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$Q RSWLPL]DWLRQ VWXG\ KDV EHHQ PDGH RQ DQ DFFHOHUDWRU�EDVHG IDFLOLW\ IRU WKH ERURQ

QHXWURQ FDSWXUH WKHUDS\� 7KH HQHUJ\ RI WKH LQFLGHQW SURWRQ DQG WKH DUUDQJHPHQW RI WKH

PRGHUDWRU DVVHPEOLHV DUH RSWLPL]HG� 7KH EHDP FXUUHQW DQG WKH DFFHOHUDWLQJ YROWDJH DUH

GHWHUPLQHG VR WKDW WKH DFFHOHUDWRU SRZHU EHFRPHV PLQLPXP� 7KH SURSRVHG IDFLOLW\ LV

HTXLSSHG ZLWK D ��� 0H9 SURWRQ DFFHOHUDWRU RI ����� P$� D OLWKLXP WDUJHW� DQG D KHDY\ ZDWHU

PRGHUDWRU FRQWDLQHG LQ DQ DOXPLQXP WDQN� (DFK RI WKHVH HTXLSPHQWV LV IHDVLEOH� LI SURSHU

5	' ZRUNV KDYH EHHQ GRQH� 2XU QHZ GHVLJQ UHTXLUHV WKH EHDP SRZHU RI OHVV WKDQ D

KXQGUHG N: IRU WKH DFFHOHUDWRU� DOWKRXJK WKDW RI RXU SUHYLRXV GHVLJQ ZDV � 0:� 7KH

UHGXFWLRQ RI WKH EHDP SRZHU PDNHV WKH FRROLQJ V\VWHP IRU WKH WDUJHW PXFK VLPSOHU� 7KH

HVVHQWLDO LVVXHV IRU UHDOL]DWLRQ RI WKLV FRQFHSW DUH ORQJ�OLIH OLWKLXP WDUJHWV XQGHU KLJK KHDW

IOX[ DQG KLJK FXUUHQW SURWRQ DFFHOHUDWRUV ZLWK DYHUDJH FXUUHQWV RI PRUH WKDQ �� P$

,W LV QHFHVVDU\ IRU WKH UHDVRQDEOH GHVLJQ RI D VPDOO�VL]HG DQG ORZ FRVW IDFLOLW\ WR JHW JRRG

DFFXUDF\ QXFOHDU UHDFWLRQ GDWD� (VSHFLDOO\� WKH ODWHVW /L�%H�S�Q� QHXWURQ \LHOG GDWD LQ D

UDQJH RI WKUHVKROG HQHUJ\ � IHZ 0H9 DUH UHTXLUHG IRU H[DFW HYDOXDWLRQ RI QHXWURQ HQHUJ\

VSHFWUXP XVHG WKHUDS\� $QG GDPDJH GDWD E\ ORZ HQHUJ\ SURWRQ EHDP DUH DOVR LPSRUWDQW WR

HYDOXDWH LQWHJULW\ RI WDUJHW PDWHULDO

���,QWURGXFWLRQ
:H KDYH EHHQ VWXG\LQJ QXFOHDU UHDFWRU FRQFHSWV VXLWDEOH IRU WKH ERURQ QHXWURQ FDSWXUH

WKHUDS\ DW D KRVSLWDO VLQFH -XO\� ����� 2QH FRQFHSW ZDV SURSRVHG DW WKH �UG $VLDQ

6\PSRVLXP RQ 5HVHDUFK 5HDFWRUV LQ ���� >�@ DQG DQ DGYDQFHG FRQFHSW ZDV SURSRVHG DW WKH

�WK 6\PSRVLXP RQ $GYDQFHG 1XFOHDU (QHUJ\ 5HVHDUFK LQ ���� >�@� 6LQFH FRQVWUXFWLRQ RI D

QXFOHDU UHDFWRU DW D KRVSLWDO LV FRQVLGHUHG WR KDYH GLIILFXOW\ LQ REWDLQLQJ SXEOLF DFFHSWDQFH�

ZH KDYH SURSRVHG D GHXWHURQ DFFHOHUDWRU RI � 0: EHDP SRZHU DV DQ DOWHUQDWLYH QHXWURQ

