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3URI� 'U� ,U� -� 7UDPSHU

+RRJOHUDDU LQ GH %LRSURFHVWHFKQRORJLH� :DJHQLQJHQ 8QLYHUVLWHLW

&R�SURPRWRUHQ�

'U� ,U� 5� +� :LMIIHOV

8QLYHUVLWDLU KRRIGGRFHQW VHFWLH 3URFHVNXQGH� :DJHQLQJHQ 8QLYHUVLWHLW

3URI� 'U� /� 5� 0XU

+RRJOHUDDU LQ GH $TXDWLVFKH 0LOLHXELRORJLH� 8QLYHUVLWHLW YDQ $PVWHUGDP

6DPHQVWHOOLQJ SURPRWLHFRPPLVVLH�

3URI� 'U� (� -� 5� 6�GKROWHU �:DJHQLQJHQ 8QLYHUVLWHLW�

3URI� 'U� ,U� $� -� 0� 6WDPV �:DJHQLQJHQ 8QLYHUVLWHLW�

'U� /� 6LMWVPD �$72�'/2�

'U� -� &� 3� 0DWWKLMV �8QLYHUVLWHLW YDQ $PVWHUGDP�

3URI� 'U� (� 0ROLQD *ULPD �8QLYHUVLGDG GH $OPHULD�



0DUFHO *HUDUG -R]HI -DQVVHQ
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3URHIVFKLIW

7HU YHUNULMJLQJ YDQ GH JUDDG YDQ GRFWRU

RS JH]DJ YDQ GH UHFWRU PDJQLILFXV

YDQ :DJHQLQJHQ 8QLYHUVLWHLW�

3URI� 'U� ,U� /� 6SHHOPDQ�

LQ KHW RSHQEDDU WH YHUGHGLJHQ

RS PDDQGDJ �� PDDUW ����

GHV QDPLGGDJV WH YLHU XXU LQ GH $XOD�



0� -DQVVHQ � &XOWLYDWLRQ RI PLFURDOJDH� HIIHFW RI OLJKW�GDUN F\FOHV RQ ELRPDVV \LHOG ± ����

7KHVLV :DJHQLQJHQ 8QLYHUVLW\� :DJHQLQJHQ� 7KH 1HWKHUODQGV ± ZLWK VXPPDU\ LQ 'XWFK ±

��� S�

.H\ZRUGV� PLFURDOJDH� FXOWLYDWLRQ� OLJKW UHJLPH� OLJKW�GDUN F\FOHV� ELRPDVV \LHOG�

SKRWRV\QWKHWLF HIILFLHQF\� SKRWRELRUHDFWRUV� VFDOH�XS�

,6%1� �������������

3ULQWHG E\� 3RQVHQ 	 /RRLMHQ %9� :DJHQLQJHQ� 7KH 1HWKHUODQGV



'LW SURHIVFKULIW LV RSJHGUDJHQ DDQ -DQ� 5LHN

HQ $QMD -DQVVHQ



&RQWHQWV

&KDSWHU � ,QWURGXFWLRQ �

&KDSWHU � 6SHFLILF JURZWK UDWH RI &KODP\GRPRQDV UHLQKDUGWLL DQG &KORUHOOD

VRURNLQLDQD XQGHU PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV� �� ± �� V ��

&KDSWHU � (IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &KODP\GRPRQDV UHLQKDUGWLL XQGHU

PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV� � ± �� V ��

&KDSWHU � (IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI &KODP\GRPRQDV UHLQKDUGWLL DQG

'XQDOLHOOD WHUWLROHFWD XQGHU PHGLXP�GXUDWLRQ OLJKW�GDUN F\FOHV� �� V ��

&KDSWHU � 0LFURDOJDH FXOWLYDWLRQ� PRGHOLQJ ELRPDVV \LHOG RQ OLJKW HQHUJ\ DV D

IXQFWLRQ RI OLJKW�JUDGLHQW�GDUN F\FOHV� �� � ��� V ��

&KDSWHU � (IILFLHQF\ RI OLJKW XWLOL]DWLRQ RI 'XQDOLHOOD WHUWLROHFWD XQGHU VKRUW

OLJKW�GDUN F\FOHV� ���� � � V ���

&KDSWHU � (QFORVHG RXWGRRU SKRWRELRUHDFWRUV� OLJKW UHJLPH� SKRWRV\QWKHWLF

HIILFLHQF\� VFDOH�XS DQG IXWXUH SURVSHFWV ���

6XPPDUL]LQJ 'LVFXVVLRQ ���

5HIHUHQFHV ���

6DPHQYDWWLQJ ���

1DZRRUG ���

&XUULFXOXP 9LWDH ���
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�� ,QWURGXFWLRQ

0LFUR�DOJDH DQG F\DQREDFWHULD

0LFURDOJDH DQG F\DQREDFWHULD� DOVR FDOOHG EOXH�JUHHQ DOJDH� DUH PRVW ZLGHO\ NQRZQ DV D

QXLVDQFH WR WKH SXEOLF� $OJDH VWLFN WR WKH ZDOO RI \RXU DTXDULXP DQG F\DQREDFWHULDO EORRPV

FDQ VSRLO VXUIDFH ZDWHUV MXVW EHFDXVH WKH ZDWHU GRHV QRW ORRN YHU\ DWWUDFWLYH DQ\PRUH DQG

VPHOOV� &\DQREDFWHULD HYHQ FDQ UHOHDVH WR[LQV GDQJHURXV IRU KXPDQV� %XW WKHVH XQLFHOOXODU

PLFURRUJDQLVPV FDQ DOVR EH H[SORLWHG LQ PDQ\ GLIIHUHQW ZD\V DV ZLOO EH H[SODLQHG ODWHU� )RU

WKLV WKH\ QHHG WR EH FXOWLYDWHG LQ FRQWUROOHG DQG SUHIHUDEO\ FORVHG V\VWHPV ZLWK VXIILFLHQW

VXSSO\ RI OLJKW HQHUJ\� ,Q WKLV LQWURGXFWLRQ D WKHRUHWLFDO EDFNJURXQG LV JLYHQ RQ PLFURDOJDH�

PLFURDOJDO FXOWLYDWLRQ DQG HQFORVHG SKRWRELRUHDFWRUV� $W WKH HQG RI WKLV FKDSWHU DQ RXWOLQH RI

WKH WKHVLV LV SUHVHQWHG�

0LFURDOJDH DQG F\DQREDFWHULD DUH R[\JHQLF SKRWRDXWRWURSKLF PLFURRUJDQLVPV� 7KH\ DUH DEOH

WR XVH VXQOLJKW WR PHWDEROL]H FDUERQ GLR[LGH �&2�� LQVLGH HQHUJ\�ULFK RUJDQLF FRPSRXQGV

�&+�2� XQGHU OLEHUDWLRQ RI R[\JHQ �2��� 7KH RUJDQLF FRPSRXQGV� UHSUHVHQWHG E\ &+�2� DUH

XVHG DV EXLOGLQJ EORFNV IRU PLFURDOJDO JURZWK� IRU EUHYLW\ WKH WHUP PLFURDOJDH LV DOVR XVHG IRU

F\DQREDFWHULD� $V FDQ EH VHHQ LQ WKH IROORZLQJ JHQHUDOL]HG HTXDWLRQ� ZDWHU �+�2� LV QHHGHG DV

DQ DGGLWLRQDO VXEVWUDWH�

&2� � +�2 � µOLJKW HQHUJ\¶o &+�2 � 2�

7KLV SURFHVV RI OLJKW�GULYHQ ELRPDVV JURZWK LV FDOOHG SKRWRV\QWKHVLV� ZKLFK LV WKH RQO\

ELRORJLFDO SURFHVV RI LPSRUWDQFH WKDW FDQ KDUYHVW HQHUJ\ IURP WKH VXQ�

2[\JHQLF SKRWRV\QWKHVLV

0LFURDOJDH� LQFOXGLQJ F\DQREDFWHULD� KDYH WKH FDSDFLW\ WR DEVRUE OLJKW HQHUJ\� SKRWRQV� DQG WR

VWRUH LW DV FKHPLFDO HQHUJ\ YLD WKH IRUPDWLRQ RI FKHPLFDO ERQGV� 7KH EDVLF XQLW RI WKH

SKRWRV\QWKHWLF DSSDUDWXV LV WKH SKRWRV\VWHP� /LJKW HQHUJ\� L�H� SKRWRQV� LV DEVRUEHG E\

FDURWHQRLG DQG FKORURSK\OO SLJPHQWV RI WKH SKRWRV\VWHP DQWHQQD FRPSOH[� ,Q )LJXUH ��� WKH

RSHUDWLRQ RI SKRWRV\WHP ,, LV VKRZQ VFKHPDWLFDOO\� 7KH H[FLWDWLRQ HQHUJ\ LV IXQQHOHG WKURXJK

WKH SLJPHQW EHG WRZDUGV WKH UHDFWLRQ FHQWHU �3����� ZKLFK LV EURXJKW WR D KLJKHU HQHUJ\ OHYHO

�3���

�� $OPRVW �� WR �� � RI WKH H[FLWDWLRQV FDQ EH WUDQVIHUUHG WR WKH UHDFWLRQ FHQWHU� 7KH

WUDQVIHU RI HQHUJ\ LV WKDW HIILFLHQW EHFDXVH WKH H[FLWDWLRQV µIDOO¶ LQVLGH DQ µHQHUJ\ KROH¶ ZLWK



,QWURGXFWLRQ

��

WKH UHDFWLRQ FHQWHU DW WKH ERWWRP� 'XULQJ WUDQVSRUW WKH H[FLWDWLRQV ORRVH VRPH HQHUJ\ DQG WKLV

LV WKH UHDVRQ UHYHUVH WUDQVSRUW LV QRW SRVVLEOH� ,QVLGH WKH UHDFWLRQ FHQWHU WKH UHPDLQLQJ

H[FLWDWLRQ HQHUJ\ DFWLYDWHV WKH UHDFWLRQ FHQWHU �3���o 3���

� E\ SURPRWLQJ DQ HOHFWURQ IURP

WKH KLJKHVW�HQHUJ\ ILOOHG RUELWDO WR WKH ORZHVW�HQHUJ\ XQILOOHG RUELWDO� 7KH HOHFWURQ LV TXLFNO\

WUDQVIHUUHG WR DQ DFFHSWRU JHQHUDWLQJ DQ R[LGDQW DQG UHGXFWDQW� UHVSHFWLYHO\� DQG WKLV SURFHVV

LV FDOOHG FKDUJH VHSDUDWLRQ�

)LJXUH ���� 7KH SKRWRV\VWHP� IXQQHOLQJ RI OLJKW�LQGXFHG H[FLWDWLRQV IURP WKH DQWHQQD

FRPSOH[ WR WKH UHDFWLRQ FHQWHU� OLJKW�LQGXFHG H[FLWDWLRQ HQHUJ\ LV PDUNHG ZLWK µ¶�

$ FRQVLGHUDEOH GLYHUVLW\ H[LVWV DPRQJ WKH FDURWHQRLG DQG FKORURSK\OO SLJPHQWV� 7KH GLIIHUHQW

GLYLVLRQV RI PLFURDOJDH DUH FKDUDFWHUL]HG E\ D VSHFLILF SLJPHQW FRPSRVLWLRQ� ,Q )LJXUH ����

FKDUDFWHULVWLF DEVRUSWLRQ VSHFWUD RI D JUHHQ DOJD �&KORURK\WD�� D GLDWRP �&KU\VRSK\WD� DQG D

F\DQREDFWHULXP �F\DQRSK\WD� DUH VKRZQ� 7KH DEVRUSWLRQ SHDNV EHWZHHQ ��� DQG ��� QP� WKH

UHG UHJLRQ� DUH FDXVHG E\ FKORURSK\OO DEVRUSWLRQ� &DURWHQRLGV� DOVR FDOOHG DFFHVVRU\ SLJPHQWV�

DEVRUE PRVW VWURQJO\ LQ WKH EOXH UHJLRQ �������� QP� DQG WUDQVIHU WKH H[FLWDWLRQ HQHUJ\ WR WKH

FKORURSK\OOV� PDNLQJ SKRWRV\QWKHVLV HIILFLHQW RYHU D ZLGHU UDQJH RI ZDYHOHQJWKV� ,Q DGGLWLRQ

WR FKORURSK\OOV DQG FDURWHQRLGV� F\DQREDFWHULD KDYH RWKHU SLJPHQWV FDOOHG SK\FRELOLVRPHV�

7KLV HQDEOHV WKH EOXH�JUHHQ DOJDH WR DEVRUE D SDUW RI WKH VRODU VSHFWUXP �������� QP� PRUH

VWURQJO\ WKDQ WKH RWKHU PLFURDOJD �)LJXUH �����

&DURWHQRLGV

&KORURS\OO E

&KORURS\OO D
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)LJXUH ���� &KDUDFWHULVWLF DEVRUSWLRQ VSHFWUD RI PLFURDOJDH� D JUHHQ DOJD� 'XQDOLHOOD

WHUWLROHFWD� D GLDWRP� 6NHOHWRQHPD FRVWDWXP �&RXUWHV\ RI .URPNDPS DQG /LPEHHN� �����

DQG D F\DQREDFWHULXP� $QDF\VWLV QLGXODQV �&RXUWHV\ RI /RXLV $XEULRW��

,Q DGGLWLRQ WR OLJKW KDUYHVWLQJ� FDURWHQRLGV KDYH RWKHU IXQFWLRQV LQ WKH FHOO� 7KH\ SURWHFW WKH

SKRWRV\QWKHWLF V\VWHP LQ WKH VLWXDWLRQ DOJDH DUH H[SRVHG WR KLJK OLJKW LQWHQVLWLHV� $Q RYHUGRVH

RI H[FLWDWLRQ HQHUJ\ FDQ OHDG WR SURGXFWLRQ RI WR[LF VSHFLHV �H�J� VLQJOHW R[\JHQ� DQG WR

SKRWRV\VWHP GDPDJH �9DFKD� ����� %DUEHU� ������ &DURWHQRLGV DUH FDSDEOH RI VFDYHQJLQJ

WR[LF SKRWRSURGXFWV �9DFKD� ����� (GJH� HW DO�� ������ 0RUH LPSRUWDQW� WKH\ FDQ SUHYHQW WKH

IRUPDWLRQ RI WKHVH SURGXFWV EHFDXVH DQ RYHUGRVH RI H[FLWDWLRQ HQHUJ\ FDQ EH GLVVLSDWHG DV

KHDW E\ FDURWHQRLGV LQ WKH DQWHQQD FRPSOH[ �'HPPLJ�$GDPV� HW DO�� ����� *LOPRUH� �����

1L\RJL� HW DO�� ����E� &DVSHU�/LQGOH\ DQG %M|UNPDQ� ����� 0DVRMLGHN� HW DO�� ������ 7KLV

SURFHVV RI KHDW GLVVLSDWLRQ LV DOZD\V SUHVHQW� EXW DGGLWLRQDO FDSDFLW\ FDQ EH LQGXFHG DIWHU

ORQJ�WHUP H[SRVXUH WR KLJK OLJKW LQWHQVLW\� $OVR FDURWHQRLGV �H�J� DVWD[DQWKLQ� FDQ DFFXPXODWH
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DQG SRVVLEO\ DFW DV D µVXQ�VKDGH¶ GXULQJ KLJK�OLJKW H[SRVXUH LQ FRPELQDWLRQ ZLWK RWKHU VWUHVV

IDFWRUV �0DVRMLGHN� HW DO�� ������ %XW WKH H[DFW UROH RI FDURWHQRLGV LQ WKHVH SURFHVVHV LV VWLOO

XQGHU GLVFXVVLRQ� 0RUHRYHU� WKH H[DFW PHFKDQLVPV RI KHDW GLVVLSDWLRQ DUH GLYHUVH�

,Q R[\JHQLF SKRWRV\QWKHVLV WZR SKRWRV\VWHPV� 3KRWRV\VWHP ,, �36,,� DQG SKRWRV\VWHP ,

�36,�� RSHUDWH LQ VHULHV �)LJXUH ����� 7KH UHDFWLRQ FHQWHU RI 36,, VKRZV WKH VWURQJHVW

DEVRUSWLRQ DW ��� QP DQG LV FDOOHG 3���� 3UDFWLFDOO\ WKLV PHDQV WKDW WKH H[FLWDWLRQ HQHUJ\ RI

HYHU\ SKRWRQ ZLWK D ZDYHOHQJWK VPDOOHU WKDQ ��� QP� DEVRUEHG E\ WKH DQWHQQD SLJPHQWV� FDQ

EH WUDQVIHUUHG WR 3���� $FFRUGLQJO\� WKH 36, UHDFWLRQ FHQWHU� 3���� DEVRUEV PRVW VWURQJO\ DW

��� QP� 36,, JHQHUDWHV D VWURQJ R[LGDQW FDSDEOH RI OLEHUDWLQJ HOHFWURQV IURP ZDWHU� 7KH

UHGXFWDQW GHOLYHUV WKH UHGXFLQJ HTXLYDOHQWV YLD D VHULHV RI HOHFWURQ FDUULHUV DQG WKH F\WRFKURPH

E�I FRPSOH[ WR WKH R[LGL]HG UHDFWLRQ FHQWHU RI 36,� 7KH OLJKW HQHUJ\ DEVRUEHG E\ 36, LV QRW

RQO\ XVHG WR R[LGL]H WKH UHDFWLRQ FHQWHU� EXW LV DOVR XVHG WR SURGXFH D VWURQJ UHGXFWDQW FDSDEOH

RI UHGXFLQJ R[LGL]HG QLFRWLQDPLGH DGHQLQH GLQXFOHRWLGH SKRVSKDWH �1$'3
�
� WR 1$'3+�

)LJXUH ���� 7KH µOLJKW UHDFWLRQV¶ RI R[\JHQLF SKRWRV\QWKHVLV� SURGXFWLRQ RI UHGXFHG

QLFRWLQDPLGH DGHQLQH GLQXFOHRWLGH SKRVSKDWH �1$'3+�� OLJKW�LQGXFHG H[FLWDWLRQ HQHUJ\ LV

PDUNHG ZLWK µ¶�

,Q )LJXUH ��� WKH VWUXFWXUH RI WKH SKRWRV\QWKHWLF PDFKLQHU\ LV VKRZQ LQ PRUH GHWDLO� %RWK

SKRWRV\VWHPV DUH LQVHUWHG LQ WKH OLSLG EL�OD\HU RI WKH VR�FDOOHG WK\ODNRLG PHPEUDQHV� 7KH

WK\ODNRLG PHPEUDQHV HQFORVH DQ LQQHU VSDFH FDOOHG WKH OXPHQ� 7KH VWURQJ R[LGDQW IRUPHG
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DIWHU H[FLWDWLRQ RI WKH 36,, UHDFWLRQ FHQWHU LQGXFHV VSOLWWLQJ RI ZDWHU LQWR R[\JHQ� HOHFWURQV

