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7KH &RPSDFW 5HYHUVHG 6KHDU 7RNDPDN 
&5(67
 LV D FRVW FRPSHWLWLYH UHDFWRU FRQFHSW EDVHG RQ WKH

UHYHUVHG VKHDU KLJK EHWD SODVPD DQG D VXSHU�KHDWHG VWHDP F\FOH ZKLFK PDNHV D KLJK WKHUPDO HIILFLHQF\ �η ����
SRVVLEOH� 7KH PRGHUDWH DVSHFW UDWLR����� DQG WKH HORQJDWLRQ ����� RI WKH &5(67 DUH VLPLODU WR WKH ,7(5

DGYDQFHG PRGH SODVPD� 7KH FXUUHQW SURILOH FRQWURO E\ QHXWUDO EHDP FXUUHQW GULYH VWDELOL]HV WKH LGHDO 0+'

DFWLYLW\ XS WR β1  ���� 7KH &5(67 FRXOG JHQHUDWH DERXW ���*:H HOHFWULF SRZHU ZLWK D FRPSHWLWLYH FRVW�

�� ,1752'8&7,21

7KH IXVLRQ SRZHU SODQW LQ WKH IXWXUH VKRXOG EH PDGH HFRQRPLFDOO\ DQG HQYLURQPHQWDOO\

DWWUDFWLYH FRPSDUHG ZLWK RWKHU DGYDQFHG HQHUJ\ VRXUFHV� ,Q SDUWLFXODU WKH DFKLHYHPHQW RI D

FRPSHWLWLYH FRVW RI HOHFWULFLW\ �&2(� LV WKH ILUVW SULRULW\ IRU HOHFWULF SRZHU LQGXVWULHV� 7KH &RPSDFW

5HYHUVHG 6KHDU 7RNDPDN 
&5(67
 LV D FRVW FRPSHWLWLYH UHDFWRU FRQFHSW EDVHG RQ WKH UHYHUVHG VKHDU

�56� SODVPD ZLWK D PRGHUDWH DVSHFW UDWLR $ ��� ZKLFK LV VLPLODU WR WKH ,7(5 DGYDQFHG PRGH SODVPD�

6KRZLQJ VXFK D IXWXUH SHUVSHFWLYH EDVHG RQ WKH ,7(5 LV LPSRUWDQW LQ WKH IXVLRQ GHYHORSPHQW VWUDWHJ\�

7KH DGYDQFHG 2'6 IHUULWLF VWHHO LV DGRSWHG IRU PDLQ FRPSRQHQWV� ZKLFK LV FRPSDWLEOH ZLWK DQ

KLJK WKHUPDO HIILFLHQF\ F\FOH �η ���� XVLQJ VXSHU�KHDWHG VWHDP>�@� 7KH FXUUHQW SURILOH FRQWURO DQG
WKH KLJK VSHHG SODVPD URWDWLRQ E\ QHXWUDO EHDP FXUUHQW GULYH �1%&'� VWDELOL]H WKH LGHDO 0+'

DFWLYLW\ XS WR β1  ��� ZLWK D FORVHG FRQGXFWLYH VKHOO� ZKLFK LV LQVWDOOHG LQ WKH EUHHGLQJ EODQNHW� 2XU

FRVW DVVHVVPHQW VWXG\ >�@ KDV VKRZQ WKDW WKHVH KLJK YDOXHV �η DQG β1� DUH WKH PRVW HIIHFWLYH NH\
SDUDPHWHUV IRU UHGXFLQJ WKH &2( RI WRNDPDN UHDFWRUV�

�� +,*+ %(7$ 56 (48,/,%5,80

7KH 56 HTXLOLEULD VKRXOG EH VXVWDLQHG E\ D KLJK ERRWVWUDS FXUUHQW �%6&� IUDFWLRQ LQ RUGHU WR

PLQLPL]H WKH FXUUHQW GULYH SRZHU� 6LQFH WKH SURILOH RI %6& PXVW EH ZHOO DOLJQHG ZLWK WKH RSWLPL]HG

0+' HTXLOLEULXP� D ]HUR GLPHQVLRQDO V\VWHP FRGH LV QRW XVHIXO IRU WKH SUHVHQW SXUSRVH� $ WRNDPDN

DQDO\VLV FRGH XVHG LQ WKLV VWXG\ LQFOXGHV WKH FDOFXODWLRQV RI QHXWUDO EHDP �1%� RU 5) GULYHQ FXUUHQW

SURILOHV LQFOXGLQJ %6&>�@� 7KLV FRGH KDV EHHQ FRPELQHG ZLWK D WZR GLPHQVLRQDO LGHDO 0+'