VRXUFH� 7KH DFFHOHUDWRU LV EDVHG RQ WKH FRQFHSW RI (61,7 >�@ GHVLJQ ZKLFK XVHV WKH /L �G� Q�

UHDFWLRQ E\ D ��P$���0H9 DFFHOHUDWRU� $ QXPHULFDO VWXG\ RI RSWLPL]LQJ WKH PRGHUDWRU

DVVHPEOLHV ZDV SUHVHQWHG LQ WKH �VW ,QWHUQDWLRQDO :RUNVKRS RQ $FFHOHUDWRU�%DVHG 1HXWURQ

6RXUFHV IRU %RURQ 1HXWURQ &DSWXUH 7KHUDS\� -DFNVRQ� LQ ���� >�@� %XW DQ DFFHOHUDWRU ZLWK

� 0: EHDP SRZHU LV WRR PDVVLYH DQG DOVR WRR H[SHQVLYH IRU D KRVSLWDO XVH� :H KDYH

FKDOOHQJHG WR UHGXFH WKH DFFHOHUDWRU EHDP SRZHU WKRURXJKO\ XVLQJ WKH /L �S� Q� UHDFWLRQ

LQVWHDG RI WKH /L �G� Q� UHDFWLRQ� :H KDYH EHHQ ZRUNLQJ WR UHGXFH WKH EHDP SRZHU RI WKH

DFFHOHUDWRU UHTXLUHG IRU PHGLFDO WUHDWPHQW� ,Q WKLV SDSHU WKH PHDVXUHV WR UHGXFH WKH EHDP

SRZHU DUH GHVFULEHG ZLWK VHYHUDO QXPHULFDO UHVXOWV�

���2SWLPL]DWLRQ�RI�)DFLOLW\



��� 'HVLJQ REMHFWLYHV

:H KDYH VWXGLHG WR UHGXFH WKH EHDP SRZHU RI WKH DFFHOHUDWRU EDVHG RQ WKH IROORZLQJ

GHVLJQ REMHFWLYHV� 7KH WLPH LQWHUYDO IRU FOLQLFDO WUHDWPHQW ZLOO EH OHVV WKDQ ��� KRXUV� 7KH

WKHUDSHXWLF QHXWURQ IOXHQFH �WLPH LQWHJUDWHG IOX[� DW WKH LUUDGLDWLRQ ILHOG VKRXOG EH PRUH

WKDQ � [ ���� Q�FP� IRU WKH HSL�WKHUPDO QHXWURQ��H9��NH9�� 7KH FRQWDPLQDQW DW WKH

LUUDGLDWLRQ ILHOG VKRXOG EH OHVV WKDQ �*\ IRU WKH IDVW QHXWURQ �! �NH9� GRVH DQG OHVV WKDQ

�*\ IRU WKH JDPPD�UD\ GRVH�

��� 3URFHGXUH

,W LV QHFHVVDU\ WR VORZ WKH QHXWURQV SURGXFHG E\ WKH QXFOHDU UHDFWLRQ RI WKH FKDUJHG

SDUWLFOH ZLWK WKH WDUJHW GRZQ WR WKH HSL�WKHUPDO QHXWURQ HQHUJ\� ZKLFK LV WKH PRVW VXLWDEOH

IRU WKH WUHDWPHQW� ,W LV DOVR UHTXLUHG WR GHFUHDVH WKH QXPEHU RI KLJK�HQHUJ\ QHXWURQV� ZKLFK

DUH KDUPIXO IRU WKH WUHDWPHQW� DQG WR LQFUHDVH WKH QXPEHU RI HSL�WKHUPDO QHXWURQV

VXIILFLHQWO\ IRU WKH WUHDWPHQW� $W WKH LUUDGLDWLRQ ILHOG RI D SDWLHQW� WKH UDWLR RI WKH IDVW

QHXWURQ GRVH WR WKH HSL�WKHUPDO QHXWURQ IOXHQFH PXVW EH OHVV WKDQ �*\� �� [ ����Q�FP��  ���

[ �����*\ � FP�� LQ RUGHU WR PDNH WKH DPRXQW RI WKH IDVW QHXWURQ GRVH OHVV WKDQ �*\� DQG WR

PDNH WKH DPRXQW RI WKH HSL�WKHUPDO QHXWURQ IOXHQFH PRUH WKDQ � [ ����Q�FP��

$ QHXWURQ VRXUFH RI XQLW VWUHQJWK LV IL[HG RQ WKH WDUJHW� WKHQ WKH QHXWURQ IOX[

GLVWULEXWLRQ LQ WKH PRGHUDWRU KDV EHHQ FDOFXODWHG E\ WKH QHXWURQ WUDQVSRUW DQDO\VLV PHWKRG

ZLWK WKH DFFHOHUDWLRQ HQHUJ\ DQG WKH FRPSRVLWLRQ RI WKH PRGHUDWRU PDWHULDO DV SDUDPHWHUV�

7KH GLVWULEXWLRQ RI WKH UDWLR RI WKH IDVW QHXWURQ GRVH WR WKH HSL�WKHUPDO QHXWURQ IOXHQFH KDV

EHHQ GHULYHG IURP WKHVH DQDO\VHV� DQG WKH PLQLPXP WKLFNQHVV RI WKH PRGHUDWRU� ZKLFK

VDWLVILHV WKH DERYH FRQGLWLRQ� LV GHWHUPLQHG� 7KH UHTXLUHG QHXWURQ VRXUFH VWUHQJWK DW WKH

WDUJHW KDV EHHQ HVWLPDWHG VR DV WR PDNH WKH HSL�WKHUPDO QHXWURQ IOXHQFH LQ WKH LUUDGLDWLRQ

ILHOG H[FHHG � [ ����Q�FP��

)RU HDFK LQFLGHQW HQHUJ\ WKH EHDP FXUUHQW� ZKLFK SURGXFHV D VXIILFLHQW QHXWURQ VRXUFH

VWUHQJWK� KDV EHHQ HYDOXDWHG IURP WKH QHXWURQ \LHOG GDWD� DQG WKH RQH� ZKLFK PDNHV WKH

DFFHOHUDWRU EHDP SRZHU PLQLPXP KDV EHHQ VHOHFWHG�

��� 3ODQQLQJ DQ DFFHOHUDWRU FRQFHSW IRU %1&7 IDFLOLW\

7KH DFFHOHUDWLRQ HQHUJ\ LV OLPLWHG XS WR ��0H9 WR PDNH WKH DFFHOHUDWRU FRPSDFW�

%HFDXVH RI WKH HDVLQHVV RI PDNLQJ WKH LRQ VRXUFH DQG WKH KLJK HIILFLHQF\ RI WKH QHXWURQ

SURGXFWLRQ LQ ORZ HQHUJ\ SURWRQ KDV EHHQ VHOHFWHG DV DQ DFFHOHUDWLRQ SDUWLFOH DQG OLWKLXP DV

D WDUJHW PDWHULDO� )URP RXU QHXWURQ LUUDGLDWLRQ V\VWHP GHVLJQ H[SHULHQFH RI WKH QXFOHDU

UHDFWRU IRU %1&7 DOXPLQXP LV FKRVHQ DV PRGHUDWRU PDWHULDO IRU WKH UHPRYDO RI WKH IDVW

QHXWURQ� 7R LQFUHDVH WKH HSL�WKHUPDO QHXWURQ IOX[ KHDY\ ZDWHU LV XVHG� 7KH UDWLR RI WKH

PL[WXUH RI DOXPLQXP DQG KHDY\ ZDWHU LV FKDQJHG DV D SDUDPHWHU RI WKH DQDO\VLV�

$QDO\WLFDO PRGHOV DUH DV IROORZV� D ��GLPHQVLRQDO F\OLQGULFDO PRGHO GHVFULEHG LQ )LJ�� LV

XVHG E\ WKH ��GLPHQVLRQDO GLVFUHWH RUGLQDWHV QHXWURQ DQG JDPPD UD\ FRXSOHG WUDQVSRUW FRGH�

'257 >�@� 7KH QXPEHU RI HQHUJ\ JURXSV IRU QHXWURQ LV �� DQG WKH QXPEHU RI JDPPD�UD\

HQHUJ\ JURXSV LV �� 7KH QXFOHDU JURXS FRQVWDQWV KDYH EHHQ SURFHVVHG IURP WKH -(1'/��

�667'/�������� QXFOHDU FURVV VHFWLRQ OLEUDU\ >�@�

:H KDYH VWXGLHG VL[WHHQ FDVHV RI FRPELQDWLRQ RI WKH PRGHUDWRU FRPSRVLWLRQ DQG WKH

LQFLGHQW SURWRQ HQHUJ\� 7KH PRGHUDWRU LV FRPSRVHG RI KRPRJHQHRXV PL[WXUH RI KHDY\ ZDWHU

DQG DOXPLQXP� 7KH FRQWHQWV RI KHDY\ ZDWHU DUH ��������� DQG�� SHUFHQW� 7KH LQFLGHQW

SURWRQ HQHUJLHV DUH ���� �� �� DQG �� 0H9�

���6SHFLILFDWLRQV�RI�$FFHOHUDWRU�)DFLOLW\
7KH IDVW QHXWURQ GRVH DQG WKH HSL�WKHUPDO QHXWURQ IOXHQFH GLVWULEXWLRQV LQ WKH

DVVHPEOLHV DUH GHVFULEHG LQ )LJ�� DQG )LJ�� ZKHUH WKH LQFLGHQW SURWRQ HQHUJLHV DUH ���0H9

DQG ��0H9�UHVSHFWLYHO\� )URP WKHVH DQDO\WLFDO UHVXOWV� WKH PLQLPXP PRGHUDWRU WKLFNQHVV

KDYH EHHQ GHULYHG DQG DUH VKRZQ LQ 7DEOH �� 7KH UHTXLUHG EHDP FXUUHQW �P$� DQG WKH

EHDP SRZHU �N:� YV� WKH LQFLGHQW SURWRQ HQHUJ\ DUH VKRZQ LQ )LJ���

7KURXJK WKH DQDO\VHV WKH IROORZLQJ UHVXOWV KDYH EHHQ GHULYHG� WKH ORZHU WKH



DFFHOHUDWLRQ HQHUJ\� WKH OHVV EHDP SRZHU LV UHTXLUHG EXW PRUH EHDP FXUUHQW LV UHTXLUHG� 7KH

EHDP SRZHU UHTXLUHG IRU WKH WUHDWPHQW LQ DQ KRXU LV �� N:� ��/L �S� Q� �%H� �� P$ LQ ���0H9�

)RU WKH KLJK FXUUHQW SURWRQ DFFHOHUDWRU RI WKH %1&7 IDFLOLW\ WKH VSHFLILFDWLRQV RI WKH

DFFHOHUDWRU HTXLSPHQWV DUH GHWHUPLQHG DQG GHVFULEHG LQ 7DEOH �� %HFDXVH PRUH WKDQ

VHYHUDO PLOOLDPSHUH FXUUHQWV DQG D IHZ WR VHYHUDO PLOOLRQ HOHFWURQ YROW DFFHOHUDWLRQ YROWDJHV

DUH FKDOOHQJHV� RXU EDVLF GHVLJQ RI WKH DFFHOHUDWRU LV EDVHG RQ WKH -$(5,
V 5	' ZRUN� >�@�

(DFK RI WKHVH HTXLSPHQWV LV IHDVLEOH� LI SURSHU 5	' ZRUNV KDYH EHHQ GRQH�

���7DUJHW�DQG�0RGHUDWRU�$VVHQEO\
$ OLJKW ZDWHU FRRODQW VKRXOG UHPRYH WKH KHDW RI WKH SURWRQ EHDP SRZHU GLVVLSDWHG LQ

WKH WKLQ OLWKLXP WDUJHW� 7R LPSURYH WKH KHDW UHPRYDO FDSDELOLW\� FRUUXJDWHG SDQHOV DUH

DWWDFKHG RQWR WKH RSSRVLWH VXUIDFH RI WKH DOXPLQXP EDVH PHWDO RQ ZKLFK OLWKLXP LV GHSRVLWHG

E\ HYDSRUDWLRQ� 7KH QXPHULFDO UHVXOW LQ )LJ� � VKRZV WKDW WKH SHDN KHDW IOX[ RI WKH LQFLGHQW

SURWRQ EHDP VKRXOG EH UHGXFHG WR OHVV WKDQ ��� :�FP� VLQFH WKH PHOWLQJ RI WKH WDUJHW VKRXOG

EH DYRLGHG� $ F\OLQGULFDO WDQN ILOOHG ZLWK KHDY\ ZDWHU� ZKLFK KDV D ��FP GLDPHWHU DQG D

