
6KRFN�7XEH�6WXG\�RI�WKH�2[LGDWLRQ�RI�$FHWDOGHK\GH�DW�+LJK�7HPSHUDWXUH �%XOO��.RUHDQ�&KHP��6RF��������9RO������1R�����������

6KRFN�7XEH�6WXG\�RI�WKH�2[LGDWLRQ�RI�$FHWDOGHK\GH�DW�+LJK�7HPSHUDWXUH

6HRN�-DH�:RQ��-L�&KHRO�5\X��-XQ�+\XQ�%DH���<RXQ�'RR�.LP��DQG�-XQ�*LOO�.DQJ


'HSDUWPHQW�RI�&KHPLVWU\��&KXQJQDP�1DWLRQDO�8QLYHUVLW\��7DHMRQ����������.RUHD
�'HSDUWPHQW�RI�(QYLURQPHQWDO�(QJLQHHULQJ��$Q\DQJ�8QLYHUVLW\��.\XQJNL�'R����������.RUHD

5HFHLYHG�0DUFK��������

7KH�FRPEXVWLRQ�FKDUDFWHULVWLFV�RI�D�PL[WXUH�RI�DFHWDOGHK\GH��R[\JHQ�DQG�DUJRQ�EHKLQG�D�UHIOHFWHG�VKRFN�ZDYH

DW�WHPSHUDWXUHV�UDQJLQJ�IURP������WR������.�DW�����WRUU�ZHUH�VWXGLHG��7KH�HPLVVLRQ�IURP�WKH�2+�UDGLFDO�DW

������QP�DQG�WKH�SUHVVXUH�SURILOH�EHKLQG�WKH�UHIOHFWHG�VKRFN�ZHUH�PHDVXUHG�WR�PRQLWRU�LJQLWLRQ�GHOD\�WLPH��7KH

LJQLWLRQ�GHOD\�WLPHV�ZHUH�FRPSXWHG�IURP�D�SURSRVHG�PHFKDQLVP�RI�����HOHPHQWDU\�UHDFWLRQV�LQYROYLQJ����VSH�

FLHV��7KH�VLPXODWLRQ�DQG�VHQVLWLYLW\�DQDO\VLV�FRQILUPV�WKDW�WKH�PDLQ�FKDQQHO�IRU�R[LGDWLRQ�RI�DFHWDOGHK\GH�DW

KLJK�WHPSHUDWXUH�FRQVLVWV�RI�WKH�5LFH�+HU]IHOG�PHFKDQLVP��WKH�GHFRPSRVLWLRQ�DQG�R[LGDWLRQ�RI�+&2��DQG�WKH

UHDFWLRQ�RI�+�ZLWK�2���

,QWURGXFWLRQ

7KH� JDV�SKDVH� R[LGDWLRQ� RI� DFHWDOGHK\GH� KDV� GUDZQ� D

JUHDW� GHDO� RI� DWWHQWLRQ�� VLQFH� DFHWDOGHK\GH� LV� DQ� LPSRUWDQW

LQWHUPHGLDWH� LQ� WKH� R[LGDWLRQ� RI� PDQ\� K\GURFDUERQ� IXHOV�

0RVW�RI�ZRUNV�RQ�WKH�R[LGDWLRQ�RI�DFHWDOGHK\GH�XVH�D�VWDWLF

UHDFWRU��DQG�D�FRQWLQXRXV�IORZ�VWLUUHG�WDQN�UHDFWRU��&675�����

7KRVH� V\VWHPV� DUH� GHVLJQHG� IRU� WKH� ORZ�WHPSHUDWXUH� FRP�

EXVWLRQ��7 � ����.��LQ�RUGHU�WR�VWXG\�WKH�DXWRLJQLWLRQ�FRQGL�

WLRQV� WKDW� SURGXFH� NQRFN� LQ� D� VSDUN�LJQLWLRQ� HQJLQH�� 7KH

ORZ�WHPSHUDWXUH� R[LGDWLRQ� RI� DFHWDOGHK\GH� LQ� WKH� &675

H[KLELWV�RVFLOODWRU\�FRRO�IODPHV�DQG�LJQLWLRQ��7KH�RVFLOODWRU\

SKHQRPHQD� LQ� WKH� &675� KDYH� EHHQ� GHVFULEHG� XVLQJ� D

GHWDLOHG�HOHPHQWDU\�UHDFWLRQ�PHFKDQLVP��6LPXODWLRQV�RI�WKH

DXWRLJQLWLRQ�KDYH�GHPRQVWUDWHG�WKDW�WKH�R[LGDWLRQ�RI�DFHWDO�

GHK\GH�DW�WKH�ORZ�WHPSHUDWXUH�LV�LQLWLDWHG�YLD�WKH�IRUPDWLRQ

RI�SHUDFHWLF� DFLG��ZKLFK�JHQHUDWHV� D�EUDQFKLQJ� FKDLQ� UHDF�

WLRQ��3HUDFHWLF�DFLG�LV�DOVR�RQH�RI�WKH�LPSRUWDQW�LQWHUPHGLDWHV