DQG SURWRQV� 7KH SURWRQV DUH OHIW LQ WKH OXPHQ� ,Q D FRQWLQXRXV SURFHVV HOHFWURQV DUH XVHG WR

UHGXFH WKH UHDFWLRQ FHQWHU� DQG� DIWHU UHQHZHG H[FLWDWLRQV� WKH\ DUH WUDQVSRUWHG WR

SODVWRTXLQRQH �34�� 3URWRQV DUH SLFNHG XS IURP WKH VXUURXQGLQJ PHGLXP �VWURPD� SURGXFLQJ

IXOO\ UHGXFHG SODVWRTXLQRQH �34+��� 7KLV PHPEUDQH�VROXEOH SURWHLQ GLIIXVHV WR WKH

F\WRFKURPH E�I FRPSOH[� 9LD WKH F\WRFKURPH FRPSOH[ HOHFWURQV DUH WUDQVIHUUHG WR WKH ZDWHU�

VROXEOH HOHFWURQ FDUULHU SODVWRF\DQLQ �3&�� $ VSHFLDO PHFKDQLVP LQVLGH WKLV FRPSOH[ DOORZV

IRU DGGLWLRQDO SXPSLQJ RI SURWRQV DFURVV WKH OLSLG ELOD\HU �)LJXUH ����� 9LD WKH OXPHQ�

SODVWRF\DQLQ GLIIXVHV WR 36,� ZKLFK DFWV DV DQ R[LGDQW DIWHU OLJKW�LQGXFHG H[FLWDWLRQ� 2QH E\

RQH� WKH HOHFWURQV UHOHDVHG E\ SODVWRF\DQLQ UHGXFH WKH UHDFWLRQ FHQWHU� DQG� DIWHU UHQHZHG

OLJKW�LQGXFHG H[FLWDWLRQV� WKH\ DUH WUDQVSRUWHG WR WKH HOHFWURQ FDUULHU IHUUHGR[LQ �)G�� )LQDOO\�

1$'3
�
LV UHGXFHG WR 1$'3+ YLD WKH DFWLRQ RI IHUUHGR[LQ�1$'3 UHGXFWDVH �)S�� 7KH SURWRQ

JUDGLHQW DFURVV WKH WK\ODNRLG PHPEUDQH GULYHV DGHQRVLQH WULSKRVSKDWH �$73� SURGXFWLRQ YLD

WKH DFWLRQ RI $73 V\QWKDVH�

)LJXUH ���� 7KH VLWH RI WKH µOLJKW UHDFWLRQV¶� WKH WK\ODNRLG PHPEUDQH� OLQHDU HOHFWURQ

WUDQVSRUW DQG SURGXFWLRQ RI DGHQRVLQH WULSKRVSKDWH �$73� YLD D SURWRQ PRWLYH IRUFH�

,Q WKH HXNDU\RWLF PLFURDOJDH WKH WK\ODNRLG PHPEUDQHV DUH IRXQG LQ WKH FKORURSODVW� ,Q WKH

SURNDU\RWLF F\DQREDFWHULD WKH VLWH RI SKRWRV\QWKHVLV LV WKH SODVPD PHPEUDQH RU PHPEUDQHV

GHULYHG IURP LW� 7KH HQHUJ\ DQG UHGXFLQJ SRZHU GHULYHG DV $73 DQG 1$'3+ LV XVHG WR IL[
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FDUERQ GLR[LGH YLD WKH DFWLRQ RI ULEXORVH�ELSKRVSKDWH FDUER[\ODVH �5XELVFR� LQ WKH &DOYLQ

F\FOH� 7KH FDUERQ UHGXFWLRQ UHDFWLRQV WDNH SODFH LQ WKH DTXHRXV UHJLRQ RI WKH FKORURSODVW� WKH

VWURPD� RU LQ WKH F\WRSODVPD �F\DQREDFWHULD�� 7KH SURGXFW RI WKH &DOYLQ F\FOH LV

SKRVSKRJO\FHUDOGHK\GH �WULRVH 3� DQG WKLV LV WKH EXLOGLQJ EORFN IRU V\QWKHVLV RI IDWV� IDWW\

DFLGV� DPLQR DFLGV DQG FDUER[\OLF DFLGV� ,Q DGGLWLRQ� WULRVH 3 LV WKH VWDUWLQJ SRLQW IRU V\QWKHVLV

RI KH[RVH 3� IROORZHG E\ FDUERK\GUDWH V\QWKHVLV� &DUERK\GUDWHV �H�J� VWDUFK� DUH VWRUHG DQG

XVHG ODWHU DV HQHUJ\ VRXUFH �UHVSLUDWLRQ� DQG EXLOGLQJ EORFNV�

3URGXFWV IURP PLFURDOJDH

7KH SURFHVV RI SKRWRV\QWKHVLV LWVHOI PD\ EH YHU\ LQWHUHVWLQJ� EXW WKLV LV QRW WKH UHDVRQ ZK\

SKRWRDXWRWURSKLF PLFURRUJDQLVPV DUH FXOWLYDWHG� 0LFURDOJDH DUH ULFK LQ PDQ\ VSHFLILF DQG

DWWUDFWLYH FRPSRXQGV �&RKHQ� ����� %HQHPDQQ� ����� $SW DQG %HKUHQV� ������ /RQJ�FKDLQ

SRO\XQVDWXUDWHG IDWW\ DFLGV DUH RQH FDWHJRU\ RI SRWHQWLDO SURGXFWV� (LFRVDSHQWDHQRLF DFLG

�(3$� KDV D VLJQLILFDQW HIIHFW RQ WKH YDVFXODU VWDWXV RI KXPDQV EHFDXVH RI WKH DQWLWKURPERWLF

DQG DQWLDJJUHJDWRU\ HIIHFWV� ,Q DGGLWLRQ� GRFRVDKH[DHQRLF DFLG �'+$� LV D GRPLQDQW IDWW\ DFLG

LQ QHXURORJLFDO WLVVXH� L�H� WKH JUD\ PDWWHU RI WKH KXPDQ EUDLQ� 7KHVH FRPSRXQGV DUH YHU\

LQWHUHVWLQJ DV QXWULWLRQDO VXSSOHPHQWV� 2WKHU QXWULFHXWLFDOV DOUHDG\ GHULYHG IURP PLFURDOJDH

DUH E�FDURWHQH �SUR�YLWDPLQ $� DQG DVWD[DQWKLQ �DQWLR[LGDQW� DQG WKHVH WZR SURFHVVHV DUH

VFDOHG WR D FRPPHUFLDO VFDOH �%RURZLW]ND� ���� DQG ����� 2ODL]ROD� ������ %XW DOVR RWKHU

YLWDPLQV DQG DQWLR[LGDQWV FDQ EH GHULYHG IURP PLFURDOJDH �&RKHQ� ����� %HQHPDQQ� �����

%RURZLW]ND� ������

%HFDXVH RI WKH ODUJH SKRWRV\QWKHWLF PDFKLQHU\� PLFURDOJDH DUH YHU\ ULFK LQ SLJPHQWV�

(VSHFLDOO\ F\DQREDFWHULDO SK\FRELOLVRPHV �H�J� SK\FRF\DQLQ� DUH LQWHUHVWLQJ EHFDXVH RI WKHLU

H[FHOOHQW IOXRUHVFHQW SURSHUWLHV �$SW DQG %HKUHQV� ������ 3KRWRDXWRWURSKLF PLFURRUJDQLVPV

DV PLFURDOJDH� LQFOXGLQJ F\DQREDFWHULD� DUH DOVR FDSDEOH WR FDUU\ RXW YHU\ VSHFLILF

FRQYHUVLRQV� %HFDXVH PLFURDOJDH LQFRUSRUDWH LQRUJDQLF FDUERQ �&2� DQG +&2�
�
�� WKH\ DUH

YHU\ XVHIXO IRU SURGXFWLRQ RI LVRWRSLFDOO\ ODEHOHG
��
&�FRPSRXQGV� ,Q DGGLWLRQ WR FDUERQ� LW LV

HDV\ WR SURGXFH ODEHOHG
�
+� RU

��
1�FRPSRXQGV IURP QLWUDWH �

��
12�

�
� DQG ZDWHU �

�
+�2� �$SW

DQG %HKUHQV� ������

0RYLQJ IXUWKHU LQWR WKH SKDUPDFHXWLFDO PDUNHW PLFURDOJDH FRQWDLQ VWHUROV� ZKLFK FRXOG EH

XVHG DV EXLOGLQJ EORFNV IRU SKDUPDFHXWLFDOV �KRUPRQHV�� 0RUHRYHU� F\DQREDFWHULD DUH D

SRWHQWLDO VRXUFH RI FRPSRXQGV ZLWK ELRPHGLFDO DSSOLFDWLRQV �DQWL�PLFURELDO� �YLUDO RU DQWL�

FDQFHU FRPSRXQGV� �&RKHQ� ����� %RURZLW]ND� ����� $SW DQG %HKUHQV� ������
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��

)LQDOO\� SKRWRV\QWKHVLV LV WKH RQO\ ELRORJLFDO SURFHVV RI LPSRUWDQFH LQ ZKLFK OLJKW HQHUJ\ LV

IL[HG DV FKHPLFDO HQHUJ\ E\ PHDQV RI SURGXFWLRQ RI HQHUJ\�ULFK FDUERQ FRPSRXQGV�

0LFURDOJDH WKHUHIRUH KDYH WKH SRWHQWLDO WR EH XVHG IRU ELRHQHUJ\ SURGXFWLRQ �&DVDGHYDOO� HW

DO�� ����� %UDXQ DQG 5HLWK� ������ $OWKRXJK WKLV KDV EHHQ VWXGLHG H[WHQVLYHO\� ODUJH�VFDOH

DSSOLFDWLRQ LV QRW \HW IHDVLEOH EHFDXVH RI WKH FRPSOLFDWLRQV LQYROYHG ZLWK WKH VFDOH�XS RI

SKRWRELRUHDFWRUV �&KDSWHU ��� 3RVVLEO\ QHZ LQVLJKWV FRXOG EH JDLQHG LQ WKH IXWXUH DV D VSLQ�RII

RI WKH SRWHQWLDO FRPPHUFLDO H[SORLWDWLRQ RI PLFURDOJDH GHVFULEHG DERYH�

&XOWLYDWLRQ RI PLFURDOJDH

&XOWLYDWLRQ RI PLFURDOJDH VHHPV TXLWH HDV\� 2QO\ VLPSOH QXWULHQWV QHHG WR EH SURYLGHG VXFK DV

DPPRQLXP RU QLWUDWHV� SKRVSKDWHV� WUDFH DPRXQWV RI FHUWDLQ PHWDOV DQG� PRVW LPSRUWDQWO\� WKH

JUHHQKRXVH JDV FDUERQ GLR[LGH� %HFDXVH DOJDH DUH DXWRWURSKLF WKH\ FDQ JURZ RQ WKHVH VLPSOH

DQG FKHDS PHGLD� 7KH RQO\ SUREOHP LV WKDW DOJDH DUH SKRWRWURSKLF DQG WKDW OLJKW HQHUJ\ LV WKH

JURZWK OLPLWLQJ µVXEVWUDWH¶� 7KLV LV QLFH RQ RQH KDQG EHFDXVH WKH HQHUJ\ VRXUFH FDQ EH IRU

IUHH� VXQOLJKW� %XW� RQ WKH RWKHU KDQG� LW LV YHU\ GLIILFXOW WR H[SRVH \RXU FXOWXUH WR D VXIILFLHQW

DPRXQW RI OLJKW HQHUJ\ DQG WR XWLOL]H WKLV HQHUJ\ HIILFLHQWO\ IRU ELRPDVV SURGXFWLRQ�

)LJXUH ���� 5HODWLYH LQWHQVLW\ RQ HQHUJ\ EDVLV RI VXQOLJKW DW JURXQG OHYHO �$PHULFDQ

6RFLHW\ IRU 7HVWLQJ DQG 0DWHULDOV� $670� VSHFWUXP (�����

ZDYHOHQJWK �QP�
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/LJKW DV WKH VXEVWUDWH

6XQOLJKW LV WKH XOWLPDWH HQHUJ\ VRXUFH IRU PLFURDOJDH� ,Q )LJXUH ��� WKH UHODWLYH OLJKW LQWHQVLW\

RI VXQOLJKW DW JURXQG OHYHO LV VKRZQ� $OWKRXJK WKH ZDYHOHQJWK UDQJH RI VRODU UDGLDWLRQ LV YHU\

EURDG� RQO\ UDGLDWLRQ EHWZHHQ ��� DQG ��� QP FDQ EH XVHG E\ PLFURDOJDH �)LJXUH ����� 7KLV

SDUW RI WKH VRODU VSHFWUXP LV FDOOHG µ3KRWRV\QWKHWLF $FWLYH 5DGLDWLRQ¶ �3$5� DQG LV HQFORVHG

ZLWK GRWWHG OLQHV LQ )LJXUH ���� 2Q DQ HQHUJ\ EDVLV �� � RI WKH VRODU UDGLDWLRQ LV LQ WKH 3$5

UHJLRQ �7KLPLMDQ DQG +HLQV� ������

)LJXUH ���� +RUL]RQWDO JOREDO DQG GLUHFW GDLO\ LUUDGLDQFH RQ JURXQG OHYHO LQ� $PVWHUGDP

��q��¶1 DQG 6HYLOOD ��q��¶1 LQ ���� DQG ���� DFFRUGLQJ WR 7KH (XURSHDQ 'DWDEDVH RI

'D\OLJKW DQG 6RODU 5DGLDWLRQ �)RQWR\QRQW� HW DO�� ������

7KH PDJQLWXGH RI VRODU UDGLDWLRQ LV GHSHQGHQW RQ WKH JHRJUDSKLFDO SRVLWLRQ RQ (DUWK DQG WKH

FOLPDWRORJLFDO FRQGLWLRQV DW WKDW SRVLWLRQ� $V DQ LOOXVWUDWLRQ WKH LUUDGLDQFH RQ D KRUL]RQWDO

VXUIDFH DW WZR GLIIHUHQW JHRJUDSKLFDO ORFDWLRQV LV VKRZQ LQ )LJXUH ���� $PVWHUGDP DQG

6HYLOOD� *OREDO LUUDGLDQFH LV WKH VXP RI GLUHFW EHDP LUUDGLDQFH DQG GLIIXVH LUUDGLDQFH� 'LIIXVH

LUUDGLDQFH LV FDXVHG E\ VFDWWHULQJ RI OLJKW E\ VPDOO DHURVROV LQ WKH DWPRVSKHUH DQG ZDWHU
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GURSOHWV �FORXGV�� ,Q -XQH JOREDO LUUDGLDQFH LQ $PVWHUGDP LV ���� 0- P
��
G
��
� ZKLFK LV �� � RI

WKDW LQ 6HYLOOD� ���� 0- P
��
G
��
� ,Q 6HYLOOD PXFK PRUH WKDQ KDOI RI WKH JOREDO UDGLDWLRQ ��� �

LQ -XQH� UHDFKHG JURXQG OHYHO DV GLUHFW EHDPV� ,Q $PVWHUGDP WKLV LV OHVV WKDQ KDOI ��� � LQ

-XQH� EHFDXVH RI PRUH GD\V ZLWK RYHUFDVW VNLHV�

)LJXUH ���� 5HODWLYH LQWHQVLW\ RQ HQHUJ\ EDVLV RI DUWLILFLDO OLJKW� 7XQJVWHQ�KDORJHQ ODPS

�3KLOLSV +DORWRQH� ��� :� ��� 9� 5�V�� µSODQW�JURZWK¶ IOXRUHVFHQW WXEH �2VUDP�6\OYDQLD�

%ULWHJUR ����� �� :� DQG D /LJKW (PLWWLQJ 'LRGH� /(' �.LQJEULJKW� /���65&�)�� ,Q DOO

JUDSKV WKH UHODWLYH LQWHQVLW\ RI VXQOLJKW LV SUHVHQWHG DV D UHIHUHQFH�

6WXGLHV RQ PLFURDOJDH DUH SUHIHUDEOH GRQH XQGHU FRQWUROOHG FRQGLWLRQV� 6LQFH RXWGRRU VXQOLJKW

FDQQRW EH FRQWUROOHG� PLFURDOJDH DUH XVXDOO\ VWXGLHG LQGRRUV XQGHU DUWLILFLDO LOOXPLQDWLRQ�

0DQ\ GLIIHUHQW W\SHV RI ODPSV DUH DYDLODEOH� 7KH FKHDSHVW DQG VLPSOHVW WR XVH DUH IOXRUHVFHQW

ODPSV DQG WXQJVWHQ�KDORJHQ ODPSV� %RWK ZHUH XVHG LQ WKH H[SHULPHQWV OHDGLQJ WR WKLV WKHVLV�

)OXRUHVFHQW WXEHV FDQ EH VSHFLDOO\ DGDSWHG WR SURYLGH PRUH KRPRJHQHRXV LOOXPLQDWLRQ LQ WKH
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3$5 UHJLRQ� $Q H[DPSOH RI VXFK D µSODQW�JURZWK¶ IOXRUHVFHQW VSHFWUXP LV VKRZQ LQ )LJXUH