��FP KHLJKW LV XVHG DV D PRGHUDWRU RI WKH QHXWURQ HQHUJ\� 7KH FRQFHSW RI WKH FRROLQJ

VWUXFWXUH LQ WKH WDUJHW DVVHPEO\ LV VKRZQ LQ )LJ� ��

���5HTXLUHPHQWV�RQ�1XFOHDU�'DWD
)LUVW� ZH UHTXLUH WKH ODWHVW HQHUJ\ DQG DQJXODU GLVWULEXWLRQ GDWD RI QHXWURQ DQG γ

SURGXFWLRQ E\ WKH UHDFWLRQ LQ D UDQJH RI WKUHVKROG HQHUJ\ WR D IHZ 0H9 $QRWKHU HQJLQHHUV

DQG ZH PDNH D GHVLJQ RI DQ DFFHOHUDWRU IDFLOLW\ IRU %1&7 XVH WKH VDPH QXFOHDU GDWD DV

VKRZQ LQ )LJ� � DQG )LJ� � >�@� )RU H[DPSOH� H[LVWHQFH DQG KHLJKW RI /L�S�Q�UHVRQDQW

UHDFWLRQ DW DERXW ���0H9 LV QHHGHG WR HYDOXDWH HIILFLHQF\ RI QHXWURQ SURGXFWLRQ� 7KH SUHFLVH

FURVV VHFWLRQ FXUYH RI /L�%H�S�Q� UHDFWLRQ QHDU WKH WKUHVKROG HQHUJ\ LV VR VHQVLWLYH WR GHFLGH
LQFLGHQW SURWRQ HQHUJ\ LQ RUGHU WR REWDLQ ORZHU HQHUJ\ QHXWURQ� γ 3URGXFWLRQ GDWD LV

QHHGHG WR VKLHOGLQJ FDOFXODWLRQV RI D WDUJHW DQG DQ DFFHOHUDWRU� %HFDXVH WKLV GDWD ZDV

SXEOLVKHG LQ ����� ZH WKLQN PRUH SUHFLVH GDWD FDQ EH PHDVXUHG ZLWK QHZ PHWKRGRORJ\ DQG

QHZ LQVWUXPHQWV� ,W LV QHFHVVDU\ IRU WKH UHDVRQDEOH GHVLJQ RI D VPDOO�VL]HG DQG ORZ FRVW

IDFLOLW\ WR JHW JRRG DFFXUDF\ QXFOHDU UHDFWLRQ GDWD�

1H[W� ZH KDYH QR GDPDJH GDWD E\ ORZ HQHUJ\ DQG KLJK LQWHQVLW\ SURWRQ EHDP� +H

DWRPV DUH DFFXPXODWHG LQVLGH RI D WDUJHW VXUIDFH E\ LUUDGLDWLRQ RI SURWRQ EHDP� ,W LV DOVR

LPSRUWDQW WR HYDOXDWH LQWHJULW\ RI WDUJHW PDWHULDOV�

���&RQFOXVLRQ
%DVHG RQ WKHVH FRQFHSWV� D W\SLFDO DUUDQJHPHQW RI WKH IDFLOLW\ LV SURSRVHG LQ )LJ� �� $

KLJK FXUUHQW SURWRQ DFFHOHUDWRU RI �� P$� /L �S� Q� W\SH WDUJHW ZLWK D KLJK KHDW IOX[ FRQGLWLRQ�

DQG DQ DOXPLQXP WDQN PRGHUDWRU DVVHPEO\ FRQWDLQLQJ KHDY\ ZDWHU �'�2�� 'HYHORSPHQW RI

D KLJK FXUUHQW DFFHOHUDWRU� ZKLFK KDV PRUH WKDQ WKH VHYHUDO P$ FDSDFLW\ LV WKH HVVHQWLDO

LVVXH IRU WKH IDFLOLW\� ,W LV DOVR QHFHVVDU\ WR FRQWLQXH WKH HIIRUW WR UHGXFH WKH EHDP SRZHU

UHTXLUHPHQW�
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>�@ 6DVDNL� 0�� +LURWD� -��7DPDR�6�� .DQGD� .�� DQG 0LVKLPD� <�� ´'HVLJQ 6WXG\ RI D 0HGLFDO