LQ� WKH� FRPEXVWLRQ� RI� Q�EXWDQH� DW� ORZ� WHPSHUDWXUH��� 7KH

KLJK�WHPSHUDWXUH�R[LGDWLRQ�RI�DFHWDOGHK\GH�KDV�EHHQ�LQYHV�

WLJDWHG�LQ�D�WXUEXOHQW�IORZ�UHDFWRU�E\�&RONHW�HW�DO���DQG�LQ�D

MHW�VWLUUHG�UHDFWRU�E\�'DJDXW�HW�DO���7KH�PHWK\O�DQG�K\GUR[\O

UDGLFDOV�SOD\�WKH�PDMRU�UROH�LQ�WKH�R[LGDWLRQ�RI�DFHWDOGHK\GH

LQ� WKH� KLJK� WHPSHUDWXUH�� ZKLOH� DON\SHUR[LGH� LQWHUPHGLDWHV

KDYH� EHHQ� H[FOXGHG� IURP� WKH� UHDFWLRQ� PHFKDQLVP�LQ� WKH

FRPEXVWLRQ�RI�K\GURFDUERQ�IXHOV�DW�KLJK�WHPSHUDWXUH���

8S� WR�GDWH�� D� IHZ�SDSHU�GHDOLQJ�ZLWK� WKH�FRPEXVWLRQ�RI

DFHWDOGHK\GH� EHKLQG� VKRFN� ZDYH� KDV� EHHQ� SXEOLVKHG����

'DJXHW�HW�DO��DOVR�PHDVXUHG�LJQLWLRQ�GHOD\�WLPHV�LQ�WKH�DFHWDO�

GHK\GH� R[LGDWLRQ� EHKLQG� WKH� UHIOHFWHG� VKRFN��� +RZHYHU�� D

FRPSUHKHQVLYH�ZRUN�RQ�WKH�R[LGDWLRQ�RI�DFHWDOGHK\GH�LQ�WKH

VKRFN�WXEH�KDV�QRW�EHHQ�UHSRUWHG��7KLV�VWXG\�LQYHVWLJDWHG�WKH

FRPEXVWLRQ�RI�DFHWDOGHK\GH�DW�KLJK�WHPSHUDWXUH�LQ�GHWDLO��7KH

LJQLWLRQ� GHOD\� WLPH� RI� DFHWDOGHK\GH� DQG� R[\JHQ� PL[WXUH

GLOXWHG�LQ�DUJRQ�ZDV�PRQLWRUHG�EHKLQG�D�UHIOHFWHG�VKRFN�E\

PHDVXULQJ�SUHVVXUH�SURILOH�DQG�WKH�2+�UDGLFDO�HPLVVLRQ�SUR�

ILOH�� 7KH� GHWDLOHG� NLQHWLFV� RI� WKH� LJQLWLRQ� RI� DFHWDOGHK\GH

ZHUH�SURSRVHG�IURP�VLPXODWLRQV�RI�WKH�LJQLWLRQ�GHOD\�WLPH�

([SHULPHQWDO�6HFWLRQ

7KH�VKRFN� WXEH�DSSDUDWXV�ZLWK�D�GULYHQ�VHFWLRQ�RI������

PP�ORQJ�DQG������PP�LQWHUQDO�GLDPHWHU�KDV�EHHQ�GHVFULEHG

LQ� GHWDLO� HOVHZKHUH������� 7HVW� JDV�PL[WXUH� ZDV� SUHSDUHG� E\

PL[LQJ�DFHWDOGHK\GH��)XNXGD���������R[\JHQ��������SXUH�

DQG�DUJRQ����������SXUH��PDQRPHWULFDOO\�ZLWKLQ�DQ�HUURU�RI

����� WRUU�DQG�ZDV�VWRUHG� LQ�D�3\UH[� IODVN�FRQQHFWHG� WR� WKH

GULYHQ�VHFWLRQ�RI�WKH�VKRFN�WXEH��7KH�JDVHV�ZHUH�NHSW�ZDUP

DW�FD�����R&�DQG�VWLUUHG�LQ�RUGHU�WR�SUHYHQW�WKH�FRQGHQVDWLRQ

RI� DFHWDOGHK\GH�� 7KH� GULYHU� JDV� ZDV� SXUH� JUDGH� KHOLXP

����������� (LJKW� GLIIHUHQW� PL[WXUHV�� DV� OLVWHG� LQ� 7DEOH� ��

ZHUH�SUHSDUHG��7KH�DUJRQ�FRQFHQWUDWLRQ�ZDV�YDULHG�WR�H[DP�

LQH�WKH�HIIHFW�RI�DUJRQ�RQ�WKH�LJQLWLRQ�GHOD\�WLPH�

7KH� UHIOHFWHG� VKRFN� SDUDPHWHUV� �7���3���ZHUH� FDOFXODWHG
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IURP� WKH� LQFLGHQW� VKRFN� VSHHG� DQG� WKH� FRPSRVLWLRQ� RI� WKH