���� WRJHWKHU ZLWK WKH VSHFWUXP RI D WXQJVWHQ�KDORJHQ ODPS�

7KH WXQJVWHQ�KDORJHQ ODPS VKRZV D ORZ LQWHQVLW\ LQ WKH EOXH UHJLRQ �������� QP� EXW

LQWHQVLW\ LQFUHDVHV VWURQJO\ DW KLJKHU ZDYHOHQJWKV DQG D ODUJH SDUW RI WKH UDGLDWLRQ LV

FRPSRVHG RI ZDYHOHQJWKV KLJKHU WKDQ ��� QP� ,Q DGGLWLRQ WR WKHVH ODPSV� OLJKW�HPLWWLQJ

GLRGHV �/('V� ZHUH XVHG� /('V VKRZ D YHU\ QDUURZ HPLVVLRQ SHDN� ,Q WKLV WKHVLV /('V

SHDNLQJ EHWZHHQ ��� DQG ��� QP ZHUH XVHG� ZKLFK FRLQFLGHV ZLWK WKH FKORURSK\OO DEVRUSWLRQ

SHDNV �)LJXUH ��� DQG )LJXUH ����� /('V DUH YHU\ UREXVW DQG FDQ EH DOWHUQDWHO\ VZLWFKHG RQ

DQG RII DW KLJKHU IUHTXHQFLHV WKDQ WXQJVWHQ�KDORJHQ ODPSV� ZKLFK ZDV LPSRUWDQW LQ WKH

H[SHULPHQWV RI WKLV WKHVLV�

,W LV FOHDU WKDW OLJKW LV QRW D VLPSOH VXEVWUDWH IRU DOJDH DV LV JOXFRVH IRU \HDVW� IRU H[DPSOH�

'HSHQGLQJ RQ WKH OLJKW VRXUFH WKH H[DFW FRPSRVLWLRQ RI OLJKW LV GLIIHUHQW �)LJXUH ����� $OVR

OLJKW DEVRUSWLRQ E\ PLFURDOJDH LV ZDYHOHQJWK GHSHQGHQW �)LJXUH ����� %XW� WR EH DEOH WR

TXDQWLI\ OLJKW LQWHQVLW\ LQ D VLQJOH QXPEHU LW LV FRPPRQ SUDFWLFH WR VXP DOO FRQWULEXWLRQV

EHWZHHQ ��� DQG ��� QP RI WKH OLJKW VRXUFH �VHH GRWWHG OLQHV LQ )LJXUH ����� 7KLV ZDYHOHQJWK

UDQJH LV FKRVHQ EHFDXVH WKLV LV WKH SDUW RI WKH VSHFWUXP ZKLFK FDQ EH DEVRUEHG DQG XWLOL]HG E\

PLFURDOJDH� KHQFH WKH QDPH µSKRWRV\QWKHWLF DFWLYH UDGLDWLRQ¶ �3$5�� ,Q DGGLWLRQ LW LV FRPPRQ

SUDFWLFH WR H[SUHVV OLJKW LQWHQVLW\ DV WKH SKRWRQ IOX[ GHQVLW\ �3)'�� WKH QXPEHU RI SKRWRQV

LPSLQJLQJ RQ D IODW VXUIDFH SHU XQLW RI WLPH� PPRO P
��
V
��
� /LJKW VHQVRUV LQ SKRWRV\QWKHVLV

UHVHDUFK DUH DGDSWHG LQ VXFK D ZD\ WKDW HYHU\ SKRWRQ LQ WKH 3$5 UDQJH UHVXOWV LQ WKH VDPH

RXWSXW�

7KH UHDVRQ QRW WR XVH HQHUJ\ XQLWV �: P
��
� LV WKH IDFW WKDW SKRWRV\QWKHVLV LV D TXDQWXP

SURFHVV� (YHU\ 3$5�SKRWRQ DEVRUEHG E\ WKH DQWHQQDH FDQ EH XVHG LQVLGH WKH UHDFWLRQ FHQWHU

WR LQGXFH FKDUJH VHSDUDWLRQ �)LJXUH ����� 7KLV LV LOOXVWUDWHG LQ )LJXUH ���� )RU WZR GLIIHUHQW

PLFURDOJDH� &KORUHOOD �JUHHQ DOJD� DQG 1DYLFXOD PLQLPD �GLDWRP�� WKH TXDQWXP \LHOG LV

VKRZQ DV D IXQFWLRQ RI ZDYHOHQJWK� $ TXDQWXP \LHOG RI ��� FRUUHVSRQGV WR D TXDQWXP

UHTXLUHPHQW RI ��� ZKLFK PHDQV WKDW RQH PROHFXOH RI R[\JHQ LV SURGXFHG XSRQ DEVRUSWLRQ RI

�� SKRWRQV� ,W FDQ EH VHHQ WKDW WKH TXDQWXP UHTXLUHPHQW LV PRUH RU OHVV FRQVWDQW LQ WKH 3$5

UDQJH� 7KLV PHDQV WKDW HYHU\ SKRWRQ DEVRUEHG UHVXOWV LQ DQ HTXDO SKRWRV\QWKHWLF RXWSXW

DOWKRXJK WKH DIILQLW\ IRU DEVRUSWLRQ LV GLIIHUHQW �)LJXUH �����

:KHQHYHU LUUDGLDQFH RQ D VXUIDFH LV H[SUHVVHG RQ HQHUJ\ EDVLV �H�J� )LJXUH ���� DQG WKH

VSHFWUDO GLVWULEXWLRQ RI WKH OLJKW VRXUFH LV NQRZQ LW LV SRVVLEOH WR FDOFXODWH WKH FRUUHVSRQGLQJ

SKRWRQ IOX[ GHQVLW\� ,Q WKH FDVH RI $PVWHUGDP LQ VXPPHUWLPH� GDLO\ LUUDGLDQFH RQ D

KRUL]RQWDO VXUIDFH LV ���� 0- P
��
G
��
� $VVXPLQJ D �� KRXUV GD\ SHULRG WKLV FRUUHVSRQGV WR



&KDSWHU �

��

��� : P
��
� &RPELQLQJ WKH VRODU VSHFWUXP �)LJXUH ���� DQG 3ODQFN¶V /DZ WKLV FDQ EH

UHFDOFXODWHG WR D 3)' RI ��� PPRO P
��
V
��
LQ WKH 3$5 UDQJH�

)LJXUH ���� 4XDQWXP \LHOG �R[\JHQ EDVLV� DV D IXQFWLRQ RI ZDYHOHQJWK LQ WZR PLFURDOJDH�

&KORUHOOD �JUHHQ DOJD� DIWHU (PHUVRQ DQG /HZLV� ����� DQG 1DYLFXOD PLQLPD �GLDWRP�

DIWHU 7DQDGD� ������

3KRWRV\QWKHVLV� L�H� PLFURDOJDO JURZWK� LV VWURQJO\ GHSHQGHQW RQ WKH SKRWRQ IOX[ GHQVLW\

�3)'�� 7KLV GHSHQGHQF\ FDQ EH GHWHUPLQHG LQ VKRUW�WHUP R[\JHQ SURGXFWLRQ H[SHULPHQWV�

3KRWRV\QWKHVLV FDQ EH PHDVXUHG DV WKH VSHFLILF R[\JHQ SURGXFWLRQ UDWH XQGHU LQFUHDVLQJ 3)'V

�)LJXUH ����� 8QGHU ORZ 3)'V R[\JHQ SURGXFWLRQ LQFUHDVHV OLQHDUO\ ZLWK WKH 3)'� LOOXVWUDWHG

ZLWK WKH GDVKHG OLQH LQ )LJXUH ���� $W 3)'V KLJKHU WKDQ ��� PPRO P
��
V
��
WKH LQFUHDVH RI WKH

R[\JHQ SURGXFWLRQ UDWH VORZV GRZQ DQG� HYHQWXDOO\� WKH DOJD UHDFKHV LWV PD[LPDO R[\JHQ

SURGXFWLRQ UDWH� 7KLV SKHQRPHQRQ LV FDOOHG OLJKW�VDWXUDWLRQ RI SKRWRV\QWKHVLV� 7KH

GLVFUHSDQF\ EHWZHHQ WKH VWUDLJKW GDVKHG OLQH DQG WKH FXUYHG VROLG OLQH LV D PHDVXUH RI WKH 3)'

WKDW FDQQRW EH XWLOL]HG E\ WKH DOJD DOWKRXJK WKLV SKRWRQ IOX[ LV DEVRUEHG� ,Q RWKHU ZRUGV OLJKW

HQHUJ\ LV RQO\ XWLOL]HG HIILFLHQWO\ XQGHU ORZ 3)'V� ORZHU WKDQ DSSUR[LPDWHO\ ��� PPRO P
��
V
��

LQ WKLV FDVH�

$W KLJK 3)'V WKH DQWHQQD FRPSOH[HV RI WKH SKRWRV\VWHPV �)LJXUH ���� DEVRUE WRR PXFK OLJKW�

$ FRQVLGHUDEOH SDUW RI WKH H[FLWDWLRQ HQHUJ\ FDQQRW EH XWLOL]HG LQ WKH UHDFWLRQ FHQWHUV EHFDXVH

ZDYHOHQJWK �QP�
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WKHLU FDSDFLW\ LV OLPLWHG� $V D UHVXOW� WKH VXUSOXV RI H[FLWDWLRQ HQHUJ\ LV SUHGRPLQDQWO\

GLVVLSDWHG DV KHDW LQ WKH DQWHQQD� )RU WKLV UHDVRQ� WKH GHWHUPLQDWLRQ RI WKH �PD[LPXP�

TXDQWXP \LHOG� DV VKRZQ LQ )LJXUH ���� LV DOZD\V GRQH XQGHU ORZ OLJKW LQWHQVLWLHV�

)LJXUH ���� 6SHFLILF R[\JHQ SURGXFWLRQ UDWH �32� LQ J J
��
K
��
� RQ D SURWHLQ EDVLV DV D

IXQFWLRQ RI WKH SKRWRQ IOX[ GHQVLW\ �3)' LQ PPRO P
��
V
��
�� 'DWD REWDLQHG IRU

&KODP\GRPRQDV UHLQKDUGWLL �JUHHQ DOJD� FXOWLYDWHG XQGHU FRQWLQXRXV OLJKW RI ��� � ���

PPRO P
��
V
��
� &KDSWHU ��

&XOWLYDWLRQ� SURGXFWLYLW\ DQG SKRWRV\QWKHWLF HIILFLHQF\

$ KXJH YDULHW\ RI YHU\ LQWHUHVWLQJ FXOWLYDWLRQ V\VWHPV IRU PLFURDOJDH KDYH EHHQ GHYHORSHG�

7KH RQO\ RQH XVHG RQ D ODUJH VFDOH DQG D FRPPHUFLDO EDVLV LV WKH VKDOORZ RSHQ UDFHZD\�SRQG

�)LJXUH ������ 7KHVH SRQGV DUH XVXDOO\ QR PRUH WKDQ �� FP GHHS DQG WKH ZDWHU ZLWK QXWULHQWV

DQG PLFURDOJDH LV FLUFXODWHG ZLWK D SDGGOH ZKHHO� 6XQOLJKW LPSLQJHV RQ WKH VXUIDFH DQG LV

DEVRUEHG LQVLGH WKH FXOWXUH� WKH SKRWRQ IOX[ GHQVLW\ ZLOO GHFUHDVH ZLWK LQFUHDVLQJ GHSWK� 7KLV

LV YLVXDOL]HG LQ )LJXUH ���� IRU D SRQG GHSWK RI �� FP DQG D SKRWRQ IOX[ GHQVLW\ RI ����

PPRO P
��
V
��
� 7KH DWWHQXDWLRQ FRHIILFLHQW ZDV HVWLPDWHG DW ���� P

±�
� EXW LQ UHDOLW\ WKLV LV

GHWHUPLQHG E\ WKH DFWXDO ELRPDVV GHQVLW\ DQG WKH VSHFLILF DEVRUSWLRQ RI WKH ELRPDVV� 7KH

ODUJHVW SDUW RI WKH YROXPH LV H[SRVHG WR YHU\ ORZ 3)'V �)LJXUH ������ ,Q WKLV ]RQH WKH OLJKW

HQHUJ\ ZLOO EH XWLOL]HG HIILFLHQWO\� &ORVH WR WKH UHDFWRU VXUIDFH� KRZHYHU� WKH 3)' LV YHU\ KLJK

DQG WKHUH OLJKW HIILFLHQF\ ZLOO EH YHU\ ORZ �)LJXUH ����� 7KLV LV D JHQHUDO SUREOHP LQ

PLFURDOJDO FXOWLYDWLRQ V\VWHPV� 5HGXFWLRQ RI WKH LUUDGLDQFH OHYHO ZLOO OHDG WR PRUH HIILFLHQW

3)' �PPRO P
��
V
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XWLOL]DWLRQ RI WKH UHPDLQLQJ OLJKW HQHUJ\� %XW� RI FRXUVH� VKDGLQJ LV QRW DQ RSWLRQ LQ PLFURDOJDO

ELRWHFKQRORJ\ EHFDXVH RYHUDOO OLJKW LQSXW� DQG KHQFH YROXPHWULF SURGXFWLYLW\� ZLOO GHFUHDVH�

)LJXUH ����� 6KDOORZ RSHQ UDFHZD\ SRQG �&RXUWHV\ RI &\DQRWHFK ,QF�� +DZDLL� 86$��

)LJXUH ����� 3KRWRQ IOX[ GHQVLW\ �3)' LQ PPRO P
��
V
��
� DV D IXQFWLRQ RI WKH GLVWDQFH WR WKH

OLJKW�H[SRVHG VXUIDFH �G LQ FP�� 7KH 3)' LV HVWLPDWHG XVLQJ %HHU¶V ODZ DQG DQ

DWWHQXDWLRQ FRHIILFLHQW RI ���� P
��
�

3)' �PPRO P
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)URP WKLV RSHQ SRQG H[DPSOH LW LV FOHDU WKDW WZR SDUDPHWHUV DUH YHU\ XVHIXO WR FKDUDFWHUL]H WKH

HIILFLHQF\ RI PLFURDOJDO FXOWLYDWLRQ V\VWHPV� WKH YROXPHWULF SURGXFWLYLW\ DQG WKH HIILFLHQF\ RI

OLJKW XWLOL]DWLRQ� 7KH YROXPHWULF SURGXFWLYLW\ LV WKH SURGXFW RI WKH ELRPDVV GHQVLW\ DQG WKH

VSHFLILF JURZWK UDWH� $ KLJK YROXPHWULF SURGXFWLYLW\ LV EHQHILFLDO EHFDXVH WKLV PHDQV \RX FDQ

VXIILFH ZLWK D VPDOO FXOWLYDWLRQ V\VWHP� 0RUHRYHU� D KLJK YROXPHWULF SURGXFWLYLW\ XVXDOO\ LV

DFFRPSDQLHG ZLWK D KLJK ELRPDVV GHQVLW\� ZKLFK LV PRUH DWWUDFWLYH ZLWK UHVSHFW WR

GRZQVWUHDP SURFHVVLQJ� 7KHVH FRQVLGHUDWLRQV DUH YHU\ FRPPRQ LQ WKH ILHOG RI ELRSURFHVV

HQJLQHHULQJ� %XW� ZRUNLQJ ZLWK SKRWRV\QWKHWLF PLFURRUJDQLVPV� WKH HIILFLHQF\ RI OLJKW

XWLOL]DWLRQ VKRXOG EH FRQVLGHUHG WRR� $Q LQFUHDVH LQ WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ ZLOO OHDG

WR DQ LQFUHDVH RI WKH YROXPHWULF SURGXFWLYLW\� /LJKW HQHUJ\ LV WKH JURZWK OLPLWLQJ VXEVWUDWH

DQG OLJKW IDOOLQJ RQ WKH FXOWLYDWLRQ V\VWHP VKRXOG EH XVHG DV HIILFLHQWO\ DV SRVVLEOH�

7KH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ IRU SKRWRDXWRWURSKLF JURZWK FDQ EH H[SUHVVHG LQ VHYHUDO

ZD\V� ,Q DOJDO ELRWHFKQRORJ\ WKH WHUP SKRWRV\QWKHWLF HIILFLHQF\ �3(� LV ZLGHO\ XVHG DQG LW LV

HTXDO WR WKH UDWLR EHWZHHQ WKH FDORULF YDOXH RI ELRPDVV SURGXFHG DQG WKH OLJKW HQHUJ\

DEVRUEHG� 7KH SKRWRV\QWKHWLF HIILFLHQF\ LV XVXDOO\ H[SUHVVHG DV D SHUFHQWDJH� 2Q WKH RWKHU

KDQG� WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ FDQ DOVR EH H[SUHVVHG DV WKH ELRPDVV \LHOG RQ OLJKW

HQHUJ\ LQ JUDPV RI GU\ ZHLJKW RU SURWHLQ SURGXFHG SHU DPRXQW RI OLJKW HQHUJ\ DEVRUEHG �<GZ�(

RU <SURW�(�� ,I OLJKW HQHUJ\ LV H[SUHVVHG DV PRO TXDQWD LQ WKH 3$5 UDQJH �������� QP� WKLV

\LHOG FDQ EH GHWHUPLQHG HDVLO\ XVLQJ ZLGHO\ DYDLODEOH 3$5�EDVHG TXDQWXP VHQVRUV�

5HWXUQLQJ WR WKH RSHQ SRQG GHVLJQ LW LV NQRZQ WKDW WKH YROXPHWULF SURGXFWLYLW\ LV SRRU

EHFDXVH RI WKH ORQJ OLJKW SDWK� WHQV RI FHQWLPHWHUV� 7KH SKRWRV\QWKHWLF HIILFLHQF\ RQ WKH RWKHU

KDQG LV UHDVRQDEOH �5LFKPRQG� ������ 1HYHUWKHOHVV� WKLV LV D YHU\ VXFFHVVIXO FRQFHSW EHFDXVH

RI WKH VLPSOLFLW\ DQG WKH ORZ FRVWV� +RZHYHU� RQO\ D IHZ VSHFLHV FDQ EH JURZQ LQ WKHVH

V\VWHPV RSHQ WR WKH HQYLURQPHQW� 'XQDOLHOOD VDOLQD DW KLJK VDOLQLW\� 6SLUXOLQD SODWHQVLV DW

KLJK DONDOLQLW\ DQG IDVW�JURZLQJ &KORUHOOD VSHFLHV� 0DQ\ RWKHU PLFURDOJDH VSHFLHV DUH DOVR

SURPLVLQJ IRU WKH SURGXFWLRQ RI D ODUJH YDULHW\ RI FRPSRXQGV� 7R EH DEOH WR JURZ VXFK

PRQRFXOWXUHV IRU H[WHQGHG WLPH� HQFORVHG SKRWRELRUHDFWRUV VKRXOG EH XVHG WR SUHYHQW

FRQWDPLQDWLRQ ZLWK RWKHU �PLFUR�RUJDQLVPV� $ FORVHG SURGXFWLRQ V\VWHP ZLOO EH HYHQ PRUH

LPSRUWDQW ZKHQ WKH SRVVLELOLW\ H[LVWV WR LPSURYH DOJDO VWUDLQV XVLQJ JHQHWLF WHFKQLTXHV�

(QFORVHG SKRWRELRUHDFWRUV

0DQ\ GLIIHUHQW W\SH RI ODE�VFDOH DQG SLORW�VFDOH SKRWRELRUHDFWRUV KDYH EHHQ GHYHORSHG �3XO]

DQG 6FKHLEHQERJHQ� ����� 7UHGLFL� ������ $OVR D IHZ KDYH EHHQ VFDOHG WR D SURGXFWLRQ OHYHO
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VL]H �2ODL]ROD� ����� 3XO]� HW DO�� ������ 7KHVH GHVLJQV� KRZHYHU� ZLOO QRW EH LQWURGXFHG KHUH�

,Q &KDSWHU � WKH PRVW LPSRUWDQW GHVLJQV DUH FRYHUHG LQ D GHWDLOHG VWXG\� ,Q WKLV LQWURGXFWLRQ

RQO\ RQH LPSRUWDQW FRPPRQ DVSHFW RI HQFORVHG SKRWRELRUHDFWRUV ZLOO EH FRYHUHG�

/LTXLG PL[LQJ DQG OLJKW�GDUN F\FOHV LQ SKRWRELRUHDFWRUV

$Q H[DPSOH RI D SKRWRELRUHDFWRU LV VKRZQ LQ )LJXUH ����� DQ RXWGRRU DLU�OLIW FROXPQ ZLWK

LQWHUQDO GUDXJKW WXEH DQG WUDQVSDUHQW ZDOO� 2QO\ WKH RXWHU VXUIDFH LV H[SRVHG WR VXQOLJKW� WKH

VR�FDOOHG SKRWLF ]RQH� 7KLV OLJKW ZLOO EH DEVRUEHG E\ WKH DOJDO FXOWXUH LQVLGH� DQG� GHSHQGLQJ

RQ WKH ELRPDVV FRQFHQWUDWLRQ� D FHUWDLQ SDUW RI WKH LQWHULRU RI WKH ELRUHDFWRU FDQ EH FRQVLGHUHG

D µGDUN ]RQH¶� 7KLV LV LOOXVWUDWHG LQ )LJXUH ���� ZKHUH WKH GDUN ]RQH FRPSULVHV WKH YROXPH

RFFXSLHG E\ WKH GUDXJKW WXEH RI WKH DLU�OLIW UHDFWRU� ZKLFK LV FDOOHG WKH µULVHU¶� 'XH WR WKH

DLU�OLIW W\SH RI PL[LQJ� DOJDH ZLOO WUDYHO WKURXJK WKH GDUN DQG WKH µSKRWLF¶ ]RQHV� ,Q RWKHU

ZRUGV WKH DOJDH ZLOO H[SHULHQFH D IOXFWXDWLQJ OLJKW UHJLPH RU OLJKW�GDUN F\FOHV�

)LJXUH ����� ([DPSOH RI RXWGRRU HQFORVHG SKRWRELRUHDFWRU� DLU�OLIW FROXPQ ZLWK LQWHUQDO

GUDXJKW WXEH DQG WUDQVSDUHQW ZDOO�

$OWKRXJK WKLV H[DPSOH LV EDVHG RQ DQ DLU�OLIW UHDFWRU WKH IOXFWXDWLQJ OLJKW UHJLPH H[SHULHQFHG

E\ PLFURDOJDH LV D JHQHUDO FKDUDFWHULVWLF RI DOO W\SHV RI SKRWRELRUHDFWRUV� 7KH LQWHULRU RI D

$LU�&2�

3KRWLF ]RQH

'DUN ]RQH
�ULVHU�

OLTXLG
IORZ

VXQOLJKW

0LFURDOJD
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SKRWRELRUHDFWRU ZLOO DOZD\V EH GDUN EHFDXVH LW LV QRW LQWHUHVWLQJ RSHUDWLQJ SKRWRELRUHDFWRUV DW

ELRPDVV GHQVLWLHV DW ZKLFK WKH OLJKW JUDGLHQW LV ORZ� )LUVW RI DOO EHFDXVH WKLV LPSOLHV WKDW QRW

DOO WKH OLJKW HQHUJ\ HQWHULQJ WKH UHDFWRU LV DEVRUEHG� 6HFRQGO\� WKH ELRPDVV GHQVLW\ LV WRR ORZ

XQGHU WKHVH FLUFXPVWDQFHV WR EH FRPPHUFLDOO\ LQWHUHVWLQJ� FRQVLGHULQJ WKH FRVWV RI PDQDJLQJ

ODUJH YROXPHV RI FXOWLYDWLRQ OLTXLG� $V D WKLUG� WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ LV ORZ XQGHU

KLJK OLJKW LQWHQVLWLHV� L�H� ORZ ELRPDVV GHQVLWLHV�

%DVHG RQ WKH H[DPSOH JLYHQ DERYH LW LV HDV\ WR LPDJLQH WKDW HDFK W\SH RI SKRWRELRUHDFWRU LV

FKDUDFWHUL]HG E\ D W\SLFDO OLJKW UHJLPH� 7KH OLJKW UHJLPH LV FKDUDFWHUL]HG E\ WKH OLJKW JUDGLHQW

ZKHQ JRLQJ IURP WKH OLJKW�H[SRVHG VXUIDFH WR WKH LQWHULRU RI WKH UHDFWRU� 7KLV OLJKW JUDGLHQW LV

GHSHQGHQW RQ UHDFWRU GHVLJQ DQG ELRPDVV GHQVLW\� $ VHFRQG FKDUDFWHULVWLF LV WKH IUHTXHQF\ RI

WKH OLJKW�GDUN IOXFWXDWLRQV� ZKLFK LV GHSHQGHQW RQ UHDFWRU GHVLJQ DQG WKH LQWHQVLW\ RI PL[LQJ

RI WKH UHDFWRU OLTXLG�

/LJKW�GDUN F\FOHV� SURGXFWLYLW\ DQG SKRWRV\QWKHWLF HIILFLHQF\

7KH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ LV YHU\ LPSRUWDQW IRU DQ RSWLPDO SKRWRELRUHDFWRU GHVLJQ

EHFDXVH OLJKW HQHUJ\ LV WKH JURZWK�OLPLWLQJ HQHUJ\ VRXUFH� ,QVLGH SKRWRELRUHDFWRUV DOJDH DUH

H[SRVHG WR OLJKW�GDUN F\FOHV ZLWK KLJK OLJKW LQWHQVLWLHV FORVH WR WKH UHDFWRU VXUIDFH DQG

GDUNQHVV LQ WKH LQWHULRU RI WKH UHDFWRU� %XW� DV ZDV DOUHDG\ VKRZQ RQ SDJH �� WKH

SKRWRV\QWKHWLF HIILFLHQF\ LV ORZ XQGHU KLJK OLJKW LQWHQVLWLHV� 7KH IDFW WKDW OLJKW HQHUJ\ FDQQRW

EH VWRUHG DQG KRPRJHQL]HG LQ D YROXPH ZLWK SKRWRV\QWKHWLF PLFURRUJDQLVP LV WKH RQH DQG

RQO\ IDFWRU OLPLWLQJ WKH DSSOLFDWLRQ RI WKHVH PLFURRUJDQLVPV�

,W ZDV GHPRQVWUDWHG� KRZHYHU� WKDW YHU\ IDVW DOWHUQDWLRQV EHWZHHQ KLJK OLJKW LQWHQVLWLHV DQG

GDUNQHVV FRXOG JUHDWO\ HQKDQFH WKH SKRWRV\QWKHWLF HIILFLHQF\ XQGHU WKHVH KLJK OLJKW

LQWHQVLWLHV� 7KLV LV FDOOHG WKH IODVKLQJ OLJKW HIIHFW DQG ZDV REVHUYHG XQGHU YHU\ VKRUW OLJKW�GDUN

F\FOHV IURP OHVV WKDQ �� PV XS WR � V �.RN� ����� 3KLOOLSV DQG 0\HUV� ����� 7HUU\� �����

0DWWKLMV� HW DO�� ����� 1HGEDO� HW DO�� ������ 7KLV HIIHFW ZDV PRUH SURQRXQFHG XQGHU WKH

VKRUWHU F\FOHV LQ WKLV UDQJH� $OVR WKH GDUN SHULRG VKRXOG EH FRQVLGHUDEO\ ORQJHU WKDQ WKH OLJKW

SHULRG� 7KH VKRUW F\FOH�WLPH IODVKLQJ OLJKW HIIHFW LV WKRXJKW WR UHVXOW IURP WKH IDVW UHGXFWLRQ RI

WKH H�DFFHSWRUV� 4$ DQG 4%� DVVRFLDWHG WR 36,, �)LJXUH ����� IROORZHG E\ WKHLU R[LGDWLRQ LQ WKH

GDUN SHULRG �0DWWKLMV� HW DO�� ������ 7KLV ZLOO UHVXOW LQ D PD[LPXP µSKRWRQ�DFFHSWLQJ

FDSDFLW\¶ RI 36,, GXULQJ OLJKW IODVKHV� 7KH IODVKLQJ OLJKW HIIHFW REVHUYHG XQGHU UHODWLYHO\ ORQJ

F\FOH WLPHV� ��� PV WR � V� FDQ EH H[SODLQHG E\ D VLPLODU PHFKDQLVP� WKH DOWHUQDWLQJ UHGXFWLRQ

DQG R[LGDWLRQ RI WKH ODUJH SRRO RI PHPEUDQH�VROXEOH SODVWRTXLQRQH PROHFXOHV �)LJXUH ����

GXULQJ OLJKW DQG GDUN SHULRGV� UHVSHFWLYHO\ �0DWWKLMV� HW DO�� ����� 1HGEDO� HW DO�� ������ %XW�
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IRU WKH SODVWRTXLQRQH SRRO WR EH FRPSOHWHO\ R[LGL]HG LQ WKH µGDUN¶ D FHUWDLQ OHYHO RI

EDFNJURXQG OLJKW ZRXOG VWLOO EH QHFHVVDU\ WR GULYH 36, �)LJXUH �����

2Q WKH RWKHU KDQG� LW ZDV VXJJHVWHG WKDW VRPH PLFURDOJDH ZHUH DEOH WR PDLQWDLQ WKH PD[LPDO

JURZWK UDWH XQGHU GDUN SHULRGV RI DOPRVW �� VHFRQGV �/HH DQG 3LUW� ����� 0HUFKXN� HW DO��

������ ,W ZDV WKRXJKW HQHUJ\�ULFK FRPSRXQGV ZHUH VWRUHG GXULQJ WKH OLJKW SHULRG WR EH

XWLOL]HG GXULQJ WKH GDUN SHULRG �/HH DQG 3LUW� ������ $QG LW ZDV DOVR VXJJHVWHG

SKRWRLQKLELWRU\ GDPDJH ZDV OHVV SURQRXQFHG XQGHU OLJKW�GDUN F\FOHV �0HUFKXN� HW DO�� ������

,Q DGGLWLRQ� HYLGHQFH ZDV SURYLGHG WKDW SKRWRV\QWKHVLV LQ KLJKHU SODQWV LV OLPLWHG E\ VXFURVH

V\QWKHVLV �6WLWW� ����� 6KDUNH\� HW DO�� ����D�� &DUERQ GLR[LGH LV IL[HG DQG SKRVSKRU\ODWHG

GXULQJ WKH OLJKW SHULRG� ,Q WKH IROORZLQJ GDUN SHULRG 7ULRVH 3 LV PHWDEROL]HG IXUWKHU WR

VXFURVH� OLEHUDWLQJ LQRUJDQLF SKRVSKDWH �3L�� $V D UHVXOW RI WKH KLJKHU DYDLODELOLW\ RI 3L WKH

SKRWRV\QWKHWLF FDSDFLW\ LQ WKH IROORZLQJ OLJKW SHULRG DOVR LV KLJKHU�

7KH IODVKLQJ OLJKW HIIHFW GLG QRW VHHP WR EH VXLWDEOH WR SURILW IURP LQ ODUJH�VFDOH

SKRWRELRUHDFWRUV �3RZHOO� HW DO�� ������ +RZHYHU� LI LW ZRXOG EH SRVVLEOH WR REWDLQ VLPLODU

HIIHFWV DSSO\LQJ ORQJHU OLJKW�GDUN F\FOHV RI VHYHUDO VHFRQGV WR WHQV RI VHFRQGV �PHGLXP

GXUDWLRQ�� WKLV ZRXOG EH YHU\ LQWHUHVWLQJ� 0L[LQJ�LQGXFHG OLJKW�GDUN F\FOHV RI WKLV OHQJWK DUH

PXFK HDVLHU WR DSSO\ LQ SKRWRELRUHDFWRUV� /LTXLG FLUFXODWLRQ LQ DLU�OLIW UHDFWRUV �)LJXUH ������

IRU H[DPSOH� LV LQ WKLV RUGHU RI PDJQLWXGH� 7KLV ZDV WKH UHDVRQ WKH UHODWLRQ EHWZHHQ PHGLXP�

GXUDWLRQ OLJKW�GDUN F\FOHV DQG WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ E\ PLFURDOJDH LV WKH VXEMHFW RI

WKLV WKHVLV�

2XWOLQH

,Q WKLV WKHVLV JURZWK DQG HIILFLHQF\ RI OLJKW XWLOL]DWLRQ RI GLIIHUHQW VSHFLHV RI PLFURDOJDH ZHUH

VWXGLHG XQGHU OLJKW�GDUN F\FOHV� ,Q &KDSWHU � WKH VSHFLILF JURZWK UDWH RI WKH JUHHQ IUHVKZDWHU

DOJDH �FKORURSK\WD� &KODP\GRPRQDV UHLQKDUGWLL DQG &KORUHOOD VRURNLQLDQD ZDV GHWHUPLQHG

XQGHU GLIIHUHQW VTXDUH�ZDYH OLJKW�GDUN F\FOHV �)LJXUH ������ &� UHLQKDUGWLL ZDV FKRVHQ

EHFDXVH LW LV D ZHOO�VWXGLHG PRGHO RUJDQLVP� &� VRURNLQLDQD ZDV DOVR XVHG EHFDXVH WKLV

RUJDQLVP ZDV RULJLQDOO\ XVHG E\ /HH DQG 3LUW ������ ZKR VXJJHVWHG WKLV PLFURDOJD ZDV DEOH

WR VWRUH VXIILFLHQW HQHUJ\ GXULQJ D OLJKW SHULRG WR PDLQWDLQ PD[LPDO JURZWK LQ GDUN SHULRGV XS

WR �� VHFRQGV� ,Q WKLV FKDSWHU LW LV VKRZQ WKDW WKLV LV QRW SRVVLEOH� (YHQ PRUH� HYLGHQFH LV

SURYLGHG PRUH OLJKW HQHUJ\ LV ZDVWHG GXULQJ WKH OLJKW SHULRG RI D OLJKW�GDUN F\FOH WKDQ GXULQJ

FRQWLQXRXV LOOXPLQDWLRQ�
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&� UHLQKDUGWLL ZDV VWXGLHG IXUWKHU XQGHU VTXDUH�ZDYH OLJKW�GDUN F\FOHV RI � WR �� V �WF LQ

)LJXUH ����� DQG WKLV LV GHVFULEHG LQ &KDSWHU �� 7KH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ ZDV GLUHFWO\

PHDVXUHG DV WKH \LHOG RI ELRPDVV �JUDPV RI SURWHLQ� RQ OLJKW HQHUJ\ �PROHV RI 3$5�� ,Q

DGGLWLRQ� WKH TXDQWXP \LHOG RI SKRWRFKHPLVWU\ ZDV GHWHUPLQHG XVLQJ SXOVH�DPSOLWXGH�

PRGXODWLRQ �3$0� IOXRURPHWU\� %RWK GHWHUPLQDWLRQV VKRZHG WKDW WKH HIILFLHQF\ RI

SKRWRV\QWKHVLV JHQHUDOO\ LV ORZHU GXULQJ WKH OLJKW SHULRG RI OLJKW�GDUN F\FOHV LQ FRPSDULVRQ WR

FRQWLQXRXV LOOXPLQDWLRQ�

,Q &KDSWHU � WKHVH H[SHULPHQWV ZHUH H[WHQGHG WR KLJKHU SKRWRQ IOX[ GHQVLWLHV �3)'V��

��� � ��� o ���� � ���� PPRO P
��
V
��
� ,Q DGGLWLRQ� DOVR D JUHHQ PDULQH DOJD� '� WHUWLROHFWD�

ZDV WHVWHG� $JDLQ LW ZDV GHPRQVWUDWHG WKDW WKH HIILFLHQF\ RI OLJKW XWLOL]DWLRQ GRHV QRW FKDQJH

RU HYHQ GHFUHDVHV DIWHU LQWURGXFWLRQ RI D GDUN SHULRG �WG LQ )LJXUH ����� LQ D FRQWLQXRXV OLJKW

UHJLPH�

)LJXUH ����� 7\SLFDO H[DPSOH RI D VTXDUH�ZDYH OLJKW�GDUN F\FOH DSSOLHG LQ ODE�VFDOH

H[SHULPHQWV RI WKLV WKHVLV� WF� GXUDWLRQ RI FRPSOHWH F\FOH� WO� GXUDWLRQ RI OLJKW SHULRG� WG�

GXUDWLRQ RI GDUN SHULRG�

$V GHVFULEHG LQ &KDSWHU �� WKH UHODWLRQ EHWZHHQ OLJKW�GDUN F\FOHV RI �� WR ��� V DQG WKH

ELRPDVV \LHOG RQ OLJKW HQHUJ\ ZDV VWXGLHG PRUH H[WHQVLYHO\ IRU '� WHUWLROHFWD� $ VWDWLVWLFDO

PRGHO DQG D FRUUHVSRQGLQJ H[SHULPHQWDO GHVLJQ ZHUH XVHG WR TXDQWLI\ WKLV UHODWLRQ� ,Q WKHVH

H[SHULPHQWV WKH OLJKW�GDUN F\FOHV ZHUH QRW DUWLILFLDO VTXDUH�ZDYH F\FOHV� EXW PL[LQJ�LQGXFHG

OLJKW�JUDGLHQW�GDUN F\FOHV DV ZLOO EH HQFRXQWHUHG LQ SKRWRELRUHDFWRUV�

WLPH �V�

� �� �� �� �� �� �� ��
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%HFDXVH LW ZDV FOHDUO\ VKRZQ WKDW OLJKW�GDUN F\FOHV RI VHYHUDO VHFRQGV WR WHQV RI VHFRQGV GLG