5HDFWRU IRU %RURQ 1HXWURQ &DSWXUH 7KHUDS\�µ 3URFHHGLQJV RI WKH �UG $VLDQ 6\PSRVLXP

RQ 5HVHDUFK 5HDFWRU� +LWDFKL� -DSDQ �������

>�@ 6DVDNL� 0�� +LURWD� -�� 7DPDR� 6�� .DQGD� .�� DQG 0LVKLPD� <�� ´3URJUHVV LQ 6WXG\ RI D

0HGLFDO 5HDFWRU IRU %RURQ 1HXWURQ &DSWXUH 7KHUDS\�µ 3URFHHGLQJV RI WKH �WK

,QWHUQDWLRQDO 6\PSRVLXP RQ $GYDQFHG 1XFOHDU (QHUJ\ 5HVHDUFK� 0LWR� -DSDQ �������

>�@ 2\DPD� <�� <DPDJXFKL� 6�� .RVDNR� .�� DQG 0DHNDZD� +�� &DOFXODWLRQ RI 1HXWURQ )LHOG

*HQHUDWHG DW 7KLFN /L 7DUJHW %RPEDUGHG ZLWK ����� 0H9 'HXWHURQV IRU (QHUJ\

6HOHFWLYH 1HXWURQ ,UUDGLDWLRQ 7HVW )DFLOLW\� -$(5,�0 ������ �������



),*85( �� $QDO\WLFDO 0RGHO RI 1HXWURQ 0RGHUDWRU $VVHPEO\

>�@ +LURWD� -�� ,NHGD� .�� 6DVDNL� 0�� DQG <RNRERUL� +�� ´'HVLJQ 6WXG\ RI D 'HXWHURQ /LQDF

)DFLOLW\ IRU %RURQ 1HXWURQ &DSWXUH 7KHUDS\�µ 3URFHHGLQJV RI WKH �VW ,QWHUQDWLRQDO

6\PSRVLXP RQ $FFHOHUDWRU�EDVHG 1HXWURQ 6RXUFH IRU 1&7� -DFNVRQ� :\RPLQJ �������
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>�@ +DVHJDZD� $�� ´'HYHORSPHQW RI D &RPPRQ 1XFOHDU *URXS &RQVWDQWV /LEUDU\ 6\VWHP�

-667'/����Q����J %DVHG RQ -(1'/�� 1XFOHDU 'DWD /LEUDU\�µ 3URFHHGLQJV RI WKH

,QWHUQDWLRQDO &RQIHUHQFH RI 1XFOHDU 'DWD IRU 6FLHQFH DQG 7HFKQRORJ\� -XOLFK� )5*

�������

>�@ +DVHJDZD .�� 0L]XPRWR� 0�� .XVDQR� -�� ,WR� 1�� 2JXUL� +�� 7RXFKL� <�� ,QR� +�� DQG

0XNXJL� .�� ´7KH 5	' 6WDWXV RQ WKH )URQW (QG RI WKH +LJK ,QWHQVLW\ 3URWRQ

$FFHOHUDWRU LQ -DSDQ�µ 3URFHHGLQJV RI WKH ���� /LQDF &RQIHUHQFH� *HQHYD� 6ZLW]HUODQG

�������

>�@ /LVNLHQ� +�� DQG 3DXNVHQ� $�� ´1HXWURQ 3URGXFWLRQ &URVV 6HFWLRQV DQG (QHUJLHV IRU WKH

5HDFWLRQV �/L�S�Q��%H DQG �/L�S�Q��%Hµ� $WRPLF 'DWD DQG 1XFOHDU 'DWD 7DEOHV� ���

SS����� �������
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),*85( �� 9LHZ RI DQ $FFHOHUDWRU %DVHG %1&7 )DFLOLW\

),*85( �� 7RWDO 1HXWURQ <LHOG &XUYH RI /L�%H�S�Q�
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