
.RUHDQ -� &KHP� (QJ�� ������ ������� ������

���

�7R ZKRP FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG�

(�PDLO� MVF#VXQFKRQ�DF�NU

3UHSDUDWLRQ�� &U\VWDO� 6WUXFWXUH�� DQG� 3KRWRFDWDO\WLF� $FWLYLW\� RI� 7L2�� )LOPV� E\
&KHPLFDO� 9DSRU� 'HSRVLWLRQ

6DQJ�&KXO -XQJ� DQG 1REX\XNL ,PDLVKL


'HSW� RI (QYLURQPHQWDO (QJLQHHULQJ� 6XQFKRQ 1DWLRQDO 8QLYHUVLW\�
��� 0DHJRN�'RQJ� 6XQFKRQ� &KRQQDP �������� .RUHD


,QVWLWXWH RI $GYDQFHG 0DWHULDO 6WXG\� .\XVKX 8QLYHUVLW\� ��� .DVXJD�.RHQ� .DVXJD ��������� -DSDQ
�5HFHLYHG �� $XJXVW ���� � DFFHSWHG �� 2FWREHU �����

$EVWUDFW−3KRWRFDWDO\WLF DFWLYLWLHV RI 7L2� ILOPV ZHUH H[SHULPHQWDOO\ VWXGLHG� 7L2� ILOPV ZLWK GLIIHUHQW FU\VWDO VWUXF�

WXUHV �DPRUSKRXV� DQDWDVH� UXWLOH� ZHUH SUHSDUHG E\ D /RZ 3UHVVXUH 0HWDO 2UJDQLF &KHPLFDO 9DSRU 'HSRVLWLRQ

�/302&9'� DW GLIIHUHQW UHDFWLRQ WHPSHUDWXUHV DQG DOVR E\ D 6RO�*HO PHWKRG XVLQJ 77,3 �7LWDQLXP 7HWUD ,VR�3UR�

SR[\GH�� 7KH (IIHFW RI &9' SUHSDUDWLRQ PHWKRG� &9' UHDFWLRQ FRQGLWLRQV� FU\VWDO VWUXFWXUH DQG ZDYH�OHQJWK RI 89

OLJKW RQ WKH SKRWRFDWDO\WLF GHFRPSRVLWLRQ UDWH RI PHWK\OHQH EOXH LQ DTXHRXV VROXWLRQ ZHUH VWXGLHG� )LUVW� WKH FKDUDFWHULV�

WLFV RI &9' SUHSDUDWLRQ RI 7L2� ILOPV� VXFK DV WKH &9' ILOP JURZWK UDWH� FU\VWDO VWUXFWXUH DQG PRUSKRORJ\ RI WKH

JURZQ 7L2� ILOPV� ZHUH H[SHULPHQWDOO\ VWXGLHG DV D IXQFWLRQ RI &9' UHDFWLRQ WHPSHUDWXUH� 6HFRQGO\� SKRWRFDWDO\WLF

DFWLYLWLHV RI 7L2� ILOPV ZHUH HYDOXDWHG E\ XVLQJ WZR W\SHV RI SKRWR�UHDFWRUV� 7KH UHVXOWV LQGLFDWHG WKDW 7L2� ILOPV SUH�

SDUHG E\ &9' H[KLELW KLJKHU SKRWRFDWDO\WLF DFWLYLW\ WKDQ D FDWDO\VW SUHSDUHG E\ WKH 6RO�*HO PHWKRG� $PRQJ WKH &9'

JURZQ 7L2� ILOPV� DQDWDVH DQG UXWLOH VKRZHG KLJK SKRWRFDWDO\WLF DFWLYLWLHV� +RZHYHU� DPRUSKRXV 7L2� ILOPV VKRZHG

ORZHU DFWLYLWLHV� 7KH DFWLYLW\ RI WKH SKRWRFDWDO\VWV RI DQDWDVH ILOPV ZDV H[FHOOHQW XQGHU DOO W\SHV RI 89�ODPSV� 7KH

DFWLYLW\ RI &9'�SUHSDUHG DQDWDVH ILOPV ZDV IRXU WR VHYHQ WLPHV KLJKHU WKDQ WKDW RI SKRWRFDWDO\VW ILOPV SUHSDUHG E\

WKH 6RO�*HO PHWKRG�

.H\ ZRUGV� 7L2�� &KHPLFDO 9DSRU 'HSRVLWLRQ� 6RO�*HO 0HWKRG� &U\VWDO 6WUXFWXUH� 3KRWRFDWDO\WLF $FWLYLW\
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,Q ����� )XMLVKLPD DQG +RQGD GLVFRYHUHG WKH SKRWRFDWDO\WLF GH�

FRPSRVLWLRQ RI ZDWHU RQ 7L2� HOHFWURGHV� 6LQFH WKHQ� H[WHQVLYH UH�

VHDUFK HIIRUWV KDYH EHHQ FRQGXFWHG WR XQGHUVWDQG WKH IXQGDPHQWDO

UHDFWLRQ PHFKDQLVPV DQG WR LPSURYH WKH SKRWRFDWDO\WLF HIILFLHQF\

>)R[ DQG 'XOD\� ����� /LQVHELJOHU HW DO�� ����@ LQ WKH ILHOGV RI K\�

GURJHQ UHVRXUFH GHYHORSPHQW DQG HQHUJ\ VWRUDJH� ,Q UHFHQW \HDUV�

WKH PRVW DFWLYH UHVHDUFK DUHD RI KHWHURJHQHRXV SKRWRFDWDO\VLV LV LWV

DSSOLFDWLRQ WR WKH HQYLURQPHQWDO FOHDQXS >/R]DQR HW DO�� ����� 3DOP�

LVDQR HW DO�� ����� 0LOLV HW DO�� ����@� 7KLV LV LQVSLUHG E\ WKH UHSRUWV

RQ WKH WRWDO GHVWUXFWLRQ RI RUJDQLF FRPSRXQGV LQ SROOXWHG DLU DQG

ZDVWHZDWHU >-DFRE\ HW DO�� ����� 1LPORV HW DO�� ����� %ODQFR HW DO��

����� 7HU]LDQ HW DO�� ����� $PDGHOOL HW DO�� ����� 0XV]NDW HW DO��

����@�

5HFHQWO\� PDQ\ UHVHDUFKHUV KDYH EHHQ LQWHUHVWHG LQ WKH HIIHFW RI

WKH SUHSDUDWLRQ PHWKRG RI 7L2� FDWDO\VW RQ LWV SKRWRFDWDO\WLF DFWLY�

LW\ >.RQHQNDPS HW DO�� ����� .LP DQG $QGHUVRQ� ����� 7DGD DQG

+RQGD� ����@� $ QXPEHU RI SUHSDUDWLRQ WHFKQLTXHV KDYH EHHQ UH�

SRUWHG IRU 7L2� WKLQ ILOPV� VXFK DV WKHUPDO R[LGDWLRQ� VSXWWHULQJ�

S\URO\VLV� VRO�JHO PHWKRG DQG FKHPLFDO YDSRU GHSRVLWLRQ �&9'��

$PRQJ WKHVH� &9' LV FRQVLGHUHG DV D SURPLVLQJ PHWKRG WR SUH�

SDUH KLJK�TXDOLW\ WKLQ ILOPV RYHU ODUJH VXUIDFH DUHD ZLWK D ZHOO�FRQ�

WUROOHG FRPSRVLWLRQ DQG ORZ GHIHFW GHQVLW\ >.LUNELU DQG.RPL\DPD�

����� 6LHIHULQJ HW DO�� ����� (JDVKLUD HW DO�� ����� .LP HW DO�� ����@�

3KRWRFDWDO\WLF FKHPLFDO UHDFWLRQV RQ WKH VXUIDFH RI VHPLFRQGXF�

WRU PDWHULDOV DUH DFFRPSDQLHG E\ PXOWLSOH UDWH SURFHVVHV� VWDUWLQJ

IURP WKH DEVRUSWLRQ RI OLJKW DQG HQGLQJ ZLWK SKRWR�JHQHUDWHG HOHF�

WURQV DQG KROHV RQ WKH VXUIDFH� 6LQFH WKH PHFKDQLFDO DQG HOHFWULFDO

SURSHUWLHV RI 7L2� ILOP GHSHQG RQ LWV WKLFNQHVV� FRPSRVLWLRQ� FU\V�

WDOOLQLW\ DQG PRUSKRORJ\ >7DQDND HW DO�� ����� 7VDL HW DO�� ����@� LW

LV LPSRUWDQW WR FRQWURO &9' FRQGLWLRQV WR RSWLPL]H WKHVH FKDUDF�

WHULVWLFV GXULQJ WKH &9' ILOP�JURZWK� ,Q WKH UHVHDUFK 7L2� ILOPV YLD

D /RZ 3UHVVXUH 0HWDO 2UJDQLF &9' �/302&9'� ZHUH SUHSDUHG

E\ XVLQJ WLWDQLXP WHWUDLVRSURSR[LGH �7L>2&+�&+���@�� 77,3 KHUH�

DIWHU� WR VWXG\ WKH HIIHFWV RI &9' RSHUDWLQJ FRQGLWLRQV RQ WKH FKD�

UDFWHULVWLFV RI WKH JURZQ 7L2� ILOPV DQG DOVR RQ WKH SKRWRFDWDO\WLF

DFWLYLW\ IRU GHFRPSRVLWLRQ RI PHWK\OHQH EOXH LQ LWV DTXHRXV VROX�

WLRQ� 7KH SKRWRFDWDO\WLF DFWLYLWLHV RI &9' JURZQ 7L2� ILOPV ZHUH

FRPSDUHGZLWK WKRVH RI 7L2� ILOPV SUHSDUHG E\ WKH 6RO�*HOPHWKRG�

(;3(5,0(17$/

�� 3UHSDUDWLRQ RI 7L2� )LOP E\ &KHPLFDO 9DSRU 'HSRVLWLRQ

&9'�JURZQ 7L2� ILOPV ZHUH SUHSDUHG E\ XVLQJ D KRUL]RQWDO KRW�

ZDOO /3&9' DSSDUDWXV VKRZQ LQ )LJ� � ZLWK D ODUJH TXDUW] UHDF�

WRU WXEH ���Φ,'î��Φ2'� OHQJWK ���PP�� $UJRQ JDV ZDV SDVVHG

WKURXJK D EXEEOHU FRQWDLQLQJ 77,3 OLTXLG �$OGULFK�� KHDWHG DW ���.�

WR FDUU\ WKH YDSRU RI 77,3 WR WKH UHDFWRU� 7KH JDV ZDV IXUWKHU GLOXWHG

ZLWK DUJRQ DQG R[\JHQ DW WKH LQOHW RI WKH UHDFWRU WXEH� 7KH IORZ UDWHV

RI DUJRQ DQG R[\JHQ JDVHV ZHUH PRGXODWHG E\ PDVV�IORZ FRQWURO�

OHUV� 7KH V\VWHP ZDV HYDFXDWHG E\ D URWDU\ RLO YDFXXP SXPS� DQG

WKH RSHUDWLQJ SUHVVXUH ZDVPHDVXUHG E\ D SUHVVXUH WUDQVGXFHU �3LUDQL

����0.6� /WG�� DW WKH RXWOHW RI WKH UHDFWRU WXEH� 7KH JDV OLQHV ZHUH

KHDWHG WR SUHYHQW WKH FRQGHQVDWLRQ RI 77,3 YDSRU LQ SLSHV� $ SRURXV
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PHPEUDQH ZLWK DERXW ��µP SRUHV �)OXRURSRUH� )3����� 6XPLW�

RPR (OHFWULF ,QGXVWULHV� /WG�� ZDV XVHG WR FROOHFW ILQH SDUWLFOHV� 7KH

VRXUFH JDV ZDV OHG WR D OLTXLG QLWURJHQ WUDS� GXULQJ WKH SHULRGV LQ

ZKLFK WKH UHDFWRU ZDV KHDWHG WR D GHVLUHG WHPSHUDWXUH EHIRUH WKH

ILOP JURZWK DQG ZDV FRROHG GRZQ WR URRP WHPSHUDWXUH DIWHU &9'

JURZWK�

7KH FU\VWDO VWUXFWXUH ZDV FKDUDFWHUL]HG E\ ;�UD\ GLIIUDFWLRQ �0D[

6FLHQFH� 03;��� 7KH PRUSKRORJ\ DQG WKH VWHS FRYHUDJH RI WKH

JURZQ ILOP ZHUH REVHUYHG E\ XVLQJ D VFDQQLQJ HOHFWURQPLFURVFRSH

�+LWDFKL� 6�����1�� 7KH ILOPV ZHUH FKDUDFWHUL]HG E\ D )RXULHU WUDQV�

IRUP LQIUDUHG VSHFWURPHWHU �6KLPDG]X� ������

�� 3UHSDUDWLRQ RI 7L2� 3KRWRFDWDO\VW

3KRWRFDWDO\VWV ZHUH SUHSDUHG E\ GHSRVLWLQJ 7L2� ILOP �WKLFNQHVV�

���µP� RQ DOXPLQD EDOOV �1LNNDWR� +'����Φ�PP�� $OXPLQD EDOOV
ZHUH SODFHG RQ D EDOO�KROGHU SODWH DQG LQVWDOOHG LQ WKH &9' UHDFWRU

DV VKRZQ LQ )LJ� ��

)ROORZLQJ FRQGLWLRQV ZHUH XVHG IRU &9' RSHUDWLRQV� WRWDO IORZ

UDWH ����� VFFP� R[\JHQ FRQFHQWUDWLRQ LQ WKH JDV SKDVH ��PRO��

RSHUDWLQJ SUHVVXUH �7RUU� UHDFWLRQ WHPSHUDWXUH ���������.� 77,3

HYDSRUDWRU WHPSHUDWXUH ���.� UHDFWLRQ WLPH ����KU� 7KH WKLFNQHVV RI

WKH JURZQ 7L2� ILOP ZDV HYDOXDWHG E\ PHDVXULQJ WKH ZHLJKW FKDQJH

RI VPDOO VLOLFD VXEVWUDWHV SODFHG DW VHYHUDO VSRWV RQ WKH EDOO�KROGHU

SODWH� &U\VWDOOLQLW\ ZDV HYDOXDWHG E\ ;5' VSHFWUD RI WKHVH &9'

ILOPV JURZQ RQ VLOLFRQ VXEVWUDWHV�

)RU WKH VDNH RI FRPSDULVRQ� 7L2� ILOPV ZHUH DOVR SUHSDUHG E\

WKH 6RO�JHO PHWKRG� 7L2� 6RO ZDV SUHSDUHG E\ XVLQJ +�2� +12�

DQG 77,3� $ VROXWLRQ ZLWK D UDWLR RI ���PO RI +�2� ��PO RI 77,3�

�PO RI +12� ZDV UHIOX[HG DW ���. IRU � GD\� 7KH SUHFXUVRU VR�

OXWLRQV ZHUH WUDQVSDUHQW DQG ZHUH YHU\ VWDEOH LQ DLU� 7L2� ILOP ZDV

FRDWHG RQ URG VXEVWUDWHV E\ WKH SURFHGXUH LQGLFDWHG LQ )LJ� ��$ WKUHH�

VWHS SURFHVV RI GLSSLQJ� GU\LQJ� DQG KHDW�WUHDWPHQW ZDV XVHG WR FRDW

WKH DOXPLQD EDOOV� 7KH ILOP ZDV GULHG LQ DLU DQG KHDW�WUHDWHG LQ DQ

HOHFWULF IXUQDFH DW ���. IRU �� KU WR REWDLQ DQDWDVH ILOP RQ FDWD�

O\VW EDOOV�

�� (YDOXDWLRQ RI 3KRWRFDWDO\WLF $FWLYLW\

)LJ� � VKRZV WKH DQQXODU WXEH W\SH VPDOO SKRWR�UHDFWRU XVHG LQ

WKLV VWXG\� 7KH DQQXOXV VSDFH RI WKLV UHDFWRU ZDV ILOOHGZLWK WKH &9'

SKRWRFDWDO\VW EDOOV SUHSDUHG DW YDULRXV WHPSHUDWXUHV� 7ZR W\SHV RI

H[SHULPHQWV ZHUH FRQGXFWHG� ,Q WKH ILUVW FDVH� DQ DTXHRXV VROXWLRQ

RI PHWK\OQHQH EOXH �WRWDO YROXPH� ���FF� ZDV FLUFXODWHG DW D FRQ�

VWDQW IORZ UDWH RI ��FF�PLQ XVLQJ D UROOHU SXPS �53������ (<(/$��

'HFRPSRVLWLRQ UDWH ZDV HYDOXDWHG IURP WKH FKDQJH RI FRQFHQWUD�

WLRQ RI PHWK\OHQH EOXH DW WKH UHDFWRU RXWOHW ZLWK UHDFWLRQ WLPHV� ,Q

WKH VHFRQG FDVH� WKH VROXWLRQ ZDV IHG WR WKH UHDFWRU ZLWKRXW UH�FLU�

FXODWLRQ �VLQJOH SDVV RSHUDWLRQ��

)LJ� � VKRZV VFKHPDWLFV RI D ODUJHU VFDOH UHDFWRU ZLWK GRXEOH DQ�

QXOXV FKDQQHO VWUXFWXUH� 7KHUPRVWDWHG ZDWHU ZDV IHG WR WKH RXWHU�

)LJ� �� 6FKHPDWLFV RI WKH /302&9' DSSDUDWXV�

)LJ� �� 3KRWRJUDSKV RI WKH DOXPLQD EDOOV VHW LQ WKH TXDUW] UHDFWRU

WXEH�

)LJ� �� 3UHSDUDWLRQ RI 7L2� ILOP E\ WKH 6RO�*HO PHWKRG�

)LJ� �� 6FKHPDWLF GLDJUDP RI DQQXODU WXEH W\SH SKRWR�UHDFWRU�
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PRVW FKDQQHO WR PDLQWDLQ WKH UHDFWLRQ WHPSHUDWXUH� 7R FRQGXFW UH�

FLUFXODWLQJ IORZ H[SHULPHQWV� PHWK\OHQH EOXH VROXWLRQ RI ����� FP�

ZDV SUHSDUHG DQG FLUFXODWHG ZLWK D IORZ UDWH RI ��� FP��PLQ� ,Q DOO

FDVHV� FRQFHQWUDWLRQ RI PHWK\OHQH EOXH ZDV PHDVXUHG E\ WKH DEVRU�

EDQFH DW λ ��� QP� XVLQJ D VSHFWURSKRWRPHWHU �89������ 6KLP�
G]X�� 'HSHQGHQF\ RI WKH SKRWRFDWDO\WLF DFWLYLW\ RI FDWDO\VWV SUH�

SDUDWLRQ PHWKRG ZDV HYDOXDWHG E\ XVLQJ WKHVH UHDFWRUV XQGHU GLI�

IHUHQW 89 VRXUFH�

7R HYDOXDWH WKH HIIHFW RI 89 OLJKW ZDYH OHQJWK� WKUHH NLQGV RI

89 VRXUFHV ZHUH XVHG� 89�$ >3KLOLSV� 7/�:��� DQG )��7�%/%�

�WKH PRVW LQWHQVLYH ZDYHOHQJWK� ��� QP�@� 89�% >6DQN\R 'HQNL�

*�7�( DQG *��7�(� �WKH PRVW LQWHQVLYH ZDYHOHQJWK� ��� QP�@

DQG 89�& >3KLOLSV� 789�:�*� DQG 789��:�*��7�� �WKH PRVW

LQWHQVLYHZDYHOHQJWK� ���QP�@�8QGHU DQ LUUDGLDWLRQ RI 89�& ODPS�

PHWK\OHQH EOXH ZDV VORZO\ GHFRPSRVHG WKURXJK D KRPRJHQHRXV

SKRWR UHDFWLRQ� HYHQ ZLWKRXW WKH SKRWRFDWDO\VW EDOOV� +RZHYHU� XQGHU

DQ LUUDGLDWLRQ RI 89�$ ODPS� QR GHFRPSRVLWLRQ RFFXUV ZLWKRXW SKR�

WRFDWDO\VW EDOOV� $PRQJ WKH H[SHULPHQWDO UHVXOWV LQ WKH IROORZLQJ

VHFWLRQV� WKH SKRWRFDWDO\WLF DFWLYLWLHV RI 7L2� ILOPV DUH PRVW SUH�

FLVHO\ UHSUHVHQWHG E\ WKH H[SHULPHQWDO UHVXOWV ZLWK 89�$ ODPS�

5(68/76 $1' ',6&866,21

��&KDUDFWHUL]DWLRQ RI 7L2� )LOPV 3UHSDUHG E\ /302&9'

*URZWK UDWH RI 7L2� GHSHQGV RQ WKH &9' UHDFWLRQ WHPSHUDWXUH

DV VKRZQ LQ )LJ� �� *URZWK UDWH ZDV YHU\ ORZ DW ORZ UHDFWLRQ WHP�

SHUDWXUHV� ���. DQG ���.� $V WKH UHDFWLRQ WHPSHUDWXUH LQFUHDVHV�

WKH JURZWK UDWH DOVR LQFUHDVHV� $QG WKH JURZWK UDWH GHFUHDVHV DW DERYH

���.� 7KLV GHFUHDVH ZDV FDXVHG E\ WKH SRZGHU IRUPDWLRQ LQ WKH

UHDFWRU� EHFDXVH WKH DPRXQW RI SDUWLFOHV FROOHFWHG LQ WKH PHPEUDQH

ILOWHU DW WKH RXWOHW LQFUHDVHG VWHHSO\ DW DERYH ��� .�

;�UD\ GLIIUDFWLRQ SDWWHUQV RI WKH 7L2� ILOPV JURZQ RQ VLOLFD VXE�

VWUDWHV XQGHU GLIIHUHQW UHDFWLRQ WHPSHUDWXUHV DUH VKRZQ LQ )LJ� ��

7KH GLIIUDFWLRQ SDWWHUQV LQGLFDWH WKDW DPRUSKRXV 7L2� ILOPV ZHUH

JURZQ XQGHU &9' UHDFWLRQ WHPSHUDWXUH UDQJH RI �������.� $QD�

)LJ� �� 6FKHPDWLF GLDJUDP RI WULSOH DQQXODU W\SH SKRWR�UHDFWRU�

)LJ� �� *URZWK UDWH RI 7L2� ILOP E\/302&9'XVLQJ 77,3� &9'

JURZWK FRQGLWLRQV� 7RWDO SUHVVXUH� �7RUU� WRWDO IORZ UDWH�
����� VFFP� R[\JHQ FRQFHQWUDWLRQ� ��PRO��

)LJ� �� ;�UD\ GLIIUDFWLRQ SDWWHUQ RI WKH 7L2� ILOPV JURZQ DW �7RUU
XQGHU GLIIHUHQW WHPSHUDWXUHV�

)LJ� �� 6XUIDFH PRUSKRORJ\ RI 7L2� ILOPV JURZQ E\ &9' DW �7RUU

XQGHU YDULRXV WHPSHUDWXUHV �6(0 REVHUYDWLRQ��
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WDVH ILOPVZHUH JURZQ DW �������.�+RZHYHU� DZHDN SHDN RI EURRN�

LWH ZDV REVHUYHG DW ���.� 3HDNV RI UXWLOH EHJDQ WR DSSHDU DW ���.�

7L2� ILOPV SUHSDUHG DW �����. VWLOO LQGLFDWH D ZHDN SHDN RI DQDWDVH�

)LOPV JURZQ DW �����. LQGLFDWH ;5' SHDNV RI UXWLOH� 7L2� ILOPV

SUHSDUHG DW ���. DQG ���. LQGLFDWH ;5' SHDNV RI ����� RUL�

HQWHG DQDWDVH� +RZHYHU� WKH HIIHFWV RI WKH JURZWK WHPSHUDWXUH RQ

FU\VWDO RULHQWDWLRQ DUH QRW FOHDUO\ XQGHUVWRRG�

)LJ� � VKRZV 6(0 REVHUYDWLRQ UHVXOWV RI VXUIDFH PRUSKRORJ\ RI

WKH7L2�&9' ILOPV JURZQ DW YDULRXV WHPSHUDWXUHV� 7L2� ILOPV JURZQ

DW ORZ WHPSHUDWXUHV �VXFK DV )LJ� � DW ���.� DUH FRPSRVHG RI YHU\

ILQH SDUWLFOHV DQG VKRZ VPRRWK DQG IODW VXUIDFHV� 7L2� ILOP JURZQ

DW ���. VKRZV LVODQGV RI DQDWDVH FU\VWDOV LQ WKH DPRUSKRXV ILOP�

$W KLJKHU &9' WHPSHUDWXUHV� VXUIDFH PRUSKRORJ\ RI WKH JURZQ

7L2� ILOPV FKDQJHV DV VKRZQ LQ )LJ� ��

)LJ� � VKRZV WKH H[SHULPHQWDOO\ REVHUYHG VWHS FRYHUDJH RI WKH

7L2� ILOP JURZQ DW GLIIHUHQW &9' UHDFWLRQ WHPSHUDWXUHV� 7L2� ILOPV

JURZQ DW ���. DQG ���. VKRZ D FRQIRUPDO VWHS FRYHUDJH �L�H��

WKH ILOP WKLFNQHVV RQ WKH WRS LV WKH VDPH DV WKDW DW WKH ERWWRP RI

WKH VWHS�� +RZHYHU� 7L2� ILOPV JURZQ DW KLJKHU WHPSHUDWXUHV �DERYH

���.� VKRZ D QRQ�FRQIRUPDO VWHS FRYHUDJH� 7KHVH GLIIHUHQW SURILOHV

LQGLFDWH WKDW WKH VXUIDFH UHDFWLRQ UDWH FRQVWDQW �NV KY��� LV VWURQJO\

GHSHQGHQW RQ WKH JURZWK WHPSHUDWXUH� L�H�� DW ORZHU WHPSHUDWXUHV�

K LV VPDOO DQG K DSSURDFKHV WR XQLW\ DW KLJKHU WHPSHUDWXUHV >$NL�

\DPD HW DO�� ����� -XQJ HW DO�� ����@�:KHUH K LV WKH UHDFWLYH VWLFNLQJ

)LJ� �� 6(0 SKRWRV RI JURZQ 7L2� ILOP SURILOH RQ PLFUR�VFDOH WUHQFK DW YDULRXV &9' WHPSHUDWXUHV�

)LJ� ��� ,QIUDUHG VSHFWUXP RI WKH 7L2� ILOPV JURZQ E\ &9' DW �

7RUU XQGHU YDULRXV WHPSHUDWXUHV �$� ���.� %� ���.� &�
����� .��

)LJ� ��� (IIHFW RI &9' WHPSHUDWXUHV RQ SKRWRFDWDO\WLF DFWLYLW\ RI

7L2� ILOPV IRU GHFRPSRVLWLRQ RI PHWK\OHQH EOXH LQ DTXH�
RXV VROXWLRQ XQGHU WKUHH W\SHV RI 89�ODPS LUUDGLDWLRQ XV�

LQJ D UHDFWRU RI )LJ� � �5H�FLUFXODWLQJ D ���PO RI VROXWLRQ
ZLWK D IORZ UDWH RI �� FF�PLQ��
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FRHIILFLHQW DQG Y >�57��π0$�@
��� LV WKH PHDQ PROHFXODU YHORFLW\ RI

$ >P�V@� 5 WKH JDV FRQVWDQW >-��PROÂ.�@� 7 WKH WHPSHUDWXUH� DQG0$

WKH PROHFXODU ZHLJKW RI $�

)LJ� �� VKRZV )7�O5 VSHFWUXP RI 7L2� ILOPV SUHSDUHG E\ &9'

DW GLIIHUHQW UHDFWLRQ WHPSHUDWXUHV� 2UJDQLF JURXS ZDV QRW GHWHFWHG

LQ DOO W\SHV RI 7L2� ILOPV �)LJ� ��$� DQ DPRUSKRXV ILOP JURZQ DW

���.� )LJ� ��%� DQ DQDWDVH ILOP JURZQ DW ���. DQG )LJ� ��&� D

UXWLOH ILOP JURZQ DW �����.�� 7KH DEVRUSWLRQ SHDNV DW QHDU �����

FP−� FRUUHVSRQG WR WKDW RI FDUERQ GLR[LGH DGVRUEHG RQ 7L2� VXU�

IDFH LQ WKH DLU� 7KHVH UHVXOWV LQGLFDWH WKDW 7L2� ILOPV SUHSDUHG E\

WKH SUHVHQW /302&9' UHDFWRU DUH FRQVLGHUDEO\ SXUH�

�� 3KRWRFDWDO\WLF $FWLYLW\ RI 7L2� )LOP 3UHSDUHG E\ &9'