QRW UHVXOW LQ HQKDQFHG SKRWRV\QWKHWLF DFWLYLWLHV� VKRUW OLJKW�GDUN F\FOHV ZHUH FKHFNHG WRR� ,Q

&KDSWHU � H[SHULPHQWV DUH SUHVHQWHG RI '� WHUWLROHFWD JURZQ XQGHU VKRUW� ���� DQG � V� VTXDUH�

ZDYH OLJKW�GDUN F\FOHV� $Q LQFUHDVH LQ HIILFLHQF\ ZDV REVHUYHG XQGHU ���� V F\FOHV LQ

FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ� 7KHVH UHVXOWV DUH GLVFXVVHG ZLWK UHVSHFW WR WKH

SHUIRUPDQFH RI VKRUW OLJKW�SDWK SKRWRELRUHDFWRUV RSHUDWHG DW KLJK ELRPDVV GHQVLWLHV�

)LQDOO\� LQ &KDSWHU �� 7KH OLJKW UHJLPH DQG WKH SKRWRV\QWKHWLF HIILFLHQF\ LQ FKDUDFWHULVWLF

H[DPSOHV RI VWDWH�RI�WKH�DUW SLORW�VFDOH SKRWRELRUHDFWRUV ZHUH DQDO\]HG� ,Q VKRUW OLJKW�SDWK

V\VWHPV� KLJK HIILFLHQFLHV FDQ EH UHDFKHG DW KLJK ELRPDVV FRQFHQWUDWLRQV� ,W LV GHPRQVWUDWHG�

KRZHYHU� WKDW WKHVH DQG RWKHU SKRWRELRUHDFWRU GHVLJQV DUH SRRUO\ VFDODEOH DQG�RU QRW

DSSOLFDEOH IRU FXOWLYDWLRQ RI PRQRFXOWXUHV� 7KDW LV WKH UHDVRQ QHZ SKRWRELRUHDFWRU GHVLJQV DUH

SURSRVHG LQ ZKLFK OLJKW FDSWXUH LV SK\VLFDOO\ VHSDUDWHG IURP SKRWRDXWRWURSKLF FXOWLYDWLRQ�



��
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�� 6SHFLILF JURZWK UDWH RI &KODP\GRPRQDV UHLQKDUGWLL DQG

&KORUHOOD VRURNLQLDQD XQGHU PHGLXP�GXUDWLRQ OLJKW�GDUN

F\FOHV� �� ± �� V

$EVWUDFW

7KH VSHFLILF JURZWK UDWH RI &KODP\GRPRQDV UHLQKDUGWLL DQG &KORUHOOD VRURNLQLDQD GHFUHDVHG

XQGHU VTXDUH�ZDYH OLJKW�GDUN F\FOHV RI PHGLXP GXUDWLRQ� �� � �� V� LQ FRPSDULVRQ WR

FRQWLQXRXV LOOXPLQDWLRQ� 7KUHH H[SHULPHQWV ZHUH GRQH LQ WKUHH GLIIHUHQW WXUELGRVWDWV DW

VDWXUDWLQJ DQG VXE�VDWXUDWLQJ OLJKW LQWHQVLWLHV GXULQJ WKH OLJKW SHULRG� ��� � ��� PPRO P��
V
��
�

:LWKLQ HDFK H[SHULPHQW WKH OLJKW LQWHQVLW\ GXULQJ WKH OLJKW SHULRGV RI WKH LQWHUPLWWHQW OLJKW

UHJLPHV ZDV HTXDO DQG WKLV LQWHQVLW\ ZDV DOVR DSSOLHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ�

7KH VSHFLILF JURZWK UDWH GHFUHDVHG SURSRUWLRQDO RU PRUH WKDQ SURSRUWLRQDO WR WKH IUDFWLRQ RI

WLPH WKH DOJDH ZHUH H[SRVHG WR OLJKW� WKLV OLJKW IUDFWLRQ UDQJHG IURP ���� WR ����� :H

FRQFOXGH WKDW XQGHU WKHVH OLJKW UHJLPHV WKH FKORURSK\WD &� UHLQKDUGWLL DQG &� VRURNLQLDQD DUH

QRW DEOH WR VWRUH OLJKW HQHUJ\ LQ WKH OLJKW SHULRG WR VXVWDLQ JURZWK LQ WKH GDUN SHULRG DW WKH

VDPH UDWH DV XQGHU FRQWLQXRXV LOOXPLQDWLRQ�

&� UHLQKDUGWLL LQFUHDVHG LWV VSHFLILF OLJKW DEVRUELQJ VXUIDFH E\ LQFUHDVLQJ LWV FKORURS\OO�D

FRQWHQW XQGHU OLJKW�GDUN F\FOHV RI �� V GXUDWLRQ DQG D OLJKW IUDFWLRQ RI ���� DW ���

PPRO P��
V
��
� 7KH FKORURS\OO�D FRQWHQW ZDV WZLFH DV KLJK XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ LQ

FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ� 7KH FRPELQDWLRQ RI D KLJKHU VSHFLILF OLJKW DEVRUSWLRQ

WRJHWKHU ZLWK D ORZHU VSHFLILF JURZWK UDWH OHG WR D GHFUHDVH RI WKH \LHOG RI ELRPDVV RQ OLJKW

HQHUJ\ XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ�

7KLV FKDSWHU KDV EHHQ SXEOLVKHG DV� -DQVVHQ 0� .XLMSHUV 7&� 9HOGKRHQ %� %ULN 7HUQEDFK 0� 7UDPSHU

-� 0XU /5 DQG :LMIIHOV 5+� 6SHFLILF JURZWK UDWH RI &KODP\GRPRQDV UHLQKDUGWLL DQG &KORUHOOD

VRURNLQLDQD XQGHU PHGLXP GXUDWLRQ OLJKW�GDUN F\FOHV� �� ± �� V� -RXUQDO RI %LRWHFKQRORJ\� 9RO� ��� S�

�������� �����
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,QWURGXFWLRQ

7KH SRVVLELOLW\ RI XVLQJ SKRWR�DXWRWURSKLF PLFUR�RUJDQLVPV KDV EHHQ UHFRJQL]HG LQ

ELRWHFKQRORJ\� 0LFURDOJDH DUH SURGXFHG RQ D FRPPHUFLDO VFDOH IRU WKH SURGXFWLRQ RI VLQJOH�

FHOO SURWHLQ� SRO\VDFFKDULGHV� KHDOWK�IRRG FRPSRXQGV VXFK DV SRO\XQVDWXUDWHG IDWW\ DFLGV DQG

YLWDPLQV� ,Q DGGLWLRQ� DOJDH DUH FDSDEOH RI DFFXPXODWLQJ KHDY\ PHWDOV �%HFNHU� ������ 2WKHU

SURPLVLQJ DSSOLFDWLRQV RI SKRWR�DXWRWURSKLF PLFUR�RUJDQLVPV DUH WKH SURGXFWLRQ RI K\GURJHQ

JDV IURP ZDWHU DQG �VXQ�OLJKW �5DR DQG +DOO� ����� 6FKXO]� ����� DQG WKH IL[DWLRQ RI FDUERQ

GLR[LGH �<RVKLKDUD� HW DO�� ����� $NLPRWR� HW DO�� ����� +X� HW DO�� ����D��

/DUJH�VFDOH FXOWLYDWLRQ RI SKRWR�DXWRWURSKLF PLFUR�RUJDQLVPV� KRZHYHU� LV VWLOO OLPLWHG E\

VFDOH�XS SUREOHPV DQG HFRQRPLFDO FRQVLGHUDWLRQV� 'HYHORSPHQW RI FKHDSHU DQG PRUH HIILFLHQW

SKRWRELRUHDFWRUV LV D NH\ LVVXH� /LJKW HQHUJ\ RIWHQ OLPLWV UHDFWRU SURGXFWLYLW\ DQG WKHUHIRUH

OLJKW VKRXOG EH XVHG DW WKH KLJKHVW SRVVLEOH HIILFLHQF\� %XW LQ KLJK�GHQVLW\ FXOWXUHV RQO\ DOJDH

FORVH WR WKH LOOXPLQDWHG VXUIDFH� WKH VR�FDOOHG SKRWLF ]RQH� DUH H[SRVHG WR OLJKW� $OJDH RXWVLGH

WKH SKRWLF ]RQH UHFHLYH QR OLJKW� 0RUHRYHU� D FRQVLGHUDEOH SDUW RI WKH OLJKW HQHUJ\ DEVRUEHG LQ

WKH SKRWLF ]RQH ZLOO EH GLVVLSDWHG DV KHDW EHFDXVH WKH FDSDFLW\ DW ZKLFK DOJDH IL[ OLJKW HQHUJ\

LV OLPLWHG� 7KLV KHDW�GLVVLSDWHG OLJKW HQHUJ\ FDQQRW EH XVHG DQ\PRUH E\ WKH DOJDH RXWVLGH WKH

SKRWLF ]RQH�

,W KDV EHHQ VKRZQ WKDW IDVWHU PL[LQJ RI KLJK�GHQVLW\ FXOWXUHV LQFUHDVHV WKH \LHOG RI ELRPDVV RQ

OLJKW HQHUJ\ DW KLJK OLJKW LQWHQVLWLHV �/DZV� HW DO�� ����� +X DQG 5LFKPRQG� ����� +X� HW DO��

����D�� 0L[LQJ UHVXOWV LQ PRYHPHQW RI DOJDH WKURXJK WKH FXOWXUH DQG� DV VXFK� WKH\ DUH

H[SRVHG WR DQ LQWHUPLWWHQW OLJKW UHJLPH� ,Q RWKHU ZRUGV� DOJDH DUH DOWHUQDWHO\ H[SRVHG WR OLJKW

DQG QR OLJKW DW DOO� $V D UHVXOW RI IDVWHU PL[LQJ� DOJDH DUH H[SRVHG WR KLJK OLJKW LQWHQVLWLHV PRUH

RIWHQ� EXW WKH WLPH RI H[SRVXUH LV VKRUWHU� 7KHVH VKRUWHU OLJKW�GDUN F\FOHV SUREDEO\ KDYH

FDXVHG WKH UHSRUWHG KLJKHU ELRPDVV \LHOGV RQ OLJKW HQHUJ\ �5LFKPRQG� ����� EHFDXVH OHVV

HQHUJ\ LV ZDVWHG LQ WKH SKRWLF ]RQH�

7KH GXUDWLRQ RI WKH OLJKW�GDUN F\FOHV LQ WKH DERYH VWXGLHV ZDV LQ WKH UDQJH RI ��� WR � V� )RU

SURYLGLQJ WKHVH IDVW IOXFWXDWLRQV UHDFWRUV ZHUH GHYHORSHG ZLWK D VKRUW OLJKW SDWK DQG D IDVW

PL[LQJ UDWH SURYLGHG E\ LQWHQVH DHUDWLRQ� ,W ZRXOG EH LQWHUHVWLQJ WR LQYHVWLJDWH WKH HIIHFW RI

ORQJHU OLJKW�GDUN F\FOHV RQ DOJDO SURGXFWLYLW\� /LJKW�GDUN F\FOHV RI PHGLXP GXUDWLRQ� �� WR

��� V� FDQ EH DSSOLHG PRUH HDVLO\ LQ FORVHG SKRWRELRUHDFWRUV� 5HDFWRU W\SHV LQ ZKLFK WKH

VXVSHQVLRQ LV FLUFXODWHG LQ D PDQQHU UHVHPEOLQJ SOXJ IORZ� VXFK DV DLU�OLIW ORRS UHDFWRUV� DUH

VXLWDEOH IRU WKLV� 2QO\ SDUW RI WKH UHDFWRU YROXPH QHHGV WR EH H[SRVHG WR �VXQ�OLJKW� 7KH DOJDH
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DUH LQWHUPLWWHQWO\ LOOXPLQDWHG DV WKH\ FLUFXODWH WKURXJK WKH UHDFWRU� 6XFK V\VWHPV FDQ EH EHWWHU

WHPSHUDWXUH FRQWUROOHG� DV WKH GDUN SDUW RI WKH UHDFWRU LV QRW H[SRVHG WR VXQOLJKW DQG FDQ EH

FRROHG PRUH HDVLO\� )XUWKHUPRUH� WKH GDUN�OLJKW F\FOH FDQ EH FRQWUROOHG ZHOO E\ FRQWUROOLQJ WKH

VXSHUILFLDO OLTXLG FLUFXODWLRQ YHORFLWLHV� )LQDOO\� WKHUH LV D ORW RI NQRZOHGJH DYDLODEOH RQ

K\GURG\QDPLFV� PDVV WUDQVIHU DQG VFDOH XS RI DLU�OLIW V\VWHPV �&KLVWL� ������

7KH LQIOXHQFH RI PHGLXP GXUDWLRQ OLJKW�GDUN F\FOHV LV QRW FOHDU� ,Q VKRUW WHUP R[\JHQ

HYROXWLRQ H[SHULPHQWV ZLWK QRQ�DFFOLPDWHG &KORUHOOD DQG 6FHQHGHVPXV QR LQIOXHQFH RI

IOXFWXDWLQJ OLJKW� RI HTXDO WLPH�DYHUDJHG LUUDGLDQFH� �� � ������ +]� � � ��� V F\FOH GXUDWLRQ�

ZDV IRXQG RQ VSHFLILF R[\JHQ SURGXFWLRQ DQG FDUERQ IL[DWLRQ �*UREEHODDU� ���� DQG �����

*UREEHODDU� HW DO�� ������ +RZHYHU� DQ LQFUHDVH LQ VSHFLILF R[\JHQ SURGXFWLRQ ZDV REVHUYHG

DIWHU WKUHH KRXUV RI H[SRVXUH WR IOXFWXDWLQJ OLJKW DQG DSSDUHQWO\ SK\VLRORJLFDO FKDQJHV WRRN

SODFH XQGHU IOXFWXDWLQJ OLJKW �*UREEHODDU� ������ 2WKHUV REVHUYHG D GHFUHDVH RI WKH VSHFLILF

JURZWK UDWH RI WKH FKORURSK\WD &KODP\GRPRQDV� 2RF\VWLV� 'XQDOLHOOD� &KORUHOOD DQG

6FHQHGHVPXV DW IUHTXHQFLHV RI ��� � ��� +] �� � �� V F\FOH GXUDWLRQ� LQ FRPSDULVRQ WR

FRQWLQXRXV LOOXPLQDWLRQ RI WKH VDPH WLPH�DYHUDJHG LUUDGLDQFH �:DOVK DQG /HJHQGUH� �����

4XpJXLQHU DQG /HJHQGUH� ����� 1HGEDO� HW DO�� ������

2Q WKH FRQWUDU\� 3LUW ������ VXJJHVWHG WKDW &KORUHOOD VRURNLQLDQD ZDV DEOH WR VWRUH VXIILFLHQW

$73 DQG UHGXFLQJ SRZHU WR VXVWDLQ PD[LPDO JURZWK IRU DERXW � V LQ GDUNQHVV� ,Q DGGLWLRQ�

0HUFKXN HW DO� ������ VKRZHG WKDW WKH UHG PLFURDOJD 3RUSK\ULGLXP VS� FRXOG VXVWDLQ PD[LPDO

JURZWK LQ GDUNQHVV IRU � V GXULQJ OLJKW�GDUN F\FOHV RI �� V� ,W LV DOVR VXJJHVWHG WKDW

SKRWRV\QWKHVLV LQ JUHHQ SODQWV LV OLPLWHG E\ FDUERQ PHWDEROLVP DQG WKDW VKRUW GDUN SHULRGV �XS

WR �� VHFRQGV� IROORZLQJ D VDWXUDWLQJ OLJKW IOHFN FDQ UHVXOW LQ HQKDQFHG FDUERQ IL[DWLRQ �6WLWW�

����� 6KDUNH\� HW DO�� ����D DQG E��

:LWK UHVSHFW WR SKRWRELRUHDFWRU GHVLJQ LW ZRXOG EH YHU\ LQWHUHVWLQJ WR HOXFLGDWH WKH HIIHFW RI

PHGLXP GXUDWLRQ OLJKW�GDUN F\FOHV RQ DOJDO SURGXFWLYLW\� 7KHUHIRUH ZH PHDVXUHG WKH VSHFLILF

JURZWK UDWHV RI WZR JUHHQ DOJDH �FKORURSK\WD� XQGHU VTXDUH�ZDYH OLJKW�GDUN F\FOHV� )RU

FRPSDULVRQ WKH VSHFLILF JURZWK UDWH ZDV DOVR GHWHUPLQHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ� :H

XVHG &KODP\GRPRQDV UHLQKDUGWLL DQG &KORUHOOD VRURNLQLDQD DQG WKH\ ZHUH FXOWLYDWHG LQ WKUHH

GLIIHUHQW V\VWHPV� 7KH F\FOH GXUDWLRQ UDQJHG IURP �� WR �� V DQG WKH IUDFWLRQ RI WLPH WKH DOJDH

ZHUH H[SRVHG WR OLJKW GXULQJ D F\FOH �H� UDQJHG IURP ���� WR �����
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0DWHULDOV DQG PHWKRGV

7KUHH GLIIHUHQW FXOWLYDWLRQ V\VWHPV ZHUH XVHG LQ WKUHH GLIIHUHQW H[SHULPHQWV� �� &� UHLQKDUGWLL

ZDV FXOWLYDWHG LQ WZR DLU�OLIW ORRS UHDFWRUV XQGHU FRQWLQXRXV LOOXPLQDWLRQ DQG XQGHU D ������� V

OLJKW�GDUN F\FOH DW ��� PPRO P��
V
��
� �� &� VRURNLQLDQD ZDV FXOWLYDWHG LQ D EXEEOH FROXPQ

XQGHU FRQWLQXRXV LOOXPLQDWLRQ DW IRXU GLIIHUHQW OLJKW LQWHQVLWLHV� $W WKH KLJKHVW DQG ORZHVW

LQWHQVLW\ D ����� V VTXDUH�ZDYH OLJKW�GDUN F\FOH ZDV DSSOLHG� �� &� VRURNLQLDQD ZDV FXOWLYDWHG

LQ D IODW SDQHO UHDFWRU XQGHU ILYH GLIIHUHQW VTXDUH�ZDYH OLJKW�GDUN F\FOHV DW ��� � ���

PPRO P��
V
��
ZKLFK DUH SUHVHQWHG LQ 7DEOH ���� :LWKLQ HDFK H[SHULPHQW WKH OLJKW LQWHQVLW\

GXULQJ WKH OLJKW SHULRGV RI WKH LQWHUPLWWHQW OLJKW UHJLPHV ZDV HTXDO DQG WKLV LQWHQVLW\ ZDV DOVR

DSSOLHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ�

7DEOH ���� ([SHULPHQWDO GHVLJQ VSHFLILF JURZWK UDWH GHWHUPLQDWLRQ RI &KORUHOOD

VRURNLQLDQD LQ IODW SDQHO WXUELGRVWDW XQGHU GLIIHUHQW OLJKW�GDUN F\FOHV�

F\FOH GXUDWLRQ� WF �V� OLJKW IUDFWLRQ� H ���

�� ����

�� ����

�� ����

�� ����

�� ����

([SHULPHQW �� &KODP\GRPRQDV UHLQKDUGWLL

2UJDQLVP DQG PHGLXP

$ &KODP\GRPRQDV UHLQKDUGWLL ZLOG W\SH VWUDLQ� FRGHG �� JU� ZDV NLQGO\ SURYLGHG E\ 'U� &�

9tOFKH] IURP WKH 8QLYHUVLW\ RI +XHOYD �6SDLQ�� 7KH RUJDQLVP ZDV FXOWLYDWHG LQ D 6XHRND KLJK

VDOW �+6� PHGLXP DV GHVFULEHG E\ +DUULV ������� 7KH PHGLXP KDV WKH IROORZLQJ FRPSRVLWLRQ

�DPRXQWV LQ J /
��
�� 1+�&O� ���� 0J62���+�2� ����� &D&O���+�2� ����� .�+32�� �����

.+�32�� ���� DQG � P/ RI +�WQHU¶V WUDFH HOHPHQWV VROXWLRQ �+DUULV� ������ 3XUH FXOWXUHV

ZHUH PDLQWDLQHG RQ DJDU VODQWV FRQWDLQLQJ 6XHRND PHGLXP � ���� J /
��
1D+&2� � ���� �

Z�Y DJDU� 7KH FXOWXUHV ZHUH H[SRVHG WR YHU\ PLOG GD\OLJKW DW URRP WHPSHUDWXUH�
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/LJKW LQWHQVLW\