PL[WXUH� LQ� WKH� GULYHQ� VHFWLRQ� E\� XVLQJ� WKH� 1$6$�/HZLV

HTXLOLEULXP� SURJUDP�� ,Q� WKLV� SURJUDP�� WKH� FRPSRVLWLRQ� RI

WKH�PL[WXUH�LV�DVVXPHG�WR�EH�IL[HG�IRU�DQ\�WKHUPRG\QDPLF

SURFHVV�IURP�WKH�LQLWLDO�FRQGLWLRQ�WR�WKH�VKRFNHG�FRQGLWLRQ���

7KH�LJQLWLRQ�GHOD\�WLPH�ZDV�VLPXODWHG�XVLQJ�WKH�&+(0.,1

SDFNDJH����ZKLFK�LQFOXGHV�WKHUPRG\QDPLF�GDWD�IRU�FKHPLFDO

VSHFLHV�FRQVLGHUHG�LQ�WKH�PHFKDQLVP��$QDO\VLV�RI�RXU�PHFK�

DQLVP�ZDV�DOVR�SHUIRUPHG�XVLQJ�.,1$/&�SDFNDJH���

5HVXOWV�DQG�'LVFXVVLRQ

,JQLWLRQ�'HOD\�7LPH� )LJXUH���VKRZV�D�W\SLFDO�RVFLOOR�

JUDP�RI�SURILOHV�RI�WKH�SUHVVXUH�DQG�2+�HPLVVLRQ�LQWHQVLW\

REVHUYHG�DW�WKH�HQG�RI�WKH�GULYHQ�VHFWLRQ��7KH�VLJQDOV�ZHUH

WULJJHUHG� VLPXOWDQHRXVO\� ZKHQ� WKH� LQFLGHQW� VKRFN� ZDYH

SDVVHG� WKURXJK� D� SUHVVXUH� WUDQVGXFHU� LQVWDOOHG� DW� ����PP

IURP� WKH� HQG� SODWH�� 7KH� DUULYDO� RI� WKH� UHIOHFWHG� VKRFN

LQGXFHG�D�PLOG�SUHVVXUH� ULVH�� IROORZHG�E\�D�VKDUS�SUHVVXUH

VSLNH�� ZKLFK� LV� DVVRFLDWHG� ZLWK� WKH� LJQLWLRQ�� $W� WKH� VDPH

WLPH��D�VXGGHQ�LQFUHDVH�LQ�WKH�2+�HPLVVLRQ�LV�REVHUYHG��7KH

LJQLWLRQ�GHOD\�WLPH��τ�� LV�GHILQHG�DV�WKH�SHULRG�EHWZHHQ�WKH
DUULYDO�RI� WKH� UHIOHFWHG�VKRFN�DQG� WKH�PD[LPXP�2+�HPLV�

VLRQ�LQWHQVLW\��7KH�LJQLWLRQ�GHOD\�WLPH�GHULYHG�IURP�WKH�SUHV�

VXUH� SURILOH� LV� WKH� VDPH� DV� WKDW� GHULYHG� IURP� WKH� 2+

HPLVVLRQ�� ,W� LV�ZRUWK�QRWLQJ� WKDW�D� W\SLFDO�SUHVVXUH�RVFLOOR�

JUDP�FRXOG�QRW�EH�REWDLQHG�IURP�WKH�PL[WXUH�ZLWK�PRUH�WKDQ

����$U��,Q�WKLV�VWXG\��ZH�FRQILQHG�RXU�DWWHQWLRQ�WR�PL[WXUHV

ZLWK�OHVV�WKDQ�WKH�����$U��7KH�UDQJH�RI�WKH�REVHUYHG�LJQL�

WLRQ�GHOD\�WLPHV�DQG�WKH�UHIOHFWHG�VKRFN�WHPSHUDWXUH��7���IRU