,Q WKLV VWXG\� WKH SKRWRFDWDO\WLF DFWLYLW\ RI 7L2� ILOPV ZDV LQYHVWL�

JDWHG ZLWK WKH SKRWRFDWDO\WLF GHFRPSRVLWLRQ RI PHWK\OHQH EOXH LQ

LWV DTXHRXV VROXWLRQ� 0HWK\OHQH EOXH ZDV FKRVHQ VLQFH LW GRHV QRW

VKRZ VWURQJ DEVRUSWLRQ �DQG SKRWR�GHFRPSRVLWLRQ� RI 89 OLJKW RI

89�$ ODPS�

)LJ� �� VKRZV WKH SORWV RI PHWK\OHQH EOXH FRPSRVLWLRQ� DW WKH

RXWOHW RI WKH UHDFWRU RI )LJ� �� DV D IXQFWLRQ RI LUUDGLDWLRQ WLPH RI

GLIIHUHQW 89 ODPSV ZLWK 7L2� FRDWHG FDWDO\VW EDOOV SUHSDUHG DW YDU�

LRXV &9' UHDFWLRQ WHPSHUDWXUHV� ,QLWLDO FRQFHQWUDWLRQ RI PHWK\O�

HQH EOXH ZDV DERXW ���î��−�PRO�O DQG ��� FP� RI VROXWLRQ ZDV FLU�

FXODWHG LQWR WKH UHDFWRU E\ D IORZ UDWH RI ��� FF�PLQ� 7KHVH UHVXOWV

LQGLFDWH WKDW PHWK\OHQH EOXH ZDV GHFRPSRVHG E\ D SKRWRFDWDO\WLF

UHDFWLRQ LQ WKH SUHVHQFH RI 7L2� FDWDO\VW DQG 89 OLJKW� 7KH GHFRP�

SRVLWLRQ UDWH LV WKH ODUJHVW XQGHU D 89�& ODPS LUUDGLDWLRQ DQG WKH

VPDOOHVW XQGHU D 89�$ ODPS� 7KH ILOPV SUHSDUHG DW ���. VKRZHG

WKH VPDOOHVW DFWLYLW\� 7KH DFWLYLWLHV RI WKH SKRWRFDWDO\VWV RI DQDWDVH

�SUHSDUHG E\ &9'DW ���.� ���.� ���. DQG ���.� H[KLELW ODUJH

DFWLYLW\ XQGHU DQ\ W\SH RI 89 ODPS� $PRQJ WKHP� WKH FDWDO\VW SUH�

SDUHG DW ���. VKRZHG WKH KLJKHVW DFWLYLW\� 7KH UXWLOH ILOPV SUH�

SDUHG DW �����.ZHUH OHVV DFWLYH WKDQ DQDWDVH ILOPV �H[FHSW IRU WKH

DQDWDVH SUHSDUHG DW ��� .��

)LJ� �� VKRZV WLPH YDULDWLRQV RI WKH PHWK\OHQH EOXH FRQFHQWUD�

WLRQ DW WKH UHDFWRU H[LW RI D SKRWR�UHDFWRU �)LJ� �� GXULQJ RQH�SDVV

W\SH RSHUDWLRQV� $OO UHVXOWV LQ )LJ� �� H[KLELW ODUJH LQLWLDO GHFRPSR�

VLWLRQ UDWHV� ,W LV DWWULEXWHG WR WKH IDFW WKDW PHWK\OHQH EOXH ZDV DE�

VRUEHG RQ WKH VXUIDFH RI FDWDO\VW EDOOV� *UDGXDOO\ WKH PDVV WUDQVIHU

UDWH LQ OLTXLG SKDVH DQG SKRWRFDWDO\WLF UHDFWLRQ UDWH GHWHUPLQHV WKH

GHFRPSRVLWLRQ UDWH�

��&RPSDULVRQ RI WKH 3KRWRFDWDO\WLF $FWLYLWLHV RI 7L2� )LOPV

E\ &9' ZLWK 6RO�*HO 0HWKRG

)LJ� �� FRPSDUHV WKH GHFRPSRVLWLRQ UDWHV RI PHWK\OHQH EOXH ZLWK

FDWDO\VW EDOOV SUHSDUHG E\ &9' DW ���. DQG WKDW ZLWK FDWDO\VW EDOOV

SUHSDUHG E\ WKH 6RO�*HO PHWKRG� XVLQJ D ODUJH SKRWR�UHDFWRU RI )LJ�

�� 'HFRPSRVLWLRQ UDWH ZDV YHU\ KLJK XQGHU WKH89�& ODPS DQGZDV

ORZHVW XQGHU WKH 89�$ ODPS� 8QGHU 89�$ ODPS OLJKW� WKH &9'

SKRWRFDWDO\VW WRRN DERXW ���PLQ WR DWWDLQ FRPSOHWH GHFRPSRVL�

WLRQ RI PHWK\OHQH EOXH LQ ����� FP� RI VROXWLRQ� 2Q WKH FRQWUDU\�

)LJ� ��� 3KRWRFDWDO\WLF GHFRPSRVLWLRQ RIPHWK\OHQH EOXH XQGHU RQH�

SDVV IORZ FRQGLWLRQ XVLQJ D UHDFWRU RI )LJ� � �)ORZ UDWH�
�� FF�PLQ��

)LJ� ��� (IIHFW RI WKH SUHSDUDWLRQ PHWKRG RQ WKH SKRWRFDWDO\WLF DF�

WLYLWLHV RI 7L2� ILOPV IRU GHFRPSRVLWLRQ RI PHWK\OHQH EOXH
LQ DTXHRXV VROXWLRQ XVLQJ WKH UHDFWRU LQ )LJ� �� &RPSDUL�

VRQ EHWZHHQ WKH 6RO�*HO PHWKRG DQG D &9' ILOP JURZQ
DW ��� .�



��� 6��&� -XQJ DQG 1� ,PDLVKL

1RYHPEHU� ����

WKH 6RO�*HO SKRWRFDWDO\VW QHHGHG DERXW �����PLQ� 8QGHU 89�%

ODPS OLJKW� WKH &9' SKRWRFDWDO\VW WRRN DERXW ��PLQ DQG WKH 6RO�

*HO SKRWRFDWDO\VW DERXW ���PLQ� 8QGHU 89�& ODPS OLJKW� &9'