DQDO\VLV FRGH (4/$86�(5$72>���@ LQ RUGHU WR LQYHVWLJDWH VHOI�FRQVLVWHQW 0+' HTXLOLEULD DQG WKH

VWDELOLW\�

,Q WKH ILUVW VWHS� ZH LQYHVWLJDWHG DQ RSWLPL]HG 56 WRNDPDN SDUDPHWHUV XQGHU WKH IROORZLQJ

UHVWULFWLRQV� �� 1HXWURQ ZDOO ORDG 3Z OHVV WKDQ � 0:�P� LQ DYHUDJH� �� 1HXWURQ VKLHOG WKLFNQHVV

RI ���P �LQFO� WKH EUHHGLQJ EODQNHW�� �� � � TPLQ� � IRU WKH 0+' VWDELOLW\ �QRWH WKDW D ODUJH %6&

IUDFWLRQ PD\ GURS TPLQ LQWR D ORZHU YDOXH�� 7KH RSHUDWLYH ZLQGRZ RI WKH 56 HTXLOLEULD LV KLJKO\

UHVWULFWHG EHFDXVH RI WKH DERYH FRQGLWLRQ ��� RQ WKH T SURILOH� ,W LV IRXQG WKDW WKHUH DUH WZR SRVVLEOH

SDVVHV WR 56 UHDFWRUV� KLJK DVSHFW UDWLR ���$��� ZLWK D KLJK %PD[�a��7�� RU PRGHUDWH DVSHFW UDWLR

���$��� ZLWK D PRGHUDWH %PD[�a��7�� ,Q WKH IRUPHU FDVH� WKH IXVLRQ SRZHU UHVWULFWHG WR ��� *:WK



EHFDXVH RI WKH QHXWURQ ZDOO ORDG OLPLW �� � 0:�P��� ,W LV ZRUWK QRWLQJ WKDW WKLV FDVH LV FRQVLVWHQW

ZLWK WKH 67$5/,7( GHVLJQ >�@� :H KDYH FKRVHQ WKH ODWWHU FDVH LQ RUGHU WR GHVLJQ WKH &5(67 ZLWK

WKH DVSHFW UDWLR FORVH WR WKH ,7(5 DQG WR DWWDLQ � *:WK RXWSXW ZLWKLQ WKH ZDOO ORDG OLPLW� 7KH EDVH

SDUDPHWHUV RI &5(67 DUH GHWHUPLQHG DV� 5R ���P� $ ���� κ ���� δ ����
7KH 56 HTXLOLEULXP IRU &5(67 KDV EHHQ RSWLPL]HG E\ WKH VHOI�FRQVLVWHQW FDOFXODWLRQ LQFOXGLQJ

WKH LGHDO 0+' DQDO\VLV� ,Q WKH HDUO\ VWDJH RI &5(67 GHVLJQ >�@� D EHDP � 5) GULYHQ ZDV FRQVLGHUHG

DVVXPLQJ =HII ���� $OWKRXJK WKLV RSWLRQ LV DWWUDFWLYH IRU PLQLPL]LQJ WKH WRWDO LQMHFWLRQ SRZHU �5)�

1%,�� WKH 5) FXUUHQW GULYH HIILFLHQF\ LV

YHU\ VHQVLWLYH WR =HII� 6LQFH D KLJK =HII

RSHUDWLRQ ZLWK ;H LPSXULW\ LQMHFWLRQ LV

FRQVLGHUHG IRU WKH &5(67 LQ RUGHU WR

UHGXFH WKH KHDW ORDG RI GLYHUWRU� ZH

KDYH GHFLGHG WR XVH D QHZ IXOO\ EHDP

GULYHQ RSWLRQ� VKRZQ LQ 7$%/( � DQG

),*��� 7KH 7UR\RQ FRHIILFLHQW β1
DWWDLQV ��� ZLWKRXW LGHDO 0+'