:H XVHG ��S 3$5 �3KRWRV\QWKHWLF $FWLYH 5DGLDWLRQ� ������� QP� VHQVRUV PDGH E\ ,0$*�

'/2 �:DJHQLQJHQ� 7KH 1HWKHUODQGV� WR PHDVXUH WKH SKRWRQ IOX[ GHQVLW\ LQ PPRO P��
V
��
� 7KH

SKRWRQ IOX[ GHQVLW\ LV XVHG WR FDOFXODWH WKH DYHUDJH OLJKW LQWHQVLW\ DV LV H[SODLQHG ODWHU�

5HDFWRU

&KODP\GRPRQDV ZDV FXOWLYDWHG XQGHU QRQ�DVHSWLF FRQGLWLRQV LQ WZR JODVV ��� / DLU�OLIW ORRS

UHDFWRUV �)LJXUH ����� 7KH UHDFWRUV ZHUH HTXLSSHG ZLWK D ZDWHU MDFNHW FRQQHFWHG WR D

WHPSHUDWXUH�FRQWUROOHG ZDWHU EDWK ��� q&�� 7KH S+ ZDV PDLQWDLQHG DW ��� E\ DXWRPDWLF

DGGLWLRQ RI � 1 VRGLXP�K\GUR[LGH VROXWLRQ� 7KH DSSOLHG JDV�IORZ UDWH ZDV ���� / K
��
� WKH JDV

ZDV D PL[WXUH RI DLU DQG FDUERQ GLR[LGH ��� Y�Y &2��� 7KH GRZQFRPHU RI RQH UHDFWRU ZDV

VHDOHG ZLWK DOXPLQXP IRLO WR FUHDWH D GDUN SDUW DQG WKH DOJDO VXVSHQVLRQ FLUFXODWHG EHWZHHQ

WKLV GDUN SDUW DQG WKH LOOXPLQDWHG SDUW� 7KH FLUFXODWLRQ WLPH �WF� WKURXJK WKH ORRS DQG WKH

UHVLGHQFH WLPH LQ WKH GRZQFRPHU �WG� RI WKH UHDFWRU OLTXLG ZHUH GHWHUPLQHG E\ IROORZLQJ WKH

PRYHPHQW RI D VPDOO FRORUHG N�FDUUDJHHQDQ JHO EHDG ���� � Z�Y�� WF ZDV ���� V DQG WG ZDV ���

V OHDGLQJ WR D OLJKW IUDFWLRQ �H� RI ���� � ^WF�WG`�WF��

)LJXUH ���� $LU�OLIW ORRS UHDFWRU XVHG IRU FXOWLYDWLRQ RI &KODP\GRPRQDV UHLQKDUGWLL �IURQW

YLHZ�� ��� JDV LQOHW� ��� ZDWHU MDFNHW� ��� TXDQWXP VHQVRU� ��� S+ HOHFWURGH� ��� VXVSHQVLRQ

RXWOHW� ��� PHGLXP LQOHW� ��� GLUHFWLRQ RI VXVSHQVLRQ IORZ� ��� ULVHU� ��� GRZQFRPHU�

�

�

�

�

�

�

�

�

�

�

�
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7KH UHDFWRUV ZHUH SODFHG LQ D FORVHG FDELQHW ZLWK � IOXRUHVFHQW OLJKW WXEHV SODFHG KRUL]RQWDOO\

DW RQH VLGH �3KLOLSV 7/' +)� ��:� FRORU ���� %RWK UHDFWRUV ZHUH SODFHG FORVH WR WKH WXEHV�

2QH IOXRUHVFHQW WXEH �3RSH )7'� ��:� FRORU ��� ZDV SODFHG YHUWLFDOO\ DW WKH RSSRVLWH VLGH RI

HDFK $/5� 7KH SKRWRQ IOX[ LPSLQJLQJ DW D FHUWDLQ KHLJKW RQ WKH VXUIDFH RI WKH ULVHU RI RQH RI

WKH UHDFWRUV ZDV PHDVXUHG LQ � GLUHFWLRQV� 7KH VXP RI WKHVH IOX[HV ZDV GLYLGHG E\ � WR REWDLQ

DQ HVWLPDWH RI WKH DYHUDJH IOX[ FURVVLQJ D IODW VXUIDFH IURP ERWK VLGHV� FDOOHG WKH DYHUDJH OLJKW

LQWHQVLW\ �,�� , ZDV ��� PPRO P��
V
��
� 7KH UHDFWRUV ZHUH LOOXPLQDWHG �� K D GD\� QR GD\�QLJKW

F\FOH ZDV DSSOLHG�

7KH UHDFWRUV ZHUH RSHUDWHG DV WXUELGRVWDWV� (DFK UHDFWRU ZDV WKHUHIRUH HTXLSSHG ZLWK D

TXDQWXP VHQVRU SRVLWLRQHG EHKLQG WKH ULVHU �)LJXUH ���� DQG WKLV VHQVRU ZDV IDFLQJ WKH ZDOO

ZLWK WKH KRUL]RQWDO IOXRUHVFHQW WXEHV� :KHQ WKH ELRPDVV GHQVLW\ LQFUHDVHG WKH SKRWRQ IOX[

LPSLQJLQJ RQ WKH VHQVRUV GHFUHDVHG� 2Q WKH PRPHQW WKH SKRWRQ IOX[ ZDV ORZHU WKDQ WKH VHW

SRLQW� ��� RI WKH PD[LPDO IOX[ PHDVXUHG ZKHQ WKH UHDFWRU FRQWDLQHG PHGLXP ZLWKRXW DOJDH�

WKH UHDFWRUV ZHUH DXWRPDWLFDOO\ GLOXWHG XQWLO WKH VHW SRLQW ZDV UHDFKHG DJDLQ� 7KLV VHW SRLQW

ZDV FKRVHQ DUELWUDULO\ DQG LW LV D FRPSURPLVH EHWZHHQ D ORZ OHYHO RI PXWXDO VKDGLQJ DQG D

FHOO GHQVLW\ VXIILFLHQW IRU PHDVXUHPHQWV RI ELRPDVV FKDUDFWHULVWLFV DQG DFFXUDWH WXUELGRVWDW

FRQWURO� $OO WKHVH RSHUDWLRQV ZHUH PRQLWRUHG E\ D GDWDORJJHU �&5��� &DPSEHOO 6FLHQWLILF

/WG�� 8.��

6SHFLILF JURZWK UDWH

7KH UHDFWRUV ZHUH LQRFXODWHG ZLWK SXUH &� UHLQKDUGWLL FXOWXUHV� PDLQWDLQHG RQ DJDU VODQWV DQG

WKH\ ZHUH RSHUDWHG DV WXUELGRVWDWV IRU �� GD\V� 7KH GLOXWLRQ UDWHV RI WKH UHDFWRUV ZHUH

GHWHUPLQHG E\ GDLO\ PHDVXUHPHQW RI WKH GLOXWHG FXOWXUH YROXPHV� 6LQFH WKH UHDFWRUV ZHUH

RSHUDWHG DV WXUELGRVWDWV WKH ELRPDVV GHQVLW\ LQ HDFK UHDFWRU ZDV FRQVWDQW DQG WKH VSHFLILF

JURZWK UDWH ZDV HTXDO WR WKH PHDVXUHG GLOXWLRQ UDWH�

3KRWRV\QWKHWLF DFWLYLW\

3KRWRV\QWKHWLF DFWLYLW\ �32�� ZDV PHDVXUHG LQ D VPDOO UHDFWLRQ YHVVHO ZLWK D ZDWHU MDFNHW

FRQQHFWHG WR D WHPSHUDWXUH�FRQWUROOHG ZDWHU EDWK ��� �&�� 7KH YHVVHO ZDV SODFHG LQ D FORVHG

FDELQHW� 7KH UHDFWLRQ YHVVHO ZDV HTXLSSHG ZLWK D &ODUN�W\SH R[\JHQ HOHFWURGH �<6, �����

<HOORZ 6SULQJV ,QVWUXPHQWV &R�� 86$�� FRQQHFWHG WR D UHDG�RXW XQLW �<6, ����� ZKLFK LQ WXUQ

ZDV FRQQHFWHG WR D SHQ�UHFRUGHU�

7KH UHDFWLRQ YHVVHO ZDV VXUURXQGHG E\ � KDORJHQ ODPSV �2VUDP ����� 0)/ 1DWXUD� ��9�

�� � ��:� ���� ZKLFK ZHUH FRQQHFWHG WR D SRZHU VXSSO\ HTXLSSHG ZLWK WZR WLPHUV WR WXUQ RQ
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DQG RII WKH ODPSV DOWHUQDWHO\ WR DSSO\ D OLJKW�GDUN F\FOH� 7KH OLJKW LQWHQVLW\ LQ WKH YHVVHO FRXOG

EH DGMXVWHG E\ PHDQV RI QHXWUDO GHQVLW\ ILOWHUV �6FKRWW 1*�ILOWHUV� 6FKRWW *ODVZHUNH�

*HUPDQ\�� 7KH SKRWRQ IOX[ LQ WKH YHVVHO ZDV PHDVXUHG E\ SODFLQJ D TXDQWXP VHQVRU LQ WKH

YHVVHO� 7KH SKRWRQ IOX[ ZDV PHDVXUHG LQ � GLUHFWLRQV� 7KH VXP RI WKHVH IOX[HV ZDV GLYLGHG E\

� WR REWDLQ DQ HVWLPDWH RI WKH DYHUDJH IOX[ FURVVLQJ D IODW VXUIDFH IURP ERWK VLGHV� FDOOHG WKH

DYHUDJH OLJKW LQWHQVLW\ �,��

)RU HDFK PHDVXUHPHQW DW RQH OLJKW LQWHQVLW\ D IUHVK � P/ VDPSOH ZDV XVHG FRQVLVWLQJ RI � P/

�� P0 SKRVSKDWH EXIIHU RI S+ ��� DQG � P/ �GLOXWHG� FXOWXUH VXVSHQVLRQ IURP WKH

WXUELGRVWDWV� WKH R[\JHQ DFWLYLW\ LQ WKH VDPSOH ZDV ORZHUHG E\ SXUJLQJ QLWURJHQ JDV� H[WUD

FDUERQ GLR[LGH ZDV DGGHG DV VRGLXP ELFDUERQDWH ��� P/� ���� 0�� )LUVW� WKH R[\JHQ HYROXWLRQ

UDWH ZDV PHDVXUHG XQGHU LOOXPLQDWLRQ� )RORZLQJ� GDUN UHVSLUDWLRQ ZDV UHFRUGHG DIWHU LW KDG

UHDFKHG D FRQVWDQW UDWH� 7KH SKRWRV\QWKHWLF DFWLYLW\ ZDV FDOFXODWHG E\ DGGLQJ WKH PHDVXUHG

GDUN UHVSLUDWLRQ UDWH WR WKH R[\JHQ HYROXWLRQ UDWH�

&KORURSK\OO�D

$ NQRZQ YROXPH RI WKH DOJDO VXVSHQVLRQ �FRQWDLQLQJ �� � �� PJ RI FKORURSK\OO�D� ZDV ILOWHUHG

WKURXJK D JODVV�ILEHU ILOWHU �:KDWPDQ *)�)� FRDWHG ZLWK D WKLQ OD\HU RI &D&2�� 7KH ILOWHU ZDV

SXW LQ D JODVV WXEH ZLWK VFUHZ�FDS� 7KH H[WUDFWLRQ ZDV GRQH ZLWK �� P/ RI �� � Y�Y HWKDQRO

DQG ZDV IDFLOLWDWHG E\ KHDWLQJ WKH VROXWLRQ IRU WKUHH PLQXWHV ��� q&� LQ FORVHG WXEHV� 7KH

WXEHV ZHUH VWRUHG LQ WKH GDUN DW � q& WR FRPSOHWH H[WUDFWLRQ RYHUQLJKW� $IWHU FHQWULIXJDWLRQ WKH

FKORURSK\OO�D FRQFHQWUDWLRQ ZDV GHWHUPLQHG DFFRUGLQJ WR 1XVFK �������

'U\ ZHLJKW

$ NQRZQ YROXPH ��� � �� P/� RI WKH DOJDO VXVSHQVLRQ ZDV ILOWHUHG WKURXJK D SUH�GULHG DQG

SUH�ZHLJKHG JODVV�ILEHU ILOWHU �:KDWPDQ *)�)�� 7KH ELRPDVV RQ WRS RI WKH ILOWHU ZDV ZDVKHG

ILOWHULQJ GH�PLQHUDOL]HG ZDWHU� 7KH ILOWHU ZLWK ELRPDVV ZDV GULHG DW ��� q& DQG DOORZHG WR

FRRO LQ D GHVLFFDWRU� $IWHU WKLV WKH ILOWHU ZDV ZHLJKHG DJDLQ�

([SHULPHQWV � DQG �� &KORUHOOD VRURNLQLDQD

2UJDQLVP DQG PHGLXP

7KH FKORURSK\W &KORUHOOD VRURNLQLDQD �&&$3 �����N� ZDV REWDLQHG IURP WKH &XOWXUH

&ROOHFWLRQ RI $OJDH DQG 3URWR]RD �$PEOHVLGH� 8.�� 7KLV RUJDQLVP ZDV DOVR XVHG E\ /HH DQG

3LUW ������ DQG ZDV FDOOHG &KORUHOOD YXOJDULV �6RURNLQ VWUDLQ�� :H XVHG WKH VDPH $� PHGLXP

DV GHVFULEHG E\ /HH DQG 3LUW ������� 6LQFH WKLV PHGLXP ZDV GHYHORSHG IRU KLJK�GHQVLW\
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FXOWXUHV ZH GHFLGHG WR KDOI WKH FRQFHQWUDWLRQ RI PRVW FRPSRQHQWV� 2QO\ WKH EXIIHU

FRQFHQWUDWLRQ ZDV PDLQWDLQHG DW ���� P0 GXULQJ WKH H[SHULPHQWV LQ WKH EXEEOH FROXPQ�

'XULQJ WKH H[SHULPHQWV LQ WKH IODW SDQHO UHDFWRU WKH SKRVSKDWH EXIIHU ZDV GHFUHDVHG WR ����

P0 DQG WKH XUHD FRQFHQWUDWLRQ ZDV DOVR GHFUHDVHG IURP �� P0 LQ WKH EXEEOH FROXPQ WR ��

P0 LQ WKH IODW SDQHO� 7KH PHGLXP ZDV QRW DXWRFODYHG EXW ZDV VWRUHG LQ WKH GDUN DV � VHSDUDWH

VROXWLRQV� 3ULRU WR DQ H[SHULPHQW WKH VROXWLRQV ZHUH FRPELQHG WR REWDLQ PHGLXP IRU RQH

ZHHN� *URZWK RI FRQWDPLQDQW RUJDQLVPV LQ WKH PHGLXP GLG QRW RFFXU LQ WKLV SHULRG�

5HDFWRU

&� VRURNLQLDQD ZDV FXOWLYDWHG LQ WZR W\SHV RI UHDFWRUV ZLWK GLIIHUHQW OLJKW VRXUFHV� 7KH ILUVW

W\SH ZDV D JODVV EXEEOH FROXPQ ZLWK ��� P/ OLTXLG YROXPH ZLWK D JDV LQOHW RI VLQWHUHG JODVV

LQ WKH ERWWRP� 7KLV EXEEOH FROXPQ ZDV LOOXPLQDWHG IURP WZR RSSRVLWH VLWHV E\ D VHULHV RI �

KDORJHQ ODPSV �2VUDP 'HFRVWDU 7LWDQ� ��9� ��:� ���� SODFHG RQ WRS RI HDFK RWKHU WR

LOOXPLQDWH WKH ZKROH RI WKH FROXPQ OHQJWK� 7KLV UHDFWRU ZDV LOOXPLQDWHG �� KRXUV D GD\� DJDLQ

QR GD\�QLJKW F\FOH ZDV DSSOLHG� $ ��S 3$5 VHQVRU ZDV FRQWLQXRXVO\ SODFHG LQ WKH FHQWHU RI

WKH EXEEOH FROXPQ FRQWDLQLQJ WKH JURZLQJ FXOWXUH VXVSHQVLRQ 7KH VLJQDO RI WKLV GLRGH ZDV

XVHG WR DSSO\ D WXUELGRVWDW FRQWURO� 7KH SKRWRQ IOX[ LQ WKH FHQWHU RI WKH FROXPQ ZDV DOORZHG

WR GURS WR �� � RI WKH YDOXH PHDVXUHG ZKHQ WKH UHDFWRU FRQWDLQHG PHGLXP ZLWKRXW DOJDH� 7KH

DYHUDJH OLJKW LQWHQVLW\ LQ WKH EXEEOH FROXPQ ZDV PHDVXUHG LQ DQ HPSW\ FROXPQ ZLWKRXW

OLTXLG� 7KH SKRWRQ IOX[ GHQVLW\ ZDV PHDVXUHG RQ � GLIIHUHQW KHLJKWV DQG DW HDFK KHLJKW LQ IRXU

GLUHFWLRQV� 7KH VXP RI WKHVH �� PHDVXUHPHQWV ZDV GLYLGHG E\ �� WR REWDLQ DQ HVWLPDWH RI WKH

DYHUDJH IOX[ FURVVLQJ D IODW VXUIDFH IURP ERWK VLGHV DQG WKLV ZDV FDOOHG WKH DYHUDJH OLJKW

LQWHQVLW\ �,��

7KH VHFRQG W\SH RI UHDFWRU ZDV D SOH[LJODVV IODW SDQHO RI ��� P/ OLTXLG YROXPH DQG D GHSWK

� OLJKW SDWK� RI � FP� 7KH KHLJKW DQG ZLGWK RI WKH UHFWDQJXODU SDQHO ZDV �� FP DQG �� FP�

UHVSHFWLYHO\� $W WKH ERWWRP JDV ZDV LQMHFWHG YLD DQ LQOHW RI VLQWHUHG JODVV� 7KH FRPSOHWH

UHDFWRU VXUIDFH ZDV LOOXPLQDWHG E\ D VFUHHQ �� [ �� FP� RI ��� OLJKW HPLWWLQJ GLRGHV �/('V��

7KH HPLVVLRQ ZDYHOHQJWK RI WKH /('V �.LQJEULJKW� W\SH / �� 65& (� ZDV ��� QP� 0DWWKLMV

HW DO� ������ FRQFOXGHG WKHUH ZDV QR QHHG IRU DQ DGGLWLRQDO VXSSO\ RI EOXH OLJKW ZKHQ XVLQJ

WKHVH UHG /('V IRU FXOWLYDWLRQ RI &KORUHOOD S\UHQRLGRVD� 7KH SKRWRQ IOX[ GHQVLW\ OHDYLQJ WKH

UHDFWRU DW WKH RSSRVLWH VLGH ZDV FRQWLQXRXVO\ PHDVXUHG E\ D ��S 3$5 VHQVRU �/,�&25� W\SH

/,���� 6$� DQG WKLV VHQVRU ZDV XVHG WR DSSO\ WXUELGRVWDW FRQWURO� 7KH SKRWRQ IOX[ OHDYLQJ WKH

UHDFWRU ZDV DOORZHG WR GURS WR �� � RI WKH YDOXH PHDVXUHG ZKHQ WKH UHDFWRU 22222

FRQWDLQHG PHGLXP ZLWKRXW DOJDH� 7KH DYHUDJH OLJKW LQWHQVLW\ LQ WKH UHDFWRU ZDV PHDVXUHG DV
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WKH SKRWRQ IOX[ OHDYLQJ WKH UHDFWRU� ZKLFK FRQWDLQHG PHGLXP ZLWKRXW DOJDH� ,Q WKLV IODW SDQHO