HDFK�PL[WXUH�DUH�DOVR�OLVWHG�LQ�7DEOH����

7KH� SORW� RI� OQ� τ� YV�� ��7�� LV� YHU\� XVHIXO� IRU� IRUPXODWLQJ
REVHUYHG�LJQLWLRQ�GHOD\�WLPHV�WKHUPRG\QDPLFDOO\��,Q�)LJXUH

��WKH�UHODWLRQVKLS�EHWZHHQ�OQ�τ�DQG���7��IRU�HDFK�PL[WXUH�LV
TXLWH�OLQHDU��$FFRUGLQJO\��WKH�REVHUYHG�LJQLWLRQ�GHOD\�WLPHV

)LJXUH����7\SLFDO�RVFLOORJUDPH�RI�SUHVVXUH��XSSHU��DQG�������QP
HPLVVLRQ� LQWHQVLW\� �ORZHU�� SURILOHV� LQ� &+�&+2�2��$U� PL[WXUH
EHKLQG�D�UHIOHFWHG�VKRFN��$��SRLQW�WULJJHUHG�E\�DQ�LQFLGHQW�ZDYH
%��DQ�DUULYDO�RI�D�UHIOHFWHG�VKRFN�DQG�&��RQVHW�RI�GHWRQDWLRQ���7KH
VZHHS�VSHHG�LV�����PV�GLY�
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ZKHUH�$� LV� WKH� SUH�H[SRQHQWLDO� IDFWRU��(� LV� DQ� DFWLYDWLRQ

HQHUJ\��DQG�D��E�DQG�F�DUH�UHDFWLRQ�RUGHUV��0XOWLSOH�UHJUHV�

VLRQ�DQDO\VLV�ZDV�HPSOR\HG�WR�REWDLQ�WKH�EHVW�ILW�SDUDPHWHUV�

7KH�ILQDO�UHVXOWV�DUH
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(� �������NFDO⋅PRO−���± �����NFDO⋅PRO−��

ZKHUH�τ�DQG�FRQFHQWUDWLRQ�DUH�JLYHQ�LQ�V�DQG�PRO�GP−���7KH

UHOLDELOLW\�RI�WKHVH�UHVXOWV�FDQ�EH�WHVWHG�E\�SORWWLQJ�DOO�GDWD�DV

OQ^τ������� × ��−��>&+�&+2@
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$V�VKRZQ�LQ�)LJXUH����DOO�WKH�SRLQWV�OLH�FORVH�WR�D�VLQJOH�OLQH�

WKH�VORS�RI�ZKLFK�UHSUHVHQWV�WKH�YDOXH�RI��(�5�

7KH� REVHUYHG� DFWLYDWLRQ� HQHUJ\� RI� DFHWDOGHK\GH� LV� YHU\

ORZ�� FRPSDUHG� ZLWK� WKH� UHSRUWHG� YDOXHV� IRU� VRPH� FRP�

SRXQGV��7KH�REVHUYHG�YDOH� LV� KLJKHU� WKDW� WKDW� RI� DFHW\OHQH

������NFDO⋅PRO−�����EXW� LV�FRPSDUDEOH�ZLWK� WKDW�RI�HWK\OHQH
R[LGH�������NFDO⋅PRO−������3UHYLRXVO\��ZH�UHSRUWHG�WKH�WKHR�
UHWLFDO�YDOXHV�IRU�WKH�DFWLYDWLRQ�HQHUJLHV�DQG�HQHUJ\�FKDQJHV