LQVWDELOLWLHV �LGHDO NLQN IRU Q ��� DQG ��

EDOORRQLQJ DQG 0HUFLHU PRGHV KDYH

EHHQ FKHFNHG�� 7KH IXVLRQ SRZHU

3I �*: DQG WKH SODVPD FXUUHQW ,S �� 0$ ZLWK WKH ERRWVWUDS FXUUHQW �%6&� IUDFWLRQ IEV ���� 7KH

FXUUHQW SURILOH KDV EHHQ RSWLPL]HG E\ FRQWURO RI WKH SRZHU UDWLR EHWZHHQ WZR EHDPOLQHV �RQH LV RQ

PLG�SODQH DQG DQRWKHU LV RII PLG�SODQH� ���0H9 ERWK�� 7KH SRZHU UDWLR LV VKRZQ LQ WKH ILJXUH� 7KH

IRRWSULQWV RI EHDPOLQHV DUH VKRZQ LQ ),*��D� ,Q WKH DFWXDO GHVLJQ �),*���� WKH RII PLG�SODQH EHDP LV

LQMHFWHG LQ WKH ORZHU SDUW RI WKH SODVPD�

%HFDXVH RI ODUJH PRPHQWXP LQSXW GXH WR WKH QHXWUDO EHDP LQMHFWLRQ� WKH PHDQ WRURLGDO URWDWLRQ

YHORFLW\ YURW LV RYHU ��
� P�VHF �DVVXPLQJ τURW �τ(�� 7KH LGHDO NLQN DQG UHVLVWLYH ZDOO PRGHV ZLOO EH

VWDELOL]HG E\ WKLV IDVW URWDWLRQ DQG D FRQGXFWLYH VKHOO FORVH WR WKH SODVPD� ZKLFK LV LQVWDOOHG LQVLGH RI

WKH EODQNHW� 2Q WKH PLG�SODQH� DZ�D ����� ZKHUH DZ LV WKH

HIIHFWLYH UDGLXV RI WKH FRQGXFWLYH VKHOO�

7KH SODVPD SRVLWLRQDO VWDELOLW\ LV NHSW E\ WKH DFWLYH DQG

SDVVLYH FRSSHU IHHGEDFN FRLOV LQVWDOOHG LQVLGH WKH 7) FRLOV� $Q

H[DPSOH RI WKH IHHGEDFN V\VWHP VLPXODWLRQ DJDLQVW D VPDOO βS
DQG OL SHUWXUEDWLRQV �∆βS ����� ∆OL  ������ LV VKRZQ LQ ),*���
ZKHUH WKH RQH�WXUQ UHVLVWLYLW\ RI WKH SDVVLYH FRLOV LV DVVXPHG DV

��� PLFUR�RKPV� 7KH SRZHU IRU WKH DFWLYH SRVLWLRQ FRQWURO FRLOV LV

OHVV WKDQ ��� 0: LQ WKLV H[DPSOH�

�� 5$',$7,9( &22/,1* $1' 3$57,$/ /2$' &$3$%,/,7<

7KH KLJK KHDW ORDG RI GLYHUWRU LV D FRPPRQ LVVXH IRU DOO

FRPSDFW WRNDPDN UHDFWRUV� 0DNLQJ XVH WKH PD[LPXP DGYDQWDJH GXH

WR WKH LQVHQVLWLELW\ RI 1%&' HIILFLHQF\ RQ =HII� WKH &5(67 FDQ EH

RSHUDWHG LQ D ZLGH UDQJH RI =HII� $ VPDOO DPRXQW RI [HQRQ LV DGGHG

LQ WKH PDLQ SODVPD ������� =HII ���� DQG 62/ ������ LQ RUGHU WR

UDGLDWH ��� RI WKH WKHUPDO SRZHU WR WKH ILUVW ZDOO� 7KH UDGLDWLRQ

SRZHUV DUH ���0: ����� IURP WKH PDLQ SODVPD DQG ���0:

����� IURP 62/� UHVSHFWLYHO\� 7KH SHDN GLYHUWRU KHDW ORDG FDQ EH

UHGXFHG GRZQ WR �� 0:�P�� LI WKH VHSDUDWUL[ GHQVLW\ DWWDLQV ��� ×
�� ��P�� �),*����
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%\ VXFK DFWLYH =HII FRQWURO� WKH SDUWLDO

ORDG RSHUDWLRQ IURP ��� RXWSXW �=HII ���� WR

���� �=HII ���� ZLOO EH DFKLHYDEOH� 7KH

SRZHU EDODQFH FDQ EH PDLQWDLQHG E\ UHGXFLQJ

=HII ZLWKRXW FKDQJLQJ + YDOXH� 6XFK IOH[LELOLW\

LQ RSHUDWLRQ LV DWWUDFWLYH LQ DFWXDO FRPPHUFLDO

XVH�

�� &21),*85$7,21 $1'