SKRWRFDWDO\VW WRRN DERXW ��PLQ DQG 6RO�*HO SKRWRFDWDO\VW DERXW

���PLQ� 7KHVH UHVXOWV LQGLFDWH WKDW WKH DFWLYLW\ RI WKH &9' SKRWR�

FDWDO\VW LV KLJKHU WKDQ WKDW RI WKH 6RO�*HO FDWDO\VW E\ D IDFWRU RI �

WR ��

&21&/86,21

:H VWXGLHG WKH SUHSDUDWLRQ RI 7L2� SKRWRFDWDO\VW ILOPV RQ DOX�

PLQD EDOOV E\ /302&9'XVLQJ 77,3� $PRUSKRXV ILOPV ZHUH RE�

WDLQHG LQ WKH WHPSHUDWXUH UDQJH RI �������.� $QDWDVH ILOPV ZHUH

REWDLQHG DW �������. DQG UXWLOH ILOPV DW �����. RU DERYH� 6XU�

IDFH PRUSKRORJ\ RI 7L2� ILOP FKDQJHV E\ LQFUHDVLQJ WHPSHUDWXUH�

IURP YHU\ VPDOO JUDLQ SDUWLFOHV WRPRUHZHOO�GHILQHG ODUJH JUDLQ FU\V�

WDOV� 7KH GLIIHUHQFH LQ WKH VWHS FRYHUDJH SURILOHV LQGLFDWHV WKDW WKH

&9' VXUIDFH UHDFWLRQ UDWH LQFUHDVHV ZLWK UHDFWLRQ WHPSHUDWXUH� 7KH

&9' JURZQ 7L2� ILOPV ZHUH FKDUDFWHUL]HG DV D KLJK�TXDOLW\ IURP

)7�,5 VSHFWUD� 7KH DFWLYLW\ RI SKRWRFDWDO\VW ILOPV ZDV HYDOXDWHG

E\ WKH GHFRPSRVLWLRQ UDWH RI PHWK\OHQH EOXH LQ DTXHRXV VROXWLRQ�

7KH UHVXOWV LQGLFDWH WKDW &9'�JURZQ DQDWDVH ILOPV H[KLELW H[FHO�

OHQW DFWLYLW\ XQGHU DOO W\SH RI 89�ODPSV� 7KH DFWLYLW\ RI WKH DPRU�

SKRXV ILOP ZDV WKH ORZHVW� 5XWLOH ILOPV VKRZHG KLJKHU DFWLYLW\ WKDQ

WKDW RI DQ DQDWDVH JURZQ DW ���.� EXW ORZHU WKDQ WKRVH RI RWKHU

DQDWDVH ILOPV� 7KH DFWLYLW\ RI &9' SKRWRFDWDO\VW ZDV KLJKHU WKDQ

WKDW RI FDWDO\VW SUHSDUHGE\ WKH 6RO�*HOPHWKRGE\ D IDFWRU RI � WR ��

$&.12:/('*(0(17

7KLV ZRUN ZDV ILQDQFLDOO\ VXSSRUWHG LQ SDUW E\ WKH -HRQQDP 5H�

JLRQDO (QYLURQPHQWDO 7HFKQRORJ\ 'HYHORSPHQW &HQWHU�

5()(5(1&(6

$NL\DPD�<�� 6DWR�<� DQG ,PDLVKL�1�� ³5HDFWLRQ$QDO\VLV IRU =U2� DQG

<�2� 7KLQ )LOP *URZWK E\ /RZ�3UHVVXUH 0HWDORUJDQLF &KHPLFDO

9DSRU'HSRVLWLRQ8VLQJE�GLNHWRQDWH&RPSOH[HV�́ -�&U\VWDO*URZWK�

���� ��� �������

$PDGHOOL� 5��0DOGRWWL� $�� 6RVWHUR� 6� DQG &DUDVVLWL� 9�� ³3KRWRGHSRVL�

WLRQ RI 8UDQLXP2[LGHV RQWR 7L2� IURP$TXHRXV 8UDQ\O 6ROXWLRQ�́

-� &KHP� 6RF� )DUDGD\ 7UDQV�� ������� ���� �������

%ODQFR� -�� $YLOD� 3�� %DKDPRQGH� $�� $OYDUH]� (�� 6DQFKH]� %� DQG 5R�

PHUR�0�� ³3KRWRFDWDO\WLF'HVWUXFWLRQ RI 7ROXHQH DQG;\OHQH DW *DV

3KDVH RQ D 7LWDQLD %DVHG0RQROLWKLF &DWDO\VW�́ &DWDO\VLV 7RGD\� ���

��� �������

(JDVKLUD� <�� 6XJLPDFKL� 0�� 1LVKL]DZD� .�� 6DLWR� .�� 2VDZD� 7� DQG

.RPL\DPD�+�� ³7KH(IIHFW RI89 ,UUDGLDWLRQRQ7LWDQLD'HSRVLWLRQ

IURP 7LWDQLXP 7HWUDLVRSURSR[LGH�́ $SSOLHG 6XUIDFH 6FL�� ��� ���

�������

)R[� 0�$� DQG 'XOD\� 0� 7�� ³+HWHURJHQHRXV 3KRWRFDWDO\VLV�́ &KHP�

5HY�� ��� ��� �������

)XMLVKLPD� $� DQG +RQGD� .�� ³(OHFWURFKHPLFDO 3KRWRO\VLV RI:DWHU DW

D 6HPLFRQGXFWRU (OHFWURGH�́ 1DWXUH� ��� ��� �������

-DFRE\� :�$�� %ODNH� '�0�� 1REOH� 5�'� DQG .RYDO� &�$�� ³.LQHWLFV

RI WKH2[LGDWLRQ RI 7ULFKORURHWK\OHQH LQ$LU YLD+HWHURJHQHRXV 3KR�

WRFDWDO\VLV�́ -� &DWDO�� ���� �� �������

-XQJ� 6� &� DQG ,PDLVKL� 1�� ³7KH *URZWK RI /L1E2� 7KLQ )LOP E\

/302&9'8VLQJ E�GLNHWRQDWH &RPSOH[HV�́ .RUHDQ -�&KHP�(QJ��

��� ��� �������

.LP� '�+� DQG $QGHUVRQ� $�� ³3KRWRHOHFWURFDWDO\WLF 'HJUDGDWLRQ RI

)RUPLF $FLG 8VLQJ D 3RURXV 7L2� 7KLQ�)LOP (OHFWURGH�́ (QYLURQ�

6FL� 7HFKQRO�� ��� ��� �������

.LP� -�:�� .LP�'�2� DQG+DKQ�<� %�� ³(IIHFW RI5DSLG 7KHUPDO$Q�

QHDOLQJ RQ WKH 6WUXFWXUDO DQG (OHFWULFDO 3URSHUWLHV RI 7L2� 7KLQ

)LOPV 3UHSDUHG E\ 3ODVPD (QKDQFHG&9'�́ .RUHDQ -� &KHP� (QJ��

��� ��� �������

.LUNELU� )� DQG.RPL\DPD�+�� ³)RUPDWLRQ DQG*URZWK0HFKDQLVP RI

3RURXV� $PRUSKRXV� DQG )LQH 3DUWLFOHV 3UHSDUHG E\ &KHPLFDO 9DSRU

'HSRVLWLRQ�́ &DQDGLDQ -� &KHP� (QJ�� ��� ��� �������

.RQHQNDPS� 5�� +HQQLQJHU� 5� DQG +R\HU� 3�� ³3KRWRFDUULHU 7UDQVSRUW

LQ &ROORLGDO 7L2� )LOPV�́ -� 3K\V� &KHP�� ��� ���� �������

/LQVHELJOHU� $�� /X� *� DQG<DWHV� -� 7� -U�� ³3KRWRFDWDO\VLV RQ 7L2� 6XU�

IDFH� 3ULQFLSOHV� 0HFKDQLVPV� DQG 6HOHFWHG 5HVXOWV�́ &KHP� 5HY��

��� ��� �������

/R]DQR� $�� *DUFLD� -�� 'RPHQHFK� ;� DQG &DVDGR� -�� ³+HWHURJHQHRXV

3KRWRFDWDO\WLF 2[LGDWLRQ RI 0DQJDQHVH �,,� RYHU 7L2��́ -� 3KRWR�

FKHP� 3KRWRELRO�� $� &KHP�� ��� ��� �������

0LOLV�$�� 3HUDO� -��'RPHQHFK�;� DQG1DYLR� -�$�� ³+HWHURJHQHRXV3KR�

WRFDWDO\WLF 2[LGDWLRQ RI 1LWULWH RYHU ,URQ�'RSHG 7L2� 6DPSOHV�́ -�

0RO� &DWDO�� ��� �� �������

0XV]NDW� /��+DOPDQQ�0��5DXFKHU�'� DQG%LU� /�� ³6RODU 3KRWRGHJUD�

GDWLRQ RI;HQRELRWLF &RQWDPLQDQWV LQ 3ROOXWHG:HOO:DWHU�́ -� 3KR�

WRFKHP� 3KRWRELRO�� $� &KHP�� ��� ��� �������

1LPORV�0�5��:ROIUXP�(� -�� )HQQHOO� -�$� DQG%LQWQHU�*�� ³*DV�3KDVH

+HWHURJHQHRXV 3KRWRFDWDO\WLF 2[LGDWLRQ RI (WKDQRO� 3DWKZD\V DQG

.LQHWLF 0RGHOLQJ�́ (QYLURQ� 6FL� 7HFKQRO�� ��� ���� �������

3DOPLVDQR� /�� $XJXJOLDUR� 9�� &DPSRVWULQL� 5� DQG 6FKLDYHOOR�0�� ³$

3URSRVDO IRU WKH 4XDQWLWDWLYH $VVHVVPHQW RI +HWHURJHQHRXV 3KRWR�

FDWDO\WLF 3URFHVVHV�́ -� &DWDO�� ���� ��� �������

6LHIHULQJ� .� /� DQG *ULIILQ� *� /�� ³.LQHWLFV RI /RZ�3UHVVXUH &KHPL�

FDO 9DSRU 'HSRVLWLRQ RI 7L2� IURP 7LWDQLXP 7HWUDLVRSURSR[LGH�́ -�

(OHFWURFKHP� 6RF�� ���� ��� �������

7DGD� +� DQG +RQGD +�� ³3KRWRFDWDO\WLF $FWLYLW\ RI 7L2� )LOP &RDWHG

RQ ,QWHUQDO /LJKWJXLGH�́ -� (OHFWURFKHP� 6RF�� ���� ���� �������

7DQDND� .�� &DSXOH� 0� )�9� DQG +LVDQDJD� 7�� ³(IIHFW RI &U\VWDOOLQLW\

RI 7L2� RQ LWV 3KRWRFDWDO\WLF $FWLRQ�́ &KHP� 3K\V� /HWWHUV� ���� ��

�������

7HU]LDQ� 7�� 6HUSRQH�0LQHUR�&� DQG3HOL]]HWWL� (�� ³3KRWRFDWDO\]HG0LQ�

HUDOL]DWLRQ RI &UHVROV LQ $TXHRXV 0HGLD ZLWK ,UUDGLDWHG 7LWDQLD�́ -�

&DWDO�� ���� ��� �������

7VDL� 6� -� DQG&KHQJ� 6�� ³(IIHFW RI 7L2�&U\VWDOOLQH 6WUXFWXUH LQ 3KRWR�

FDWDO\WLF 'HJUDGDWLRQ RI 3KHQROLF &RQWDPLQDQWV�́ &DWDO\VLV 7RGD\�

��� ��� �������


