LQ�D�FHUWDLQ�WHPSHUDWXUH�LQWHUYDO�

7DEOH��&RPSRVLWLRQ�RI�5HQH����1L�EDVHG�
$OOR\ 0DVV�IUDFWLRQ��SHU�FHQW& &R 0R $O 7L 1E 7D &U : 3 65HQH��� ���� ���� ���� ���� ���� ���� ���� ����� ���� ������ ������1L�EDVHG

)LJ����� 5HODWLYH� HORQJDWLRQ� RI� 5HQH� ��� DOOR\YHUVXV�WHPSHUDWXUH���� Ü�KHDWLQJ��� Ü�FRROLQJ�
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7KH� GLVSHUVH� FU\VWDOV� RI� WKH� γ′ SKDVHVWUHQJWKHQ�WKH�DOOR\��VLQFH�WKH�PRWLRQ�RI�GLV �ORFDWLRQV� WKHUHLQ� LV� FRQQHFWHG� ZLWK� WKH� DQ �WLSKDVH�ERXQGDU\�IRUPDWLRQ��$V�D�UHVXOW��WKH
γ′ SKDVH�FU\VWDOV�DUH�VWUDLQHG�E\�SDLUHG�GLVOR �FDWLRQV�� ,I� WKH� GLVORFDWLRQV� FDQQRW� FURVV� WKH
γ′ FU\VWDOV� RU� FDUELGHV� RI� UHIUDFWRU\� PHWDOV�WKH�VWUDLQLQJ�SURFHHGV�E\�WKH�2URYDQ�PHFKD �QLVP�� DOVR� UHVXOWLQJ� LQ� WKH� DOOR\� KDUGHQLQJ�7R�UDLVH�WKH�ZRUNLQJ�WHPSHUDWXUHV��!���� �&��&R LV� LQWURGXFHG� LQWR�WKH�1L EDVH��7R�KDUGHQWKH� DOOR\��: DQG�0R DUH� DGGHG��ZKLFK� UHDFWZLWK� FDUERQ� DQG� IRUP� FDUELGHV� RI� WKHVH� UH �IUDFWRU\�PHWDOV� >�@��7KH�5HQH����DOOR\� VWXG �LHG�KHUH�EHORQJV�WR�WKLV�JURXS�7KH� WHPSHUDWXUH�GHSHQGHQFH� RI� WKH�UHOD �WLYH� HORQJDWLRQ� RI� WKH� 5HQH� ��� DOOR\� ZLWKLQLWLDO�WZR�SKDVH�VWUXFWXUH�FRQWDLQLQJ�DERXW����� RI� γ′ �)LJ����� H[KLELWV� D� SURQRXQFHG
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