(1*,1((5,1* '(6,*1

)LJXUH � VKRZV WKH ELUG
V H\H YLHZ RI

WKH &5(67� )XOO VHFWRU UHPRYDO ZLWK

KRUL]RQWDO SRUWV IRU HDV\ PDLQWHQDQFH LV

DGRSWHG LQ RUGHU WR ULVH WKH DYDLODELOLW\� 7KH FRVW RI WKH LQFUHDVHG VL]H RI WKH 7) DQG 3) FRLOV� ZKLFK LV

D SHQDOW\ RI WKH IXOO VHFWRU PDLQWHQDQFH FRQFHSW� LV H[SHFWHG WR EH VPDOOHU WKDQ WKH FRVW VDYLQJV GXH WR

WKH LQFUHDVHG DYDLODELOLW\�
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«��£� �� ¤�¡¦© §�©�¤�«�©ª ��� 0DWHULDOV VHOHFWLRQ� 5HGXFHG

DFWLYDWLRQ DGYDQFHG IHUULWLF VWHHO LV VHOHFWHG DV D

VWUXFWXUH PDWHULDO EHFDXVH RI JRRG FRPSDWLELOLW\

ZLWK ZDWHU FRRODQW DQG WKH ODUJH GDWDEDVH� 7KH

DOORZDEOH WHPSHUDWXUH UDQJH IURP ��� . WR ���

. LV DVVXPHG� 0L[WXUH RI OLWKLXP�FRQWDLQLQJ

FHUDPLFV SHEEOHV DQG EHU\OOLXP SHEEOHV LV

VHOHFWHG IRU WKH EUHHGLQJ PDWHULDO� ,QVWDOODWLRQ RI

PL[WXUH SHEEOHV RI EUHHGHU DQG PXOWLSOLHU LV

H[SHFWHG WR UDLVH WKH EUHHGLQJ UDWLR DQG WKH

WKHUPDO FRQGXFWLYLW\ RI WKH EUHHGLQJ ]RQH�

/LWKLXP ]LUFRQDWH �/L
�
=U2

�
� LV VHOHFWHG DV WKH

ILUVW FDQGLGDWH RI WKH EUHHGHU PDWHULDO EHFDXVH

RI UHODWLYHO\ ORZ FKHPLFDO UHDFWLYLW\ DQG KLJK

WULWLXP UHFRYHU\ FDSDELOLW\� =LUFRQLXP SODWH LV

WKH ILUVW FDQGLGDWH RI WKH FRQGXFWLQJ VKHOO

EHFDXVH RI LWV VPDOO LQIOXHQFH RQ WKH WULWLXP

EUHHGLQJ�

��� 6XSHU KHDWHG VWHDP F\FOH 7KH

FRQVWLWXWLRQ RI WKH EUHHGLQJ ]RQH DQG WKH

SUHVVXUH� IORZ UDWH DQG LQOHW WHPSHUDWXUH RI WKH

FRRODQW ZHUH RSWLPL]HG WR FRQWURO WKH

WHPSHUDWXUHV RI VWUXFWXUH PDWHULDO� EUHHGHU

PDWHULDOV� DQG RXWOHW FRRODQW� 7KH SKDVHV RI WKH

FRRODQW DW ILUVW ZDOO DQG DW EUHHGLQJ ]RQHV DQG

WKH SUHVVXUH ORVV RI WKH FRRODQW ZHUH DOVR

FRQWUROOHG� 7HPSHUDWXUH DOORZDQFH RI EUHHGHU

PDWHULDOV LV IURP ��� . WR ����. GXH WR WULWLXP

UHFRYHU\ DQG FKHPLFDO UHDFWLYLW\ RI WKH EUHHGHU

DQG WKH PXOWLSOLHU� UHVSHFWLYHO\>�@� 2XWOHW

FRRODQW WHPSHUDWXUH PXVW KLJKHU WKDQ ��� . WR

DWWDLQ WKH KLJK WKHUPDO HIILFLHQF\�

),*��� %LUG
V H\H YLHZ RI &5(67



7KH SUHVVXUH RI WKH FRRODQW LV �� 03D� ZKLFK LV VLPLODU WR WKDW RI WKH SUHVVXUL]HG ZDWHU FRROLQJ

V\VWHP RI WKH 6675>�@� 7KH DWWDLQDEOH WKHUPDO HIILFLHQF\ LV HVWLPDWHG WR EH �� � ZLWK WKH RXWOHW

WHPSHUDWXUH RI ���.� ),*V� � DQG � VKRZ WKH FURVV VHFWLRQ RI WKH EODQNHW DQG WKH FRQFHSW RI FRRODQW

IORZ GLUHFWLRQ� )LUVW ZDOO LV FRROHG E\ SUHVVXUL]HG ZDWHU DW UHODWLYHO\ ORZ WHPSHUDWXUH� XS WR ��� .�

7KH ILUVW ZDOO FDQ EH FRROHG LQ WKH DOORZDEOH UDQJH DW WKH SRZHU ORDGV RI ��� 0:�P� LQ WKHUPDO IOX[

DQG ��� 0:�P� LQ QHXWURQ IOX[� 7KH SUHVVXUL]HG ZDWHU FRPHV IURP WKH ILUVW ZDOO LV OHG WR WKH IRUZDUG

EUHHGLQJ ]RQH� 7KH FRRODQW LV KHDWHG XS WR ��� . DQG VWDUWV ERLOLQJ LQ XSZDUG VWUHDP FKDQQHOV� 7KH

VWHDP OHG WR WKH EDFNZDUG RI WKH EODQNHW ZRXOG EH VXSHU�KHDWHG XS WR ��� .�

��� 7ULWLXP EUHHGLQJ DQG VKLHOGLQJ�

� 7KH�UHTXLUHPHQW�RI�QHW�

WULWLXP�EUHHGLQJ�UDWLR�LV�

HVWLPDWHG�WR�EH�DW�OHDVW������IRU�

WKH�ILUVW�JHQHUDWLRQ�RI�IXVLRQ�

FRPPHUFLDO�SODQWV>��@�IRU�D�

IDYRUDEOH�LQWURGXFWLRQ�SDFH�RI�

IXVLRQ�� � 0L[WXUH�UDWLR�RI�

/L
�
=U2

�
�DQG�%H�DQG�/L���

HQULFKPHQW�ZHUH�RSWLPL]HG�IRU�

WULWLXP�EUHHGLQJ�UDWLR�DQG�LWV�

UHGXFWLRQ�GXH�WR�EXUQ�XS��7KH�

FDVH�RI������RI�/L���HQULFKPHQW�

DQG������RI�%H�PL[WXUH�UDWLR�LV�

VHOHFWHG�IRU�WKH�UHIHUHQFH�FDVH��

7KH�LQLWLDO�ORFDO�7%5�DQG�LWV�

UHGXFWLRQ��ZKLFK�DUH�HVWLPDWHG�

WR�EH�DSSUR[LPDWHO\������DQG�

�����IRU������)3<�RSHUDWLRQ��L�H��

����RI���\HDUV��UHVSHFWLYHO\��

DUH�DFFHSWDEOH�YDOXH��7KH���PP�

WKLFNQHVV�RI�]LUFRQLXP�SODWH�DW�

���FP�IURP�WKH�SODVPD�VXUIDFH�LV�UHTXLUHG�WR�EH�D�VWDELOL]DWLRQ�VKHOO��7KH�GHJUDGDWLRQ�RI�7%5�

GXH�WR�WKH�=U�VKHOO�LV�HVWLPDWHG�WR�EH�RQO\������� � � 7$%/(���VXPPDUL]HV�RI�WKH�VKLHOGLQJ�

SHUIRUPDQFH�ZLWK�WKH�VKLHOG�RI����FP�WKLFNQHVV�IRU�LQERDUG�DQG����FP�IRU�RXWERDUG��7KH�

GLVWDQFH�EHWZHHQ�WKH�SODVPD�VXUIDFH�DQG�VXSHU�FRQGXFWLQJ�FRLOV�EHKLQG�WKH�LQERDUG�VKLHOG�LV�

����P��3HDN�QHXWURQ�ZDOO�ORDGLQJ�RI���0:�P���LQERDUG������0:�P���RXWERDUG��DQG������)3<�

),*��� &URVV VHFWLRQ RI WKH RXWERDUG EODQNHW ),*��� 'HVLJQ FRQFHSW RI FRRODQW IORZ

,QERDUG 2XWERDUG

7KLFNQHVV �FP�

): ���

� )6 � ZDWHU � )6 � � ��� � ��� � ��� �

%ODQNHW ����

� EUHHGHU � FRROLQJ SDQHO � VKHOO � � ���� � ���� � ��� �

*DS � ��

6KLHOG 	 99 �� ��
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/L�=U2� GHQVLW\ ��7'� ��
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6KLHOG

)HUULWLF VWHHO � ZDWHU ��� �� � ��

): KHDW IOX[ �0:�P
�
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