UHDFWRU &� VRURNLQLDQD ZDV LOOXPLQDWHG DFFRUGLQJ WR D ����� KRXUV GD\�QLJKW F\FOH�

%RWK UHDFWRUV ZHUH HTXLSSHG ZLWK D ZDWHU MDFNHW FRQQHFWHG WR D WHPSHUDWXUH�FRQWUROOHG ZDWHU

EDWK ����� � ���� q&�� &DUERQ GLR[LGH ZDV DGGHG EXEEOLQJ WKH UHDFWRUV ZLWK D FDUERQ

GLR[LGH�DLU PL[WXUH� � � � � Y�Y &2�� 7KH S+ ZDV FRQWUROOHG EHWZHHQ ��� � ��� E\ DXWRPDWLF

DGGLWLRQ RI � 1 VRGLXP K\GUR[LGH RU K\GURFKORULF DFLG� 7KH OLJKW VRXUFHV RI ERWK UHDFWRUV

ZHUH FRQQHFWHG WR SRZHU VXSSOLHV HDFK HTXLSSHG ZLWK WZR WLPHUV WR WXUQ RQ DQG RII WKH ODPSV

DOWHUQDWHO\ WR DSSO\ D OLJKW�GDUN F\FOH�

6SHFLILF JURZWK UDWH

%DWFK FXOWXUHV ��� P/� ZHUH LQRFXODWHG IURP SXUH FXOWXUHV PDLQWDLQHG RQ DJDU VODQWV� 7KH

EDWFKHV ZHUH FXOWLYDWHG XQGHU ORZ OLJKW �� ��� PPRO P��
V
��
� DQG XVHG WR LQRFXODWH WKH

WXUELGRVWDW UHDFWRUV� 7KH WXUELGRVWDWV ZHUH RSHUDWHG QRQ�DVHSWLFDOO\ IRU RQH RU WZR ZHHNV

XQGHU D FHUWDLQ OLJKW UHJLPH� 'XULQJ WKLV SHULRG WKH VSHFLILF JURZWK UDWH ZDV GHWHUPLQHG RQ

WKUHH WR ILYH GD\V E\ GDLO\ PHDVXUHPHQW RI WKH GLOXWHG FXOWXUH YROXPH� 6LQFH WKH UHDFWRUV ZHUH

RSHUDWHG DV WXUELGRVWDWV WKH ELRPDVV GHQVLW\ LQ HDFK UHDFWRU ZDV FRQVWDQW DQG WKH VSHFLILF

JURZWK UDWH ZDV HTXDO WR WKH PHDVXUHG GLOXWLRQ UDWH� 7KH JURZWK UDWH PHDVXUHPHQWV RQ WKH

GLIIHUHQW GD\V ZHUH XVHG WR FDOFXODWH WKH �� � FRQILGHQFH LQWHUYDO� $IWHU HDFK H[SHULPHQWDO

UXQ DW D FHUWDLQ OLJKW UHJLPH WKH UHDFWRUV ZHUH HPSWLHG� FOHDQHG DQG LQRFXODWHG IRU D QHZ UXQ

DW DQRWKHU OLJKW UHJLPH�

5HVXOWV DQG GLVFXVVLRQ

([SHULPHQW �� &KODP\GRPRQDV UHLQKDUGWLL

7KH DLU�OLIW ORRS UHDFWRUV ZHUH LQRFXODWHG DQG WKUHH GD\V ODWHU� GHQRWHG DV GD\ �� WKH ELRPDVV

GHQVLW\ KDG UHDFKHG WKH VHW SRLQW DW ZKLFK WKH UHDFWRUV ZHUH DXWRPDWLFDOO\ GLOXWHG� )URP GD\ �

XQWLO GD\ �� WKH UHDFWRUV ZHUH RSHUDWHG DV WXUELGRVWDWV DQG WKH GLOXWLRQ UDWH ZDV IROORZHG�

$IWHU DERXW D ZHHN D FRQVLGHUDEOH DPRXQW RI DOJDH DWWDFKHG WR WKH UHDFWRU VXUIDFH� 7KH 3$5�

VHQVRUV FRQWUROOLQJ WKH GLOXWLRQ UDWHV ZHUH SODFHG EHKLQG WKH ULVHU� ,Q WKH ULVHU DWWDFKPHQW RI

DOJDH DQG FRQFRPLWDQW ELRILOP JURZWK ZHUH QHJOLJLEOH GXH WR WKH ULVLQJ JDV EXEEOHV� $V D

FRQVHTXHQFH� WKH ELRPDVV GHQVLW\ LQ WKH VXVSHQVLRQ ZDV PDLQWDLQHG FRQVWDQW� $WWDFKHG DOJDH

ZHUH GHWDFKHG RQFH RU WZLFH D GD\ UHVXOWLQJ LQ D WHPSRUDO LQFUHDVH RI ELRPDVV GHQVLW\ DQG�

FRQVHTXHQWO\� RSWLFDO GHQVLW\� $IWHU GHWDFKPHQW WKH GLOXWLRQ UDWH LQFUHDVHG XQWLO WKH
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WXUELGRVWDW VHW SRLQW ZDV UHDFKHG DJDLQ� 7KH H[WUD YROXPH GLOXWHG LQ WKH KRXU IROORZLQJ

GHWDFKPHQW ZDV HVWLPDWHG DQG VXEWUDFWHG IURP WKH YROXPH GLOXWHG GDLO\� 'HWDFKPHQW ZDV

GRQH E\ VFUDSLQJ WKH LQQHU VXUIDFH ZLWK D PDJQHW RU ZLWK D UXEEHU ULQJ FRQQHFWHG WR D VWLFN�

7KH PDJQHW ZDV PRYHG DURXQG E\ DQRWKHU PDJQHW RXWVLGH RI WKH UHDFWRU�

7KH VSHFLILF JURZWK UDWH RI ERWK FXOWXUHV ZDV PHDVXUHG DOPRVW FRQWLQXRXVO\ E\ IROORZLQJ WKH

GLOXWLRQ UDWH� 7KH DYHUDJH VSHFLILF JURZWK UDWH RI WKH LQWHUPLWWHQWO\ LOOXPLQDWHG FXOWXUH�

���� K
��
� ZDV �� � RI WKH DYHUDJH JURZWK UDWH RI WKH FRQWLQXRXVO\ LOOXPLQDWHG FXOWXUH� ���� K

��

�7DEOH ����� 7KH VSHFLILF JURZWK UDWH RI ���� K
��
LV KLJKHU WKDQ WR PD[LPDO JURZWK UDWH ZH

PHDVXUHG LQ DQRWKHU H[SHULPHQW �QRW VKRZQ� ZLWK &� UHLQKDUGWLL� ���� K
��
� 7KH OLJKW LQWHQVLW\

RI ��� PPRO P��
V
��
REYLRXVO\ LV VXIILFLHQW IRU PD[LPDO JURZWK DQG WKLV LV VDLG WR EH

VDWXUDWLQJ� 7KH LQWHUPLWWHQWO\ LOOXPLQDWHG FXOWXUH ZDV H[SRVHG WR OLJKW �� � RI WKH WLPH�

+HQFH WKH VSHFLILF JURZWK UDWH ZDV SURSRUWLRQDO WR WKH IUDFWLRQ RI WLPH WKH DOJDH ZHUH H[SRVHG

WR OLJKW�

7DEOH ���� $YHUDJH VSHFLILF JURZWK UDWH �P� DQG GU\ ZHLJKW FRQFHQWUDWLRQ �&[� LQ WKH

FRQWLQXRXVO\ DQG LQWHUPLWWHQWO\ LOOXPLQDWHG FXOWXUHV GXULQJ GD\V � WR ��� 67' UHSUHVHQWV

WKH HVWLPDWHG VWDQGDUG GHYLDWLRQ�

P �K
��
� &[ �J /

��
�

DYHUDJH �Q� 67'

FRQWLQXRXV ���� ���� ��� ����

LQWHUPLWWHQW ���� ���� ��� ����

$OWKRXJK WKH VSHFLILF JURZWK UDWH RI ERWK FXOWXUHV LV PHDVXUHG� ZH GR QRW NQRZ ZKHWKHU WKH

ELRPDVV \LHOG RQ OLJKW HQHUJ\ KDV FKDQJHG ZLWKRXW LQIRUPDWLRQ DERXW WKH DPRXQW RI OLJKW

HQHUJ\ WKDW LV DEVRUEHG E\ WKH ELRPDVV� 7KH RYHUDOO ELRPDVV \LHOG RQ OLJKW HQHUJ\ �<[�(� LQ

GU\ ZHLJKW SHU DPRXQW RI SKRWRQV DEVRUEHG �J PPRO��� LV FDOFXODWHG DFFRUGLQJ WR (T� ����

(T� ���
H

P

�

�
 

(

&
< [

([ �
>J PPRO��@

<[�( UHSUHVHQWV WKH UDWLR RI ELRPDVV SURGXFWLRQ RYHU HQHUJ\ FRQVXPSWLRQ� LQFOXGLQJ

PDLQWHQDQFH UHTXLUHPHQWV� 7KH YROXPHWULF OLJKW DEVRUSWLRQ UDWH RI WKH DOJDO VXVSHQVLRQ� ( LQ

PPRO /��
K
��
� LV QRW NQRZQ� %XW ( ZLOO EH WKH VDPH XQGHU FRQWLQXRXV DQG LQWHUPLWWHQW

LOOXPLQDWLRQ EHFDXVH WKH RSWLFDO GHQVLW\ RI WKH FXOWXUHV LQ ERWK WXUELGRVWDWV ZDV HTXDO� 7KH

ELRPDVV GHQVLWLHV �&[� RI ERWK FXOWXUHV ZHUH GHWHUPLQHG VHYHUDO WLPHV DV GU\ ZHLJKW SHU
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YROXPH GXULQJ WKH �� GD\V H[SHULPHQWDO SHULRG DQG DUH SUHVHQWHG LQ WDEOH �� 7KH GHQVLWLHV RI

WKH FRQWLQXRXVO\ DQG LQWHUPLWWHQWO\ LOOXPLQDWHG FXOWXUHV ZHUH ���� DQG ���� J /
��
�

UHVSHFWLYHO\� 7KH UDWLR RI WKH \LHOG XQGHU FRQWLQXRXV DQG LQWHUPLWWHQW LOOXPLQDWLRQ QRZ FDQ EH

FDOFXODWHG DQG ZDV � � ����� <[�( GHFUHDVHG XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ LQ FRPSDULVRQ WR

FRQWLQXRXV LOOXPLQDWLRQ�

7KH VSHFLILF OLJKW DEVRUSWLRQ RI WKH LQWHUPLWWHQWO\ LOOXPLQDWHG FXOWXUH REYLRXVO\ LV KLJKHU

EHFDXVH WKH ELRPDVV GHQVLW\ LV ORZHU LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ� 7KLV LV FDXVHG

E\ D GLIIHUHQFH LQ WKH FKORURSK\OO�D FRQWHQW RI ERWK FXOWXUHV� 7KH FKO�D FRQWHQW RI WKH

FRQWLQXRXVO\ LOOXPLQDWHG FXOWXUH ZDV WZLFH DV ORZ DV WKH FKO�D FRQWHQW RI WKH LQWHUPLWWHQWO\

LOOXPLQDWHG FXOWXUH� ���� � ����� ��� � FRQILGHQFH LQWHUYDO�� 7KLV UDWLR ZDV GHWHUPLQHG

VHYHUDO WLPHV GXULQJ WKH H[SHULPHQWDO SHULRG DQG LV SUHVHQWHG LQ )LJXUH ����

)LJXUH ���� 5DWLR RI WKH FKORURSK\OO�D �FKO�D� FRQWHQW RI DOJDO ELRPDVV IURP WKH

FRQWLQXRXVO\ DQG LQWHUPLWWHQWO\ LOOXPLQDWHG FXOWXUHV GXULQJ WKH SHULRG RI RSHUDWLRQ �O��

7KH LQWHUPLWWHQWO\ LOOXPLQDWHG FXOWXUH DFFOLPDWHG WR WKLV OLJKW UHJLPH E\ LQFUHDVLQJ LWV FKO�D

FRQWHQW� HQDEOLQJ WKH DOJDO FHOOV WR LQWHUFHSW D ODUJHU SDUW RI WKH SKRWRQ IOX[� 7KLV ZDV DOVR

UHSRUWHG LQ RWKHU LQYHVWLJDWLRQV �4XpJXLQHU DQG /HJHQGUH� ����� 6KLQ� HW DO�� ������ 7KH

KLJKHU FKO�D FRQWHQW� KRZHYHU� FRXOG QRW SUHYHQW WKH GHFUHDVH RI WKH VSHFLILF JURZWK UDWH RI &�

UHLQKDUGWLL XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ DQG

FRQVHTXHQWO\ DOVR <[�( GHFUHDVHG�

7LPH �GD\V�

� �� �� �� �� �� �� ��
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UDWLR FKO�D FRQWHQW FRQWLQXRXV � LQWHUPLWWHQW
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,QFUHDVHG SLJPHQWDWLRQ LV DOVR IRXQG GXULQJ WKH SURFHVV RI DFFOLPDWLRQ WR ORZ OLJKW LQWHQVLWLHV�

ZKLFK LV FDOOHG SKRWRDFFOLPDWLRQ �)DONRZVNL DQG /D5RFKH� ������ *UREEHODDU HW DO� ������

DOUHDG\ FRQFOXGHG WKDW RQH RI WKH PRVW LPSRUWDQW IDFWRUV LQIOXHQFLQJ SKRWRV\QWKHWLF UDWHV

XQGHU FRQWLQXRXV RU LQWHUPLWWHQW LOOXPLQDWLRQ ZDV ZKHWKHU DOJDH ZHUH ORZ RU KLJK OLJKW

DFFOLPDWHG� /RZ OLJKW�GDUN IUHTXHQFLHV ��� V SHULRG� ZHUH SHUFHLYHG DV ORZ OLJKW FRQGLWLRQV

DQG KLJK OLJKW�GDUN IUHTXHQFLHV ��� PV SHULRG� DV KLJK OLJKW FRQGLWLRQV� 2XU UHVXOWV DUH LQ

DJUHHPHQW ZLWK WKHVH ILQGLQJV VLQFH ZH DSSOLHG PHGLXP IUHTXHQF\ OLJKW�GDUN F\FOHV DQG &�

UHLQKDUGWLL VKRZHG ORZ OLJKW DFFOLPDWLRQ�

)LJXUH ���� 3KRWRV\QWKHWLF DFWLYLW\ �32��� R[\JHQ SURGXFWLRQ SHU GU\ ZHLJKW� YHUVXV OLJKW

LQWHQVLW\ �,� IRU WKH FRQWLQXRXVO\ �O� DQG LQWHUPLWWHQWO\ �V� LOOXPLQDWHG FXOWXUHV XQGHU

FRQWLQXRXV DQG LQWHUPLWWHQW LOOXPLQDWLRQ �������� V OLJKW�GDUN F\FOH�� UHVSHFWLYHO\� 6DPSOHV

IURP WKH WXUELGRVWDWV ZHUH DQDO\]HG RQ GD\V �� DQG ��� UHVSHFWLYHO\� 7KH OLJKW LQWHQVLW\

�,� RQ WKH [�D[LV UHSUHVHQWV WKH LQWHQVLW\ LQ WKH OLJKW SHULRG�� WKH VROLG OLQHV UHSUHVHQW D

FXUYH ILW ZLWK WKH K\SHUEROLF WDQJHQW PRGHO �(T� �����

1H[W WR WKH VSHFLILF JURZWK UDWH DOVR WKH SKRWRV\QWKHWLF DFWLYLW\ �32��� R[\JHQ SURGXFWLRQ SHU

GU\ ZHLJKW� ZDV PHDVXUHG IRU ERWK &� UHLQKDUGWLL FXOWXUHV� 7KLV ZDV GRQH DW VHYHUDO OLJKW

LQWHQVLWLHV WR REWDLQ D VR�FDOOHG SKRWRV\QWKHVLV�LUUDGLDQFH �3,� FXUYH� 32� RI WKH LQWHUPLWWHQWO\

LOOXPLQDWHG FXOWXUH ZDV GHWHUPLQHG XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ DQG 32� RI WKH

FRQWLQXRXVO\ LOOXPLQDWHG FXOWXUH ZDV GHWHUPLQHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ� 7KH UHVXOWV
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DUH JUDSKLFDOO\ UHSUHVHQWHG LQ )LJXUH ���� 7KH GDWD ZHUH ILWWHG ZLWK WKH K\SHUEROLF WDQJHQW

PRGHO �&KDONHU� ������ VHH (T� ����
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,Q WKLV PRGHO� , LV WKH OLJKW LQWHQVLW\ GXULQJ WKH OLJKW SHULRG LQ FDVH RI LQWHUPLWWHQW

LOOXPLQDWLRQ� $W LQFUHDVLQJ OLJKW LQWHQVLWLHV WKH VORSH GHFUHDVHV DQG WKH DFWLYLW\ LQFUHDVHV XQWLO

WKH PD[LPDO DFWLYLW\ �32��PD[� LV UHDFKHG� 7KH ILWWHG FRQVWDQWV D� WKH LQLWLDO VORSH RI WKH

3,�FXUYH� DQG 32��PD[ DUH SUHVHQWHG LQ 7DEOH ���� 7KHVH FRQVWDQWV ZHUH XVHG WR FDOFXODWH WKH

VSHFLILF R[\JHQ SURGXFWLRQ UDWHV LQ WKH WXUELGRVWDWV RQ D GU\ ZHLJKW EDVLV�

7DEOH ���� 3, SDUDPHWHUV D DQG 32��PD[ DV GHWHUPLQHG IURP WKH GDWD SUHVHQWHG LQ )LJXUH

��� E\ D FXUYH ILW RI WKH K\SHUEROLF WDQJHQW PRGHO� LQFOXGLQJ �� � FRQILGHQFH LQWHUYDOV�

7KH FKO�D FRQWHQW RQ GU\ ZHLJKW EDVLV RI WKH FRQWLQXRXVO\ DQG LQWHUPLWWHQWO\ LOOXPLQDWHG

FXOWXUHV ZDV ���� DQG ���� PJ J
��
� UHVSHFWLYHO\�

D

�PJ J K
��
�PPRO P
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V
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�
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32��PD[