IRU� WKH� GHFRPSRVLWLRQ� RI� HWK\OHQH� R[LGH���� 7KH� FRQIRUPD�

WLRQDO�HQHUJ\�RI�DFHWDOGHK\GH�LV�������NFDO⋅PRO−��KLJKHU�WKDQ
WKDW�RI�HWK\OHQH�R[LGH��7KHUHIRUH�� WKH�FRPEXVWLRQ�RI�HWK\O�

HQH�R[LGH�VKRXOG�EH�PRUH�H[RWKHUPLF�WKDQ�WKDW�RI�LWV�LVRPHU�

DFHWDOGHK\GH��+RZHYHU��WKH�DFWLYDWLRQ�HQHUJ\�RI�WKH�WZR�LVR�

PHUV�LV�DOPRVW�WKH�VDPH��,W�VKRXOG�EH�QRWHG�WKDW�XQGHU�VLPL�

ODU� H[SHULPHQWDO� FRQGLWLRQV�� WKH� DFHWDOGHK\GH� PL[WXUHV

SURGXFHG�PXFK�ORQJHU�GHOD\�WLPHV�WKDQ�HWK\OHQH�R[LGH��)RU

WKH� HTXLYDOHQW�UDWLR� PL[WXUH� �GLOXWHG� LQ� $U� ZLWK�FD�� ���

PROH�UDWLR��DW�7� �����.��WKH�GHOD\�WLPH�ZDV�REVHUYHG�WR�EH

FD������µV�IRU�WKH�DFHWDOGHK\GH�PL[WXUH�DQG�FD�����µV���IRU
WKH�HWK\OHQH�R[LGH�PL[WXUH��3URYLVLRQDOO\��LW�LV�DVVXPHG�WKDW