�PJ J
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K
��
�

FRQWLQXRXV ���� r ���� ��� r ��

LQWHUPLWWHQW ���� r ���� ��� r ��

7KH OLJKW LQWHQVLW\ LQ WKH WXUELGRVWDWV LV ��� PPRO P��
V
��
RU ORZHU� $W WKLV OLJKW LQWHQVLW\ WKH

32� LV ��� DQG ��� PJ 2� J
��
K
��
IRU WKH FRQWLQXRXVO\ DQG LQWHUPLWWHQWO\ LOOXPLQDWHG FXOWXUHV

XQGHU FRQWLQXRXV DQG LQWHUPLWWHQW LOOXPLQDWLRQ� UHVSHFWLYHO\� 7KH ORZHU SKRWRV\QWKHWLF

DFWLYLW\ SHU GU\ ZHLJKW RI WKH LQWHUPLWWHQWO\ LOOXPLQDWHG FXOWXUH XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ

FRUUHVSRQGV WR WKH ORZHU VSHFLILF JURZWK UDWH RI WKLV FXOWXUH� 7KH GHFUHDVH RI WKH

SKRWRV\QWKHWLF DFWLYLW\ XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ� KRZHYHU� LV QRW SURSRUWLRQDO WR WKH

GHFUHDVH LQ VSHFLILF JURZWK UDWH XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ FRPSDUHG WR FRQWLQXRXV

LOOXPLQDWLRQ� 8QGHU WKHVH FLUFXPVWDQFHV VSHFLILF JURZWK UDWH DQG R[\JHQ SURGXFWLRQ GR QRW

VHHP WR EH OLQHDUO\ FRUUHODWHG�

([SHULPHQWV � DQG �� &KORUHOOD VRURNLQLDQD

7KH VSHFLILF JURZWK UDWH RI &� VRURNLQLDQD ZDV PHDVXUHG XQGHU FRQWLQXRXV LOOXPLQDWLRQ DW

IRXU GLIIHUHQW OLJKW LQWHQVLWLHV LQ WKH EXEEOH FROXPQ� 7KH UHVXOWV RI WKHVH PHDVXUHPHQWV DUH

VKRZQ LQ )LJXUH ���� $V H[SHFWHG WKH VSHFLILF JURZWK UDWH LQFUHDVHG ZLWK DQ LQFUHDVLQJ OLJKW

LQWHQVLW\� $W ��� PPRO P��
V
��
D VSHFLILF JURZWK UDWH RI ���� K

��
ZDV PHDVXUHG� /HH DQG 3LUW
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������ PHDVXUHG D PD[LPDO VSHFLILF JURZWK UDWH RI ����� K
��
IRU &� VRURNLQLDQD DQG ���

PPRO P��
V
��
REYLRXVO\ LV VDWXUDWLQJ�

$W ��� PPRO P��
V
��
&� VRURNLQLDQD ZDV FXOWLYDWHG XQGHU D ����� V OLJKW�GDUN F\FOH DQG WKH

DYHUDJH VSHFLILF JURZWK UDWH ZDV ���� K
��
�)LJXUH ����� 7KLV FRUUHVSRQGV WR D GHFUHDVH RI �� �

LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ� /HH DQG 3LUW ������ DQG 3LUW ������ VXJJHVWHG WKDW

XQGHU WKLV OLJKW�GDUN F\FOH &� VRURNLQLDQD ZRXOG EH DEOH WR PDLQWDLQ WKH PD[LPDO JURZWK UDWH�

:H ZHUH QRW DEOH WR FRQILUP WKHLU FRQFOXVLRQ DQG ZH IRXQG D UHGXFWLRQ RI WKH VSHFLILF JURZWK

UDWH SURSRUWLRQDO WR WKH IUDFWLRQ RI WLPH WKH FXOWXUH ZDV H[SRVHG WR OLJKW� 8QIRUWXQDWHO\ WKH

YDULDWLRQ RI WKH PHDVXUHG JURZWK UDWHV ZDV FRQVLGHUDEOH� 7KLV ZDV FDXVHG E\ DWWDFKPHQW RI

DOJDH WR WKH UHDFWRU VXUIDFH DQG FRQFRPLWDQW ELRILOP JURZWK�

)LJXUH ���� 6SHFLILF JURZWK UDWH �P� RI &KORUHOOD VRURNLQLDQD XQGHU FRQWLQXRXV LOOXPLQDWLRQ

�O� DQG LQWHUPLWWHQW LOOXPLQDWLRQ �V�� ����� V OLJKW�GDUN F\FOH� (UURU EDUV UHSUHVHQW WKH

��� FRQILGHQFH LQWHUYDOV� 7KH OLJKW LQWHQVLW\ �,� RQ WKH [�D[LV UHSUHVHQWV WKH LQWHQVLW\ LQ

WKH OLJKW SHULRG� WKH LQWHQVLW\ GXULQJ LQWHUPLWWHQW LOOXPLQDWLRQ ZDV µLQFUHDVHG¶ E\ ��

PPRO P
��
V
��
LQ WKLV JUDSK WR DOORZ EHWWHU FRPSDULVRQ RI WKH LQWHUYDOV�

&� VRURNLQLDQD ZDV DOVR FXOWLYDWHG XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ DW D ORZ OLJKW LQWHQVLW\ RI

�� PPRO P��
V
��
� $JDLQ D ����� V OLJKW�GDUN F\FOH ZDV DSSOLHG DQG WKH DYHUDJH VSHFLILF JURZWK

UDWH ZDV ����� K
��
LQ FRPSDULVRQ WR ����� K

��
XQGHU FRQWLQXRXV LOOXPLQDWLRQ� $OWKRXJK WKH

FRQILGHQFH LQWHUYDOV DUH ELJ� WKH DYHUDJH VSHFLILF JURZWK UDWH GHFUHDVHG E\ �� � XQGHU

LQWHUPLWWHQW LOOXPLQDWLRQ LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ�

, ��PRO P
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LQWHUPLWWHQW LOOXPLQDWLRQ
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6LPLODU H[SHULPHQWV ZHUH GRQH LQ WKH RWKHU WXUELGRVWDW� WKH IODW SDQHO LOOXPLQDWHG ZLWK WKH

/(' VFUHHQ� DW ��� WR ��� PPRO P��
V
��
� 7KH UHVXOWV RI WKHVH H[SHULPHQWV DUH VKRZQ LQ )LJXUH

���� 7KH VSHFLILF JURZWK UDWH XQGHU D ODUJH OLJKW IUDFWLRQ RI ���� ZDV ���� K
��
DQG WKLV LV ORZ LQ

FRPSDULVRQ WR WKH JURZWK UDWHV PHDVXUHG LQ WKH EXEEOH FROXPQ� 7KH LQWURGXFWLRQ RI D ��

KRXUV QLJKW SHULRG FDXVHG D UHGXFWLRQ LQ WKH VSHFLILF JURZWK UDWH� )XUWKHUPRUH� WKH OLJKW

LQWHQVLW\ FRXOG EH MXVW WRR ORZ WR VXSSRUW WKH PD[LPDO JURZWK UDWH DQG PD\EH LV VXE�

VDWXUDWLQJ�

,Q )LJXUH ��� WKH VSHFLILF JURZWK UDWH LV SORWWHG DV D IXQFWLRQ RI WKH OLJKW IUDFWLRQ �H�� 7KH

GRWWHG OLQH UHSUHVHQWV WKH VSHFLILF JURZWK UDWH ZKHQ LW ZRXOG EH SURSRUWLRQDO WR H� :H

DVVXPHG WKDW WKH PD[LPDO JURZWK UDWH FRXOG EH REWDLQHG E\ H[WUDSRODWLQJ WKH OLQH IURP WKH

RULJLQ WR WKH SRLQW FRUUHVSRQGLQJ WR WKH KLJKHVW JURZWK UDWH DW D OLJKW IUDFWLRQ RI ���� DQG

F\FOH GXUDWLRQ RI �� V� $OO PHDVXUHG JURZWK UDWHV DUH RQ WRS RU EHORZ WKH GRWWHG OLQH� $W D ORZ

OLJKW IUDFWLRQ RI ���� WKH JURZWK UDWH GHFUHDVHG HYHQ PRUH WKDQ SURSRUWLRQDO WR H�

)LJXUH ���� 6SHFLILF JURZWK UDWH �P� RI &KORUHOOD VRURNLQLDQD XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ

RI GLIIHUHQW F\FOH GXUDWLRQ �WF� DQG OLJKW IUDFWLRQ �H� DW ��� � ��� PPRO P
��
V
��
� SUHVHQWHG DV

D IXQFWLRQ RI H �O�� WF LV JLYHQ LQ VHFRQGV LQVLGH WKH JUDSK� 7KH HUURU EDUV UHSUHVHQW WKH

�� � FRQILGHQFH LQWHUYDOV�

$OWKRXJK ODUJH YDULDWLRQV ZHUH REVHUYHG LQ WKH JURZWK UDWH PHDVXUHPHQWV DOO WKUHH

H[SHULPHQWV XVLQJ &� UHLQKDUGWLL DQG &� VRURNLQLDQD VKRZHG WKDW WKH VSHFLILF JURZWK UDWH

XQGHU LQWHUPLWWHQW LOOXPLQDWLRQ GHFUHDVHG SURSRUWLRQDO� RU PRUH WKDQ SURSRUWLRQDO� WR WKH
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IUDFWLRQ RI WLPH WKH DOJDH ZHUH H[SRVHG WR OLJKW LQ FRPSDULVRQ WR FRQWLQXRXV LOOXPLQDWLRQ� :H

FRQFOXGH WKDW WKHVH DOJDH DUH QRW DEOH WR VWRUH OLJKW HQHUJ\ GXULQJ WKH OLJKW SHULRG WR VXVWDLQ

JURZWK LQ WKH GDUN SHULRG DW WKH VDPH OHYHO DV XQGHU FRQWLQXRXV LOOXPLQDWLRQ� DV ZDV

VXJJHVWHG E\ /HH DQG 3LUW ������ DQG 3LUW ������� $W KLJKHU OLJKW LQWHQVLWLHV OHDGLQJ WR

SKRWRLQKLELWLRQ �! ��� PPRO P��
V
��
�� DOJDH FRXOG UHDFW TXLWH GLIIHUHQWO\ WR LQWHUPLWWHQW

LOOXPLQDWLRQ� 8QGHU WKHVH LQWHQVLWLHV WKH GDUN SHULRG FRXOG SURYLGH WLPH WR UHFRYHU IURP

SKRWRLQKLELWRU\ GDPDJH DV ZDV VXJJHVWHG E\ 0HUFKXN HW DO� �������

,Q WKLV VWXG\ DFFXUDWH GHWHUPLQDWLRQ RI JURZWK UDWHV LQ GLOXWH FXOWXUH VXVSHQVLRQV ZDV

QHJDWLYHO\ DIIHFWHG E\ DWWDFKPHQW RI DOJDH WR JODVV RU RWKHU VXUIDFHV LQ WKH UHDFWRU� 7KLV LV DQ

LPSRUWDQW DVSHFW� ZKLFK VKRXOG EH NHSW LQ PLQG ZKHQ GHVLJQLQJ H[SHULPHQWV� :DOO JURZWK

LWVHOI DQG DOVR WKH LQIOXHQFH RI ZDOO JURZWK RQ PHDVXUHPHQWV VKRXOG EH PLQLPL]HG�

7R ILQDOL]H� ZH IRXQG WKDW WKH RYHUDOO ELRPDVV \LHOG �VSHFLILF JURZWK UDWH RYHU VSHFLILF OLJKW

DEVRUSWLRQ UDWH� FDQ YDU\ VLJQLILFDQWO\ XQGHU GLIIHUHQW OLJKW UHJLPHV� 7KH RYHUDOO ELRPDVV

\LHOG RI &� UHLQKDUGWLL XQGHU DQ ������� V OLJKW�GDUN F\FOH ZDV FRQVLGHUDEO\ ORZHU WKDQ WKH

\LHOG XQGHU FRQWLQXRXV LOOXPLQDWLRQ� $V D UHVXOW� WKH GDUN SHULRG ZLOO KDYH WR EH VKRUWHU WKDQ

��� V IRU RSWLPDO OLJKW XWLOL]DWLRQ HIILFLHQF\� 0RUHRYHU� LW LV QRW SRVVLEOH WR LQFUHDVH WKH

HIILFLHQF\ RI &� UHLQKDUGWLL E\ DSSO\LQJ OLJKW�GDUN F\FOHV RI PHGLXP GXUDWLRQ� �� ± ��� V� DW D

VDWXUDWLQJ OLJKW LQWHQVLW\ RI ��� PPRO P��
V
��
�

1RPHQFODWXUH

3$5 SKRWRV\QWKHWLF DFWLYH UDGLDWLRQ� ��� � ��� QP

H GXUDWLRQ OLJKW SHULRG DV D IUDFWLRQ RI IXOO F\FOH GXUDWLRQ >�@

D LQLWLDO VORSH RI 3,�FXUYH >PJ J�� K�� �PPRO P�� V�����@

P VSHFLILF JURZWK UDWH >K��@

&[ ELRPDVV GHQVLW\� GU\ ZHLJKW EDVLV >J /��@

( YROXPHWULF OLJKW DEVRUSWLRQ UDWH >PPRO /�� K��@

, OLJKW LQWHQVLW\ LQ 3$5 UDQJH >PPRO P�� V��@

32� VSHFLILF SKRWRV\QWKHWLF DFWLYLW\ >PJ J�� K��@

32��PD[ PD[LPDO VSHFLILF SKRWRV\QWKHWLF DFWLYLW\ LQ 3,�FXUYH >PJ J�� K��@

<[�( \LHOG RI ELRPDVV RQ OLJKW HQHUJ\� GU\ ZHLJKW EDVLV >J PPRO��@
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GLR[LGH FRQFHQWUDWLRQ� � � ��� Y�Y� &DUERQ GLR[LGH ZDV QHYHU OLPLWLQJ XQGHU WKHVH FRQGLWLRQV�

7KH WXUELGRVWDW ZDV RSHUDWHG XQGHU QRQ�DVHSWLF FRQGLWLRQV� &XOWXUHV ZHUH FKHFNHG UHJXODUO\

XQGHU D PLFURVFRSH EXW FRQWDPLQDWLRQ ZDV QHYHU REVHUYHG�

6SHFLILF JURZWK UDWH

7KH VSHFLILF JURZWK UDWH �P� ZDV PHDVXUHG LQ WKUHH VHSDUDWH EDWFK UHDFWRUV HTXDO WR WKH

WXUELGRVWDW VKRZQ LQ )LJXUH ���� 7KHVH UHDFWRUV ZHUH LQRFXODWHG ZLWK D NQRZQ YROXPH RI

VXVSHQVLRQ �9V� IURP WKH WXUELGRVWDW DQG GLOXWHG ZLWK D NQRZQ YROXPH RI PHGLXP �9P��

6XVSHQVLRQV IURP WKH WXUELGRVWDW ZHUH DOZD\V WDNHQ WKUHH RU PRUH GD\V DIWHU LQRFXODWLRQ RI

WKH WXUELGRVWDW LWVHOI WR DOORZ &� UHLQKDUGWLL WR DFFOLPDWH� 7KH 2'��� RI WKH XQGLOXWHG

WXUELGRVWDW LQRFXOXP �2'VWDUW� ZDV PHDVXUHG� $IWHU WUDQVIHU WR WKH EDWFK UHDFWRUV JURZWK ZDV

DOORZHG WR FRQWLQXH IRU �� KRXUV DQG DIWHU WKHVH �� KRXUV 2'��� ZDV PHDVXUHG DJDLQ �2'HQG��

7KH VSHFLILF JURZWK UDWH QRZ FRXOG EH FDOFXODWHG DFFRUGLQJ WR (T� ���� %\ FKRRVLQJ WKH

SURSHU GLOXWLRQ RI WKH WXUELGRVWDW LQRFXOXP� 2'HQG ZDV DOZD\V PDLQWDLQHG EHORZ ���� LQ RUGHU

WR PLQLPL]H VHOI�VKDGLQJ RI DOJDH�
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$W HDFK OLJKW UHJLPH� FRUUHVSRQGLQJ WR D � RU ��ZHHNV WXUELGRVWDW UXQ� JURZWK UDWH ZDV

PHDVXUHG RQ WZR RU WKUHH GD\V� 2Q WKHVH GD\V ZH XVHG WZR RU WKUHH EDWFK UHDFWRUV� $OO WKHVH

VHSDUDWH GHWHUPLQDWLRQV DW RQH OLJKW UHJLPH ZHUH SRROHG WR FDOFXODWH WKH �� � FRQILGHQFH

LQWHUYDO�

3KRWRQ IOX[ GHQVLW\

7KH SKRWRQ IOX[ GHQVLW\ �3)'� ZDV PHDVXUHG LQ WKH 3$5�UDQJH �3KRWRV\QWKHWLF DFWLYH

UDGLDWLRQ� ��� � ��� QP�� 7KH 3)'V DW WKH ERWWRP RI WKH WXUELGRVWDW DQG WKH EDWFK UHDFWRUV

ZHUH PHDVXUHG UHJXODUO\� 7KH GLIIHUHQW ODPSV DQG ODPSKROGHUV XVHG IRU WKH GLIIHUHQW UHDFWRUV

ZHUH SODFHG DERYH D µGXPP\¶ UHDFWRU ZLWK DQ RSHQ ERWWRP� 7KH SKRWRGLRGH� ���6$ ��S

3$5�VHQVRU �/,�&25� 1(� 86$�� ZDV SODFHG RQ GLIIHUHQW SRVLWLRQV VSUHDG RYHU WKH ILFWLRQDO

ERWWRP VXUIDFH DQG WKH 3)' ZDV PHDVXUHG DQG DYHUDJHG�

6SHFWUDOO\ DYHUDJHG DEVRUSWLRQ FRHIILFLHQW

)ROORZLQJ WKH JURZWK UDWH GHWHUPLQDWLRQV� ELRPDVV IURP WKH EDWFK UHDFWRUV ZDV DOVR XVHG IRU

WKH GHWHUPLQDWLRQ RI WKH VSHFLILF DEVRUSWLRQ FRHIILFLHQW� 7KH VXVSHQVLRQV IURP WKH EDWFK

UHDFWRUV ZHUH FROOHFWHG DQG FHQWULIXJHG VHSDUDWHO\� � PLQ DW ���� J DQG � q&� 7KH SHOOHWV ZHUH