WKH�UHDFWLYLW\�EHWZHHQ�WKH�LVRPHUV�LV�UHODWHG�WR�WKH�LQGXFWLRQ

SHULRG�UDWKHU� WKDQ�WKH�DFWLYDWLRQ�HQHUJ\��$UJRQ�LQKLELWV� WKH

R[LGDWLRQ�RI� DFHW\OHQH� DQG� HWK\OHQH�R[LGH�� DOWKRXJK� LQ� WKH

DFHWDOGHK\GH�R[LGDWLRQ�WKH�$U�FRQWHQW�KDV�D�QHJOLJLEOH�HIIHFW

RQ�WKH�LJQLWLRQ�GHOD\�WLPH�FRPSDUHG�ZLWK�WKH�HIIHFWV�RI�DFH�

WDOGHK\GH�DQG�R[\JHQ�

6LPXODWLQJ�WKH�,JQLWLRQ�'HOD\�7LPH � ([SHULPHQWDO�DQG

PRGHOLQJ�VWXGLHV�RI�DFHWDOGHK\GH�R[LGDWLRQ�KDYH�EHHQ�IRFXVHG

RQ� ORZ� WHPSHUDWXUH� SKHQRPHQD��� %HORZ� ���� .�� +�DWRP

DEVWUDFWLRQ�E\�PROHFXODU�R[\JHQ�LV�WKH�PDMRU�LQLWLDWLRQ�VWHS

DQG� WKH� SURSDJDWLRQ� VWHSV� LQYROYH� IRUPDWLRQ� RI� DFHW\OSHU�

R[\O�UDGLFDO�YLD�2��DGGLWLRQ�

&+�&+2���2�  &+�&2���+2�

&+�&2���2�  &+�&2�

,Q� WKH� FKDLQ�EUDQFKLQJ� UHDFWLRQ�� WKH� DFHW\OSHUR[LGH� UDGLFDO

DFFHOHUDWRU�IRUPV�YLD�WKH�IRUPDWLRQ�RI�SHUDFHWLF�DFLG�

&+�&2����&+�&+2  &+�&2�+���&+�&2

&+�&2�+  &+����2+���&2�

$V� WHPSHUDWXUH� LQFUHDVHV� DERYH� ���� .�� WKH� UDWH� RI� WKH

GHFRPSRVLWLRQ� RI� DFHW\O� UDGLFDO� LQFUHDVHV� UHODWLYH� WR� WKH

DGGLWLRQ�RI�2��

&+�&2���0  &+����&2���0 ����

&DYDQDJK�HW�DO���SURSRVHG�WKH�GHWDLOHG�PHFKDQLVP�RI�DFHWDO�

GHK\GH�R[LGDWLRQ�DW� ORZ� WHPSHUDWXUH� WKDW� LQYROYHV�PHWK\O�

SHUR[\�DQG�DFHW\OSHUR[\O�UHDFWLRQV��,QLWLDOO\��ZH�FRQVLGHUHG

WKHLU�PHFKDQLVP�WR�FDOFXODWH�WKH�LJQLWLRQ�GHOD\�WLPH��+RZ�

HYHU�� WKH� FDOFXODWHG� LJQLWLRQ� WLPHV� ZHUH� QRW� FORVH� WR� WKH

REVHUYHG�YDOXHV��7KLV�QHFHVVLWDWHG�GHYHORSLQJ�D�PRUH� UHOL�

DEOH�NLQHWLF�VFKHPH� WR�H[SODLQ�RXU�REVHUYHG� LJQLWLRQ�GHOD\

WLPHV�LQ�&+�&+2�2��$U�PL[WXUHV�EHKLQG�D�UHIOHFWHG�VKRFN�

$W�KLJK�WHPSHUDWXUH��WKH�FKDQQHO�YLD�DFHW\OSHUR[LGH�UDGLFDO

ZDV� IRXQG� WR� EH� LQVHQVLWLYH� WR� WKH� LJQLWLRQ� GHOD\� WLPH�

,QVWHDG��ZH�DGGHG�D�IDLUO\�VLPSOH�5LFH�+HU]IHOG�PHFKDQLVP��

WR� WKH� UHDFWLRQ� VFKHPH� �UHDFWLRQV� ����� ����� ���� DQG� ������ DV

LQLWLDWLRQ�DQG�FKDLQ�VWHSV��7KHVH�DUH�ZHOO�DFFHSWHG�IRU�DFHWDO�

GHK\GH�S\URO\VLV��,Q�DGGLWLRQ��WKH�+�DWRP�DEVWUDFWLRQ�RI�DFH�

WDOGHK\GH�ZDV�DOVR�FRQVLGHUHG�DV�DQRWKHU�LQLWLDWLQJ�UHDFWLRQ�

&+�&+2���0  &+�&2���+���0 ���

:H�DGGHG�VRPH�UHDFWLRQV�RI�PHWKDQH�ZLWK�2��DQG�VPDOO�UDG�

LFDOV�WR�RXU�UHDFWLRQ�VFKHPH��VLQFH�PHWKDQH�PD\�EH�IRUPHG

IURP�WKH�UHDFWLRQ�RI�DFHWDOGHK\GH�ZLWK�PHWK\O�UDGLFDO��7KH

GLPHUL]DWLRQ�RI�PHWK\O�UDGLFDO�DQG�LWV�VXEVHTXHQW�UHDFWLRQV�

ZKLFK�PLJKW� EH� DGGLWLRQDO� VWHSV�� DUH� DOVR� LQFOXGHG� LQ� RXU

VFKHPH�

7R�ILW�WKH�REVHUYHG�LJQLWLRQ�GHOD\�WLPHV�PRUH�SUHFLVHO\��WKH

HOHPHQWDU\�VWHSV�UHVSRQVLEOH�IRU� WKH�FKHPLOXPLQHVFHQFH�RI

2+�UDGLFDO�ZHUH� LQFRUSRUDWHG� LQWR� WKH� VFKHPH�� ,Q� WKH�SUH�

PL[HG�IODPH��WKH�VWURQJ�2+�HPLVVLRQ�IURP�WKH�UHDFWLRQ�]RQH

RI�K\GURFDUERQ�IODPH�LV�DVVRFLDWHG�ZLWK�&+�R[LGDWLRQ���
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